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Abstract 
 

Development and Applications of Highly Multiplexed Super-Resolution Imaging 
 

by 
 

Samuel Kenny 
 

Doctor of Philosophy in Chemistry 
 

University of California, Berkeley 
 

Professor Ke Xu, Chair 
 
 
Single-molecule localization based super-resolution imaging methods have seen considerable 
development since their inception over a decade ago.  Such advances have enabled countless 
biological discoveries and have positioned the field of single-molecule localization microscopy 
(SMLM) at the forefront of biological research.  This dissertation describes the expansion of 
conventional SMLM methodologies to facilitate multicolor, true-color, and correlative imaging, 
and details specific applications for each of these developments.  First, we utilize a split-emission 
optical setup to enable facile multicolor super-resolution imaging of 3 or more fluorophores.  
Then, we develop a novel technique in which a dispersive prism is used to obtain the entire 
fluorescence spectra of millions of single molecules.  Finally, we apply nonrigid image 
registration techniques to enable the correlative imaging of live and fixed Drosophila larvae.  We 
then describe the application of advanced multicolor imaging methods to the study of 
fundamental biological processes.  These include the discovery of a novel organization of 
membrane ion channels in sperm cells, the identification of proteins responsible for force 
generation in mitotic spindles, and the characterization of new structure-function relationships in 
vesicular transport pathways such as COPII protein trafficking and autophagy. 
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 Introduction 
 
Microscopy has been a mainstay of cell biology research for centuries, beginning with the 
discovery and naming of the ‘cell’ as observed in a sample of cork by Robert Hooke using a 
brightfield optical microscope 1.  In the following years, advances in optical design enabled 
higher resolution and contrast, while absorptive stains allowed for the differentiation of various 
cellular components.  Yet perhaps the most important developments in microscopy for biological 
discovery were the advent of fluorescence imaging and the discovery of antibodies which could 
target specific proteins inside cells.  Fluorescence provided a means to generate much higher 
contrast than brightfield techniques, as labeled targets themselves became light sources in a dark 
field of view.  Antibodies, meanwhile, enabled fluorescent dyes to be targeted to specific 
proteins within cells, allowing for their visualization within the crowded cellular environment.  
The birth of this field, known as immunofluorescence, was realized in large part through the 
efforts of Dr. A.H. Coons in the mid-20th century, and has since enabled countless biological 
discoveries 2. 
 
Immunofluorescence-based imaging has a number of desirable properties which have cemented 
its status as the primary means of visualizing intracellular components 3.  First, the high contrast 
afforded between bright chemical dyes and the dark field of the microscope enables impressive 
sensitivity: single fluorescent dye molecules can be easily seen through the eyepiece of many 
common fluorescence microscopes.  Second, the confinement of fluorescence emission to a 
narrow portion of the visible light spectrum allows for multiple different colored fluorophores to 
be unambiguously identified with the appropriate excitation light and emission filters 4.  The ease 
of multicolor fluorescence imaging, combined with highly specific, orthogonal immunolabeling 
techniques, means that fluorescence microscopy can directly visualize the spatiotemporal 
relationships among multiple targets in both live and fixed cells.  Meanwhile, the relative 
simplicity of sample preparation and optical setup means that the technical barrier and cost of 
performing fluorescence imaging is minimal. 
 
For all its benefits, fluorescence microscopy has a number of important limitations.  First and 
foremost is its limited resolution, caused by the diffraction of light 5,6.  Due to the wave nature of 
light incident on the objective lens of a microscope, an infinitesimally small point source of light 
passing through a conventional optical path will appear at the focal plane as a diffuse spot whose 
diameter is proportional to the emission wavelength (~300 nm for typical fluorescent dyes)   The 
center of the resulting intensity profile can be ‘localized’, i.e. estimated with much higher 
precision, down to just a few nanometers, by fitting to a 2D Gaussian function 7.  However, such 
a measurement in itself is insufficient to overcome the diffraction-limited resolution of 
fluorescence microscopy, owing to its widefield excitation and detection scheme.  In this 
common mode of operation, all dye molecules in a sample are imaged simultaneously, and given 
the high nanoscale density of most immunolabeled cellular targets, these dye molecules will be 
overlapping and cannot be localized.  Spatiotemporal separation of dye emission provides one 
means of enabling the localization of single dye molecules within a densely labeled sample.  
Indeed, certain dye molecules exhibit photoswitching properties, by which under certain 
conditions they stochastically ‘blink’ between bright and dark states 8–10.   
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Widefield excitation of photoswitchable dyes into a spatiotemporally sparse regime and their 
subsequent individual localization is the basis of stochastic optical reconstruction microscopy, 
known commonly as STORM 11,12.  STORM is one example of the more general category of 
single-molecule localization microscopy (SMLM) techniques, and will be the primary super-
resolution imaging technique discussed in this dissertation.  Other related techniques such as 
PALM and PAINT differ in factors such as the choice of fluorescent label or mechanism by 
which non-overlapping individual fluorophores are generated 13,14.  While they differ in their 
choice of fluorophore and method of photoswitching, these SMLM techniques broadly offer the 
flexibility and molecular specificity afforded by conventional fluorescence microscopy, but can 
achieve ~20 nm spatial resolution. 
 
Multicolor fluorescence microscopy has been widely used to visualize molecular interactions in 
biological samples 4,15.  As biological functions are almost always enabled by heterogeneous 
biomolecular assemblies, visualizing multiple targets is critical to understanding the identities of 
their components and their collective function.  Fluorescence-based super-resolution techniques, 
then, offer the same multicolor capability combined with nanoscale resolution 16.  However, 
multicolor techniques as applied in conventional fluorescence microscopy often fail to translate 
directly to super-resolution applications, creating a number of technical challenges.  First and 
foremost is the need for bright, robust, and photoswitchable dyes for STORM imaging.  
Conventional fluorescence microscopy takes advantage of a wide range of synthetic and 
genetically encoded fluorescent dyes which span the range of the visible light spectrum 17,18.  
However, the vast majority of dyes with desirable photoswitching characteristics to date have 
emission spectra in the far-red region 19, and are incompatible for sequential multicolor imaging 
via the use of orthogonal filter sets. Another challenge for the development of multicolor 
STORM imaging is that sample drift and slight distortions caused by changing filter sets can 
cause image alignment issues between color channels, a problem less obvious with the fast 
exposure times and comparatively lower resolution of conventional fluorescence microscopy 
methods.  Overcoming these challenges presents a pressing need in the field of super-resolution 
microscopy 20. 
 
In part I of this dissertation, we describe new developments for the expansion of multicolor and 
true-color STORM imaging.  We utilize the single-molecule nature of STORM in order to enable 
the color assignment of spectrally close dyes by calculating their intensity ratio between two 
optical paths split using a dichroic mirror.  We demonstrate that this method may be used to 
resolve up to 3 dyes as close as 20-nm apart in emission maxima within a single emission 
window, and suggest that simultaneous imaging of these colors avoids alignment issues inherent 
with sequential multicolor imaging using distinct filter sets.  Furthermore, we combine 
ratiometric multicolor imaging with an additional spectrally distinct and sequentially imaged 
fluorophore to enable the addition of additional colors and targets to a super-resolution imaging 
experiment.  We then develop a new technique for the simultaneous localization and spectral 
measurement of single dye molecules by incorporating a dispersive prism into a split optical 
path.  We implement this imaging scheme using both a dual-objective microscope with one 
objective for each of the localization and spectral imaging paths, as well as a single-objective 
setup using a beamsplitter to generate the two optical paths.  We then show that this technique, 
termed spectrally-resolved STORM (SR-STORM), can be useful for the improved multicolor 
imaging of spectrally close dyes separated by just 5-nm in emission maxima, and can also be 
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combined with fluorescent probes which exhibit environment-sensitive spectral shifts in order to 
probe local physicochemical parameters in both cells and non-biological surface substrates.  
Finally, another approach for functional imaging is developed in collaboration with Zachary 
Newman in the lab of Udi Isacoff in which live-animal videos are recorded and then spatially 
correlated with fixed-animal STORM images, thereby enabling the direct study of structure-
function relationships critical for synaptic function in Drosophila neurons. 
 
In part II, we detail the application of multicolor STORM techniques to glean new biological 
insights.  First, in collaboration with Christina Hueschen and Sophie Dumont, we use sequential 
multicolor STORM in combination with laser ablation to identify key factors in force generation 
and repair of mitotic spindles in mammalian cells.  Here, STORM is able to localize the nuclear 
mitotic apparatus protein NuMA at the ends of damaged kinetochore fibers.  Then, in 
collaboration with Melissa Miller and Polina Lishko, we reveal a novel organization of 
membrane ion channels in sperm cells, and argue that this arrangement provides a direct 
structural basis for the asymmetric tail motion of sperm during hyperactivation.  Next, we 
describe a multifaceted collaboration with Lin Yuan, Amita Gorur, Liang Ge, and Min Zhang of 
the Randy Schekman lab.  Beginning with the identification of a novel membrane colocalization 
between the autophagic marker LC3 and the signaling protein interleukin-1-beta in autophagy-
mediated secretion, we further investigate the role of unconventional components in autophagy 
by identifying a starvation-induced translocation of the COPII component Sec12 to the ER-Golgi 
intermediate complex (ERGIC).  We additionally connect Sec12 to the autophagic machinery by 
showing its role as a nucleator of the scaffold protein FIP200, which forms distinct cup structures 
at ER exit sites marked by Sec12 during autophagosome biogenesis.  3-color STORM shows that 
these FIP200 cups provide a structural basis for the directional recruitment of downstream 
autophagic machinery.  We then revisit COPII in the context of large cargo secretion.  We show 
that long (300-nm) procollagen rods are packaged into specially enlarged COPII-coated vesicles 
for transport to the ERGIC, and that ubiquitylation of Sec31 provides a biochemical driver for 
coat enlargement.  We then show by 3-color STORM that Sec12 and the cargo adapter protein 
Tango1 are also packaged into these enlarged vesicles, shedding additional light on the 
mechanism of enlargement. 
 
 
A full list of publications reproduced in this dissertation is as follows. Permission has been 
granted by all critical coauthors for reproduction of the work in this dissertation. 
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spectroscopy and spectrally resolved super-resolution microscopy,” Nature Methods, 12, 935-
938, 2015 
 
S. Moon||, R. Yan||, S. J. Kenny, Y. Shyu, L. Xiang, W. Li, K. Xu, “Spectrally resolved, functional 
super-resolution microscopy reveals nanoscale compositional heterogeneity in live-cell 
membranes,” J. Am. Chem. Soc., 139, 10944-10947, 2017 
 
L. Xiang, M. Wojcik, S. J. Kenny, R. Yan, S. Moon, W. Li, K. Xu, “Optical characterization of 
surface adlayers and their compositional demixing at the nanoscale,” Nature Communications, 
9, 1435, 2018 
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 Part I: Development of multicolor and spectrally resolved 
methods for highly multiplexed super-resolution imaging 

 
In this section, we introduce the problem of facile multicolor STORM imaging, which stems 
from two main challenges: the scarcity of dyes with appropriate robustness and photoswitching 
characteristics across conventional orthogonal filter sets, and the difficulty of precisely aligning 
sequentially acquired single-color images.  First, we implement a technique which utilizes the 
single-molecule nature of STORM imaging to enable the unambiguous color assignment of 
fluorophores imaged with a single filter set via ratiometric intensity measurements between split 
emission channels.  Then, we develop a novel method to extract the full fluorescence spectrum 
of each dye concurrent with its localization in a wide-field super-resolution imaging scheme.  
We describe how each of these methods enables improved multicolor super-resolution imaging, 
and how a single-objective implementation of spectrally-resolved STORM enables functional 
imaging via the measurement of local physicochemical parameters in live cells and surface 
adlayers.  Finally, we develop a correlative functional imaging approach utilizing image 
registration and point matching techniques to couple STORM images with live-animal 
recordings in Drosophila larvae. 
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Chapter 1: Ratiometric detection and color identification of spectrally close far-red dyes for 
super-resolution imaging 

 
 
1.1 Introduction 
 
Since their inception over a decade ago, wide-field single-molecule localization-based super-
resolution microscopy techniques such as STORM have enabled biological insights at previously 
unreachable spatial resolutions of just 10 nm 5,21–23.  STORM, described previously (see the 
Introduction of this dissertation) make use of the photoswitchable fluorescent dyes to 
spatiotemporally isolate and localize single fluorophores in a densely labeled sample.  While 
electron microscopy methods have also offered nanoscale resolution, these methods offer 
inherently limited contrast and lack molecular specificity afforded by fluorescence-based super-
resolution approaches.   
 
One advantage in particular of fluorescence imaging methods is the ease of multicolor imaging.  
A common method for conventional multicolor fluorescence microscopy is the false-color 
superimposition of images obtained from orthogonal filter channels and immunofluorescent 
labeling strategies.  Yet this method requires a set of dyes which are non-overlapping in emission 
spectrum in order to minimize crosstalk.  Such considerations have led to the systematic design 
of chemical dyes and fluorescent proteins which have minimal emission overlap, and are thus 
suitable for conventional multicolor imaging 18,24,25.  However, fluorophore design has not 
produced a similar range of photoactivatable dyes suitable for STORM imaging.  Dyes with 
desirable photoswitching and photobleaching resistance characteristics have been primarily 
clustered in the far-red region of the visible spectrum, and as such, are not readily separable by 
filter sets. Previous reports of multicolor STORM have typically relied on the use of spectrally 
separable dyes which perform more poorly than their far-red counterparts 19,26. 
 
Alternative implementations of multicolor super-resolution imaging have utilized the single-
emitter nature of fluorescence emission under widefield stochastic switching.  Individual 
molecules can be spectroscopically identified since they avoid convolving factor of having 
multiple emitters within a diffraction limited area.  Previous studies noted that different colored 
emitters can be sufficiently discriminated by monitoring their intensities at different wavelengths 
27,28.  These studies took advantage of this fact and utilized a split emission approach to perform 
a posteriori color assignment of spectrally close dyes through calculation of the intensity ratios 
between the different observed wavelength regimes.  This was first achieved using a set of 
photoswitchable rhodamine dyes through the use of two excitation lasers 28, followed by a 
similar implementation using a single excitation laser to provide both photoswitching and 
fluorescence excitation of all dyes in a manner more similar to our usage described here 27. 
 
Here, we describe the design and implementation of a multicolor STORM imaging setup based 
on split fluorescence emission and color identification based on ratiometric measurement of 
fluorescence intensity in each emission window.  We show that our setup can resolve dyes 
differing by just 20 nm in emission maxima with reasonable crosstalk, and can image up to three 
dyes with a single excitation laser and filter set.  We then further multiplex this imaging method 
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with sequential multicolor imaging to enable the addition of even more color channels to a 
STORM imaging experiment. 
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Figure 1: Development of synthetic dyes for multicolor fluorescence imaging. (A) A wide range 
of spectrally distinct dyes has been developed for sequential multicolor imaging with orthogonal 
filter sets. (B) A sample of dyes with photoswitching characteristics suitable for STORM 
imaging shows their emission spectra tightly clustered in the far-red regime.  These dyes are 
unsuitable for sequential multicolor imaging. Reproduced from 29 
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1.2 Results and Discussion 
 
We implemented a modular optical setup for the simultaneous excitation and split emission of 
spectrally close dyes (Figure 2). The setup was designed to be focused at the image plane of a 
Nikon inverted fluorescence microscope, and so could be implemented into any such 
commercially available microscope.  Briefly, dye-labeled cell samples were prepared and imaged 
according to previously described methods 12.  Notably, multicolor samples were labeled using 
multiple far-red dyes and imaged using a single excitation laser and long-pass emission filter.  
The emission was collimated into an infinity-corrected space by positioning a lens at a distance 
from the image plane of the microscope equal to its back focal length.  A dichroic mirror was 
used to split the emission into a reflected short-wavelength path and a transmitted long-
wavelength path.  Another lens in each path focused the emission directed by broadband mirrors 
onto separate halves of an EMCCD camera.  A cylindrical lens was placed in one path to provide 
optical astigmatism as a means of encoding 3D information into the point spread function of 
each emitter 12.  The long-pass path was chosen for encoding the 3D information as this path 
provided sufficient brightness in each color channel for adequate Z resolution.    
 
 

 
Figure 2: Split emission optical setup for simultaneous ratiometric detection and color 
assignment of far-red fluorescent dyes for STORM imaging.  IP = image plane, L = lens, DC = 
dichroic mirror, M = mirror, CL = cylindrical lens. Paths 1 and 2 denote long-pass and short-
reflected paths, respectively. 
 
Spatial differences between optical paths were corrected using a geometric warp function.  This 
warping was generated by imaging a sample of beads across both imaging paths, matching the 
beads between each path by hand, and inferring the resulting spatial transformation in 
MATLAB.  After imaging, color assignment was performed in several steps: first, image 
channels were aligned according to the previously described spatial transformation.  Then, all 
molecules detected in the long-pass path were iteratively checked for a nearby molecule in the 
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short, reflected path subject to a distance threshold.  Molecules with a match in the short 
wavelength path were assigned a color based on their calculated intensity ratio.  Intensity ratio 
ranges for each color were determined by imaging single color samples through this split 
emission scheme and finding the 95% confidence interval for the intensity ratio mean.  For two-
color ratiometric imaging, a single split point was empirically determined (Figure 3) by 
minimizing cross-talk according to single-color samples imaged through the split-emission setup. 
 

 
Figure 3: Single molecule intensity values for color assignment in ratiometric multicolor 
imaging.  Shown are single molecule intensities observed in a 2-color dye-labeled cell sample in 
the long-pass (“Path 1”) and short-reflected (“Path 2”) paths of the optical setup described in 
Figure 2.  A single fixed intensity ratio (dashed line) was used for color assignment in 2-color 
imaging.  Inset: Emission spectra of Alexa 647 (AF647) and CF680 as split by the dichroic 
mirror (dashed line). 
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Figure 4: 3-color 3D STORM imaging via single excitation and ratiometric color assignment of 
spectrally close far-red dyes.  Top left: 3-color STORM image of three dye-labeled cellular 
targets imaged in a single emission window and colored by comparison of their calculated 
intensity ratios to known averages for each dye.  Top right: CF660C- labeled mitochondrial 
protein Tom20 in the same acquisition window (light blue in top left).  Bottom left: AF647- 
labeled β-tubulin (green in top left).  Bottom right: CF680- labeled vimentin filaments (magenta 
in top left).  Color scale indicates Z position for rainbow-colored single-color images.  Scale bar: 
5 μm 
 
 
By this method, simultaneous 3-color 3D STORM of fixed cells was realized for three far-red 
dyes: AF647, CF660C, and CF680, which differ by ~20 nm in emission spectra (Figure 4).  
Crosstalk was minimized by enforcing a brightness threshold to reject the dimmest 15% of 
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observed molecules in the long-pass channel, ensuring high-confidence matches.  The resulting 
crosstalk was calculated to be <10% between any two color channels according to the intensity 
threshold cutoffs determined by single-color imaging, and was reduced by imaging dyes with 
greater spectral separation.  2-color imaging with AF647 and CF680, for instance, resulted in 
crosstalk of <5%.  An important consideration when quantifying crosstalk is its dependence on 
the position of a single molecule emitter within the focal plane (Figure 5).  When single 
molecules are identified using a fixed minimum pixel intensity threshold, reliable identification 
across the two imaging channels deteriorates as a molecule goes out of focus and has a 
corresponding lower maximum intensity.  This crosstalk was minimized by enforcing a stricter 
identification criterion in the long-pass channel, thereby increasing the likelihood that identified 
molecules in this channel would have a corresponding match in the short-wavelength reflected 
channel. 
 

 
Figure 5: Dye misidentification dependence on Z position of single molecule emitters.  A single-
color AF647-labeled cell sample was imaged using the ratiometric detection scheme previously 
described (Figure 2), and misidentification was calculated as the percentage of dyes localized in 
Path 1 but not detected in Path 2.  Increasing the single molecule detection threshold for Path 1 
(indicated by colors) results in a marked decrease in misidentification of AF647 single 
molecules.   
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In practice, it may be difficult to overcome the high spatiotemporal density of three dyes emitting 
simultaneously in a single emission window.  STORM relies on the sparsity of single-molecule 
emitters for precise localization, and so a more practical limitation than color crosstalk may be 
dye density.  Additionally, all imaging targets are not always equally important in terms of image 
quality; a finely structured cytoskeletal target like actin, for instance, may require the best 
possible resolution 30, while other targets may be informative not in their precise nanoscale 
structure, but rather in their colocalization with other targets, for instance.  Using this reasoning, 
combined with the lower crosstalk afforded by 2-color ratiometric imaging, a more practical 
method for routine 3-color STORM may be the combination of 2-color simultaneous imaging of 
far-red dyes coupled with the subsequent imaging of a spectrally distinct fluorophore using a 
different filter set.   This imaging scheme has been successfully employed for a number of 
projects which will be described later in this dissertation 31,32. 
 
This method can be theoretically multiplexed even further through the inclusion of sets of 
spectrally close STORM-compatible dyes in different regions of the visible spectrum.  For 
instance, a set of three dyes such as AF647, CF660C, and CF680 could be imaged using an 
appropriate wavelength dichroic mirror and emission filter which allows for the reliable color 
assignment of each dye.  Then, switching to a spectrally distinct emission filter and dichroic 
mirror would enable the subsequent imaging of another set of spectrally close dyes.  A spatial 
transformation would need to be generated across each change in optical setup for final 
alignment.  In this scheme, one limitation would be the lack of dyes with sufficient brightness 
and photoswitching characteristics, which would be exacerbated by the photon loss due to split 
emission.  Even if better STORM dyes are developed, another hurdle would be the availability of 
orthogonal labels for cellular targets.  Finding combinations of primary and secondary antibodies 
which exhibit little cross-reactivity would be challenging, and yet could be addressed by the 
direct conjugation of reactive dye molecules to primary antibodies, or the substitution of small 
molecule labels which don’t require secondary antibody labeling. 
 
Despite its advantages for multicolor imaging, the ratiometric imaging approach described here 
has its drawbacks.  While <10% color crosstalk in 3-color ratiometric imaging was achieved, this 
level of crosstalk may be unacceptable in certain imaging situations, and has led to the more 
common use of hybrid 2-color ratiometric imaging with a third, sequentially imaged color 
channel.  Additionally, if there exists a large disparity in the labeling density between two 
channels, for instance, ~10% misidentification of the densely labeled channel could outnumber 
the true localizations in the sparser channel.  Color assignment is significantly improved for 
single molecules near the focal plane, and samples that are thick or have high background 
labeling suffer from increased crosstalk.  Separability of dye spectra also depends heavily on the 
choice of dichroic mirror; a different dichroic mirror may be optimal for each dye pair imaged 
with this scheme, and combining images taken with different dichroic mirrors presents 
difficulties in color channel alignment. 
 
 
1.3 Conclusion 
 
The simultaneous excitation coupled with split emission and ratiometric color assignment of 
spectrally close, far-red dyes has overcome the limitations of poorly performing spectrally 
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distinct STORM dyes and image alignment issues inherent with sequential multicolor imaging.  
Its relative ease of use and simplicity of optical setup has made it a widely used multicolor 
technique for applications described later in this dissertation.  While not as powerful for color 
separation or chemical sensitivity as the spectrally resolved methods described in the next 
session, it still proves to be a useful, powerful method for everyday imaging experiments. 
 
 
 
Chapter 2: Ultrahigh-throughput single-molecule spectroscopy and spectrally resolved super-

resolution microscopy 
 
The work performed in this chapter was conducted in collaboration with Zhengyang Zhang and 
Margaret Hauser.  It is reproduced in part here from ref. 29 and with permission from all co-
authors.  Copyright 2015 Springer Nature. 
 
2.1 Introduction 
 
The development of a split-emission ratiometric imaging scheme for multicolor STORM 
imaging has proven useful for the generation of multi-channel false-colored images as in 
conventional multicolor fluorescence imaging.  Fundamentally, this optical scheme makes use of 
the single-molecule nature of photoswitching dyes in STORM imaging to measure their spectral 
characteristics.  In the previously described method, the ratio of two intensity measurements in 
different wavelength windows is used to approximate the spectral mean of a dye molecule: i.e., 
the intensity-weighted average of wavelength.  Color is assigned based on matching this 
calculated ratio to known values of single-color dyes.  Yet despite its ability to identify dye 
molecules on the basis of spectral information, this ratiometric technique does not extract the full 
spectra of single molecules. 
 
Historically, measurement of the fluorescence spectra of individual molecules has been a vital 
component of single-molecule spectroscopy 15,33–37 but one that is also highly challenging. 
Previous work has often followed the approach of a conventional spectrometer, in which a 
combination of confined illumination (for example, from a scanning tip 35 or focused laser beam 
36,37) and confined detection (for example, with a pinhole aperture in a confocal microscope 15) 
are used to obtain locally confined fluorescence of the sample for dispersion into a spectrum 
15,35–37. Such single-point measurements necessitate scanning of the sample and so are limited by 
low throughput and are difficult to apply to densely labeled biological samples. 
 
Single fluorescent molecules are inherently self-confined point sources, and as such, can be 
dispersed into their spectra in wide field without spatial confinement in illumination or detection. 
For multiple molecules in the same sample, the spectrum of each molecule could be recorded 
simultaneously in wide field, provided that the fluorophores are sparsely distributed in space to 
avoid overlapping. Although analogous wide-field spectroscopy approaches are occasionally 
used in astronomy for stellar spectra 38, their direct application to single-molecule experiments 
has been limited to sparse systems 39,40.  We show that by photoswitching most of the 
fluorophores in a densely labeled sample into a dark state 11,41,42, fluorescence from the 
remaining emitting single molecules can be dispersed into nonoverlapping spectra in wide field 
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and recorded with a camera. Stochastic switching of molecules between the dark and fluorescent 
states allowed for the synchronous spectrum measurement and superlocalization of millions of 
single molecules within minutes. We call the method spectrally resolved STORM (SR-STORM). 
 

 
Figure 6: Ultrahigh-throughput single-molecule spectral measurement with SR-STORM.  (a) 
Schematic of the setup. Two opposing objectives focus on the same spot of the sample and form 
intermediate images at slits 1 and 2, respectively. M, mirror; L, lens. (b,c) Simultaneously 
obtained images and spectra of the same single AF647 molecules. Yellow, magenta and green 
crosses respectively mark the mapped spectral positions of 647, 700 and 750 nm for each 
molecule. Scale bars, 2 μm. (d) Measured spectra of the seven molecules in b,c. (e) Measured 
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spectral mean of single molecules vs. the detected photon count of each molecule for 6,406 
molecules detected across the camera in 3 s. Red dashed line, Gaussian fit for molecules with 
>10,000 detected photons. (f) Measured spectral mean for single molecules of 14 different far-
red dyes. Error bars, s.d. between single molecules (∼106 for each dye).  
2.2 Results and Discussion 
 
We report the development of a wide-field scheme for the synchronous localization and spectral 
measurement of millions of single molecules in labeled cells.  A major challenge for our wide-
field spectroscopy scheme is that, unlike with conventional spectrometers in which the 
wavelength position of the spectrum is physically fixed by the entrance slit, here the spatial and 
spectral information of a randomly located single molecule are coupled.  In the previous chapter, 
we described an optical setup in which a dichroic mirror was used to split emission from a single 
objective lens into two paths for separate measurements in which spatial and spectral information 
(i.e. the intensity of each single molecule in each wavelength regime) were coupled in each 
channel.  In the new scheme here, we used separate paths for encoding spectral and spatial 
information.  A dual-objective scheme was employed in order to minimize photon loss, thereby 
maximizing spectral and spatial resolution.  As in the single-objective beamsplitter-based 
scheme, two matching images were obtained (one from each objective lens; Figure 6a).  The 
image obtained through path 1 was used to determine the position of each molecule, whereas a 
dispersing prism was placed at the Fourier plane between the two relay lenses in path 2 to 
generate spectra of the same molecules in wide field. To facilitate calibration, we mounted the 
prism and associated mirrors on a translational stage so that path 2 could be switched between a 
'spectrum mode' and an 'image mode'. Spectral calibration was performed using several different 
approaches, from which similar results were obtained (methods). 
 
Single-molecule measurements were performed on fixed and immunostained cells by 
photoswitching most of the labeled dye molecules into a non-emitting dark state and allowing 
only a small, random subset of the molecules to be in the fluorescent state at any given instant 
11,41,42. We first investigated Alexa Fluor 647 (AF647), a representative STORM dye. 
Undispersed images and dispersed spectra of the same single molecules were simultaneously 
recorded through paths 1 and 2 (Figure 6b,c). Measured molecules were switched into the non-
emitting dark state, and another random subset of the dye molecules were switched into the 
emitting state and measured in subsequent frames.  By operating the camera at a frame rate of 
110 Hz and achieving a comparable photoswitching rate for single molecules, the positions and 
spectra of millions of single molecules were concurrently obtained over the full camera frame in 
a few minutes. 
 
The exceptionally large number of single-molecule spectra obtained with SR-STORM allowed 
for a statistical examination of how different molecules in the sample behave. Remarkably 
similar spectra were obtained for all detected single molecules (Figure 6d). To facilitate a direct 
comparison of the emission wavelength of different molecules, we calculated the spectral 
mean11 of each single molecule as the intensity-weighted average of wavelength. A small s.d. of 
2.6 nm was observed in spectral mean for the 573,527 molecules detected over 4.5 min in the 
sample, and the distribution was uniform across the camera (data not shown). Larger variations 
were noted for dimmer molecules, attributable to lower signal-to-noise ratios. At the same time, 
the brighter molecules (>10,000 detected photons) converged to an extremely small s.d. of 1.4 
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nm (Figure 6e). Moreover, similar spectra were noted for single molecules labeling different 
subcellular targets (data not shown). 
 
Previous scanning-based single-molecule spectral studies reported substantial (∼10 nm) spectral 
variations for single dye molecules immobilized at solid surfaces 35–37,43. Similar effects, if they 
also existed in densely labeled biological samples, would forbid the reliable identification of 
single molecules of different dyes that are similar in emission spectrum. Our results, however, 
revealed very narrow distributions in immunostained cells. To generalize this finding, we 
investigated 14 far-red dyes with bulk emission peaks at ∼660–700 nm, and for each dye we 
measured the spectra of millions of individual molecules. Homogeneous single-molecule spectra 
were noted for all dyes, with typical s.d. of 2.5–4.5 nm in single-molecule spectral mean (Figure 
6f). Substantially different single-molecule spectra were detected for different dyes (Figure 6f). 
 

 
Figure 7: Spectrally resolved single-molecule and super-resolution imaging. Dyomics 634, 
DyLight 650, CF660C and CF680 respectively labeled peroxisomes, vimentin filaments, 
microtubules and the outer mitochondrial membrane in a fixed PtK2 cell. (a) 'True-color' super-
resolution image in which each detected single molecule is colored according to its measured 
spectral mean (color bar). (b) Close-up of boxed region in a. (c) Averaged single-molecule 
spectra for different subcellular structures in b (white boxes), in comparison to the separately 
measured averaged single-molecule spectra of the four dyes. (d) Super-resolution image with 
each molecule being categorized and recolored; categorization was based on comparison of the 
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single-molecule spectrum with the spectra of the four dyes. (e–h) The separated four dye 
channels for the same area as b. (i) Cross-talk between dyes (asterisks: <10−3). Scale bars, 2 μm 
(a,d) and 1 μm (b,e–h). 
 
These results suggest that by directly resolving the spectrum of every molecule, our method may 
reliably distinguish, in labeled cells, single molecules of different dyes that differ minimally in 
emission spectrum. In combination with the concurrently obtained superlocalized positions of the 
molecules, we thus should be able to achieve spectrally resolved SRM with minimal color cross-
talk. To demonstrate this possibility, we labeled four distinct subcellular structures with four 
dyes that overlap heavily in emission spectrum (Figure 7). A single red laser was employed to 
excite all dyes and photoswitch single molecules between the dark and fluorescent states. To 
present both the spatial and spectral information of all (∼106) measured single molecules, we 
plotted the superlocalized position of each molecule in xy and used color to denote the measured 
spectral mean of each molecule (Figure 7a,b). 
 
Distinct from previous multicolor STORM/(F)PALM approaches 16,26–28 in which each detected 
molecule is assigned to one of the labeled dyes and accordingly 'false colored', here (Figure 7a,b) 
the measured 'true color' (spectral mean) of each molecule is directly plotted on a continuous 
scale of 676–720 nm, the same scale as the y axis of Figure 6f. Remarkably, molecules of 
different dyes were readily distinguishable on the basis of spectral mean alone (Figure 7a,b) 
without a priori knowledge of the spectra of the dyes, so that distinct colors, i.e., purple, cyan, 
green and yellow, were observed for the differently labeled structures of mitochondria, 
microtubules, vimentin filaments and peroxisomes, respectively. Averaging the single-molecule 
spectra for each labeled, sub-diffraction-limit structure showed good agreement with the 
separately obtained single-molecule spectra of its corresponding dye (Figure 7c). When the 
spectra of all the labeled dyes are known, either from independent measurements (data not 
shown) or from target averaging in the same sample (Figure 7c), it is further possible to 
categorize each detected single molecule (Figure 7d) by comparing its spectrum with the set of 
known dye spectra. Separation of the four color channels showed minimal misidentification over 
the entire camera frame (Figure 7e-h). For the dye combination here, misidentification was <2% 
across all four channels (Figure 7i). 
 
We next applied our method to 3D SRM. By introducing astigmatism into path 1 via a 
cylindrical lens 12, we achieved 3D superlocalization of single molecules; the spectral 
information from path 2 was not affected. Combining the 1D spectral and 3D spatial information 
obtained for each molecule thus resulted in rich information in four dimensions (Figure 8). The 
obtained single-molecule spectra again allowed for true-color SRM (Figure 8a) and negligible 
misidentification between the four dye channels (Figure 8b), but here each molecule was 
superlocalized in three dimensions. Similar localization precisions of ∼10 nm in the lateral 
directions and ∼20 nm in the axial direction were achieved for all dyes (data not shown), on par 
with previous single-color results 12. Virtual cross-sections in the xy plane (Figure 8c,d) and yz 
plane (Figure 8e) helped reveal the relative 3D positions of the four sub-diffraction-limit 
structures—for example, microtubules in contact with the top of a mitochondrion (Figure 8c,e), a 
microtubule passing at the bottom of a peroxisome (Figure 8e), and different layers of 
microtubules and vimentin filaments. To further verify that the superlocalized positions of 
different dyes were aligned with each other in three dimensions, we labeled TOM20, a 
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mitochondrial outer membrane protein, and ATP synthase, which should reside within 
mitochondria, with CF680 and AF647, respectively. As expected, virtual cross-sections showed 
that the AF647 localizations were fully enclosed by CF680 localizations (Figure 8f). 
 

 
Figure 8: SR-STORM imaging in three dimensions. (a) 'True-color' super-resolution image of a 
fixed COS-7 cell similarly labeled as in Figure 2. The measured spectral mean of each molecule 
is color coded as in Figure 7a. (b) The separated channel of DyLight 650, color coded according 
to the measured axial z position (color bar; violet denotes closest to substrate; red denotes 
farthest away). (c–e) Virtual cross-sections, where each molecule is categorized as one of the 
four dyes and color coded the same way as Figure 7d. (c,d) Two xy cross-sections (70 nm in z) 
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for the boxed area in a, at the top (c) and center (d) of the mitochondria, respectively. (e) Vertical 
xz sections (150 nm in y) along the three dashed lines in a. Arrows in c,e point to microtubules in 
contact with the top of a mitochondrion. Arrowhead in e points to a microtubule passing at the 
bottom of a peroxisome. (f) AF647-labeled ATP synthase (magenta) and CF680-labeled TOM20 
(green) in a PtK2 cell, shown with a virtual xy cross-section (70 nm in z) at the center of the 
mitochondria, and yz (150 nm in x) and xz (200 nm in y) cross-sections along the white arrows. 
Scale bars, 2 μm (a–d) and 500 nm (e,f). 
 
Besides enabling acquisition of single-molecule fluorescence spectra in cell samples with 
exceptionally high throughput, our ability to obtain 3D SRM images while reliably 
distinguishing fluorophores that are similar in emission spectrum provides notable advantages. 
Substantial differences in STORM/(F)PALM performance are found for fluorophores that differ 
significantly in spectrum, and to date dyes with the best performance cluster in the far-red range 
19. Sequential multicolor STORM/(F)PALM 19,26 works with ∼100-nm spectral separation; 
fluorophores of inferior performance are employed, and color cross-talk of <8% is achieved 19. 
We previously developed a split-channel, ratiometric method which works for ∼20-nm spectral 
separation at the expense of higher cross-talk (Chapter 1).  While we commonly use this method 
with two simultaneously imaged dyes with <5% crosstalk, attempts to image additional dyes 
within the same emission window can result in much higher crosstalk (∼20% for four-color 
imaging 27,41). Activation-based multicolor STORM uses a single reporter dye but is limited by 
heavy cross-talk (10–20%) 16. With SR-STORM, we here achieved unambiguous (<2% cross-
talk) identification of four far-red dyes at 10-nm spectral separation, and excellent SRM 
performance was observed for all dyes. Moreover, as a single optical path is used to 
superlocalize all molecules, the 3D positions of different molecules are directly obtained in the 
same coordinates, thus circumventing the challenges of aligning different color channels in three 
dimensions, as faced by approaches in which multiple optical paths or filter sets are employed 
for localization 19,26–28. Although a dual-objective design was used in this study, our method also 
works for single-objective systems by splitting the collected signal into two optical paths, at the 
cost of reduced signal. In the next chapter, we describe the implementation of a single-objective 
setup, and apply it to the study of a variety of samples, notably live cells and surface adlayers. 
 
2.3 Conclusion 
 
The realization of SR-STORM constitutes a new paradigm for both super-resolution imaging and 
single-molecule spectroscopy.  Despite its superior spatial resolution and ability to resolve 
spectrally close dyes with minimal crosstalk, the dual objective scheme remains difficult to use 
for everyday imaging experiments.  A single-objective implementation will next be described 
which provides ease of use and the ability to image live cells at the expense of reduced spectral 
and spatial resolution.  Applications for single-objective spectral imaging detailed in the 
following chapters include the measurement of membrane polarity in live cells, and the 
characterization of solvent adlayers. 
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2.4 Methods 
 
Optical setup. 
 
SR-STORM was performed on a homebuilt setup (Figure 6a). Two infinity-corrected microscope 
objectives (Olympus Super Apochromat UPLSAPO 100×, oil immersion, numerical aperture of 
1.40, default tube lens f = 180 mm), objective 1 and objective 2, were placed opposite each other 
and aligned to focus on the same spot of the sample (not shown). Two piezoelectric actuators 
(DRV120 and DRV517, Thorlabs) were used to control the axial positions of the sample and 
objective 1 with nanometer precision. Lasers at 647 nm (MPB Communications), 560 nm (MPB 
Communications) and 488 nm (Coherent) were coupled into an optical fiber after passing 
through an acousto-optic tunable filter and then introduced into the sample through the back 
focal plane of objective 1 using a multiband dichroic mirror (Di01-R405/488/561/635, Semrock). 
Using a translation stage, the laser beams were shifted toward the edge of the objective so that 
emerging light reached the sample at incidence angles slightly smaller than the critical angle of 
the glass-water interface. Fluorescence emission was collected by both objectives. Path 1: 
fluorescence emission collected by objective 1 was focused by an achromatic lens with f = 200 
mm, resulting in an intermediate image at slit 1 with an effective magnification of ∼111×. For 
3D imaging, an f = 1000 mm cylindrical lens (LJ1516RM-B, Thorlabs) was placed before slit 1 
to introduce astigmatism 12 into the obtained single-molecule images. Path 2: fluorescence 
emission collected by objective 2 was filtered by a multinotch filter (ZET405/488/561/640m, 
Chroma) and focused by an achromatic lens with f = 150 mm, thus resulting in an intermediate 
image at slit 2 with an effective magnification of ∼83×. The two intermediate images formed 
through path 1 and path 2 were cropped by slit 1 and slit 2 to ∼8 mm in width and then 
separately projected onto two different areas of the same electron-multiplying charge-coupled 
device (EMCCD) camera (iXon Ultra 897, Andor) through two pairs of relay lenses (L1–L4). 
Another multinotch filter (ZET405/488/561/640m, Chroma) was installed on the camera. For 
spectrum mode of path 2, an equilateral calcium fluoride (CaF2) prism (PS863, Thorlabs) was 
placed at the Fourier plane between the two relay lenses at the angle of minimum deviation 
(∼0.55 rad). The intermediate image of single molecules was collimated by the first relay lens 
(L3), and the resultant parallel light was dispersed by the prism before being focused by the 
second relay lens (L4) to form spectra of single molecules on the EMCCD. Two mirrors (M4 and 
M5) were used to steer the light after prism so that for the laser wavelength at 647 nm, image 
positions in the image mode and in the spectrum mode roughly matched each other. To facilitate 
alignment and calibration, the prism, M4, and M5 were mounted on a motorized linear 
translation stage (PT1-Z8, Thorlabs) so they could be readily moved in and out to switch path 2 
between the spectrum mode and the image mode. 
 
Spectral calibration. 
 
A combination of fluorescent beads, pinhole arrays, and slits were used for the spectral 
calibration of path 2. Dark red fluorescent beads of 20-nm diameter (F-8783, Life Technologies) 
were adsorbed to the glass coverslip at low density. The sample was mounted on our optical 
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setup and illuminated with a weak 647-nm laser. Individual beads appeared as well-resolved 
diffraction-limited spots in the image mode and dispersed 1D spectra in the spectrum mode. 
Narrow bandpass filters (FB700-10 and FB750-10, Thorlabs) were used to determine the spectral 
positions of 700 and 750 nm in the spectrum mode relative to the image position in the image 
mode. In a different approach, mechanical slits and printed photomasks with 2D arrays of 
pinholes (not shown) were placed at the intermediate image plane (slit 2) and illuminated by 
weak lasers at wavelengths of 488 nm, 560 nm and 647 nm. Notch filters in the light path were 
removed, and the resultant images on the EMCCD were consecutively recorded in the image 
mode and spectrum mode to allow for determination of the positional shift for different laser 
wavelengths. Results from these three different methods generated similar calibration curves that 
were well fitted by a third-order polynomial equation. To correct for wavelength-dependent 
variations in the responsivity of the detection system21, a quartz tungsten halogen lamp (Model 
6319, Newport) was used to illuminate a narrowed slit 2. The recorded broadband spectrum in 
the spectrum mode of path 2 was subtracted by a smoothed curve to generate the wavelength-
dependent correction factor, which was used to correct all measured spectra in this study. Spectra 
before this correction was applied are not shown here: similar irregular features are observed for 
different dyes, for example, dips at ∼690 nm and ∼720 nm, in agreement with the drop in 
responsivity at corresponding wavelengths. Spectral-mean distributions were only minimally 
affected by this correction. Although the presence (and incomplete removal) of such effects is 
undesirable, the observation that the dip features align well between different data sets reflects 
good wavelength registration in our experiments. 
 
Sample preparation. 
 
COS-7 and PtK2 cells (ATCC) were cultured following standard tissue culture protocols 
(mycoplasma regularly tested), and plated on 12- or 18-mm diameter, #1.5 coverglass at ∼30% 
confluency. After 24 h, cells were fixed using a solution of 4% paraformaldehyde in phosphate-
buffered saline (PBS), or 3% paraformaldehyde and 0.1% glutaraldehyde in PBS followed by 
two washes with 0.1% sodium borohydride in PBS. Cells were blocked and permeabilized in 
blocking buffer (3% bovine serum albumin with either 0.5% Triton X-100 or 0.02% saponin in 
PBS), which was followed by overnight incubation at 4 °C in primary-antibody solution, washed 
three times and then incubated for 45 min at room temperature in secondary-antibody solution. 
Primary antibodies used were rat anti–α-tubulin (MAB1864, Millipore), chicken anti-vimentin 
(AB5733, Millipore), rabbit anti-Tom20 (sc-11415, Santa Cruz Biotech), mouse anti-PMP70 
(SAB4200181, Sigma) and mouse anti-ATPB (ab14730, Abcam), which should label 
microtubules, vimentin intermediate filaments, the outer membrane of mitochondria, 
peroxisomes and ATP synthase at the inner mitochondrial membrane, respectively. Secondary 
antibodies (Jackson ImmunoResearch) were labeled via reaction with NHS esters of selected 
dyes to achieve a 1:1 dye-to-antibody labeling ratio. Examined dyes were Alexa Fluor 647 and 
Alexa Fluor 660 (Invitrogen), Cy5 and Cy5.5 (GE Healthcare), Cyanine 5 (Lumiprobe), CF647, 
CF660C and CF680 (gifts from Biotium), Dyomics 634, Dyomics 649P1 and Dyomics 654 
(Dyomics), and DyLight 635, DyLight 650 and DyLight 679 (Thermo Scientific). Spectrally 
resolved single-molecule imaging was performed in standard STORM imaging buffer that 
contained 5% (w/v) glucose, 100–200 mM cysteamine, 0.8 mg/mL glucose oxidase and 40 
μg/mL catalase, in Tris-HCl (pH 7.5 or pH 8.0). Approximately 4 μL of imaging buffer were 
dropped at the center of a freshly cleaned #1.5 rectangular coverslip (24 mm by 60 mm), and the 
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sample coverslip was mounted on the rectangular coverslip and sealed with nail polish or 
Cytoseal 60. 
 
Spectrally resolved single-molecule imaging. 
 
Dye-labeled cell samples were mounted on the setup and illuminated only by a 647-nm laser at 
an intensity of ∼2 kW/cm2, which excites the dye molecules and also photoswitches most of 
them into a non-emitting dark state 11,41,42. At any given instant, only a small, optically resolvable 
subset of the fluorophores in the sample were activated, by the same 647-nm laser, back to the 
fluorescent, emitting state. Fluorescence from the emitting single molecules was recorded 
through both path 1 and path 2 before the molecules were again photoswitched to the dark state 
or photobleached, and a random, new subset of the fluorophores in the sample were activated to 
the emitting state. The EMCCD camera acquired images from both paths simultaneously and 
continuously at a frame rate of 110 Hz, which matched well with the photoswitching rate of 
single molecules in our experiment (on average, each detected single molecule emitted for 1.7–
2.5 frames before being switched into the dark state for most of the dyes examined in this study). 
To map the coordinates of path 1 and path 2, a short movie of a few hundred frames was first 
recorded when the dispersing prism was removed from path 2 (image mode), or when the 
dispersing prism was inserted into path 2 (spectrum mode) but with the addition of a narrow 
bandpass filter centered at 689.3 nm (ZET690/10x, Chroma). Spectrally resolved single-
molecule imaging was then performed with path 2 in the spectrum mode without the narrow 
bandpass filter, so that the undispersed images and the dispersed spectra of the same single 
molecules were simultaneously recorded through path 1 and path 2, respectively (Figure 6b,c). 
30,000–80,000 frames of images were typically recorded to generate the final SRM image, 
which, after analysis (below), enabled the determination of the positions and spectra of ∼106 
single molecules within minutes. Increasing the number of frames would lead to more single-
molecule spectra at the expense of longer imaging time. 
 
Data analysis. 
 
Recorded data were first split into two movies, each of which comprised a series of images 
obtained by path 1 and path 2, respectively. Single-molecule images were superlocalized in two 
or three dimensions as described previously 11,12. The superlocalized positions of single 
molecules in the initial short movies were used to map the coordinates of path 1 and path 2 via 
two different approaches that led to similar results. In one approach, the initial short movie was 
recorded with path 2 being in the image mode. To analyze the subsequent spectral measurement 
data, we first projected the superlocalized positions of single molecules in path 1 to the 
coordinates of the image mode of path 2 based on mapping functions generated from the initial 
short movie, and the resultant positions were projected again from the coordinates of image 
mode of path 2 to the coordinates of the spectrum mode of path 2 for a fixed wavelength (700 
nm) on the basis of the aforementioned calibration results obtained via fluorescent beads. In an 
alternative approach, the initial short movie was recorded with path 2 in the spectrum mode with 
a narrow bandpass filter centered at 689.3 nm. To analyze the subsequent spectral measurement 
data, we projected the superlocalized positions of single molecules in path 1 to the coordinates of 
the spectrum mode of path 2 for the fixed wavelength of 689.3 nm based on mapping functions 
generated from the initial short movie. The spectrum of each molecule was obtained on the basis 
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of the mapped position of either 700-nm or 689.3-nm emission in the spectrum mode of path 2 
and the spectral calibration curve (data not shown). Overlapping spectra were rejected. For 
molecules that lasted more than one frame, the superlocalized positions and measured spectra in 
consecutive frames were combined. The spectral mean of each molecule was calculated through 
the intensity-weighted averaging of wavelength for the measured single-molecule spectrum and 
presented on a continuous color scale to generate 'true-color' SRM images. For categorization of 
each molecule when the spectra of all dyes in the sample were known (either from separate 
measurements (data not shown) or from target averaging (Figure 7c)), the measured spectrum of 
a single molecule was compared with the spectrum of each known dye by calculating the 
Pearson product-moment correlation coefficient for the intensity-wavelength relationship. The 
single molecule was then assigned to the dye that resulted in the highest correlation coefficient. 
 
 
Chapter 3: Development and applications of single-objective SR-STORM for functional imaging 

of cellular membranes 
 
3.1 Introduction 
 
The work performed in this chapter was conducted in collaboration with Rui Yan and Seonah 
Moon.  It is reproduced in part here from ref. 44 and with permission from all co-authors.  
Copyright 2017 ACS. 
 
Through our previous work, we developed a dual-objective imaging setup for the concurrent 
localization and spectral measurement of single molecules in a wide-field detection scheme.  By 
taking advantage of the spatiotemporal sparsity of single-molecule emitters in a STORM 
photoswitching scheme, we were able to directly disperse single molecule fluorescence signals 
into spectra in the wide-field.  While the dual-objective nature of our previous setup provided 
maximum photon count (and thus localization precision), it presented technical challenges owing 
to the need for the sample to be sandwiched between two objective lenses.  Meanwhile, while we 
demonstrated that spectrally-resolved STORM is useful for the color separation of multiple 
spectrally close dyes in a fixed, labeled cell sample, we note that the spectral dimension can 
encode additional information given the right dye and sample properties. 
 
Here, we expand the capabilities of SR-STORM by implementing a single-objective setup which 
allows for simultaneous single-molecule localization and spectral measurement through the use 
of a beamsplitter (Figure 9a).  In this scheme, obtained single-molecule fluorescence was split 
into two light paths. Path 1 provided the position of each molecule, and a dispersive prism was 
inserted into Path 2 to generate spectra of the same molecules. The resultant single-molecule 
images and spectra in the wide-field were concurrently recorded on two different areas of an 
EM-CCD at 110–220 frames per second (4.5–9 ms integration per frame; Figure 9b,c).  
 
An important advantage of the single-objective setup is the ability to image bulky samples.  
Live-cell imaging in particular may require immersion of the labeled cell sample in a 
considerable volume of buffer, and is therefore not suited to imaging on our dual-objective 
system.  Additionally, fluorescence spectra may encode information other than the identity of a 
dye molecule.  Polarity-sensing solvatochromic dyes, for instance, exhibit a spectral shift in 
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response to local chemical polarity 45–48.  The ultimate sensitivity of these probes may be reached 
if each probe molecule is individually examined, thus avoiding the averaging of potentially 
distinct spectra of different molecules. Here, we employed Nile Red, a photoswitchable and 
polarity-sensitive dye, as a single-molecule reporter of local chemical polarity.  Fluorescence 
blinking of single Nile Red molecules was achieved with a 561 nm excitation laser through 
photoswitching (STORM) or reversible binding to membranes (PAINT) 49,50. With ∼30 
molecules detected in each frame (probe density <0.1 molecules/μm2), we obtained the emission 
spectra and super-resolved locations of >106 single Nile Red molecules in a few minutes, thus 
enabling the reconstruction of super-resolution SR-STORM/SR-PAINT images that carried 
functional information on local chemical polarity. Concurrent positional and spectral recording 
may also be achieved via the zeroth and first diffraction orders of a grating 39,51,52, but gratings 
achieve low light efficiency, and the strong dispersion makes it difficult to probe densely labeled 
two-dimensional structures like cellular membranes. 
 
Cellular membranes, being readily labeled by Nile Red, represent an intriguing system for the 
visualization of chemical polarity at the nanoscale. Being chemically interconnected by diffusion 
and vesicular transport, cellular membranes are nevertheless compositionally and functionally 
heterogeneous 53,54. Biochemical studies indicate remarkable compositional differences between 
the isolated plasma membrane and organelle membranes 53,55,56, but their native organization in 
living cells is difficult to visualize given the nanoscale dimensions of organelles 57–59.  
 
Our imaging system represents a novel means of visualizing nanoscale heterogeneity in live-cell 
membranes in an unbiased manner.  Such a method has remained elusive, owing to the 
considerable challenges involved with simultaneously achieving non-disruptive labeling with 
adequate spatial resolution and local environment sensitivity. 60–62.  Labeling specific membrane 
components or phases with fluorescent probes is subject to labeling specificity and may shift the 
native equilibrium by stabilizing or disrupting the target being labeled. Environment-sensitive 
fluorescent probes 45,46, in particular solvatochromic fluorophores that exhibit spectral shifts in 
media of varied chemical polarity, provide a possibility to sense membrane heterogeneity 
without the need to label (and so potentially disturb) a specific target 47,63. Instead, the 
fluorophore may indiscriminately sample the membrane and reports local polarity through 
spectral changes: a lower local polarity corresponds to less membrane hydration and thus more 
orderly packed lipids 64,65.  With conventional detection methods, however, the diffraction of 
light limits spatial resolution to ∼300 nm, and it is still difficult to obtain the full fluorescence 
spectra for every pixel. The low spatial resolution also limits polarity sensitivity as local 
differences in spectrum are averaged over all probes in the diffraction-limited volume. 
 
By achieving Nile Red-based SR-STORM and SR-PAINT for live-cell membranes, we here 
detected local variations in membrane chemical polarity with single-molecule sensitivity and 
∼30 nm spatial resolution. This functional (as opposed to conventional, shape-only) SRM 
approach enabled us to directly visualize nanoscale compositional heterogeneity in the 
membranes of live mammalian cells. Notably, we unveiled distinct polarity characteristics of the 
plasma membrane and the membranes of nanoscale intracellular organelles, a result we found to 
be due to differences in cholesterol levels.  
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Figure 9: SR-STORM/SR-PAINT with Nile Red. (a) Schematic of setup. Slit is at the camera 
port of an inverted microscope. L, lens; BS, beam splitter; M, mirror. (b) Small region of the 
concurrently acquired images and spectra of single Nile Red molecules in a DOPC bilayer, 
obtained in a 6 ms snapshot. Crosses denote the mapped spectral positions of 590 nm for each 
molecule. (c) Spectra of the 3 molecules in (b), compared to that averaged from 280,898 single 
molecules from the same sample. (d) Averaged spectra for single Nile Red molecules labeled to 
supported lipid bilayers of different compositions (DOPC, DOPC:SM 1:1, and DOPC:SM:Chol 
1:1:1). (e) Sequential STORM images of a Nile Red-labeled live COS-7 cell at 30 s separation. 
Magenta, green, and cyan arrows point to structural changes in the plasma, ER, and 
mitochondrial membranes, respectively. 
 
3.2 Results and Discussion 
 
We first applied Nile Red-based SR-PAINT to supported lipid bilayers of different compositions. 
Averaged spectra of the measured single Nile Red molecules (Figure 9d) showed the reddest 
spectrum for a bilayer of the unsaturated lipid 1,2-dioleoyl-sn-glycero-3-phosphocholine 
(DOPC), a model system for the Ld phase of the plasma membrane 66. A bilayer of a 1:1 mixture 
of DOPC and sphingomyelin (SM), a more saturated lipid, showed a modest (∼5 nm) blue-shift. 
Further addition of cholesterol (Chol) led to a substantial (∼20 nm) blue-shift. These results are 
consistent with previous measurements on model lipid vesicles 64–66: Nile Red exhibits 
fluorescence blueshifts in media of reduced polarity; the DOPC-only bilayer is the least orderly 
packed and so the most hydrated and polar, whereas cholesterol assists the packing of 
sphingolipids into more ordered and less hydrated membrane phases. 
 
We next achieved Nile Red-based STORM and PAINT for membranes in live mammalian cells. 
For STORM, cells were labeled with 100 nM Nile Red, and imaged in a buffer containing 
ascorbic acid to assist photoswitching. For PAINT, unlabeled cells were imaged in a buffer 
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containing 3 nM Nile Red for reversible binding to the membrane during imaging. For both 
approaches, the cell plasma membrane and the membranes of intracellular organelles were well 
labeled and visualized at the nanoscale [Figure 9e; arrows point to example endoplasmic 
reticulum (ER) (elongated tubular structures), mitochondria (thicker lumps), and plasma 
membrane]. With 50% fluorescence split to the image channel, we detected ∼800 photons per 
molecule. This value is comparable to that of several known membrane STORM dyes, and 
translates to a spatial resolution of ∼30 nm (localization precision in full width at half-
maximum) 67. Consistent with this resolution, the thinner ER tubules appeared 50–100 nm in 
width in our images, in agreement with previous results 67. Three-dimensional STORM/PAINT 
indicated that for the plasma membrane, it was typically the top (apical) membrane that was 
imaged, which went out of the focal range for thicker parts of the cell (data not shown). 
STORM/PAINT image sequences were obtained at ∼30 s time resolution, which allowed us to 
track the morphological evolution of cellular membranes far beyond the diffraction limit (Figure 
9e). 
 
Integrating Nile Red-based cell-membrane imaging with SR-STORM/SR-PAINT, we next asked 
whether the lipid composition-sensing capability we demonstrated for supported bilayers could 
reveal possible heterogeneities in the membrane composition of live mammalian cells. 
Remarkably, we observed significant spectral differences between Nile Red molecules at the 
plasma membrane and at the intracellular membranes of nanoscale organelles. 
 

 
Figure 10: Spectrally resolved, functional SRM visualizes polarity differences between organelle 
and plasma membranes in live cells. (a) True-color SR-PAINT image of a Nile Red-labeled live 
PtK2 cell. Each detected single molecule is color-coded according to its spectral mean [color bar 
below (d)]. (b,c) Sequential true-color SR-STORM images of a Nile Red-labeled live COS-7 cell 
at 1 min separation. Arrows point to notable structural changes in ER. (d) Averaged spectra of 
single Nile Red molecules from different nanoscale regions in live cells at the plasma membrane 
(PM), mitochondria (MT), and ER, compared to that at model supported lipid bilayers of 
different compositions. 
 
To present both the spectral and spatial information on every detected Nile Red molecule (∼106 
total for a typical image), we calculated the spectral mean of each molecule as the intensity-
weighted average of wavelength, and used this value to assign a color on a continuous scale 
(612–648 nm) as we plotted the position of each molecule 29,68. The resultant “true-color” SRM 
images showed strikingly different colors for the plasma membrane (blue) and organelle 
membranes (yellow) (Figure 10a–c). Image sequences further showed that as the plasma and 
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organelle membranes underwent dynamic structural rearrangements at the nanoscale, their 
respective spectral characteristics were maintained (Figure 10b,c). Highly similar results were 
obtained from SR-PAINT and SR-STORM (Figure 10a–c), and across different cell types 
(Figure 10a: PtK2, rat kangaroo epithelial cell; Figure 10b,c: COS-7, monkey fibroblast). Fixed 
cells exhibited similar spectral characteristics as live cells (Figure 11), indicating that the 
membrane compositions are stable upon chemical fixation. The locally averaged single-molecule 
spectra, as computed from nanoscale subareas of the SR-STORM/SR-PAINT data, were nearly 
identical for mitochondrial and ER membranes, but showed a strong blueshift of ∼20 nm for the 
plasma membrane (Figure 2d), with results from different cells being identical (Figure 12). 
Distribution of the measured single-molecule spectral means (Figure 13) showed similar 
standard deviations for the mitochondrial and plasma membranes over a DOPC bilayer (∼6 nm), 
likely limited by our spectral precision. A slightly larger standard deviation of 7 nm was 
observed for the ER membrane. 

 
Figure 11: Comparison of Nile Red-based SR-STORM results on live and fixed cells. (a,b) True-
color SR-STORM images of Nile Red-labeled live (a) and fixed (b) COS-7 cells. (c) Locally 
averaged Nile Red single-molecule spectra at the plasma membrane (PM) and mitochondrial and 
ER membranes, for the live (solid curves) and fixed (dotted curves) cells. 
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Figure 12: Comparison of functional SR-STORM results on different cells. Locally averaged 
Nile Red single-molecule spectra at the plasma membrane (a), mitochondrial membrane (b), and 
ER membrane (c), for three individual COS-7 cells. 
 

 
Figure 13: Distribution of the measured spectral means of single Nile Red molecules at different 
membranes. (a) Supported lipid bilayer of DOPC. (b) Mitochondrial membrane. (c) ER 
membrane. (d) Plasma membrane. Black lines are Gaussian fits with standard deviations (s.d.) 
labeled in each subfigure. The standard deviation of 6.0 nm in the (relatively homogenous) 
DOPC bilayer is likely limited by our measurement precision of single-molecule spectra. The 
similar standard deviations of 6.2 nm observed for the mitochondrial membrane and the plasma 
membrane suggest that they are not significantly more heterogeneous than the DOPC bilayer at 
the spectral precision of our experiments. The ER membrane showed a slightly larger standard 
deviation of 7.4 nm, which may be related to its active lipid dynamics.1 A slightly smaller 
standard deviation of 5.6 nm was found for the low-polarity nanodomains, attributable to 
brighter single molecule signals (Figure 14e). 
 
Together, these results reveal fundamental differences between the organelle and plasma 
membranes: the redder spectra of organelle membranes suggest that they are physically more 
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polar, structurally less ordered, and functionally more flexible and permeable to water, consistent 
with their intracellular functions 53,55. 
 
Bulk measurements on isolated organelle and plasma membranes indicate that the former and 
latter are characterized by low (<∼5%) and high (∼30–40%) cholesterol levels 53,55, respectively. 
As cholesterol assists the packing of lipid bilayers into more ordered and less hydrated 
membrane phases 53,64,65, it may explain the significant differences in single-molecule spectra we 
observed between organelle and plasma membranes. Indeed, a comparison of our SR-
STORM/SR-PAINT results on live-cell membranes and supported lipid bilayers showed that the 
organelle membranes are spectrally similar to cholesterol-free bilayers, whereas the plasma 
membrane is spectrally similar to the DOPC:SM:Chol (1:1:1) bilayer (Figure 10d). 
 
To understand whether cholesterol is indeed the driving force behind the membrane polarity 
differences we observed, we next combined Nile Red-based SR-STORM with cholesterol 
manipulation via methyl-β-cyclodextrin (MβCD) 68. Depleting cholesterol with MβCD led to a 
strong redshift of Nile Red single-molecule spectra at the plasma membrane but little change at 
organelle membranes, as evidenced by both true-color SRM images and locally averaged single-
molecule spectra (Figure 14a,b). 
 
In contrast, upon addition of 1 mM water-soluble cholesterol (cholesterol–MβCD), the organelle 
membrane spectra blue-shifted markedly to become closer to that of the plasma membrane as the 
latter remained spectrally unchanged (Figure 14c,e). Though live cells were resistant to further 
addition of cholesterol (data not shown), for fixed cells substantial blue-shifts were observed for 
both the plasma and organelle membranes with 5 mM water-soluble cholesterol, so that both 
became bluer than that of the untreated plasma membrane (Figure 14d,e). A portion of the 
organelle membranes, however, appeared resistant to cholesterol addition, as indicated by 
nanoscale regions with redder colors in true-color SRM images and a shoulder peak in the 
locally averaged single-molecule spectra. Together, these results indicate that cellular cholesterol 
levels were responsible for the polarity differences we found for the plasma and organelle 
membranes. 
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Figure 14: Observed heterogeneity in cellular membrane polarity is driven by cholesterol. (a) 
True-color SR-STORM image of a Nile Red-labeled fixed COS-7 cell after depletion of 
cholesterol with 5 mM MβCD for 20 min. (b) Averaged single-molecule spectra at the plasma 
membrane (PM) and organelle membrane (OM) after 5 and 20 min treatment of 5 mM MβCD, 
compared to that of untreated cells. (c,d) True-color SR-STORM images of Nile Red-labeled 
fixed COS-7 cells after cholesterol enrichment with 1 mM (c) and 5 mM (d) water-soluble 
cholesterol. Arrows in panel d point to low-polarity nanodomains. (e) Averaged single-molecule 
spectra at the plasma membrane (PM) and organelle membrane (OM), as well as at the low-
polarity nanodomains, after cholesterol enrichment, compared to that of untreated cells. 
 
3.3 Conclusion 
 
Through our implementation of a single-objective beamsplitter-based imaging setup for SR-
STORM, we enabled the extension of spectrally-resolved imaging to live cells.  Additionally, we 
demonstrated that the fluorescence spectra of suitable dyes can encode information about local 
physicochemical parameters in highly heterogeneous samples at the nanoscale. The combination 
of nanoscale spatial sensitivity and single-molecule spectral sensitivity allowed us to visualize 
heterogeneity in live- and fixed-cell membranes.  Next, we describe an additional application of 



33 

single-objective SR-STORM to the study of solvent adlayers, and reveal relationships between 
adlayer polarity and spatial dimensionality. 
 
3.4 Methods 
 
Optical setup.  
 
SR-STORM and SR-PAINT were achieved on a home-built setup (Figure 9a) based on a Nikon 
Ti-E inverted fluorescence microscope. A 561-nm laser (Coherent) was introduced to the back 
focal plane of an oil-immersion objective lens (Nikon CFI Plan Apochromat λ 100×, NA 1.45) 
via a dichroic mirror (ZT561rdc, Chroma). A translation stage was used to shift the laser beams 
toward the edge of the objective lens such that the excitation light reached the sample at 
incidence angles slightly smaller than the critical angle of the coverglass-water interface, 
illuminating ~1 μm into the sample. Emission was filtered by a long-pass (ET575lp, Chroma) 
and a short-pass (FF01-758/SP or FF01-715/SP, Semrock) filter, and cropped at the image plane 
of the microscope camera port to a width of ~4 mm. The cropped intermediate image was 
collimated by an achromatic lens (f = 80 mm) for splitting into two perpendicular paths at a 
50:50 beam splitter (BSW10, Thorlabs). In Path 1, emission was focused by an achromatic lens 
(f = 75 mm) onto one-half of an electron-multiplying charge-coupled device (EM-CCD) camera 
(iXon Ultra 897, Andor) to achieve an effective magnification of ~94×. In Path 2, emission was 
dispersed by an equilateral calcium fluoride (CaF2) prism (PS863, Thorlabs) before being 
focused by an achromatic lens (f = 60 mm) onto the other half of the same camera, thus resulting 
in an effective magnification of ~75×. Wavelength calibration was performed using fluorescent 
beads and narrow bandpass filters, as described in Ch. 2.  Briefly, 100-nm diameter, four-color 
fluorescent beads (T7279, Life Technologies) were adsorbed to a glass coverslip at low density. 
The sample was mounted and imaged on the setup with 405 nm, 561 nm, or 647 nm excitation. 
Beads appeared as diffraction-limited spots in Path 1, and as dispersed 1D spectra in Path 2. 
Bandpass filters with ~10 nm bandwidth were used to determine the spectral positions of 
different known wavelengths in Path 2 relative to the bead positions in Path 1. Three-
dimensional (3D) STORM/PAINT microscopy was achieved through cylindrical lens-based 
astigmatism 12. 
 
Supported lipid bilayers.  
 
Supported lipid bilayers were prepared via vesicle fusion of small unilamellar vesicles (SUVs). 
1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and sphingomyelin were purchased from 
Avanti Polar Lipids (850375 and 860062). Cholesterol was purchased from Sigma (C8667). 
Each lipid was separately dissolved in chloroform at concentrations of ~10 mg/mL. To prepare 
SUVs, the chloroform solutions of lipids were mixed in a pre-cleaned flask at designated ratios. 
After evaporation of chloroform with nitrogen flow, the flask was filled with ~55 °C mili-Q 
water to form a 2 mg/mL lipid-water mixture. The mixture was sonicated at 60 °C for ~40 min to 
form a clear SUV suspension. To form supported lipid bilayers on glass, hydrophilic glass 
coverslips were prepared by treatment with hot piranha solutions (H2SO4:H2O2 at 3:1). The 
coverslip was incubated in a 1:4 mixture of the SUV suspension and a buffer solution (10 mM 
HEPES, 150 mM NaCl, 3 mM CaCl2) a t 6 0 °C for 15 min. After incubation, excess SUVs were 
rinsed away thoroughly with Dulbecco's phosphate buffered saline (DPBS). 
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Cell culture.  
 
COS-7 and PtK2 mammalian cells were maintained in Dulbecco’s Modified Eagle’s 
Medium (DMEM) with 10% fetal bovine serum (FBS), 1× non-essential amino acids (NEAA) 
and 1% penicillin/streptomycin in 5% CO2 at 37 °C. For imaging, cells were plated at a density 
of ~10,000/cm2 on 12-mm diameter glass coverslips, 35 mm glass-bottomed dishes (P35G-1.5 
14-C, MatTek), or chambered coverglass (Thermo Scientific Nunc Lab-Tek II) to achieve a 
confluency of ~50% after growth of two days. For the fixed-cell SR-STORM/SR-PAINT 
experiments, cells were fixed with 3% paraformaldehyde and 0.1% glutaraldehyde in DPBS for 
20 min, followed by a rinse with 0.1% NaBH4 solution in DPBS for 5 min and three washes with 
DPBS.  
 
Cholesterol depletion and addition. 
 
For cholesterol depletion, live or fixed cells were treated with a 5 mM solution of methyl-β-
cyclodextrin (MβCD; Sigma C4555) in Leibovitz’s L-15 medium (for live cells) or DPBS (for 
fixed cells) for 5−20 min. For cholesterol addition, live or fixed cells were treated with 1 or 5 
mM solutions of water-soluble cholesterol (cholesterol–MβCD; Sigma C4951) in L-15 medium 
(for live cells) or DPBS (for fixed cells) for 30 min−2 h. Cells were then gently washed twice 
with L-15 medium (for live cells) or DPBS (for fixed cells). 
 
Cholera toxin B-subunit treatment. 
 
Cholera Toxin Subunit B-Alexa Fluor 647 conjugate (CTBAF647) was purchased from 
Invitrogen (C34778). Cells were briefly rinsed with Leibovitz’s L-15 medium, and then 
incubated in 1 μg/mL CTB-AF647 in L-15 medium for 5-10 min at room temperature. Cells 
were washed twice with L-15, and immediately imaged as live cells or fixed as described above. 
 
Nile Red staining.  
 
Nile Red (415711000, Acros Organics) was dissolved in dimethyl sulfoxide (DMSO) to a 3 mM 
stock solution. For live-cell experiments, cells were briefly rinsed with 37°C L-15 medium. For 
SR-STORM, cells were incubated with 100 nM Nile Red in L-15 medium for 20-30 min at 37 
°C, and then washed with 37 °C L-15 medium for two or three times before imaging. For fixed 
samples, cells were stained with 100 nM Nile Red solutions in DPBS, and then washed with 
DPBS for two or three times. For SR-PAINT, cells were not stained before imaging, and Nile 
Red was introduced in the imaging buffer (below). 
 
SR-STORM and SR-PAINT imaging. 
 
SR-STORM and SR-PAINT were carried out on the optical setup described above. For SR 
STORM, imaging buffer was L-15 medium (for live cells) or DPBS (for fixed cells) containing 
100−200 μM ascorbic acid 49. For SR-PAINT, imaging buffer was 3 nM Nile Red in either L-15 
medium (for live cells) or DPBS (for fixed cells and supported bilayers). The sample was 
illuminated with the 561 nm laser at an intensity of ~2 kW/cm2, which led to sparsely distributed 



35 

images (Path 1) and spectra (Path 2) of single molecules in the wide field due to the 
photoswitching (in STORM) or the dynamic binding/dissociation (in PAINT) of 
individual Nile Red molecules. The EM-CCD concurrently recorded the single-molecule spectra 
and images at 110 frames per second for a frame size of 512×256 pixels, or at 160-220 frames 
per second for a frame size of 512×128 pixels, and typically recorded 30,000−100,000 frames for 
each experiment. With ~30 molecules detected across each frame, the emission spectra and 
images of >106 single molecules were thus obtained within a few minutes. To map the spectral 
and spatial coordinates of Path 1 and Path 2, a narrow bandpass filter centered at 590 nm (FF01-
590/10, Semrock) was placed before the beam splitter for the final ~5,000 frames of the recorded 
movie. Comparison of the single-molecule images in Path 1 and the 590 nm-filtered single-
molecule spectra in Path 2 thus enabled the generation of a mapping function between the spatial 
positions in Path 1 and the spectral positions of the 590 nm wavelength for Path 2. To analyze 
the SR-STORM/ SR-PAINT data, the super-localized positions of single molecules in Path 1 
were projected to Path 2 based on this mapping function. Single-molecule spectra were thus 
obtained based on the mapped position of 590 nm for each molecule and the aforementioned 
calibration curve obtained from fluorescent beads. Overlapping spectra were excluded from 
analysis. The spectral mean of each molecule was calculated as the intensity-weighted average of 
wavelengths for the measured single-molecule spectrum, and presented on a continuous color 
scale as “true-color” super-resolution images. For live-cell results, time sequences of (SR-
)STORM/PAINT images were generated using all the single-molecule localizations and spectra 
collected between the indicated time point (e.g., t1) and the next time point in the sequence (e.g., 
t1 + 30 s). Local averages of single-molecule spectra were calculated from nanoscale regions of 
the SR-STORM/ SR-PAINT data for plasma membrane, mitochondrial membrane, and ER 
membrane of well-defined morphologies.  
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Chapter 4: Optical characterization of surface adlayers and their compositional demixing at the 
nanoscale 

 
The work performed in this chapter was conducted in collaboration with Limin Xiang and 
Michal Wojcik.  It is reproduced in part here from ref. 69 and with permission from all co-
authors.  Copyright 2017 Xiang et al. under the terms of the Creative Commons Attribution 
License, which permits unrestricted use and redistribution provided that the original author and 
source are credited. 
 
4.1 Introduction 
 
Based on our success in visualizing nanoscale local polarity in cellular membranes using Nile 
Red and SR-STORM, we here extend this technique to the study of non-biological systems.  
Although originally developed for biology, SRM has proven valuable for non-biological soft-
matter and surface systems 70–75.  With the addition of spectral information, SR-STORM should 
be able to reveal new insights into the nanoscale physicochemical parameters of such systems.  
Here, we describe the application of single-objective SR-STORM to the study of spatial 
organization and chemical polarity of chemical adlayers on solid surfaces. 
 
Upon exposure to a liquid or vapor, a solid substrate quickly picks up molecularly thin adlayers 
that often dominate its surface behavior. For instance, the adsorption of airborne hydrocarbons 
readily converts an initially hydrophilic metal, semiconductor, or graphene surface into a 
hydrophobic one within hours 76–79. Understanding the nature of such adlayers is of utmost 
importance in addressing the chemistry and physics of both the adsorbate and the substrate, and 
is thus key to wide-ranging applications from semiconductor fabrication to atmospheric sciences 
and crude-oil production 78,80–82. 
 
However, it remains a challenge to elucidate the microscopic structure and composition of 
adlayers. Atomic force microscopy (AFM) and related scanning-probe techniques have been 
employed to probe adlayer structure 82–85, but are challenging for small-molecule adlayers that 
only weakly adhere to the surface.  
 
Here we develop a general approach to probe the nanoscale structure and composition of weakly 
adhered organic adlayers via spectrally resolved SRM. By recording the images and emission 
spectra of ~106 individual solvatochromic fluorescent molecules that turn fluorescent in the 
adlayer phase, we optically achieve ~30 nm spatial resolution for the adlayers with concurrent 
detection of local chemical polarity. Consequently, we reveal how the nanoscale adlayer 
structure on a glass surface varies as a function of chemical polarity for 8 different solvents, and 
discover that a solvent mixture spontaneously decomposes into nanodroplets of varying 
compositions and sizes on the surface. 
 
4.2 Results 
 
Spectrally resolved super-resolution imaging of organic adlayers 
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As in our study of cellular membrane polarity, we again employed Nile red to achieve SR-
PAINT for adlayers of small organic molecules on a glass surface. By illuminating the sample 
with a total internal reflection (TIR) configuration to excite a depth of ~100 nm from the glass 
surface, we found that the stochastic insertion of individual Nile red molecules from an aqueous 
imaging buffer into the adlayers led to bursts of single-molecule fluorescence with low 
background (Figure 15a–c). Due to the extreme thinness of the adlayers (a few nanometers; 
below), single molecules rapidly diffused in (strongly fluorescent) and out (non-fluorescent) of 
the adlayer. This short timeframe left little chance for lateral diffusion. Consequently, single-
molecule fluorescence appeared as diffraction-limited spots with minimal motion blur (Figure 
15b, c). 
 

 
Figure 15: Spectrally resolved super-resolution microscopy of small-molecule adlayers. (a) 
Experimental setup. The stochastic insertion of individual Nile red molecules from an aqueous 
solution into the TIR-illuminated adlayers leads to bursts of single-molecule fluorescence, which 
is split into two light paths for concurrent recording of the position (Path 1) and the spectrum 
(Path 2) of each molecule in the wide field. IP: intermediate image plane, L: lens, BS: beam 
splitter, M: mirror. (b) A small region of the concurrently acquired images (left) and spectra 
(right) of two single Nile red molecules inserted into TCE adlayers, obtained in a 9-ms snapshot. 
Crosses indicate the mapped spectral positions of 590 nm for each molecule. Scale bar is 2 μm.  
(c) Results of chloroform adlayers. Scale bar is 2 μm. (d) Spectra of the four single molecules in 
(b, c). Dash lines give the spectral mean of each spectrum. (e) Distribution of photon counts in 
the image channel for single Nile red molecules in typical data of TCE (blue; average is 984 
photons) and chloroform (red; average is 896 photons) adlayers  
 
The resultant single-molecule fluorescence was split for concurrent recording of position and 
spectrum in the wide field (Figure 15a) 29,86. Figure 15b, c each show a small region of a single 
camera frame (9 ms integration) of the recorded data, for adlayers of trichloroethylene (TCE; 
Figure 15b) and chloroform (Figure 15c), two common organic solvents of contrasting polarity. 
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Similar single-molecule spectra were observed for the same adlayer, whereas a notable redshift 
was observed for the more polar chloroform (Figure 15d), consistent with the solvatochromic 
behavior of Nile red 87,88. Statistics of the single-molecule fluorescence intensity in the image 
channel gave asymmetric single-peak distributions (Figure 15e) characteristic of typical 
STORM, PAINT, and other single-molecule experiments 86,89,90, and the averaged counts were 
~900 photons. By integrating the recorded positions and spectra of millions of single molecules 
over different frames, we mapped out both the morphology and polarity of the adlayers at the 
nanoscale. 
 
Trichloroethylene and chloroform adlayers 
 
To present the spectral and spatial information of every detected molecule in one image, we 
calculated the intensity-weighted average of wavelength for each single-molecule spectrum (dash 
lines in Figure 15d), and used this spectral mean value to assign a color on a continuous scale 
when plotting the position of each molecule, hence 'true-color' SRM images (Chapter 2.2; 29) . 
To cover the spectral behavior of the different adlayers examined in this work, we mapped a 
spectral range of 616–645 nm to a violet/blue to orange/red color scale (Figs. 2, 3). 
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Figure 16: Spectrally resolved super-resolution results of TCE and chloroform adlayers.True-
color SR-PAINT image of TCE adlayers, color-coded according to the spectral mean values of 
single Nile red molecules, hence an indicator of local polarity (color bar). Scale bar is 5 μm. (b) 
Zoom-in of the red box in a. Inset: intensity profile for the smallest droplet identified (white 
arrow). Gaussian fit gives a FWHM width of 33 nm. Scale bar is 2 μm. (c) Soft tapping-mode 
AFM image of TCE adlayers. Inset: height profiles of two droplets pointed to by the red and blue 
arrows. Arrows in the profiles point to asymmetry due to dragging. Scale bar is 1 μm. (d) True-
color SR-PAINT image of chloroform adlayers, on the same color/polarity scale as (a) and (b). 
White arrows point to features between parallel edges. Scale bar is 2 μm. (e, f) Soft tapping-
mode AFM phase (e) and height (f) images of the same sample. White and blue arrows point to 
parts of adlayers that were only visualized in the height and phase images, respectively. Scale 
bars: 2 μm. (g) Intensity profile along the white dash line in d crossing two parallel edges. 
Gaussian fits give 107 and 72 nm for the FWHM widths of the two edge lines, respectively. (h) 
Height profile for the adlayer pointed to by the white arrow at the center of (f). Gaussian fit gives 
a FWHM width of 107 nm. 
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Figure 17: Dependence of adlayer spectral and structural properties on polarity of the liquid. (a–
e) True-color SR-PAINT images of adlayers of tetrahydrothiophene (a) ethyl acetate (b) 
dichloromethane (c) nitromethane (d) and EAA (e). Images were color-coded according to the 
spectral mean values of single Nile red molecules, on the same spectral/polarity scale as Figure 
16. Scale bars: 2 µm. f Measured spectral mean values of the adlayers vs. the relative polarity 
(normalized Dimroth–Reichardt ET scale 47) of the liquids. THT: tetrahydrothiophene, EtOAc: 
ethyl acetate, DCM: dichloromethane, Nitro2C: nitroethane, NitroC: nitromethane. Each data 
point is averaged from 9–12 areas of 3–6 different samples, with standard deviations drawn as 
error bars. Red curve is a guide to the eyes. 
 
Markedly different spectral and structural characteristics were observed in the SR-PAINT data of 
the more polar chloroform. Adlayers appeared yellow on the same spectral scale, indicating 
higher polarity, and were self-organized into circular networks ~5 µm in diameter across the 
substrate (Figure 17d). Edges of the networks were ~100 nm in width, again significantly below 
the diffraction limit of conventional optical methods, and often appeared as parallel pairs at 
~1 µm separation (Figure 17g), suggesting a mechanism in which initially ~1 µm wide adlayer 
strips gradually dewet into ~100 nm-wide lines along their two edges. Accordingly, additional 
residual adlayers were occasionally observed between the parallel edges (white arrows in Figure 
17d). 
 
We next compared results with AFM acquired in the dry state in air. Soft tapping-mode using a 
probe of low (~5 N m−1) force constant visualized structures consistent with our SRM results, but 
strong disturbances to the adlayers were apparent. Specifically, for the TCE adlayers, 
asymmetric droplet shapes were observed along the scanning direction (Figure 16c), indicative 
of dragging by the scanning tip. Such artifacts from tip-adlayer interactions 83 became more 
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severe when scanning at high magnifications, and so the shape of the smaller (<~50 nm) droplets 
(not shown) was difficult to determine. Typical heights of the nanodroplets were a few 
nanometers (Figure 16c inset), thus indicating very-flat geometries with contact angles of <~10°, 
consistent with the known behavior of adsorbed nanodroplets 91,92. For the chloroform adlayers, 
AFM showed fragmented adlayer structures so that the circular networks were, intriguingly, only 
partly visualized in either the phase (Figure 16e) or the height (Figure 16f) images in a 
complementary fashion (blue and white arrows), again signifying problems due to tip-adlayer 
interactions. For regions where height data appeared normal, the network edges were ~100 nm in 
width (Figure 16h), consistent with SR-PAINT results (Figure 16g), and a few nanometers in 
height, again indicating flat geometries. Tapping mode with a standard probe (~48 N m−1) gave 
reduced adlayer contrast, whereas in contact mode, the AFM tip severely dragged the adlayers 
along, and so no adlayers were visualized for either TCE or chloroform (data not shown). 
 
Dependence of adlayer spectral and structural properties on solvent polarity 
 
The contrasting spectral and structural characteristics of TCE and chloroform adlayers revealed 
by SR-PAINT prompted us to investigate whether universal structural and polarity trends can be 
established. We thus next examined adlayers of 6 more common solvents, namely 
tetrahydrothiophene, ethyl acetate, dichloromethane, nitroethane, nitromethane, and ethyl 
acetoacetate (EAA) (Figure 17a–e). Together with the above-discussed data of TCE and 
chloroform (Figure 16a, b, d), we found that the single-molecule spectra of Nile red at different 
adlayers were largely uniform within adlayers of the same liquid, but redshifted for higher 
solvent polarity. Plotting the averaged spectral means for single molecules at the different 
adlayers as a function of the relative polarity of the liquids showed a near-monotonic trend 
(Figure 17f). These results indicate that the polarity of the adlayers is well correlated with that of 
the bulk liquid. 
 
Remarkable polarity-dependent trends were also found for adlayer morphology at the nanoscale. 
The two low-polarity liquids, TCE and tetrahydrothiophene, both showed up as zero-dimensional 
(0D) nanodroplets across the surface (Figure 16a, b, Figure 17a). With increased polarity, 
adlayers of chloroform and dichloromethane both appeared as intertwined networks of one-
dimensional (1D) nano-lines (Figure 16d, Figure 17c). With polarity in between the above two 
cases, ethyl acetate gave nanoclusters of in-between morphology (Figure 17b). Liquids of 
relatively high polarity—namely, nitroethane, nitromethane, and EAA, spread well to form large 
domains of two-dimensional (2D) films micrometers to tens of micrometers in size (Figure 17d, 
e).  Our results hence establish a model in which adlayer dimensionality at the nanoscale 
gradually increases with polarity on the hydrophilic glass surface. 
 
Spontaneous nanoscale demixing of a two-component mixture 
 
The distinct spectra we resolved in SR-PAINT for adlayers of different liquids suggest a 
mechanism to distinguish nanoscale adlayers of unknown compositions, e.g., those formed from 
mixtures. Remarkably, by immersing a glass surface in a 1:3 well-mixed solution of TCE and 
chloroform, two liquids miscible in bulk, the resultant adlayers showed up as a palette of 
different colors and nanoscale structures in SR-PAINT images (Figure 18a, b; note that colors 
are mapped to a narrower spectral range of 620–638 nm). Overall, adlayers appeared as both 



42 

isolated, large (dia. ~200 nm) nanodroplets of bluer spectra, and smaller (<100 nm), redder 
droplets that were arranged into fragmented networks. Both the sizes of the droplets and the 
separations between the droplets were often substantially smaller than the diffraction-limited 
resolution of conventional light microscopy (Figure 18b inset). The large nanodroplets had 
averaged single-molecule spectra that matched well to adlayers of pure TCE (Figure 18c). In the 
other limit, the reddest small nanodroplets exhibited single-molecule spectra that agreed with 
that of adlayers of pure chloroform (Figure 18c). Meanwhile, a majority of the small 
nanodroplets showed intermediate spectra (Figure 18c), suggesting varying compositions. These 
results indicate that although we started with a well-mixed solution, TCE and chloroform 
spontaneously demixed on the glass surface to form adlayer nanodroplets of different 
compositions. Although the nanoscale demixing of miscible liquids has been reported in 
confined systems 93,94, related effects for surfaces are usually discussed within the context of the 
dewetting of films 95–97. The unique capability to resolve local compositions allowed us to reveal 
nanoscale demixing in surface adlayers. 
 
To quantify the composition of every adlayer nanodroplet, we calculated the averaged spectral 
mean value for all detected single molecules within each nanodroplet. Plotting this result as a 
function of the size of the nanodroplets (Figure 18d), both of which were uniquely delivered by 
SR-PAINT, indicated that most droplets >~100 nm in diameter had averaged spectra similar to 
pure TCE adlayers. For the smaller droplets, a very limited fraction attained spectra comparable 
to that of adlayers of pure chloroform, whereas the others showed a continuous distribution of 
wavelengths between the two limits. Using a simple linear interpolation (secondary y-axis of 
Figure 18d), we directly converted the averaged spectral position of each nanodroplet to its mole 
fraction of chloroform, thus facilitating simultaneous visualization of the nanodroplet 
composition, size, and location (Figure 18e). 
 
The scattered distribution of large nanodroplets of ~100% TCE is similar to results on adlayers 
due to pure TCE (Figure 16a, b). Meanwhile, the smaller nanodroplets, with varying fractions of 
chloroform, were arranged into ring-like network patterns that are reminiscent of adlayers of 
pure chloroform (Figure 16d), albeit here the networks were broken into nanodroplets. These 
intriguing results, wherein adlayer composition correlates strongly with the droplet size and 
location, point to an intricate local balance and/or competition between the vapor pressures and 
surface interactions of TCE and chloroform at the nanoscale. 
 
We further examined the influence of mixture composition by varying the ratio of TCE and 
chloroform in the starting solution (Figure 19). For adlayers of a 1:1 TCE-chloroform mixture 
(Figure 19a, b), fewer high-polarity droplets were observed when compared to the adlayers of the 
1:3 TCE-chloroform mixture (Figure 18), and small, intermediate-polarity droplets surrounded 
large low-polarity droplets as opposed to forming fragmented networks. This result is consistent 
with the lower chloroform concentration in the starting mixture: the vapor pressure of 
chloroform is 3-fold higher than TCE at room temperature, so it evaporates away faster during 
adlayer formation. In contrast, for adlayers of a 1:6 TCE-chloroform mixture (Figure 19c, d), the 
low-polarity large droplets disappeared, and segments of nano-lines interspersed with small 
droplets, consistent with the higher chloroform content of the starting mixture. Together, our 
results on adlayers of different starting mixtures showed trends consistent with the expected 
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physical properties of the two solvents, but uniquely revealed the remarkable evolution of 
nanoscale structures and composition distributions of this system. 
 

 
Figure 18: Nanoscale decomposition of a two-component mixture on the surface. (a) True-color 
SR-PAINT image of adlayers from a 1:3 mixture of TCE and chloroform, drawn on a spectral 
scale of 620–638 nm. Scale bar is 2 μm. (b) Zoom-in of the yellow-boxed area in a. Inset: 
intensity profile along the vertical (y) direction for the four closely located nanodroplets marked 
by the white box. Scale bar is 1 μm. (c) Averaged single-molecule spectra obtained for Regions I 
(large nanodroplets), II (the reddest small nanodroplets), and III (small nanodroplets with 
varying color) in (b) (solid lines), compared to that of adlayers of pure TCE and chloroform 
(dash lines). (d) Averaged spectral mean value (left y-axis) and corresponding chloroform 
percentage (right y-axis) of each droplet, as a function of droplet size. Shaded band represents 
the typical range of nanodroplets of pure TCE adlayers. (e) Recoloring of (b) by the estimated 
chloroform percentage of each nanodroplet. Scale bar is 2 μm. 
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Figure 19: SR-PAINT reveals the effect of mixture composition on adlayer structure and 
composition for the TCE-chloroform system. (a, b) True-color SR-PAINT images of adlayers 
from a 1:1 TCE-chloroform mixture, on the same spectral scale as Figure 18 (620–638 nm). (b) 
is a zoom-in of the red box in (a). (c–d) True-color SR-PAINT image of adlayers from a 1:6 
TCE-chloroform mixture. (d) is a zoom-in of the blue box in (c). Scale bars: 4 μm (a, c) and 1 μm 
(b, d) 
 
 
4.3 Conclusion 
 
By recording the fluorescence spectra and positions of millions of single solvatochromic 
molecules that turn fluorescent in the organic phase, our SR-PAINT approach uniquely allowed 
for the nanoscale visualization of the morphology and composition of weakly bound adlayers of 
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small organic molecules. Through examination of 8 different molecules, we first established 
general trends for how adlayer geometry/dimensionality evolves as a function of molecular 
polarity. Although corresponding AFM results can be interpreted as consistent with our SR-
PAINT data, tip-adlayer interactions often disturbed the sample and led to incomplete 
visualization of the adlayers. The morphology information alone also did not lend confidence to 
whether all observed structures were due to adlayers. In contrast, with SR-PAINT, we detected 
uniform single-molecule spectra for adlayers of the same solvent, as well as consistent spectral 
redshifts for the more polar solvents, thus confirming the identity of the observed structures 
while also showing that the adlayer polarity is well correlated with that of bulk solvent. 
 
Taking this unique spectral information to the next level, we examined adlayers from a solvent 
mixture, and revealed that for the miscible TCE-chloroform system, in adlayers the two solvents 
spontaneously demix into nanodroplets of varying compositions. Notably, the composition 
correlated strongly with droplet size and location, thus pointing to rich interactions between 
different factors in determining how adlayers are formed from solvent mixtures.  
 
Taken together with our previously described study of cellular membrane polarity, these results 
demonstrate the powerful capabilities of our SR-STORM/SR-PAINT approach to simultaneously 
reveal rich structural and functional information at the nanoscale.  Furthermore, the single-
objective implementation of this technique enables the study of a wide range of samples in a 
minimally disruptive manner.  Our spectrally resolved SRM approach therefore opens the door to 
the interrogation of other similarly challenging surface and soft-matter systems inaccessible to 
current methods.   
 
SR-STORM has already proven to be a useful tool for the simultaneous spatial and functional 
characterization of a wide range of samples 98.  Extension to new systems and additional 
physicochemical parameters remains highly dependent on the identification of photoswitchable 
fluorescent probes which exhibit spectral sensitivity to various physicochemical parameters.  
Given suitable dyes, future studies may reveal the spatiotemporal distributions of parameters 
such as pH, ion concentrations, and viscosity with nanoscale spatial resolution and single-
molecule sensitivity. 
 
4.4 Methods 
 
Materials and sample preparation. 
 
Trichloroethylene (TCE) (99%), tetrahydrothiophene (98%), nitroethane (98%), nitromethane 
(98%), ethyl acetoacetate (EAA) (99%), and glycine (99.5%) were from Alfa Aesar. Chloroform 
(99.8%) was from BDH Chemicals. Dichloromethane (99.5%) was from Sigma-Aldrich. Ethyl 
acetate (99.9%) was from Fisher Chemical. Nile red (99%, Acros Organics) was dissolved in 
dimethyl sulfoxide to form a 3 mM stock solution and kept at −20 °C. Glass coverslips (25 mm 
circle, VWR) were cleaned with a heated piranha solution (75% sulfuric acid and 25% hydrogen 
peroxide), and then rinse with Milli-Q water (18.4 MΩ cm), thus rendering a highly hydrophilic 
surface. After blown dry with nitrogen, the coverslip was immersed into a chosen liquid for 3 hr, 
and then let dry in air. 
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Optical setup. 
 
The optical setup and spectrally-resolved imaging methodology used in this section are described 
in Section 3.4 and Ref. 86. 
 
SR-PAINT imaging of adlayers. 
 
The coverslip sample was immersed in a 10 mM glycine buffer solution (pH = 9.4) containing 
~3 nM Nile red, and was continuously illuminated with the 561 nm laser under the 
abovementioned TIR configuration at an intensity of ~2 kW cm−2. The stochastic insertion of 
individual Nile red molecules from the imaging buffer into the adlayers led to transient bursts of 
single-molecule fluorescence, whereas the background signal was low due to the very-low 
quantum yield of Nile red in water and the TIR illumination. Single-molecule fluorescence bursts 
usually switched off within the same camera frame they appeared, as the Nile red molecules 
returned to the aqueous phase or were photobleached. Single-molecule fluorescence emission 
was concurrently recorded in the wide-field as non-dispersed images (Paths 1) and dispersed 
spectra (Path 2) (Figure 15a–c). Sparsity of single-molecule fluorescence was achieved by 
adjusting Nile red concentration in the imaging buffer to avoid signal overlapping between 
molecules. The EM-CCD recorded continuously at 110 frames per second (integration time: 9 ms 
per frame) for a frame size of 512 × 256 pixels (256 × 256 pixels for wide-field single-molecule 
images (Path 1) and spectra (Path 2), respectively), and typically collected 20,000−40,000 frames 
(3–6 min) for each experiment. Approximately 900 photons were collected for each molecule in 
the image channel (Figure 15e), and the typical signal-to-noise ratio is >25 for each molecule. To 
correlate the spatial and spectral positions of Path 1 and Path 2, a narrow bandpass filter centered 
at 590 nm (FF01-590/10, Semrock) was placed before the beam splitter for ~5,000 frames. 
Correlation of the single-molecule images in Path 1 and the 590 nm-filtered single-molecule 
spectral images in Path 2 generated a mapping function between the two channels. Using this 
mapping function, the super-localized positions of single molecules in Path 1 were projected to 
the coordinates of Path 2. Single-molecule spectra were obtained through the mapped position of 
590 nm and the aforementioned calibration curve. The intensity-weighted average of 
wavelengths for each single-molecule spectrum was taken as the spectral mean. This value was 
used to assign the color to the single molecule based on a continuous color scale, hence 'true-
color' super-resolution images. 
 
AFM characterization. 
 
Unless otherwise noted, AFM images were taken in the dry state in air on an Asylum MFP-3D 
system in soft tapping mode using aluminum-coated probes (Tap150Al-G; BudgetSensors). 
Nominal values of the force constant, resonance frequency, and tip radius were 5 N m−1, 
150 kHz, and <10 nm, respectively.  
 
 
 



47 

 
Chapter 5: Development of correlative live- and fixed- animal imaging for Drosophila 

neuromuscular junctions 
 
The work performed in this chapter was conducted in collaboration with Zach Newman in the 
lab of Udi Isacoff. 
 
5.1 Introduction 
 
We have so far described efforts to expand the capabilities of STORM imaging through the 
addition of integrated optics which enable enhanced multicolor and functional imaging.  Another 
approach to achieve multiplexed imaging is correlative imaging, whereby a sample is imaged 
sequentially on imaging platforms with complementary strengths.  Examples of correlative 
microscopy include combinations of the following: conventional light or fluorescence 
microscopy, electron microscopy, atomic force microscopy, and magnetic resonance imaging, 
among others 99,100.  Correlative microscopy is an attractive alternative to the development of 
novel optical designs, since correlative techniques may make use of existing imaging platforms 
with minimal modification. 
 
While correlative microscopy techniques may offer advantages over single imaging modalities, 
fully realizing the advantages of both correlated imaging techniques is often challenging.  
Sample preparation may be difficult to optimize, and preparation techniques required for each 
imaging method may be fundamentally incompatible with each other 101.  Another common issue 
is accurate image alignment, or registration.  Aside from challenges inherent in finding the same 
area within a sample across different imaging platforms, sample processing steps may impart 
nonlinear physical distortions which are impossible to correct using rigid image transformations 
102.   
 
Correlating fluorescence-based super-resolution microscopy techniques with other imaging 
modalities is an area of active research 101.  Super-resolution techniques have been successfully 
combined with conventional fluorescence microscopy 103–105, electron microscopy 13,106–109, and 
live-cell imaging 110,111, among others.  Correlative super-resolution and live-cell fluorescence 
imaging offers significant utility with localization-based microscopy methods such as STORM.  
While STORM microscopy has been achieved directly for live-cell imaging, it suffers from a 
number of limitations: first, there exists a direct trade-off between live-cell video framerate and 
image quality due to the time needed to localize a sufficient number of single molecules; second, 
labeling live cells with the preferred synthetic carbocyanine-based dyes is difficult, and 
fluorescent proteins which circumvent the need for dye labeling have comparatively poor 
photoswitching characteristics; and third, the high requisite laser power for STORM imaging can 
damage or kill the cells.  Combining fast, flexible conventional fluorescence imaging with 
subsequent chemical fixation and STORM imaging, meanwhile, can provide both functional 
information as well as the best possible STORM image quality 110. 
 
Understanding the molecular factors underlying neurotransmitter release in neurons depends on 
simultaneous knowledge of live release events as well as nanoscale molecular structure.  
Neurotransmitters are packaged inside small membrane-bound carriers called synaptic vesicles, 
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and are released into the intracellular space between adjacent neurons, or synapse, upon vesicular 
fusion with the plasma membrane of a neuron.   In particular, neurotransmitters are released at 
synaptic active zones (AZs), which are small (~300 nm) regions on the neural membrane 
characterized in Drosophila by the presence of, among other biomolecules, the scaffold protein 
Bruchpilot (Brp) and the calcium channel Cacophony (Cac) 112.  An action potential triggers 
calcium influx through Cac, and may result in a localized neurotransmitter release event 113.  
However, not all action potentials result in neurotransmitter release, and not all AZs have equal 
release probability (Pr) 114.  Rate of calcium influx and Ca2+ channel abundance have been 
identified as predictors of  Pr 113, yet these factors are insufficient to explain the full range of 
release behavior.  Recent studies have shown that other AZ proteins such as Brp also correlate 
with Pr 115–117, yet these studies have been primarily limited to protein counting in AZs based on 
diffraction-limited imaging. 
 
By correlating live-cell imaging of real-time synaptic release events with multicolor STORM 
imaging, we sought to gain a precise understanding of how molecular architecture affects Pr at 
AZs.  In particular, we developed a correlative imaging protocol for site matching of AZs in 
Drosophila neuromuscular junctions (NMJs), a common model system for studying neural 
architecture and synaptic release.  We used Gaussian mixture model-based fitting to localize 
highly overlapping intensity bursts in the Ca2+-sensitive fluorescent protein GCaMP 118 within 
AZs, and used this data to generate super-resolution maps of synaptic release events in live 
animals.  We then applied fixation and labeling protocols which enabled subsequent multicolor 
STORM imaging of AZ proteins.  After image registration, we applied a nonrigid point-
matching technique to match AZs between the live-animal and STORM images, enabling the 
direct quantification of structure-function relationships. 
 
5.2 Results and Discussion 
 
 
Standard techniques in image registration for correlative imaging often rely on landmark-based 
alignment 119,120 to infer a rigid transformation between images.  Such methods work well when 
both images can identify similar features in the sample, and when there are minimal nonlinear 
differences, but may fail when there are extensive local variations between images.  In 
correlating live- and fixed- animal images, we were presented with a high degree of local 
deformation, owing to motion of the animal before fixation, as well as distortions induced by 
fixing and mounting the sample for STORM imaging.  Nonrigid image registration methods have 
been developed which, among other strategies, may infer nonlinear transformations between 
control point pairs, or calculate global displacement fields by intensity-based matching 121.  
However, these methods are often sensitive to accurate hyperparameter tuning, and are prone to 
generating additional artificial deformations. 
 
Here, we realized that the end-goal of identifying structure-function relationships in synaptic 
release at AZs was not the precise global registration of live- and fixed-animal images, but 
rather, the matching of AZs between the two imaging modalities to enable direct comparisons.  
As such, we first extracted AZ locations from each image, and then matched them using a 
nonrigid point matching technique.  A full outline of the image analysis pipeline is detailed here. 
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Since GCaMP exhibits considerable fluorescence even in the absence of Ca2+ binding, we used 
GCaMP as a shared label for the initial alignment between the live- and fixed- animal images.  
Basal GCaMP images were acquired on the live-animal microscope immediately after recording, 
and on the STORM microscope just before STORM imaging (Figure 20Ci,ii).  Control point 
pairs were selected based on shared landmarks between the two images, and were used to 
generate a rigid similarity transformation between the images (Figure 20C). 
 

 
Figure 20: Initial registration of live-animal GCaMP and fixed-animal STORM images via 
diffraction-limited GCaMP reference images.  (A) Control point selection for initial image 
registration.  Matching landmarks are manually identified for (i): reference basal GCaMP image 
acquired immediately after live-animal recording, and (ii): GCaMP conventional fluorescence 
image acquired on the STORM microscope immediately before STORM imaging.  (iii) Rigid 
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transformation and overlay of live-animal image onto STORM image axes, as inferred from 
control point pairs as indicated in (i) and (ii).  (B) Transformation applied to summed GCaMP 
localizations during live-animal recording (cyan, left) to match STORM image (magenta, right). 
Scale bars: 5 μm. 
 
 

 
Figure 21: AZ identification and matching between registered images.  (A) Summed and binned 
localizations from STORM-resolved Brp (magenta, left) and live GCaMP recording (cyan, right) 
after initial rigid transformation (Figure 20). (B) Extracted clusters denoted by yellow circles 
from regions indicated in (A).  (C) Nonrigid point matching on cluster centers identifies high-
confidence AZ pairs (blue lines).  (D) Spline-based vector field interpolation of matched points.  
High-confidence matches (magenta lines) are used to calculate a vector field (green arrow mesh) 
to enable mapping of STORM clusters to functionally silent regions (black lines). Scale bars: 5 
μm. 
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Following the initial rigid transformation (Figure 21A), AZs were identified in each image by 
unsupervised clustering of localizations in each image (Figure 21B).  Here, while we were able 
to confidently identify AZs by STORM through the resolution of clear, distinct clusters of Brp, 
we relied on the assumption for the GCaMP image that synaptic release events localize to, and 
cluster tightly at, AZs.  A density-based unsupervised clustering method was used 122, by which 
regions of sufficient density were connected and identified as a single cluster subject to a 
specified minimum points detected in a search radius around each point.  These parameters, 
MinPts and Eps (the search radius) were optimized separately for STORM images and live-
animal GCaMP recordings, owing to the considerable disparity in localization density between 
the two.  Centers of mass of each cluster were calculated, and these were used for AZ matching 
between the two images. 
 
Next, a point matching algorithm was applied to identify matching pairs of AZs between the two 
images (Figure 21C).  While several point matching algorithms were evaluated, a relaxation 
labeling-based nonrigid point matching method was used 123.  This method proved to preserve 
local geometries while allowing for larger-scale deformations as evident in Figure 20C,iii.  More 
importantly, it was robust to the inclusion of double-sided outliers, which occurred frequently in 
our data.  Due to the limited resolution and sparsity of the live-animal GCaMP data, as well as 
the fact that many AZs are functionally silent, there were a considerable number of outliers in the 
STORM Brp data with no match in the GCaMP image.  Meanwhile, there were also cases where 
AZs were not adequately resolved by STORM and the aforementioned clustering approach, 
generating outliers in the GCaMP localization data.  The point matching algorithm used here was 
able to reliably generate qualitatively reasonable matches between images (Figure 21C).  Finally, 
in order to elucidate the molecular basis of silent as well as active sites, high-confidence matches 
were interpolated with a vector field by surface fitting to thin-plate smoothing splines 124 (Figure 
21D).   
 
Matched AZs were obtained for a number of NMJs and used to identify the molecular and 
structural factors that affect synaptic release probability.  For each AZ identified in a STORM 
image, molecules were quantified as total localization counts for a given color channel within a 
150-nm radius around the AZ , as defined by the center of mass of Brp molecular coordinates in 
a given AZ.  Quantity of the scaffold protein Brp at a single active zone was found to be 
predictive of Pr (Figure 22A), in good agreement with previous studies 115–117. While Ca2+ 
channel abundance has also been shown to promote synaptic release 113, we found little evidence 
for the calcium channel Cac influencing release dynamics (Figure 22B).  Other avenues besides 
protein quantification at a single AZ were also explored.  AZ distance to the 2D edge of the 
neuron was found to be inversely proportional to Pr (Figure 22C,D).  This distance dependence 
may reflect the higher likelihood of neurotransmitter release along the plane defined by the axon 
and dendrite of two neurons comprising the NMJ.  
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Figure 22: Quantification of the molecular basis of synaptic release probability at AZs.  (A) Brp 
localization counts as determined by STORM imaging vs. release probability, Pr. Colored lines 
denote correlations across all AZs for a given NMJ.  N=9 NMJs total.  (B) Pr dependence on 
Cac, calculated similarly for that in (A).  (C) Edges of a single neuron (red) are computed by 
tracing a closed hull around the set of calculated AZ centers (magenta crosses) from STORM 
imaging, and are smoothed by spline fitting (cyan). (D) Release probability is inversely 
proportional to the distance of an AZ to the edge of a neuron. Black dots represent averages of 
each quartile across all animals. 
 
Our preliminary results act as validation for the correlative imaging and point matching routine 
method described here.  An important advantage of our technique compared with previous 
lower-resolution efforts 125 may be the elucidation of structural details within a single AZ which 
may influence its activity.  The precise role of the scaffold protein Brp in regulating AZ activity, 
for instance, is not yet known. Comparison of structural averages of silent and high-activity sites 
may provide clues as to how nanoscale structure affects neural function. 
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5.3 Conclusion 
 
While we previously described the development of optical systems which directly extend the 
capabilities of STORM imaging, we here demonstrate that correlative imaging constitutes 
another powerful means of expanding the live-animal, functional imaging abilities of super-
resolution techniques typically geared towards the study of structural organization in fixed 
organisms.  By developing a workflow for the correlative live imaging of synaptic release events 
in Drosophila NMJs with the nanoscale spatial resolution of multiple protein targets afforded by 
STORM, we enable the direct quantification of structure-function relationships within single 
synaptic active zones, and open the door to further study of how nanoscale spatial organization 
of AZ proteins impacts their function. 
 
5.4 Methods 
 
GCaMP localization imaging. 
 
For high-resolution quantitative analysis, third instar wild-type SynapGCaMP6f (WT; 
w1118;+/+;SynapGCaMP6f/+) larvae were first dissected in HL3 solution containing, in mM: 70 
NaCl, 5 KCl, 0.45 CaCl2∙2H2O, 20 MgCl2∙6H2O, 10 NaHCO3, 5 trehalose, 115 sucrose, 5 
HEPES, and with pH adjusted to 7.2.  Following removal of the brain, larval fillets were washed 
and imaged in HL3 containing 1.5 mM Ca2+ and 25 mM Mg2+. Fluorescence images were 
acquired with a Vivo Spinning Disk Confocal microscope (3i Intelligent Imaging Innovations, 
Denver, CO), which included a 63x 1.0NA water immersion objective (Zeiss), LaserStack 
488nm (50 mW) laser, Yokogawa CSU-X1 A1 spinning disk (Tokyo, Japan), standard GFP 
filter, and EMCCD camera (Photometrics Evolve, Tucson, AZ). All recordings were done on 
ventral longitudinal abdominal muscle 4 at segments A2-A5 of third instar larvae.  Nerve 
stimulation was performed with a suction electrode attached to a Stimulus Isolation Unit (SIU, 
ISO-Flex, A.M.P.I Jerusalem, Israel) with a 75-100 μs stimulus duration.  Stimulation intensity 
was adjusted to recruit both Ib and Is axons as verified during the imaging.  Nerve stimulation 
and imaging were synchronized using custom-written MATLAB scripts used to control the SIU 
and trigger imaging episodes within SlideBook (v6.0.9, 3i Intelligent Imaging Innovations).   
 
Episodic stimulation and imaging protocols involved acquiring images as a series of 10 images 
(50 ms exposures).  Each episode had at least 3-4 baseline frames prior to nerve stimulation. In 
most cases, 200 stimulus trials at 0.2 Hz were used for analysis.  Spontaneous release was 
measured by imaging continuously at 20 Hz (50 ms exposures in streaming capture mode) for 2 
minutes total separated into four 30 s imaging blocks to allow for the manual correction of any 
drift.  High frequency stimulation experiments involved imaging continuously (50 ms exposures 
in streaming capture mode) at 20 Hz and waiting 3 s before stimulating at the indicated 
frequencies and durations. Stimuli were time-locked to the start of the recording to register 
stimuli.  Image registration and quantal event detection was performed similar to Ref. 126.  
Gaussian mixture model fitting was performed using custom-written Matlab Protocols. 
 
Fly fixation and antibody labeling. 
 



54 

Following live SynapGCaMP6f imaging, larvae were fixed in Bouin’s fixative (Ricca Chemical 
Company, Arlington, TX) for 5 minutes, permeabilized in PBS with 0.1% Triton X100 (PBT) 
and blocked in PBS with 0.1% Triton X100, 5% normal goat serum, and 0.02% NaN3 (PBN).  
All antibody incubations were performed in PBN and washes were performed in PBT.  Mouse 
anti-Brp (nc82) primary antibody was used at 1:100 (Developmental Studies Hybridoma Bank, 
Iowa City, IA).  Polyclonal rabbit anti-Cacophony (Morton Lab) antibody was used at 1:1000, 
along with a subsequent signal amplification with a goat anti-rabbit Biotin antibody (Jackson 
111-066-144) labeling at 1:1000.  Polyclonal rabbit anti-Complexin (Littleton Lab) was used at 
1:2000.  Chicken anti-GFP antibody (A10262; Thermo Fisher Scientific) was used at 1:1000 to 
label SynapGCaMP6f.  Goat anti-Hrp-Cy3 antibody (123-165-021 Jackson) was used at 1:250 to 
label the motor neuron axon.  Secondary antibodies included Alexa Fluor 488 goat anti-chicken 
(A11039 Thermo Fisher Scientific), Alexa Fluor 647 goat anti-mouse (A21235 Invitrogen), 
Alexa Fluor 647 goat anti-rabbit (A27040 Invitrogen), and CF680 goat anti-mouse were all used 
at 1:1000.  Alexa Fluor 647 Streptavidin (ThermoFisher S32357) was used at 1:500.  For 
confocal imaging, following antibody incubations and washes, larval fillets were mounted in 
Vectashield (Vector Laboratories). 
 
3D‐STORM microscopy. 
 
Fixed, dye-labeled Drosophila melanogaster larvae were mounted on glass slides with a standard 
STORM imaging buffer consisting of 5% (w/v) glucose, 50 mM cysteamine, 0.8 mg/mL glucose 
oxidase, and 40 µg/mL catalase in 1M Tris-HCI (pH 7.5) 11,12. Coverslips were sealed using 
Cytoseal 60. STORM imaging was performed on a homebuilt setup based on a modified Nikon 
Eclipse Ti-E inverted fluorescence microscope using a Nikon CFI Plan Apo λ 100x oil 
immersion objective (NA 1.45). Dye molecules were photoswitched to the dark state and imaged 
using a 647- (MPB Communications, Montreal, CAN) laser; this laser was passed through an 
acousto-optic tunable filter and introduced through an optical fiber into the back focal plane of 
the microscope and onto the sample at intensities of ~2 kW cm−2. A translation stage was used to 
shift the laser beams towards the edge of the objective so that light reached the sample at 
incident angles slightly smaller than the critical angle of the glass-water interface. A 405 nm 
laser was used concurrently with the 647- nm laser to reactivate fluorophores into the emitting 
state. The power of the 405 nm laser (typical range 0–1 W cm−2) was adjusted during image 
acquisition so that at any given instant, only a small, optically resolvable fraction of the 
fluorophores in the sample were in the emitting state. Emission was recorded with an Andor 
iXon Ultra 897 EM-CCD camera at a framerate of 110 Hz, for a total of ~60,000 frames per 
image. For 3D STORM imaging, a cylindrical lens of focal length 1 m was inserted into the 
imaging path so that images of single molecules were elongated in opposite directions for 
molecules on the proximal and distal sides of the focal plane 12. Two-color imaging of AF647 
and CF680 was performed as follows: with 647‐nm excitation, a ratiometric detection scheme 
27,28 was employed to first concurrently collect the emission of single Alexa Fluor 647 and 
CF680 molecules. Emission of single molecules was split into two light paths (channels) using a 
long pass dichroic mirror (T685lpxr; Chroma), each of which were projected onto one half of an 
Andor iXon Ultra 897 EM‐CCD camera. Optical setup is described in Figure 2.  Fluorophore 
assignment was performed by localizing and recording the intensity of each single molecule in 
the two channels.  
 

sam
I believe this is the first time the single objective setup is described as used for most experiments – previous methods describe either PAINT or spectral setups 

Ke
I was thinking Chapter 1 could include the method part of how split-plane 2 color and 3 color are done, then you can always refer back to it, but if too much trouble then don’t have to change.
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Image registration and quantification. 
 
All following methods were implemented as custom MATLAB scripts unless otherwise 
specified.  Code is available on github. 
 
Reference images of basal GCaMP fluorescence were obtained immediately after live-animal 
imaging, and immediately before STORM imaging.  Control point pairs were assigned to these 
images by manual selection of shared image features.  A rigid spatial transformation was inferred 
from these control point pairs and used to map the GCaMP localization data onto the STORM 
image axes.  Raw STORM data was filtered according to a minimum local density threshold to 
facilitate subsequent analysis.  Density-based clustering 122 was used to extract centers-of-mass 
of localization clusters corresponding to individual synaptic active zones in each image.  A 
nonrigid relaxation-labeling based point matching scheme 123 was used to match calculated AZ 
centers between both images.  Obvious AZ outliers in either image were manually removed prior 
to point matching, and obvious bad matches were removed after matching.  The resulting 
matched AZs were used to fit a vector field by fitting to two thin plate splines, one for each of X 
and Y directions 124.  This vector field was used to identify regions in GCaMP localization data 
corresponding to functionally silent AZs.  Neural outlines were generated by a modified Jarvis 
march 127 around the calculated AZ centers subject to a maximum distance threshold.  The 
resulting hulls were fit to smoothing splines.  Localizations were quantified by summation of all 
molecules detected within a 150-nm radius around each AZ center.  Release probability was 
calculated by directly scaling GCaMP localization counts by 1/20.  
 
 
 Part II: New biological insights gleaned from multicolor 3D 

STORM 
 
Multicolor super-resolution techniques have the unique ability to specifically label and localize 
multiple protein targets in the crowded cellular environment with ~10-nm resolution.  The ability 
to visualize the nanoscale spatial relationships between multiple proteins is critically important to 
understanding structure-function relationships essential for fundamental cellular processes. In 
this section, we describe specific examples of new biological insights derived directly from 
multicolor super-resolution imaging data.  We use the multicolor capability and nanoscale 
resolution of 3D-STORM to identify novel structures and relationships between protein targets.  
First, we identify the nuclear mitotic apparatus protein NuMA as an important player for force 
generation and repair of mitotic spindles.  Second, we characterize a novel distribution of 
membrane proton channels in sperm cells.  We then describe several advances in the fields of 
autophagy and autophagy-mediated secretion.  Finally, we show how large cargoes are exported 
from the ER by specially enlarged COPII-coated vesicles.  Together, these works constitute a 
cross-section of the kinds of insights that can be readily gleaned by multicolor 3D-STORM 
across a wide range of biological systems. 
 
 

Chapter 6: NuMA recruits dynein activity to microtubule minus-ends at mitosis 
 

https://github.com/sjkenny/image-registration
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The work performed in this chapter was conducted in collaboration with Christina Hueschen in 
the lab of Sophie Dumont.  It is reproduced in part here from ref. 128 and with permission from 
all co-authors.  Copyright 2017 Hueschen et al. under the terms of the Creative Commons 
Attribution License, which permits unrestricted use and redistribution provided that the original 
author and source are credited. 
 
6.1 Introduction 
 
A crowning achievement of super-resolution fluorescence microscopy techniques has been the 
ability to resolve finely structured cytoskeletal components.  Seminal works in the field 
demonstrated the ability of the technique to simultaneously visualize nanoscale details and 
whole-cell structural organization with high molecular specificity and contrast 5,16,30.  With 
regard to cytoskeletal complexity, the mitotic spindle represents an intriguing system.  The 
spindle is an assembly of microtubules, molecular motors, and numerous other proteins which 
form a bipolar array of microtubules in order to accurately segregate chromosomes during 
mitosis.  Its highly 3D nature and cytoskeletal density present unique challenges for super-
resolution microscopy.  Yet since its proper function is fundamentally dependent on the 
organization of its cytoskeletal components (notably microtubules and microtubule-binding 
proteins), the mitotic spindle is a perfect candidate for exploration by STORM imaging.  
 
The cytoskeletal structure of the mammalian mitotic spindle consists of dense bundles of 
microtubules, called kinetochore fibers (k-fibers), which capture chromosomes and anchor them 
to centrosomes at either end of a bipolar array 129.  Subsequent chromosome movements during 
mitosis depend on both spindle microtubule polymerization and depolymerization, as well as the 
action of motor proteins 130,131.  Detailed mechanisms for the accurate assembly and 
spatiotemporal regulation of force generation in mitotic spindles remain elusive.  In mammalian 
spindles, microtubule plus-ends mechanically couple to chromosomes, while microtubule minus-
ends are anchored at the centrosomes. To build the spindle’s architecture, motors must exert 
spatially regulated forces on microtubules. Microtubule ends offer platforms for such localized 
regulation, since they are structurally distinct. Indeed, motor recruitment and activity at plus-
ends is well-documented 132, but motor regulation at minus-ends is less well understood.  
 
Dynein is a minus-end-directed motor which slides parallel spindle microtubules to focus their 
minus-ends into spindle poles 133,134 working in complex with its adaptor dynactin and the 
microtubule-binding protein NuMA 135,136.  The clustering of parallel microtubules into poles 
presents a geometric problem when forces are indiscriminately applied all along microtubules: 
inversely oriented motors between parallel microtubules will oppose each other, resulting in 
gridlock, unless symmetry is broken by dynein enrichment at microtubule minus-ends 137–139. In 
computational models, localizing a minus-end-directed motor at microtubule ends permits 
microtubule clustering into asters or poles 139–142 and the emergence of a robust steady-state 
spindle length 143. More recently, experimental work has shown that dynein-dynactin and NuMA 
do indeed selectively localize to spindle minus-ends, with dynein pulling on them after k-fiber 
ablation in mammalian spindles 144,145.  This is consistent with suggestions that dynein and 
NuMA capture and pull on distal k-fiber minus-ends in monopolar spindles 146. Altogether, these 
findings demonstrate the importance (in silico) and existence (in vivo) of localized dynein 
activity at spindle microtubule minus-ends. 
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How dynein becomes localized at minus-ends remains an open question. Dynein may be 
enriched near minus-ends because it walks toward them on microtubules and piles up when it 
runs out of track; indeed, pile-up of dynein has been observed at minus-ends in vitro and can 
drive minus-end clustering 147,148. Alternatively, the exposed α-tubulin interface at minus-ends is 
structurally distinct and could bind an adaptor protein that specifically recruits dynein, analogous 
to recruitment at canonical dynein cargoes like organelles 149. NuMA can target dynein-dynactin 
to the cell cortex 150,151 and thus could be one such adaptor. However, in vitro NuMA has shown 
no direct affinity for minus-ends specifically, binding all along the microtubule lattice 152 or at 
both ends 153, unlike three proteins known to interact directly with minus-ends at mitosis: γ-
TuRC 154, CAMSAP1 155–157 and KANSL1/3 158. In cells, NuMA is thought to require dynein 
activity to carry it to minus-ends and spindle poles 159, where it anchors spindle microtubules 160–

162. Thus, it remains unclear whether dynein-dynactin and NuMA have specific binding sites at 
minus-ends, and if so, whether they are recruited by known minus-end binders. Finally, knowing 
how dynein is targeted to minus-ends would make it possible to test the in vivo role of minus-
end-localized – compared to indiscriminately-localized – forces in spindle organization. 
 
6.2 Results and Discussion 
 
The work in ref. 128 used laser ablation in cells to create new, isolated minus-ends in the 
mammalian spindle, and quantitative imaging to map protein recruitment to these ends and its 
mechanistic basis. A combination of conventional live-cell fluorescent imaging and genetic 
constructs (including overexpression of the dynein-dynactin inhibitor dynamitin) showed that 
NuMA binds at minus-ends independently of dynein, and that NuMA targets dynactin – and 
thereby dynein activity – to spindle minus-ends.  
 
For our initial preliminary work, we investigated the feasibility of ablating kinetochore fibers (k-
fibers) and, following chemical fixation, performing subsequent STORM imaging to resolve 
newly created microtubule minus-ends.  Through the use of gridded coverslips, we were able to 
successfully locate and image a specific cell.  The high microtubule density and 3D nature of the 
spindle necessitated several sample preparation and imaging optimizations.  Polylysine-coated 
coverslips were utilized to augment spindle flattening, and anti-tubulin primary antibody-dye 
conjugates were used to minimize the observed width of microtubules by avoiding secondary 
antibody labeling.  A faster camera framerate was achieved by cropping the recorded detector 
region to the minimal size needed to capture a single spindle, and faster photoswitching was 
afforded by increasing the pH and MEA concentration of our imaging buffer (see Methods 
section 6.4).  With these optimizations, 3D-STORM imaging resolved the metaphase mitotic 
spindle as a highly 3D, bipolar array of clustered microtubules (Figure 23B).  Laser ablation sites 
(Figure 23A, right) were largely preserved upon immediate chemical fixation.  We were unable 
to reliably resolve individual microtubules within an intact k-fiber, likely owing to their small 
spacing (as low as 15 nm; 130).  However, the splaying of microtubules at newly created minus-
ends (Figure 23B (right), C) enabled their resolution in some cases by STORM imaging.  This 
observation formed the basis for the characterization of NuMA and other minus-end binding 
proteins. 
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A key question presented in this work was how NuMA is targeted to minus-ends, independently 
of dynein. In vitro, canonical microtubule-binding regions of NuMA have shown no preference 
for minus-ends relative to the lattice or plus-end of purified microtubules 152,153.  Given this lack 
of minus-end-specific binding in vitro, we hypothesized that NuMA is indirectly recruited to 
spindle minus-ends by one of three known direct minus-end binders active at mitosis: γ-TuRC 
154, CAMSAP1 156,157 and KANSL1/3 158. To test this hypothesis, we treated RPE1 cells with 30 
μM gatastatin to block γ-TuRC binding 163 (Figure 24A). We also made inducible CRISPR/Cas9 
RPE1 cell lines to knock out CAMSAP1 or KANSL1 (Figure 24A), as KANSL1 depletion has 
been shown to delocalize the entire KANSL complex 158.  CAMSAP1 knockout caused a small 
reduction in spindle length (data not shown), consistent with the spindle minus-end protecting 
function ascribed to its Drosophila homolog, Patronin 164. To our surprise, however, none of 
these perturbations qualitatively altered NuMA localization at spindle poles (Figure 24A). To 
check for a subtler contribution of γ-TuRC, CAMSAP1, or KANSL1 to NuMA localization at 
minus-ends, we performed k-fiber ablations after 30 μM gatastatin treatment, CAMSAP1 
knockout, or KANSL1 knockout and quantified GFP-NuMA recruitment kinetics at new minus-
ends. NuMA recruitment to new minus-ends remained robust, and recruitment timescales were 
statistically indistinguishable from control (Figure 24B–C). Thus, the data indicate that the direct 
mitotic minus-end binders γ-TuRC, CAMSAP1, and KANSL1/3 are not responsible for NuMA’s 
localization to spindle microtubule minus-ends. 
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Figure 23: STORM imaging of a mitotic spindle following microtubule minus-end creation via 
laser ablation.  (A) Two representative frames of a tubulin-labeled mitotic spindle in a Ptk2 cell 
before (left) and after (right) laser ablation.  Circles indicate ablation sites.  Yellow circle denotes 
the specific ablation site in (B, right) and (C).  (B) The same cell and spindle were then imaged 
using single-color 3D STORM microscopy.  Field of view corresponds to magenta dotted area in 
(A).  Individual microtubules and bundles of microtubules (k-fibers) can be seen propagating 
from either end of the spindle apparatus.  Detailed view (right) corresponding to indicated region 
(in left) shows an ablated k-fiber.  The minus end is indicated by the white dotted area.  (C) 
Virtual cross-section  of the white dotted area in (B) shows ~100 nm separation between 
individual microtubules (arrows) within a k-fiber.  Color scale denotes Z position. Scale bars: 2 
μm (B, left); 100 nm (B, right, C). 
 
We then used 2-color 3D-STORM to identify the precise localization pattern of NuMA at new 
microtubule minus-ends created by laser ablation.  NuMA was shown to be organized as clusters 
of puncta, rather than a lawn of molecules along the lattice near the minus-end (Figure 24D–G; 
Figure 25A). A yet undiscovered minus-end binding protein may recruit NuMA; alternatively, 
NuMA may have direct minus-end-specific binding ability that has not been recapitulated in 
vitro. 
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In order to better interpret the localization pattern of NuMA at microtubule minus-ends, we 
further performed 3D STORM of CAMSAP at PtK2 k-fiber minus-ends created by ablation. 
Like NuMA, CAMSAP forms organized clusters of puncta, and distances between neighboring 
‘nodes’ of both CAMSAP and NuMA were calculated to be ~50-150 nm (Figure 25D; n = 32 
nodes, 4 ablations for NuMA; n = 28 nodes, 3 ablations for CAMSAP). This spacing is 
consistent with measured spacing between individual microtubules within PtK2 k-fibers within 
2-color STORM images (Figure 25D) and as observed by single-color STORM imaging (Figure 
23B,C).  Additionally, these results are similar to those previously shown by electron microscopy 
130.  The similar nearest-neighbor distance distributions between NuMA, CAMSAP, and tubulin 
clusters supports the idea that both NuMA and CAMSAP puncta are built on individual 
microtubule minus-ends, rather than a lawn of molecules along the lattice near the minus-end. 
 
Unfortunately, limited signal from these minus-ends structures meant that we could only detect 
NuMA or CAMSAP clearly when labeled with the high-photon-yield and low-duty-cycle dye 
Alexa 647; this precluded two-color imaging of NuMA and CAMSAP co-localization in the 
same cell. In addition, while the large size and flat shape of mitotic PtK2 (rat kangaroo) cells 
made STORM experiments possible, commercially available CAMSAP1 antibodies raised 
against human antigen did not label any PtK2 proteins. The images in Figure 25B show 
immunofluorescence staining with a CAMSAP2 antibody.  In human cells (e.g., RPE1), this 
CAMSAP2 antibody does not label spindles, as human CAMSAP2 is phosphorylated at mitosis 
and does not interact with microtubules 157.  Despite our inability to co-label NuMA and 
CAMSAP, the combined set of 2-color images with tubulin, and the subsequent quantification of 
inter-cluster nearest-neighbor distances, indicate that NuMA appears to be a bona fide minus-end 
binding protein. 
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Figure 24: NuMA localizes to minus-ends independently of known minus-end binding proteins. 
(A) Schematic of hypothesis that a minus-end binding protein recruits NuMA. Instead, 
representative immunofluorescence images show unchanged NuMA localization in control RPE1 
cells and RPE1 cells in which direct mitotic minus-end binders are inhibited (30 μM gatastatin to 
inhibit γ-tubulin) or knocked out (CAMSAP1, KANSL1). Scale bar, 5 μm. (B) Plot of mean 
normalized GFP-NuMA intensity and SEM (shading) over time at ablation-created minus-ends. 
Time = 0 s at the first frame following ablation. n = 18 ablations, 7 cells (control); n = 9 
ablations, 8 cells (+gatastatin); n = 10 ablations, 5 cells (CAMSAP1 knockout); n = 8 ablations, 4 
cells (KANSL1 knockout). (C) Time from ablation to half maximum GFP-NuMA intensity was 
calculated for each individual ablation (see Materials and methods) and then averaged for data in 
(B). Error bars show SEM. ‘n.s.’ indicates no statistically significant difference. One-way 
ANOVA: F(3,42) = 0.45, p=0.72. (D–G) 3D STORM of NuMA at PtK2 k-fiber minus-ends 
created by ablation. (D) K-fibers were cut using ablation (red ‘X’), and cells were immediately 
fixed for immunofluorescence. Individual ablated spindles were imaged by spinning-disk 
confocal (E) and then by 3D STORM (F,G). In two right-most panels (G), structures are colored 
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according to position in the Z-axis (red = +300 nm, blue = −300 nm). Scale bars: 5 μm in (D,E); 
1 μm in (F); 100 nm in (G). 
 

 
Figure 25: Comparison of NuMA and CAMSAP localization by 2-color 3D STORM.  (A) 
NuMA forms clusters of puncta at microtubule minus-ends created by laser ablation of 
kinetochore fibers. (B) CAMSAP localizes in at minus-ends in a similar pattern to NuMA.  
Cartoon models show k-fiber and NuMA/CAMSAP localization as seen by STORM. (C) 
Illustration of k-fiber orientation as shown in right panels of (A, B), with minus- and plus-ends 
shown. (D) Calculated distances between nearest-neighbor clusters of NuMA (green), CAMSAP 
(red) and microtubule minus-ends (purple) show similar distance distributions. 
 
 
6.3 Conclusion 
 
STORM imaging of tubulin in mammalian mitotic spindles resolved kinetochore fibers as thick 
bundles of microtubules.  Despite extensive optimization in order to achieve the best possible 
resolution and image quality, individual microtubules within a kinetochore fiber could not be 
resolved.  However, upon laser ablation, the splaying of k-fibers enabled the resolution of 
separate individual microtubule minus-ends, which may provide a means for the spatial 
characterization of microtubule-associated proteins.  Indeed, we here showed that the mitotic 
apparatus protein NuMA associates with these minus ends with the ultimate purpose of 
organizing the force-generating molecular motor dynein along with its associated machinery.  
 
6.4 Methods 
 
Cell culture and transfection. 
 
PtK2 cells were cultured in MEM (11095; Thermo Fisher, Waltham, MA) supplemented with 
sodium pyruvate (11360; Thermo Fisher), nonessential amino acids (11140; Thermo Fisher), 
penicillin/streptomycin, and 10% heat-inactivated fetal bovine serum (FBS) (10438; Thermo 
Fisher). RPE1 and HeLa cells were cultured in DMEM/F12 with GlutaMAX (10565018; Thermo 
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Fisher) supplemented with penicillin/streptomycin and 10% FBS. For Tet-on inducible CRISPR-
Cas9 cell lines, tetracycline-screened FBS (SH30070.03T; Hyclone Labs, Logan, UT) was used. 
Cell lines were not STR-profiled for authentication. All cell lines tested negative for 
mycoplasma. Cells were maintained at 37°C and 5% CO2 and were transfected with DNA using 
ViaFect (E4981; Promega, Madison, WI) 48 hr (RPE1/HeLa) or 72 hr (PtK2) before imaging. 
 
Inducible CRISPR-Cas9 knockout cells. 
 
sgRNAs were designed against 5’ exons of NuMA, CAMSAP1, and KANSL1 using 
http://crispr.mit.edu. sgRNAs are listed in Key Resource Table. The plasmid used to express 
sgRNAs under control of the hU6 promoter (pLenti-sgRNA) was a gift from T. Wang, D. 
Sabatini, and E. Lander (Whitehead/Broad/MIT). An RPE1 cell line containing doxycycline-
inducible human codon-optimized spCas9 was a gift from I. Cheeseman (Whitehead/MIT) and 
was generated as described in (McKinley et al., 2015) using a derivative of the transposon 
described in (Wang et al., 2014). We infected this inducible-spCas9 RPE1 cell line with each 
pLenti-sgRNA as described in (Wang et al., 2015) using virus expressed in HEK293T cells and 
10 μg/mL polybrene and selected with 6 μg/mL puromycin. For each targeted gene, we tested 3 
independent sgRNA sequences, each of which generated indistinguishable spindle phenotypes 
(data not shown), and picked one line for subsequent studies. Four days before each experiment, 
spCas9 expression was induced with 1 μM doxycycline hyclate. 
 
Live imaging and laser ablation. 
 
For live imaging, cells were plated on glass-bottom 35 mm dishes coated with poly-D-lysine 
(MatTek Corporation, Ashland, MA) and imaged in a stage-top humidified incubation chamber 
(Tokai Hit, Fujinomiya-shi, Japan) maintained at 30°C and 5% CO2. To visualize tubulin, 100 
nM siR-Tubulin dye (Cytoskeleton, Inc., Denver, CO) was added 2 hr prior to imaging, along 
with 10 µM verapamil (Cytoskeleton, Inc.). Under these conditions, there was no detected defect 
in spindle appearance or microtubule dynamics. Cells were imaged using a spinning disk 
confocal inverted microscope (Eclipse Ti-E; Nikon Instruments, Melville, NY) with a 100 × 1.45 
Ph3 oil objective through a 1.5X lens, operated by MetaMorph (7.7.8.0; Molecular Devices, 
Sunnyvale, CA). Laser ablation (30 3-ns pulses at 20 Hz) with 551 nm light was performed using 
the galvo-controlled MicroPoint Laser System (Andor, Belfast, UK). For laser ablation 
experiments, images were acquired more slowly prior to ablation and more rapidly after ablation 
(typically 7 s prior and 3.5 s after ablation). 
 
Immunofluorescence and antibodies. 
 
For immunofluorescence, cells were plated on #1.5 25 mm coverslips coated with 1 mg/mL 
poly-L-lysine. Cells were fixed with 95% methanol + 5 mM EGTA at −20°C for 3 min, washed 
with TBS-T (0.1% Triton-X-100 in TBS), and blocked with 2% BSA in TBS-T for 1 hr. Primary 
and secondary antibodies were diluted in TBS-T+2% BSA and incubated with cells overnight at 
4°C (primary) or for 20 min at room temperature (secondary). DNA was labeled with Hoescht 
33342 (Sigma, St. Louis, MO) before cells were mounted in ProLongGold Antifade (P36934; 
Thermo Fisher). Cells were imaged using the spinning disk confocal microscope described 
above. Antibodies: mouse anti-α-tubulin DM1α (T6199; Sigma), rabbit anti-α-tubulin (ab18251; 
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Abcam, Cambridge, UK), rabbit anti-NuMA (NB500-174; Novus Biologicals, Littleton, CO), 
mouse anti-p150-Glued (610473; BD Biosciences, San Jose, CA), mouse anti-α-tubulin DM1α 
conjugated to AF488 or AF647 (8058S; Cell Signaling, Danvers, MA), mouse anti-dynein 
intermediate chain (MAB1618MI; Millipore, Billerica, MA), rabbit anti-EB1 (sc-15347; Santa 
Cruz Biotechnology, Dallas, TX), rabbit anti-KANSL1 (PAB20355; Abnova, Taipei City, 
Taiwan), rabbit anti-CAMSAP1 (NBP1-26645; Novus Biologicals), mouse anti-actin 
(MAB1501; Millipore), rabbit anti-γ-tubulin (T3559; Sigma), and camel nanobody against GFP 
coupled to Atto488 (gba-488; ChromoTek, Hauppauge, NY). 
 
STORM imaging. 
 
PtK2 cells expressing GFP-α-tubulin (gift of A. Khodjakov, Wadsworth Center) were plated on 
photo-etched, gridded coverslips (G490; ProSciTech, Kirwan, Australia) coated with 1 mg/mL 
poly-L-lysine (P-1524; Sigma) and imaged at 29–30°C in a homemade heated aluminum 
coverslip holder using the confocal microscope and ablation system described above. 20–30 s 
after k-fiber ablation, imaging media was replaced with fixative (as above) chilled to −80°C, and 
the coverslip holder was placed on ice for 1 min. Cells were incubated with 3% BSA in PBS for 
1 hr at room temperature, and then with primary antibodies overnight at 4°C. Secondary 
antibodies ((anti-mouse Cy3B; Jackson Immunoresearch, West Grove, PA); anti-rabbit AF647 
(Life Tech, Carlsbad,CA)) were incubated for 30 min at room temperature.  For single-color 
STORM of tubulin, cells were labeled with mouse anti-α-tubulin DM1α directly conjugated to 
AF647. Antibody incubations were followed by four washes with 0.2% BSA in PBS. Samples 
were stored in PBS during confocal imaging, and coverslip grid was used to re-find the 
individual ablated cell. For 3D STORM imaging, samples were mounted on glass slides with a 
standard STORM imaging buffer consisting of 5% (w/v) glucose, 100 mM cysteamine adjusted 
to pH 8, 0.8 mg/mL glucose oxidase, and 40 µg/mL catalase in 1M Tris-HCI (pH 7.5) 11,12. 
Coverslips were sealed using Cytoseal 60. STORM imaging was performed on a homebuilt setup 
based on a modified Nikon Eclipse Ti-E inverted fluorescence microscope using a Nikon CFI 
Plan Apo λ 100x oil immersion objective (NA 1.45). Dye molecules were photoswitched to the 
dark state and imaged using either 647- or 560 nm lasers (MPB Communications, Montreal, 
CAN); these lasers were passed through an acousto-optic tunable filter and introduced through 
an optical fiber into the back focal plane of the microscope and onto the sample at intensities of 
~2 kW cm−2. A translation stage was used to shift the laser beams towards the edge of the 
objective so that light reached the sample at incident angles slightly smaller than the critical 
angle of the glass-water interface. A 405 nm laser was used concurrently with either the 647- or 
560 nm lasers to reactivate fluorophores into the emitting state. The power of the 405 nm laser 
(typical range 0–1 W cm−2) was adjusted during image acquisition so that at any given instant, 
only a small, optically resolvable fraction of the fluorophores in the sample were in the emitting 
state. Emission was recorded with an Andor iXon Ultra 897 EM-CCD camera at a framerate of 
220 Hz, for a total of ~120,000 frames per image. For 3D STORM imaging, a cylindrical lens of 
focal length 1 m was inserted into the imaging path so that images of single molecules were 
elongated in opposite directions for molecules on the proximal and distal sides of the focal plane 
12. Two-color imaging was performed via sequential imaging of targets labeled by AF647 and 
Cy3B. The raw STORM data was analyzed according to previously described methods 11,12. 
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Chapter 7: Asymmetrically Positioned Flagellar Control Units Regulate Human Sperm Rotation 
 
The work performed in this chapter was conducted in collaboration with Melissa Miller and 
Nadja Mannowetz in the lab of Polina Lishko.  It is reproduced in part here from ref. 165 and with 
permission from all co-authors.  Copyright 2018, The Authors, under the terms of the Creative 
Commons Attribution License, which permits unrestricted use and redistribution provided that 
the original author and source are credited. 
 
7.1 Introduction 
 
Fast ciliary responses rely on efficient signal transduction. To achieve rapid signaling, the 
members of the transduction cascade are tightly compartmentalized into regulatory nanodomains 
that are located in close proximity 166.  The organization of the sperm flagellum should follow 
the same principle because motility cues must propagate rapidly to achieve concerted movement. 
As mammalian sperm ascend in the oviduct, they have to overcome upstream fluid flow. To 
succeed in such a task, spermatozoa engage in rheotaxis 167 and display specific flagellar motility 
patterns: hyperactivation and rotation of the flagellum around its longitudinal axis 168. Such 
rotation is thought to be linked to calcium (Ca2+) influx and is required for rheotaxis 167.  
Flagellar movement is generated by microtubule sliding powered by ATP hydrolysis 169, a pH-
dependent process that can also be augmented by an elevation of intraflagellar Ca2+ 170–174.   
Therefore, sperm intracellular Ca2+, pH, and ATP are the key regulatory elements of motility 
changes; the former two parameters are controlled by ion channels and transporters 175,176.   
Distinct nanoscale spatial organization of H+ and Ca2+ channels, therefore, may be a requirement 
for efficient sperm motion. The principal Ca2+ channel of sperm, CatSper 177–179, is regulated by 
intracellular alkalization 175,178, which, in turn, is under the control of yet-to-be-identified H+ 
exchangers and, likely, the voltage-gated proton channel Hv1 180. The latter mechanism has only 
been reported for human sperm and is not detected in murine sperm 180.  Interestingly, although 
both human and mouse sperm hyperactivate, only human spermatozoa display full 360° rotation 
along the long axis, whereas mouse sperm alternate between 180° turns 181. CatSper, which is 
organized in quadrilateral longitudinal nanodomains along the sperm flagellum 182,183 is also 
regulated by species-specific cues 184. In human sperm, CatSper is activated by both flagellar 
alkalinity and progesterone 185,186, whereas, in murine sperm, CatSper is only regulated by the 
former modality 178.  One candidate for H+ extrusion in human sperm is Hv1, which moves H+ 
unidirectionally toward the extracellular space and raises the intracellular pH 187,188.  Hv1 is 
expressed in human sperm 180,189, where it can trigger intracellular alkalization, ensuring a 
favorable condition for activation of the pH-sensitive CatSper 178.  The resulting Ca2+ influx 
directly affects axonemal function and triggers hyperactivation and, perhaps, rotation. Although 
both motility patterns are required for sperm to detach from the oviductal epithelia 167,171,181,190, 
their precise regulatory mechanisms have not been identified. Here we investigated whether the 
spatio-functional regulation of sperm Hv1, CatSper, and its regulatory protein ABHD2 191 could 
explain these specific motility patterns. 
 
7.2 Results and Discussion 
 
Hv1 Forms Bilateral Lines that Run the Entire Length of the Principal Piece 
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The sperm principal piece (PP) is a distinct flagellar compartment comprising the majority of the 
flagellar length that contains the fibrous sheath, a submembrane scaffold structure to which 
membrane proteins are docked 192,193 (Figure 26AB). Several sperm ion channels and their 
regulatory elements have been specifically found in the PP region 175.  Because sperm flagellar 
diameters are on sub-micron scales, traditional epi-fluorescence microscopy is not suitable for 
revealing the details of the distribution of the flagellar proteins because of the method’s 
diffraction-limited resolution of ∼250 nm. To overcome this, three-dimensional stochastic 
optical reconstruction microscopy (3D-STORM) 11,12 was used to reveal the detailed 
organization of flagellar elements in human sperm. The same method has been successfully used 
before to reveal the quadrilateral line arrangement of CatSper 182,183. In human sperm, CatSper 
activation has two prerequisites: intraflagellar alkalinity and sperm exposure to progesterone. 
CatSper activation by progesterone occurs on a timescale of 100 ms 185,186 and is based on the 
elimination of the CatSper inhibitor 2-arachidonoylglycerol (2-AG) 191 by the enzyme ABHD2, 
which hydrolyzes 2-AG in a progesterone-dependent manner. To enable the rapid progesterone-
triggered activation of CatSper, it follows that the turnover of 2-AG should occur in close 
proximity to the channel itself. Therefore, we hypothesized that, like CatSper in human and 
mouse sperm 182,183, its regulator ABHD2 follows a quadrilateral distribution. With 3D-STORM 
imaging, we assessed the localization of ABHD2 in the flagella of human sperm and found that 
this enzyme also follows CatSper distribution (Figure 26CD). 
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Figure 26: STORM Reveals Distinct Localization of Regulatory Elements within Human Sperm 
Bottom: schematic representation of a sperm cell with cellular compartments labeled. (A–G) x/y 
projections of the sperm flagellum (A, C, E, and G) and cross-sections in y/z projections from 
the corresponding cells (D, F, and H), except for (B), whose cross-section is from a different cell. 
(A) TEM of a human sperm principal piece (PP) with structural elements: 1, plasma membrane; 
2, fibrous sheath; 3, outer dense fibers; 4, microtubules. (B) Cross-section of the flagellum at the 
level of the PP. Elements are as in (A) as well as the following: 5, symmetrically positioned 
longitudinal columns. (C and D) Immunostaining for the CatSper regulatory protein ABHD2 (C). 
The corresponding cross section (D) of the boxed region reveals a quadrilateral arrangement of 
ABHD2. (E and F) Immunostaining for Hv1 (E) and the cross-section (F) of the boxed region 
reveal that Hv1 forms bilateral lines. (G and H) Immunostaining for β-tubulin (G) and the cross-
section (H) of the boxed region used as a marker of the axoneme. Scale bars, 200 nm (A) and 
(B), 1 μm (C, E, and G), and 100 nm (D, F, and H). The color in all projections reflects the 
relative distance from the focal plane along the z axis, as shown on the color scale bar in (E). 
(C)–(H) are 3D-STORM images. 
 
According to previously published immunostaining of human sperm 180, another sperm ion 
channel, Hv1, is localized to the sperm PP, and this channel is functionally active in epididymal, 
ejaculated, and capacitated human sperm (Figure S1; 180). Therefore, we explored whether Hv1 
also follows the quadrilateral pattern of CatSper and ABHD2. Remarkably, 3D-STORM images 
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showed that Hv1 forms the bilateral, and not the quadrilateral, lines along the PP (Figure 26E,F; 
Figure 27), and such localization was preserved upon sperm in vitro capacitation (Figure 28A). 
 

 
Figure 27: STORM imaging of Hv1 in human sperm cells. Shown are two human sperm cells 
immunostained for Hv1. The color reflects the relative distance from the focal plane along the z 
axis as shown with the color scale bar. Sperm regions (the head, midpiece, principal piece and 
the endpiece are indicated). 
 
It has been reported that, during sperm final maturation (also known as capacitation), Hv1 
channels undergo N-terminal cleavage 189; however, its distinct bilateral distribution pattern upon 
capacitation does not change (Figure 28B,C). Such bilateral distribution of Hv1 clearly differs 
from the quadrilateral arrangement of the murine and human CatSper (Figure 28D; 182,183). 
Detailed analysis of the distance between Hv1 lines gave an average distance of 228 ± 19 nm 
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midway down the length of the tail, with 230 ± 15 nm and 250 ± 12 nm for the endpiece region 
and for the proximal part of the PP, respectively (n = 6 for each measurement; Figure 29A). This 
distance is somewhat comparable with the sperm axonemal diameter, as shown by β-tubulin 
staining (Figure 26G,H). However, Hv1 is a membrane protein that must be positioned on the 
sperm surface, and the flagellar diameter of human sperm is at least double the distance 
measured between the discrete Hv1 lines. To better understand this discrepancy, we sought to 
precisely measure the distribution of Hv1 with respect to the flagellar diameter. 
 

 
Figure 28: STORM imaging of the human and mouse sperm flagella. 3D-STORM images related 
to Figures 1 and 2. (A) Left panel: immunostaining of a human capacitated spermatozoon probed 
with an anti-Hv1 antibody (Alomone, N-terminal antigen). Right panel: the cross section from 
the same flagellum (from the boxed region) shows double-line Hv1 staining. (B) Left panel: 
immunostaining of a human non-capacitated spermatozoon probed with an anti-Hv1 antibody 
(Sigma, C-terminal antigen). Right panel: the cross section from the same flagellum (from the 
boxed region) shows double-line Hv1 staining. (C) Left panel: immunostaining of a human 
capacitated spermatozoon probed with an anti-Hv1 antibody (Sigma, C-terminal antigen). Right 
panel: the cross section from the same flagellum (from the boxed region) shows unchanged 
double-line Hv1 staining. (D) Left panel: immunostaining of a mouse caudal spermatozoon 
probed with an anti-CatSper antibody. Right panel: the cross section from the same flagellum 
(from the boxed region) shows a quadrilateral CatSper arrangement. Left panels in (A-D) show 
the x/y projections of the sperm flagellum, while right panels show cross-sections in y/z 
projections from the corresponding cells. Color reflects the relative distance from the 
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focal plane along the z axis as shown on the color scale bar in (D). Scale bars on x/y projections 
are 1 mm, while scale bars on y/z projections are 100 nm. 
 

 
Figure 29: Human Sperm Hv1 Channels Are Organized into Bilateral Domains. (A) Left: 3D-
STORM image of Hv1 in a representative sperm flagellum. Right: three regions of interest 
(ROIs) from x/y projections (dotted boxes on the left) were examined, with x/z projections 
shown. For each ROI, the distance between two Hv1 signals was measured as the peak to peak 
distance from 2D histograms of STORM localizations. Scale bars for the insets represent 100 nm 
each. (B) Two-color 3D-STORM image of Hv1 (magenta) and the plasma membrane (green, 
stained with CM-DiI) in x/y and x/z projections. The x/z projections correspond to the boxes in 
the x/y projections. Shown are two representative flagella. 
 
The diameter of the human sperm tail varies from 400 to 880 nm, according to the literature 
194,195.  This wide range of reported values is likely due to the differences in sample preparation 
methods, such as sample dehydration, required for electron microscopy, which often distorts the 
original sample size. A precise measurement of the tail diameter using the same imaging routine 
and pool of human donors used in this study was essential for the interpretation of the specific 
Hv1 distribution. Therefore, three different approaches to estimate the diameter at the level of PP 
were used: bright-field, fluorescence, and electron microscopy methods. Scanning electron 
microscopy and differential interference contrast (DIC) images (Figure 30A-D) indicated an 
average sperm tail diameter of 570 ± 13 nm (n = 3) and 555 ± 10 nm (n = 7), respectively. To 
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corroborate this measurement, the membrane protein ABHD2 191 was immunolabeled for 
STORM imaging. Distance measurements taken from STORM images of ABHD2 at the level of 
the PP of human sperm tails returned similar values of 452 ± 37 nm, 431 ± 13 nm, and 404 ± 27 
nm (corresponding to cross-sections of the proximal, middle, and distal positions, as mentioned 
above for Hv1 (n = 5) (Figure 26C,D; Figure 30E). Given that the sperm flagellar diameter is at 
least 400 nm, and Hv1 is an integral plasma membrane protein with a distance between its lines 
of ∼230 nm, such observations suggest that Hv1 channels are sequestered to one side of the 
flagellar midline. 
 

 
Figure 30: Scanning electron microscopy (SEM), differential interference contrast (DIC) and 
STORM imaging of ABHD2 to estimate the average flagellar diameter of the human sperm tail. 
(A-C) Representative images of several human sperm revealed by SEM of graphene-protected, 
non-dehydrated samples. (D) Representative DIC image of human spermatozoa. (E) STORM 
imaging of the human sperm flagellum probed with anti-ABHD2 antibody as shown in Figure 
26C. Cross sections (right panels) were taken from corresponding regions of the x/y projection 
(left panel) as indicated by dotted boxes; from top to bottom, ROIs were selected at distances of 
5, 14, and 20 µm from the beginning of the principal piece (PP). Right panels show averaged 
distances between two distal ABHD2 spots acquired at the corresponding tail segments; data are 
means +/- S.E.M. with n=5. Scale bars are 1 µm (left); 100 nm (right). 3D color scale is as 
shown in Figure 26E. 
 
Hv1 Is Organized in Asymmetrically Positioned Bilateral Longitudinal Lines 
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To test this, we performed 2-color 3D-STORM imaging of both human Hv1 and the plasma 
membrane (PM) using chloromethyl-DiI (CM-DiI), a fixable variant of the lipophilic membrane 
dye DiI (DiIC18) 67, to fluorescently label the sperm PM (Figure 29B). Although inhomogeneous 
staining was noted for certain parts, a phenomenon also observed in other cell types 67,196, the 
overall structure of the PM is still well represented, as evidenced by the hollow cross-section. 
Consistent with single-color experiments, the bilateral lines of Hv1 were positioned 
asymmetrically to one side of the PM, and this asymmetric distribution was maintained along the 
whole length of the sperm flagellum (Figure 27 and Figure 31A). Figure 27 demonstrates a 
situation where the sperm flagellum is fixed with varying degrees of rotation along its long axis. 
Such images provide a valuable observation that allows the tracing of bilateral lines along the 
whole length of the flagellum and confirms that the two-line feature is well-maintained through 
the length of the PP (Figure 27 and Figure 31A). This highly organized and tightly controlled 
distribution of Hv1 hints at a critical role for the channel in flagellar function. 
 

 
Figure 31: Immunoelectron microscopy of Hv1 confirms its distribution as revealed by STORM. 
(A) Two-color STORM images of Hv1 (magenta) and the plasma membrane (Dil, green) taken 
at three different parts of PP (from left to right: the distal, middle, and proximal PP parts). Note 
also the different apparent distances between the two Hv1 line patterns in this 2D projection 
image due to different local rotational orientations of the PP. Scale bar is 500 nm. (B) Gold 
particles are localized mainly to the fibrous sheath (FS), and to a lesser extent to outer dense 
fibers (ODFs) and to microtubules (MT) as shown in a representative longitudinal section 
through the principal piece of a human sperm cell; scale bar is 200 nm. (C) Gold particle 
quantification along longitudinal and cross sections shows that the majority of gold particles are 
detectable at the FS (197 particles), while fewer particles are found at the ODFs (50 particles) 
and MT (7 particles). (D) Cartoon illustrating gold particle distribution at individual positions 
combined from 35 individual cross-sections. Since it is not possible to determine if gold particles 
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were located on the left or on the right side of the sperm tail, all gold particles were plotted onto 
the right side. Gold particles are found predominantly on the “3 plane” forming two distinct 
clusters: cluster “A” (6 particles) and cluster “B” (16 particles). (E) Gold particle quantification 
of individual cross sections at the FS of the 3 plane (24 particles) and 4 plane (8 particles) as well 
as at unspecific regions (ODFs or MT; 3 particles); scale bars are 200 nm. For this analysis only 
PP cross sections with clearly identifiable LCs and ODFs were included.  
 
Hv1 Inhibition Decreases Sperm Rotation along the Long Axis 
 
To reveal the physiological role Hv1 plays in sperm motility, human sperm were capacitated in 
the presence of an Hv1 inhibitor, a hanatoxin-containing venom from Grammostola rosea. As 
reported previously, such treatment diminishes Hv1 currents in human sperm by 50% (180; Figure 
32E). Hanatoxin is a known inhibitor of voltage-gated channels 197, and the only channel with 
such characteristics functionally characterized in human sperm is Hv1 180.  As expected, 
treatment with venom did not alter the inward currents via CatSper (Figure 32C,D), and no 
significant changes in sperm hyperactivation were observed. Next, sperm motility was recorded 
in the presence of progesterone and/or venom and compared with the motility displayed by 
untreated sperm. Full 360° rotation (Figure 32A,B) was significantly decreased when sperm cells 
were treated with a combination of venom and progesterone (Figure 32A,B).  Interestingly, 
venom-treated sperm cells not only rotated less but often displayed “partial” 180° rotation by 
flipping their heads from left to right (data not shown), similar to the motion produced by murine 
sperm 167,181, which lack Hv1 expression 180. We cannot exclude the possibility that the crude 
venom used in these studies might have had an unknown effect on certain hypothetical H+ 
exchangers via the venom’s potential enzymatic activity. Future studies with yet-to-be-developed 
Hv1-specific inhibitors will be needed to address this question. 
 
Immunogold Labeling Detects Hv1 in the Same Compartment, as Shown by STORM 
Imaging 
 
To further elucidate the localization of Hv1 in the PP of human spermatozoa, immunogold 
labeling and transmission electron microscopy (TEM) were performed (Figure 31B-E). The 
majority of immunogold particles corresponding to Hv1 were found at the fibrous sheath (FS) in 
cross-sections and longitudinal sections, whereas significantly fewer particles were found at 
outer dense fibers (ODFs) or microtubules (MTs) (Figure 31B,C). The FS is a unique 
cytoskeletal structure of the sperm PP that consists of two longitudinal columns (LCs; Figure 
26B) connected by semicircular ribs 192,198.  It surrounds the ODFs (Figure 26B) and the sperm 
axoneme, a cytoskeletal structure comprised of MT doublets (Figure 26A,B) arranged in a 
classical “9 × 2 + 2” pattern. ODFs are sperm tail-specific cytoskeletal structures that support tail 
bending 199.  In general, there are nine ODFs (Figure 26B and Figure 33D) in the sperm tail. 
However, in the PP, two ODFs are replaced by inward projections of the LCs, which divides this 
part of the sperm tail into two planes—one with three ODFs (3-plane) and one with four ODFs 
(4-plane) (Figure 31D). 
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Figure 32: Sperm Rotation Significantly Decreases When CatSper Is Active but Hv1 Is 
Suppressed. (A) Shown are representative snapshots of a human capacitated sperm performing 
rotational motion as it turns by 90° within a 15-ms time frame. The diagram below shows the 
position of the sperm head, which is either parallel to the recording plane (1 or 5 and 3) or 
perpendicular (2 and 4) to it. (B) The number of sperm rotations per second produced by human 
capacitated sperm under control conditions and when subjected to the indicated treatment; ∗∗∗∗p 
< 0.0001 (calculated via t test). The experiment was repeated three times with cells from two 
different human donors. (C) Venom does not affect human CatSper currents (ICatSper). Shown 
are representative ICatSper in the absence (control, gray) and presence (venom, red) of the 
venom (same 1:2,500 dilution). (D) Combined data recorded from 9 individual cells from three 
different human donors; NS, non-significant. Data are presented as the mean ± SEM, and (n) 
indicates the number of individual cells analyzed. We were not able to achieve complete 
inhibition of rotational movement because of the fact that the 1:2,500 venom dilution only 
inhibits Hv1 by 50% (180; E). (E) Representative Hv1 current recordings from a control human 
capacitated sperm cell and the cell capacitated in the presence of tarantula venom. Traces were 
recorded in response to voltage steps, as indicated, with increasing voltage steps (20 mV 
increment). The traces recorded at 0 mV are shown in red. 
 
Because of the thin (less than 70 nm thick) sections required for TEM and the sparse gold 
distribution along the sperm tail, we could not observe two immunogold dots in the same cross-
section. Therefore, we analyzed immunogold distribution in the FS of individual cross-sections. 
Gold particles were predominantly found at the 3-plane of the PP, whereas a minor fraction 
accumulated at the 4-plane (Figure 31D,E). Furthermore, gold particles were found preferentially 
at two distinct clusters at the 3-plane (positions A and B, with 16 and 6 particles, 
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correspondingly; Figure 31D). The distance between centers of the clusters A and B was 172 ± 5 
nm (n = 24), which is close to the distance between the Hv1 lines observed with STORM (Figure 
29A; Figure 31A). It is quite possible that the AB cluster could be positioned either on the left or 
the right side of the 3-plane; however, further co-localization studies are needed to verify the 
exact localization of the cluster in relation to the chirality of the plane. These results confirm that 
Hv1 is distributed asymmetrically in the PP of human sperm, whereas CatSper channels cluster 
symmetrically on either side of the LC 182.  It is therefore likely that H+ efflux via Hv1 produces 
a unilateral alkalization of the flagellum, resulting in the activation of only a subset of all 
CatSper channels, triggering specific flagellar motion. 
 

 
Figure 33: Proposed Nanodomain Structure of the Flagellar Control Units in Human Sperm. (A) 
Figure 26D,F, and H in z/y projections were rotated to align longitudinal columns as described in 
the Supplemental Experimental Procedures. (B) Distribution of fluorescence along the y axis of 
Figure 26D, F, and H to determine distances between the most distal fluorescent peaks. (C) 
Averaged distances between fluorescent peaks at three regions along the sperm flagellum for 
Hv1 and ABHD2; (n) corresponds to the number of cross-sections examined. Data are means ± 
SEM. (D) A model suggesting specific localization of CatSper and ABHD2 with respect to Hv1. 
The model is based on quadrilateral CatSper arrangement (red) in relation to asymmetrical Hv1 
lines (blue). H+ extrusion resulting from Hv1 activity will lead to asymmetrical flagellar 
alkalization and activation of only a subset of CatSper channels that are located in close 
proximity to Hv1. This could lead to a flagellar rotation. 
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Simulation of H+ Efflux via Hv1 and Its Effect on the Change of Intraflagellar pH 
 
Unilateral alkalization of the sperm intraflagellar environment has two prerequisites: a 
significant local pH elevation within the Hv1 channel opening or the “mouth” that is facing the 
intracellular milieu and little or no effect on the distant CatSper channels. We tested the second 
requirement in silico by estimating the intraflagellar pH change in a sperm tail from the action of 
all Hv1 channels operating simultaneously, both under the conditions of our experiments and 
under normal physiological conditions. The current corresponding to human sperm at +80 mV 
was fit to an exponential rising with a time constant of 0.51 s 180 to a level of 28.2 pA, lasting 3 s 
and assumed to flow uniformly across the surface of a cylinder, providing a boundary condition 
to the diffusion equation for hydronium ions solved in cylindrical coordinates and reacting with a 
native fixed buffer as well as mobile 2-(N-morpholino)ethanesulfonic acid (MES) buffer, whose 
net effect is to slow radial diffusion substantially compared with hydronium ions in pure water. 
This represents a human sperm tail in the PP region. These conditions were simulated to elevate 
the submembrane intracellular pH substantially from 6.0 to 7.8, whereas the average pH and the 
pH at the axonemal core (core pH) would rise to 7.3. Under these conditions, the core and 
average pH rise sufficiently to significantly activate the rows of CatSper channels 185 opposite of 
and orthogonal to the row of Hv1 channels. However, such a stimulus is exceptional in both 
strength and duration; it requires the Hv1 channel to stay open for at least 3 s and does not reflect 
physiological conditions. Therefore, it was important to estimate what is likely to occur under 
physiological conditions between successive flagellar flicks with a sperm beat cycle of 24 Hz 
and rotation of 9 Hz (Figure 32B), assuming a starting pH of 6.0 and a temperature of 37°C. 
Under these conditions, the pH was calculated to rise only to 6.006 in the time between flagellar 
flicks, clearly insufficient to influence distant CatSper channels. Note that the simulations 
overestimate pH rise by ignoring restorative processes such as hydrogen pumps, organelle 
actions, and metabolic processes. 
 
Next, we estimated the steady-state level of pH that might be reached in the neighborhood of a 
single hypothetical Hv1 dimer in the presence of natural buffers. It has been reported that Hv1 is 
organized in dimers in vivo 200. Therefore, H+ are likely to be depleted within 4 nm of the Hv1 
mouth so that the pH rises to more than 7.4 within 4.5 nm from the channel mouth.  5 nm from it, 
the pH rises to 6.9, but only to 6.3 8 nm away. Under presumed natural conditions at 37°C with 
more rapid hydronium diffusion and a native mobile buffer replacing MES, the local pH changes 
are somewhat less. However, local viscosity and tortuosity would raise the local pH even higher. 
These increases are extremely localized, and a CatSper target within about 3–5 nm of the “sink” 
would be strongly activated by an Hv1 dimer. 
 
Asymmetrical Organization of Hv1 Is Responsible for Sperm Rotation 
 
On their route toward the egg, sperm cells use a mostly symmetrical, snake-like tail motion. 
However, to overcome the high viscosity of the fallopian tubes or to detach from the tubal 
ciliated epithelium 201, spermatozoa must enhance their flagellar beat. This is achieved by 
hyperactivation, an asymmetrical flagellar bending that is triggered by Ca2+ influx via the 
CatSper channel 177,201, and rotation 167,168. Both motility types are required for rheotaxis, which 
allows sperm to overcome upstream fluid flow 167,168. 
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Although CatSper and its regulatory protein ABHD2 are organized in symmetrically positioned 
quadrilateral lines, the Hv1 channel is distributed differently. Detailed evaluation of the single-
color STORM images of ABHD2 (Figure 26C,D), Hv1 (Figure 26E,F), and β-tubulin, which 
marks the sperm axoneme (Figure 26G,H), and their alignment along LCs, as shown in the 
Figure 33A, allows visual approximation of their relative distributions (Figure 33A and Figure 
26B). Although ABHD2 could be used as a marker for sperm flagellar diameter and has an 
average distance between lines of at least 400 nm (Figure 33C), the distance between Hv1 
bilateral lines is around 230 nm (Figure 29 and Figure 33C). Based on Hv1 immunogold 
labeling, which indicates a close proximity of one of the Hv1 lines to the LC (Figure 31D,E), 
previously reported evidence that two CatSper lines closely “sandwich” each LC 182,183, and our 
assumption that CatSper and ABHD2 are positioned closely to each other, we suggest that one of 
the Hv1 lines is also in close proximity, if not in the complex, with CatSper channels. This 
suggestion supports our simulations, which imply a strong interaction of Hv1-induced pH rise on 
some CatSpers. Taken together, the above observations suggest that the Hv1 channels are 
sequestered to a single side of the flagellar midline and that one of these lines is positioned in 
close proximity to a densely packed line of CatSper (Figure 33D). 
 
The asymmetrically positioned H+-expelling Hv1 could enhance rotation by producing local 
alkalization when positioned in close proximity to a subset of CatSpers (Figure 33D). Hv1, 
therefore, has the capacity to fully activate only a subset of CatSper channels, resulting in 
asymmetrical local Ca2+ influx in the tail and, ultimately, creating an asymmetry in axonemal 
rigidity via calcium-dependent inhibition of the dynein-powered MT sliding. Indeed, by using 
STORM imaging, we found that Hv1 distribution in the human flagellum follows this prediction 
(Figure 29 and Figure 33). Although CatSper rows that are positioned opposite of and orthogonal 
to the row of Hv1 channels still likely produce Ca2+ influx, their net Ca2+ influx should be smaller 
compared with that produced by CatSper in close proximity to Hv1 rows (Figure 33D). 
 
The human sperm flagellum has the largest Hv1 current density of all cell types 180.  In fact, the 
Hv1 current is the only H+ current across the sperm PM that is detectable by the patch-clamp 
technique. The concentration of a significant number of H+ channels in such a small cellular 
domain as a flagellum in close proximity to the pH-sensitive CatSper likely affects sperm 
physiology in a profound way. Although direct measurement of the intracellular pH changes 
because of sperm Hv1 activity has not been possible, the fact that Hv1 has a powerful ability to 
deplete protons in its vicinity has been recently shown 202. We have confirmed this finding by in 
silico estimation of the steady-state level of pH that might be reached in the neighborhood of a 
single Hv1 dimer. In fact, the pH rises to 7.4 at 4.5 nm from the Hv1 mouth but only to 6.3 8 nm 
away. With these extremely localized pH increases, a CatSper channel complex or its putative 
pH-sensitive cytoplasmic region 203 must be positioned within 5 nm of the Hv1 mouth to be 
strongly activated by an Hv1. These results support our finding and explain why Hv1 needs to be 
positioned close to CatSper to ensure local alkalinity, just enough to upregulate only a portion of 
CatSper channels. Given the fact that Hv1 can significantly change the pH locally 202, is 
expressed in human sperm at high density, and is physiologically active 180, Hv1 can produce a 
significant local alkaline shift. However, such pH changes will occur in nanodomains that are 
localized only on one side of the flagellum and are likely active only while the sperm cell moves. 
Because human spermatozoa are fast movers (beat frequency of 24 Hz), it will require a 
powerful high-speed recording technique with sufficient sensitivity and spatial resolution to 
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detect fluorescence changes in nanodomains. Such a limitation explains why Hv1-driven 
intracellular pH changes have not been yet detected in whole flagellar pH imaging. 
 
7.3 Conclusion 
 
In conclusion, our results indicate that Hv1 localization in human sperm differs from that of 
ABHD2 and CatSper and is represented by off-centered bilateral longitudinal lines. This 
distribution may provide an explanation for sperm rotation along the long axis during sperm 
rheotaxis. Off-centered positioned Hv1 may selectively and unilaterally alkalinize only a sub-
portion of the axoneme, which would, in turn, activate a subset of CatSper channel clusters 
(Figure 33D). Such asymmetric activation of sperm control units would result in a Ca2+ increase 
in the portion of the flagellum, arrest dynein movement unilaterally, and provide asymmetrical 
rigidity to the axoneme. This event can fuel a flagellar rotation as the means to relieve the 
tension. Interestingly, sperm rotation is not dependent on the presence of the head, as observed 
by rotation displayed by decapitated human sperm flagella (video not shown). Our results 
indicate that flagellar control units comprised of ABHD2, CatSper, and Hv1 are specifically 
positioned to ensure fast signal transduction, ultimately orchestrating the complex cellular 
motion known as hyperactivation and rotation. 
 
7.4 Methods 
 
Reagents.  
 
Progesterone was purchased from CalBiochem (EMD Millipore, Darmstadt, Germany). All other 
compounds were from Sigma-Aldrich (St. Louis, MO) unless otherwise specified. Primary 
antibodies: rabbit anti-ABHD2 IgG (C14214) was obtained from Assay Biotech (San Francisco, 
CA), and from One World Lab. Monoclonal mouse anti-beta-tubulin IgG1 (T5201) were 
purchased from Sigma-Aldrich. The anti-actin antibody (ab3280) was from Abcam (Cambridge, 
MA). Rabbit anti-Hv1 IgGs (AHC-001; ALA, against N-terminus) were from Alomone Labs 
(Jerusalem, Israel), rabbit anti-Hv1 IgG (HPA039329; against C-terminus) were from Sigma, and 
affinity purified rabbit-anti-Hv1 (R1F, against N-terminus) IgG was custom-made purified 180. 
The CatSper-delta antibody was received from Jean-Ju Chung 182. Secondary antibodies: anti-
rabbit AF647 or AF488; anti-mouse AF647; anti-mouse AF647 were from Invitrogen. Anti-
rabbit CF680 and anti-rat CF680 were made by conjugating CF680 NHS-ester (Biotium) to 
unlabeled corresponding secondary antibodies (Jackson Immunoresearch). Human (NLH-06) 
and mouse (NLM-06) testis lysates were purchased from G-Biosciences (Geno Technology). 
Grammostola rosea venom was purchased from Spider Pharm (Yarnell, AZ; 
https://spiderpharm.com). 
 
Electrophysiology.  
 
Seals were formed in high saline (HS) solution containing: 130 mM NaCl, 5 mM KCl, 1 mM 
MgSO4, 2 mM CaCl2, 5 mM glucose, 1 mM sodium pyruvate, 10 mM lactic acid, 20 mM 
HEPES, pH 7.4 adjusted with NaOH, 320 mOsm/L. Transition into the whole-cell mode 
was performed by applying light suction in combination with short voltage pulses. Access 
resistance was 25-40 MΩ. Cells were stimulated every 5 s. Data were sampled at 2-5 kHz and 

https://spiderpharm.com/
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filtered at 1 kHz. For proton currents: pipettes for whole-cell patch-clamp recordings (20–30 
MΩ) were filled with 135 mM N-methyl-D-glucamine (NMDG), 5 mM ethylene glycol 
tetraacetic acid (EGTA), and 100 mM MES and pH adjusted to 6.0 with methanesulfonic acid. 
Proton currents were recorded in divalent-free (DVF) bath solution comprising 130 mM NMDG, 
100 mM HEPES, and 1 mM EDTA and pH adjusted to 7.4 with methanesulfonic acid. For 
monovalent CatSper recordings- (Figure 3C), pipettes (11-17 MΩ) were filled with (in mM): 130 
Cs-methanesulfonate, 70 HEPES, 3 EGTA, 2 EDTA, 0.5 Tris-HCl, pH 7.4 adjusted with CsOH. 
Bath divalent-free (DVF) solution for recording of monovalent CatSper currents contained (in 
mM): 140 Cs-methanesulfonate, 40 HEPES, 1 EDTA, pH 7.4 adjusted with CsOH. All 
electrophysiology experiments were performed at ambient temperature and currents elicited by 
voltage ramps or step protocols as indicated for each individual experiment Data were analyzed 
with OriginPro 9.0 and Clampfit 9.2. Statistical data were calculated as the mean ± S.E.M., and 
(n) indicates number of experiments. 
 
Animals. 
 
Male C57BL/6 mice were purchased from Harlan Laboratories (Livermore, CA) and kept in the 
animal facility of the University of California, Berkeley. All experiments were performed in 
accordance with the NIH Guidelines for Animal Research and approved by the University of 
California (UC) Berkeley Animal Care and Use Committee under the approved protocol MAUP 
#R352-012. Animals were humanely euthanized according to Animal Care and Use Committee 
(ACUC) guidelines, and sperm cells were collected as described previously 204. 
 
Healthy Donors and Isolation of Human Ejaculated Spermatozoa. 
 
A total of 18 healthy volunteers aged 21–38 were recruited for this study, and all experimental 
procedures utilizing human-derived samples were approved by the Committee on Human 
Research at the University of California, Berkeley (protocol number 2013-06-5395). Freshly 
ejaculated semen samples were obtained by masturbation, and sperm cells were purified by the 
swim-up technique as described previously 185. 
 
STORM Imaging. 
 
3D-STORM 11,12 was carried out on a home-built setup, as reported previously (see Ch. 6.4 
STORM methods).  Typical localization accuracies (SDs), as determined by repeatedly 
localizing the same single clusters in the samples in this study, were ∼12 nm in plane (xy) and 
∼20 nm in depth (z), corresponding to full width at half maximum (FWHM) values of 28 and 47 
nm, respectively. These results are in good agreement with the typical resolution of 3D-STORM 
12. 
 
Geometric characterization of STORM cross sections.  
 
Distance measurements were obtained from STORM data using custom MATLAB routines. For 
a direct width comparison of different targets, 1D histograms were generated on straight, 
cropped sections of sperm tails for the coordinate perpendicular to the tail axis. Histogram bin 
position and counts were plotted and fit to a 2-term Gaussian, from which the FWHM was 
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extracted. A precise measure of sperm membrane diameter was obtained by fitting cross-
sectional STORM data from ABHD2 to a circle using a least mean squares minimization 
algorithm 205. Hv1 geometry was characterized by binning XZ- or YZ- cross-sectional STORM 
data into 2D histograms. Peaks from these histograms were used to define the centers of distinct 
clusters of molecular coordinates; the distance between the centers of mass of these clusters was 
computed.  
 
In vitro capacitation.  
 
The capacitation medium (HSB/BSA) consisted of HS solution supplemented with 15 mM 
NaHCO3 and 5% BSA. Human sperm cells were capacitated for 4-5 h at 37°C and 5% CO2 in 
HSB/BSA alone or in HSB/BSA spiked with either 3 µM P4, G. rosea crude venom (1:2500) or 
a combination of venom (1:2500) plus P4 (3 µM). 
 
Assessment of sperm rotation.  
 
100 μl of the sperm suspension were transferred to the recording chamber. Free-swimming 
sperm were examined on an inverted microscope (Olympus IX-71) equipped with a 60 ×/1.20 W 
objective. 500 ms-long movies were taken with a digital high-speed Memrecam GX-1 camera 
(NAC Image Technology, Simi Valley, CA) and collected with the Memrecam GXLink 
software, version 3.20 (NAC Image Technology) at 1,000 frames per second from a 640 × 480 
pixel region of the camera chip and stored in AVI format. Movies were replayed with ImageJ 
version 1.44o (http://rsb.info.nih.gov/ij/) to assess the number of rotations of individual cells. 
Since each movie was only 500 ms long, values were multiplied by 2 to obtain rotations per 
second. Data were evaluated with the OriginPro 9.0 software (Origin Lab,  Northampton, MA) 
and expressed as means ± SEM. Statistical significance (t-test) was indicated by: ****, p < 
0.0001, ***, p < 0.001, **, p < 0.005 and *, p < 0.05. No variation between human 
donors were noticed, and control and venom- treated samples were donor matched for the 
analysis. While control untreated sperm cells can engage in full 360-degree rotation (or rolling) 
movement, the venom treated cells only rotate half way: producing 180-degree rotation. We have 
recorded sperm rotation along the longitudinal axis based on the changes in the reflected light 
intensity and changes in the head position as indicated in the diagram (Figure 32). We have 
analyzed each frame by looking at the “blinking” of the head as an indication of the rotatory 
movement, as well as by determining the entire head position to discriminate between a complete 
360-degree rotation and a partial, 180-degree flipping. We have also determined rotation 
frequency of the full 360-degree rotating sperm only and ignored non-rotating sperm cells. In 
addition, we have asked three independent observers to analyze the movies in the unbiased way 
and all three respondents interpreted the movies correctly, pointing to the venom/P4 -treated cell 
as those that show decreased rotation. 
 
Additional methods may be found online in Ref. 165 supplementary materials. 
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Chapter 8: Translocation of interleukin-1β into a vesicle intermediate in autophagy-mediated 
secretion 

 
The work performed in this chapter was conducted in collaboration with Min Zhang and Liang 
Ge in the Randy Schekman lab.  It is reproduced in part here from ref. 206 and with permission 
from all co-authors.  Copyright 2015, Zhang et al. under the terms of the Creative Commons 
Attribution License, which permits unrestricted use and redistribution provided that the original 
author and source are credited. 
 
8.1 Introduction 
 
We have so far shown the ability of STORM imaging to resolve fine details in the cytoskeleton 
and its related components.  Imaging the mitotic spindle 128 showed that optimizations in sample 
preparation and imaging methodology can enable the resolution of highly dense, 3D cytoskeletal 
structures.  Meanwhile, the membrane was revealed as another viable target through the use of 
photoswitchable fluorescent membrane labels such as Nile Red and DiI.  Membrane proteins 
with some anchor to the cytoskeleton such as Hv1 were shown to be well preserved using 
established fixation and labeling protocols.  Here, we describe the application of STORM 
imaging to reveal nanoscale details in fragile, transient membrane structures.  The 
autophagosome is one such structure which is generated by the elongation and closure of a cup-
shaped membrane precursor, termed the phagophore, to engulf cytoplasmic cargoes 207,208.  The 
autophagosome is the central structure in autophagy, which is a fundamental mechanism for bulk 
turnover of intracellular components in response to stresses such as starvation, oxidative stress 
and pathogen invasion 209,210.  Completion of autophagosome formation requires a sophisticated 
protein-vesicle network organized by autophagic factors, such as autophagy-related (ATG) 
proteins, and target membranes 211,212.  The diversity and complexity of the autophagic 
machinery make it a compelling system for visualization by STORM microscopy.  How these 
components are recruited and spatially organized to accomplish phagophore elongation and 
cargo engulfment are pressing questions.  Meanwhile, autophagic machinery has been implicated 
in a number of other biological pathways, including the delivery of cargoes undergoing 
unconventional secretion – that is, secretion by means other than the conventional ER-Golgi 
secretory pathway 213 .  Here we describe the role of the autophagosome in the unconventional 
secretion of the mammalian pro-inflammatory cytokine interleukin-1β (IL-1β). 
 
Most eukaryotic secretory proteins with an N-terminal signal peptide are delivered through the 
classical secretion pathway involving an endoplasmic reticulum (ER)-to-Golgi apparatus 
itinerary 214,215. However, a substantial number of secretory proteins lack a classical signal 
peptide, called leaderless cargoes, and are released by unconventional means of secretion 213,216. 
The range of unconventional secretory cargoes encompasses angiogenic growth factors, 
inflammatory cytokines and extracellular matrix components etc. most of which play essential 
roles for development, immune surveillance and tissue organization 217,218.  Unlike a unified 
route for classical protein secretion, leaderless cargoes undergoing unconventional secretion 
employ multiple means of protein delivery, the details of which are largely unknown 218–221. 
 
IL-1β is a cytokine protein that is critical for the human immune response against infection, and 
is also one of the most intensely investigated cargoes of unconventional secretion. A biologically 
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inactive 31 kDa precursor, pro-IL-1β, is made following initiation of the NF-κB signaling 
cascade. Pro-IL-1β is subsequently converted into the active form, the 17 kDa mature IL-1β, by 
the pro-inflammatory protease caspase-1 which is activated, in response to extracellular stimuli, 
after its recruitment to a multi-protein complex called the inflammasome 222–225. Interpretation of 
the mechanism of unconventional secretion of IL-1β is complicated by the fact that one of the 
physiologic reservoirs of this cytokine, macrophages, undergoes pyroptotic death and cell lysis 
under conditions of inflammasome activation of caspase-1. Indeed, many reports including two 
recent publications make the case for cell lysis as a means of release of mature IL-1β 226,227. In 
contrast, other reports demonstrate proper secretion of mature IL-1β without cell lysis in, for 
example, neutrophils, which are nonetheless dependent on the inflammasome response to 
activate caspase-1 and secrete mature IL-1β 228. 
 
Quite aside from the possible complication of cell lysis, another body of work has suggested an 
unconventional pathway for the proper secretion of IL-1β. Pro-IL-1β lacks a typical signal 
peptide and the propeptide is processed in the cytosol rather than the ER 229,230.  Although mature 
IL-1β appears to be incorporated into a vesicular transport system, secretion is not blocked by 
Brefeldin A, a drug that blocks the traffic of standard secretory proteins form the Golgi apparatus 
230.  Multiple mechanisms have been implicated in the unconventional secretion of IL-1β, 
including autophagy, secretory lysosomes, multi-vesicular body (MVB) formation and micro-
vesicle shedding 231–237.  However, a clear demonstration of the mechanism for the entry of IL-1β 
into a vesicular carrier, e.g. the autophagosome, is lacking. 
 
Besides the degradative function, autophagy or ATG proteins have recently been implicated in 
multiple secretory pathways including the delivery of leaderless cargoes undergoing 
unconventional secretion, such as the mammalian pro-inflammatory cytokines IL-1β and IL-18, 
the nuclear factor HMGB1, and the yeast acyl coenzyme A-binding protein Acb1, to the 
extracellular space 238–242. The Golgi reassembly and stacking protein(s) GRASP(s) (GRASP55 
and GRASP65 in mammals, dGRASP in Drosophila, GrpA in Dictyostelium and Grh1 in yeast) 
are required for autophagy-regulated unconventional secretion 240,243–245. 
 
Dupont et al., 2011 documented a role for autophagy in the secretion of mature IL-1β 239, but 
how a protein sequestered within an autophagosome could be exported as a soluble protein was 
unexplained. Here, we sought to understand how conditions of starvation-induced autophagy 
could localize IL-1β into an autophagosomal membrane. We reconstituted the autophagy-
regulated secretion of IL-1β in cultured cell lines and detected a vesicle intermediate, possibly an 
autophagosome precursor, containing mature IL-1β. Three-dimensional (3D) Stochastic Optical 
Reconstruction Microscopy (STORM) demonstrated that, after entering into the autophagosome, 
IL-1β colocalizes with LC3 on the autophagosomal membrane, which, together with an antibody 
accessibility assay and observations from biochemical assays, implies a topological distribution 
in the intermembrane space of the autophagosome. This distribution of IL-1β explains the 
mechanism accounting for its secretion as a soluble protein through either a direct fusion of 
autophagosome with the plasma membrane or via the MVB pathway. 
 
8.2 Results and Discussion 
 
IL-1β transits through an autophagosomal carrier during secretion 
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To study if autophagy directly regulates IL-1β secretion, we employed a three-step membrane 
fractionation procedure as described previously (Figure 34A) 246. We first performed a 
differential centrifugation to obtain 3k, 25k and 100k membrane pellet fractions. Both IL-1β and 
the lipidated form of LC3 (LC3-II), a protein marker of autophagosome, were mainly enriched in 
the 25k membrane fraction (Figure 34B). We then separated the 25k membrane through a 
sucrose step gradient ultracentrifugation where both IL-1β and LC3-II co-distributed in the L 
fraction at the boundary between 0.25 M and 1.1 M layer of sucrose (Figure 34B). Further 
fractionation of the L fraction using an OptiPrep gradient showed co-fractionation of IL-1β with 
LC3-II (Figure 34C). To confirm the presence of IL-1β in the autophagosome, we performed 
immunoisolation of LC3-positive autophagosomes from the 25k fraction and found that IL-1β, 
especially the mature form, co-sedimented with autophagosomes (Figure 34D). Consistent with 
our observations, a recent study also showed a colocalization of IL-1β and LC3 in the form of 
puncta in macrophages 239. These data demonstrate that at least a fraction of intracellular mature 
IL-1β associates with the autophagosome, possibly related to its role in IL-1β secretion. 

 
Figure 34: IL-1β vesicles co-fractionate with LC3 vesicles. (A) Membrane fractionation scheme. 
Briefly, HEK293T cells transfected with p-IL-1β and p-caspase-1 plasmids were starved in 
EBSS for 2 hr, collected and homogenized. Cell lysates were subjected to differential 
centrifugations at 3000×g (3k), 25,000×g (25k) and 100,000×g (100k). The level of IL-1β in 
each membrane fraction was determined by immunoblot. The 25k pellet, in which IL-1β was 
mainly enriched, was selected and a sucrose gradient ultracentrifugation was performed to 
separate membranes in the 25k pellet to the L (light) and P (pellet) fractions. The L fraction, 
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which contained the majority of IL-1β, was further resolved on an OptiPrep gradient after which 
ten fractions from the top were collected. (B,C) Immunoblot was performed to examine the 
distribution of IL-1β, LC3 as well as the indicated membrane markers in the indicated membrane 
fractions. T, top; B, bottom (D) HEK293T cells transfected with p-IL-1β, p-caspase-1 and 
FLAG-tagged LC3-I plasmids were starved in EBSS for 2 hr. LC3 positive membranes were 
immunoisolated with anti-FLAG agarose from the 25 k pellet and the presence of IL-1β was 
determined by immunoblot analysis. FT: flowthrough 
 
To determine if IL-1β is localized to the phagophore in the absence of autophagosome 
completion, we fractionated membranes from ATG2-depleted cells, which are deficient in 
phagophore elongation and therefore fail to form mature autophagosomes 247, and examined the 
distribution of LC3-II, which remains attached to immature phagophore membranes, and mature 
and precursor IL-1β. We performed the three-step fractionation described above. In control cells, 
IL-1β co-distributed with LC3-II in all three steps (Figure 35). Depletion of ATG2 did not affect 
the co-fractionation of IL-1β and LC3-II (Figure 3), indicating that IL-1β enters into the 
phagophore membrane before the completion of the autophagosome. 
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Figure 35: IL-1β co-distributes with LC3 in Atg2-depleted cells. (A) HEK293T cells were 
transfected with siRNAs against Atg2A and Atg2B followed with p-IL-1β and p-caspase-1 
plasmids as shown in Figure 1E. The cells were starved in EBSS for 2 hr. Membrane fractions 
(3k, 25k, 100k (×g), L and P) were separated from the post-nuclear supernatant as depicted in 
Figure 34B. (B) Ten membrane fractions were collected from the OptiPrep gradient 
ultracentrifugation as depicted in Figure 34C. Immunoblot was performed to examine the 
distribution of IL-1β, LC3 as well as the indicated membrane markers. T, top; B, bottom. 
 
IL-1β colocalizes with LC3 on the autophagosome envelope 
 
If IL-1β is directly translocated across the membrane of a vesicle intermediate, fusion of these 
vesicles to form a double-membrane autophagosome would deposit IL-1β in the lumen between 
the two membranes of the autophagosome. To visualize the subcellular localization of IL-1β, we 
employed U2OS cells, which formed large and distinct autophagosomes after starvation. U2OS 
cells co-expressing p-IL-1β and p-caspase-1 secreted IL-1β in a starvation-enhanced and PI3K-
dependent manner similar to HEK293T cells (data not shown). To prepare for the subsequent 
fluorescence imaging, we also employed a FLAG-tagged m-IL-1β, which allowed us to directly 
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determine the topological localization of the m-IL-1β. Secretion of m-IL-1β-FLAG from U2OS 
cells was stimulated by starvation and dependent on PI3K. 
 
To determine the topological distribution of IL-1β, we first performed confocal 
immunofluorescence labeling experiments. After starvation, cells were exposed to 40 μg/ml of 
digitonin to permeabilize the plasma membrane, harvested and washed with cold PBS to remove 
the excess cytosolic m-IL-1β-FLAG. In cells expressing either p-IL-1β and p-caspase-1, or m-
IL-1β alone, LC3 and IL-1β were observed by confocal microscopy to localize together or 
adjacent to one another on the edge of ring-shaped autophagosomes (data not shown).  To further 
resolve these ring structures, we employed 3D STORM microscopy (Figure 36). Ring-shaped 
autophagosomes positive for LC3 (cyan) formed after starvation. Some IL-1β (magenta) also 
organized in ring-shaped structures that co-localized with LC3. Around 18 ring structures of IL-
1β accounting for ~5% of the total IL-1β signal were observed in each cell. A 3D virtual Z-stack 
analysis confirmed the spatial co-distribution of LC3 and IL-1β on a ball-shaped vesicle (Figure 
37). The diameter of the structures double-labeled with LC3 and IL-1β are ~700 nm (larger 
structures up to 2 μm in diameter were also found) which is comparable to the size of the 
autophagosome. Occasionally, we also found IL-1β localized in the center of the ring structure, 
where cytoplasmic autophagic cargoes fill, surrounded by LC3 (Figure 36B). This portion of IL-
1β was possibly being engulfed by the autophagosome. 
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Figure 36: STORM reveals localization of IL-1β  in the autophagosome membrane.  (A) 
Topological localization of IL-1β in the autophagosomal carrier determined by STORM. U2OS 
cells were transfected with a plasmid containing the expression cassette of FLAG-tagged mature 
IL-1β (m-IL-1β-FLAG). After transfection (24 hr), the cells were starved in EBSS for 1 hr 
followed by immunofluorescence labeling with mouse monoclonal anti-LC3 and rabbit 
polyclonal anti-FLAG antibodies. STORM analysis imaging and data analysis were performed as 
described in Materials and methods. Cyan, LC3; Magenta, IL-1β; Bars: 2 μm (original image) 
and 500 nm (magnified inset) (B) A minority of IL-1β engulfed by autophagosome. Arrow head 
points to the autophagosome with engulfed IL-1β. Bar: 2 μm 
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Figure 37: Virtual Z-stack of 3D STORM image of IL-1β (magenta) and LC3 (cyan) in a U2OS 
cell labeled and imaged as described in Figure 36.  Rendered from the magnified structure in  
Figure 36.  150-nm thick Z-sections with a 50-nm step size are shown, beginning and ending at 
300 nm below and above the focal plane, respectively.  Scale bar: 500 nm 
 
Genetic and cell biological studies have implicated autophagy in the transport of several 
leaderless cargoes to the extracellular space 238–240. Unconventional secretory cargoes, such as 
IL-1β and Acb1, have been shown to have overlapping requirements with formation of the 
autophagosome or its precursor suggesting that the autophagosome may physically convey these 
cargo proteins to the cell surface. A key question is if and how these cargoes engage the 
autophagosome and how this structure exports soluble cargo molecules. In the work presented 
here, we focus the organelle association and molecular requirements for the secretion of one such 
unconventional cargo protein, IL-1β. Using surrogate cell lines rather than macrophages to 
reconstitute autophagy-mediated secretion of IL-1β, we find mature IL-1β localized to the lumen 
of the membrane in early intermediates and mature autophagosomes (Figure 36).  3D STORM 
microscopy shows that IL-1β unambiguously localizes to the membrane, and not to the inner part 
of the autophagosome (Figure 36, Figure 37).  This surprising location may help to explain how 
mature IL-1β is secreted in a soluble form to the cell surface.  However, localization to the lumen 
between the two membranes of the autophagosome would require that IL-1β is translocated from 
the cytoplasm across the membrane precursor of a phagophore, rather than being engulfed as the 
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phagophore membrane matures by closure into an autophagosome. Further experiments in this 
work (not shown here) suggest that IL-1β must unfold or be held in an unfolded state to promote 
membrane translocation, and that a complex sorting signal in the mature portion of IL-1β 
interacts with HSP90 to deliver the chaperone and its cargo to a site on a phagophore precursor 
membrane where the mature species is translocated. 
 
The exact route by which the autophagosome delivers mature IL-1β to the cell surface as well as 
how it avoids fusion with degradative lysosome remains obscure, possibly involving interaction 
with the multi-vesicular body or some form of lysosome as a prelude to fusion at the cell surface 
and this process may require selective recruitment of membrane sorting and targeting factors 
such as Rabs and SNAREs.  Additional imaging of IL-1β with lysosomal markers and other 
autophagic machinery may help elucidate this mechanism. 
 
8.3 Conclusion 
 
We have demonstrated that with careful sample preparation methods, STORM imaging can be a 
powerful tool to resolve transient protein-protein relationships within fragile membrane 
structures.  We also note that in contrast to previous imaging studies of cytoskeleton-anchored 
membrane channels (such as Hv1), we were able to image IL-1β which likely localizes within 
the autophagic double membrane with no such anchoring.  Through imaging experiments, we 
confirmed that the unconventional secretion of IL-1β utilizes autophagic machinery en route to 
the cell surface. 
 
8.4 Methods 
 
Cell culture and transfection. 
 
HEK293T and U2OS cells were grown in a tissue culture facility. Atg5 KO and WT MEFs were 
generously provided by Noboru Mizushima (University of Tokyo, Japan). Cells were grown at 
37°C in 5% CO2 and maintained in Dulbecco’s modified Eagle’s medium (DMEM) 
supplemented with 10% FBS. For starvation, the cells were incubated in Earle’s Balanced Salt 
Solution (EBSS) for the indicated time durations in the absence or presence of the drugs 
indicated in the manuscript. Transfection of DNA constructs into cells was performed using X-
tremeGENE HP (Roche, Indianapolis, IN) according to the manufacture's protocols. SiRNA 
transfection was performed on HEK293T cells with lipofectamine RNAiMAX (Invitrogen, 
Carlsbad, CA) according to the manufacture's protocols. 
 
Immunoisolation. 
 
HEK293T cells (ten 10-cm dishes) transfected with p-IL-1β, p-caspase-1 and 3×FLAG-LC3 
were starved in EBSS for 2 hr and harvested as indicated above. Membranes from a 25,000×g 
pellet were collected, resuspended in immunoisolation buffer containing 25 mM HEPES, pH 7.4, 
140 mM potassium chloride, 5 mM sodium chloride, 2.5 mM magnesium acetate, 50 mM 
sucrose and 2 mM EGTA. Anti-FLAG M2 agarose was added to a 1 ml membrane suspension 
with or without 0.2 mg/ml 3×FLAG tag blocking peptides and mixed by rotation at 4°C 
overnight. Beads with the associated membranes were washed with 1 ml immunoisolation buffer 
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three times and membranes bound to the beads were eluted by incubating with 0.5 mg/ml of 
3×FLAG peptides for 0.5 hr at room temperature. The eluted membranes were collected by 
centrifuging at 100,000×g for 40 min and analyzed by immunoblot. 
 
Differential centrifugation and membrane fractionation. 
 
The procedure is modified from our previous work 246. Cells (ten 10-cm dishes) were cultured to 
confluency, harvested and homogenized in a 2.7× cell pellet volume of B1 buffer (20 mM 
HEPES-KOH, pH 7.2, 400 mM Sucrose, 1 mM EDTA) plus a cocktail of protease and 
phosphatase inhibitors (Roche, Indianapolis, IN) and 0.3 mM DTT by passing through a 22 G 
needle until ~85% lysis analyzed by Trypan Blue staining. Homogenates were subjected to 
sequential differential centrifugation at 3,000×g (10 min), 25,000×g (20 min) and 100,000×g 
(30 min, TLA100.3 rotor, Beckman) to collect the membranes sedimented at each speed. The 
25,000×g membrane pellet, which contained the highest level of IL-1β, was suspended in 0.75 
ml 1.25 M sucrose buffer and overlaid with 0.5 ml 1.1 M and 0.5 ml 0.25 M sucrose buffer 
(Golgi isolation kit; Sigma). Centrifugation was performed at 120,000×g for 2 hr (TLS 55 rotor, 
Beckman), after which two fractions, one at the interface between 0.25 M and 1.1 M sucrose (L 
fraction) and the pellet on the bottom (P fraction), were separated. IL-1β protein levels of the two 
fractions were then tested and the L fraction was selected and suspended in 1 ml 19% OptiPrep 
for a step gradient containing 0.5 ml 22.5%, 1 ml 19% (sample), 0.9 ml 16%, 0.9 ml 12%, 1 ml 
8%, 0.5 ml 5% and 0.2 ml 0% OptiPrep each. Each density of OptiPrep was prepared by diluting 
50% OptiPrep (20 mM Tricine-KOH, pH 7.4, 42 mM sucrose and 1mM EDTA) with a buffer 
containing 20 mM Tricine-KOH, pH 7.4, 250 mM sucrose and 1mM EDTA. The OptiPrep 
gradient was centrifuged at 150,000×g for 3 hr (SW 55 Ti rotor, Beckman) and subsequently ten 
fractions, 0.5 ml each, were collected from the top. Fractions were diluted with B88 buffer (20 
mM HEPES-KOH, pH 7.2, 250 mM sorbitol, 150 mM potassium acetate and 5 mM magnesium 
acetate) and membranes were collected by centrifugation at 100,000×g for 1 hr. Samples were 
normalized using a measured level of phosphatidylcholine 246 and subjected to SDS-PAGE 
followed by immunoblot analysis with the indicated antibodies. 
 
Membrane flotation assay. 
 
Cells (five 10-cm dishes) transfected with indicated plasmids were starved in EBSS for 2 hr and 
harvested as indicated above. Membranes from a 25,000×g membrane pellet were resuspended in 
300 μl 60% (wt/vol) Nycodenz (Accurate Chemical, Westbury, NY) in B88 buffer and 
transferred to a Beckman tube (Polycarbonate, 11 × 34 mm). Aliquots were overlaid with 600 μl 
of 40% Nycodenz in B88 buffer and 100 μl B88 buffer, and then centrifuged for 2 hr at 
100,000×g (TLS 55 rotor, Beckman). Ten fractions were collected from top to bottom and 
analyzed by immunoblot. For determining the level of IL-1β in the membrane fraction, top 
fractions were combined and diluted with B88 buffer and membranes were collected by 
centrifugation at 100,000×g for 40 min followed by immunoblot analysis. 
 
Immunofluorescence labelling. 
 
U2OS cells were starved in EBSS for 1 hr and permeabilized with 40 μg/ml of digitonin diluted 
in PBS on ice for 5 min. The cells were then washed once with cold PBS and immediately 
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incubated with 4% cold paraformaldehyde for 20 min at room temperature. The cells were 
further permeabilized with 0.1% saponin diluted in PBS at room temperature for 10 min 
followed by blocking with 10% FBS diluted with PBS for 1 hr and primary antibody incubation 
for 1 hr.  For STORM, cells were washed three times with 0.2% BSA in PBS, followed by 
incubation with CF568 anti-mouse (Biotium) and Alexa Fluor 647 anti-rabbit (Invitrogen) 
secondary antibodies in 3% BSA in PBS for 1 hr at room temperature. Cells were washed three 
times before mounting for STORM imaging. 
 
STORM imaging. 
 
Dye-labeled cell samples were mounted and imaged as previously described (Section 6.4; Ref. 
12). 
 
Chapter 9: Remodeling of ER‐exit sites initiates a membrane supply pathway for autophagosome 

biogenesis 
 
The work performed in this chapter was conducted in collaboration with Min Zhang and Liang 
Ge in the Randy Schekman lab.  It is reproduced in part here from ref. 31 and with permission 
from all co-authors.  Copyright 2017, The Authors. 
 
9.1 Introduction 
 
In the previous section, we described how STORM can be applied to the study of fragile 
intracellular membrane structures.  In particular, we focused on the autophagosome, a double-
membraned vesicle formed for the degradation of cellular wastes, and its role in the 
unconventional secretion of IL1β.  Here, we approach autophagy from a different perspective.  
Whereas before we revealed a new role for autophagic machinery in a seemingly unrelated 
cellular transport process, we here report novel functions for protein transport machinery in 
autophagy.  Our study is fundamentally aimed at identifying the mechanisms responsible for the 
initiation of autophagy following nutrient starvation. 
 
Autophagy requires multiple membrane remodeling events and protein catalysts whose activities 
are induced by starvation. One key event happens on the pre‐autophagosomal structure/ 
phagophore assembly site (PAS) where autophagosomal membrane precursors fuse, elongate, 
and close to form the autophagosome. Several autophagic protein machineries coordinate the 
formation of the PAS, including: the ULK protein kinase complex (FIP200/ULK1/ATG13/ 
ATG101 complex), the phosphatidylinositol 3‐kinase (PI3K) complex (ATG14/Beclin‐
1/P150/VPS34 complex), the ubiquitin‐like phosphatidylethanolamine conjugation machinery 
(ATG7, ATG3 and ATG12‐ATG5 conjugate in complex with ATG16), and the transmembrane 
protein ATG9 and downstream effectors, such as WIPIs and ATG2 248,249. Subsequently, the 
mature autophagosome fuses with the endolysosome followed by membrane tubulation and 
fission to regenerate new lysosomes 250. The SNARE proteins syntaxin‐17, SNAP29 and 
VAMP8 as well as the HOPS complex participate in autophagosome–lysosome fusion 251–253, 
and autolysosome fission is mediated by clathrin and kinesin 254,255. 
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Molecular aspects of the initiation of phagophore assembly and the processes induced by 
starvation remain unclear. The endoplasmic reticulum (ER) is a major component of the 
endomembrane system. Emerging evidence indicates the involvement of ER and the associated 
compartments in autophagosome biogenesis. A subdomain of ER, possibly adjacent to the 
mitochondria, has been shown to act as a cradle for autophagosome biogenesis by forming a 
phosphatidylinositol 3‐phosphate‐enriched omegasome 256–259.  Multiple lines of investigation 
have suggested that the ER–Golgi intermediate compartment (ERGIC), a recycling station 
located between the ER and Golgi, is a membrane source for the autophagosome 206,246,260–262. 
The ER‐exit site (ERES) where COPII vesicle formation initiates the traffic of secretory cargo 
from the ER is associated with the PAS in yeast 263–265.  In addition, the COPII components as 
well as TRAPPIII, a proposed molecular machinery for tethering COPII vesicles and a secretory 
pathway regulator, are required for autophagy in both yeast and mammalian cells 266–269. The 
molecular links between these steps remain to be elucidated. 
 
In previous work, Ge, et al. reported a mechanism of membrane remodeling of the ERGIC 
wherein a starvation‐induced relocation of COPII machinery from the ERES to the ERGIC 
generates ERGIC‐derived COPII vesicles to serve as membrane templates for LC3 lipidation, a 
key step of autophagosome biogenesis 261. The assembly of COPII vesicles on the ERGIC is 
achieved by a relocation of SEC12, the activator of COPII assembly, from the ERES to the 
ERGIC 261.  We sought to understand how SEC12 is mobilized from the ER during starvation. 
Here we show that a starvation‐induced remodeling of the ERES positive for SEC12 (SEC12‐
ERES) facilitates the relocation of SEC12 to the ERGIC. 3D-STORM microscopy indicates that 
the SEC12‐ERES structure is enlarged and surrounds the ERGIC, leading to the relocation of 
SEC12 to the ERGIC, possibly to trigger ERGIC‐COPII vesicle assembly. Depletion of 
CTAGE5 and FIP200, two proteins associated with SEC12 which are required for the 
concentration of SEC12 on the ERES, abolishes the starvation‐induced enlargement of SEC12‐
ERES, the relocation of SEC12 to the ERGIC, and LC3 lipidation. Thus, we suggest that a 
SEC12 protein complex is the target of control that mobilizes SEC12 from the ERES to the 
ERGIC as an early event in starvation‐induced autophagy. 
 
9.2 Results and Discussion 
 
Starvation‐induced remodeling of SEC12‐ERES facilitates SEC12 relocation to the ERGIC 
 
SEC12 is a type II transmembrane protein that normally localizes to the ERES where it serves to 
activate nucleotide exchange on SAR1 to initiate COPII assembly 263. To investigate how 
starvation leads to the relocation of COPII from the ERES to the ERGIC, we analyzed 
endogenous SEC12 and ERGIC53 (a marker of the ERGIC) by confocal microscopy (Figure 
39A,B). Under nutrient‐rich conditions, SEC12 was localized in punctate compartments (ERES), 
some of which were associated with the ERGIC (Figure 39A, Ctr). Upon starvation, a fraction of 
the SEC12 compartments increased in size and colocalized with the ERGIC (Figure 39A, ST). 
We counted the fraction of SEC12 puncta above 0.1 μm2 over the total and found a ~1.5‐fold 
increase after starvation (Figure 39B). 
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Figure 38: Remodeling of SEC12‐positive compartment upon starvation. (A) HeLa cells were 
incubated in nutrient‐rich medium (Ctr) or starved in EBSS (ST) for 1 h. Structured illumination 
microscopy (SIM) was performed to analyze the structure and relation of SEC12 and ERGIC 
compartments. Scale bars are 5 μm (original image) and 2 μm (zoomed in image), respectively. 
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(B) Quantification of the fraction of SEC12 compartments larger than 0.04 μm3 in volume 
analyzed in (A). Error bars represent standard deviations. P‐value was obtained from two‐tailed 
t‐test. Five experiments were performed for the statistics. (C) HeLa cells were starved in EBSS 
for 1 h. Immunofluorescence and 3D‐STORM were performed to resolve the structure of SEC12 
and ERGIC compartments. Scale bar: 1 μm.  (D) Zoomed in images of the boxed areas in (C). 
Arrows indicate the SEC12 localized on the ERGIC area. Scale bar: 100 nm.  (E) Virtual Z‐
sections (50 nm thickness and 40 nm per step) of (D) with SEC12 and ERGIC. Of the total, 10 of 
13 sections are shown. Arrows indicate the ERGIC‐localized SEC12 (D). Scale bar: 100 nm. 
 
To determine whether the starvation‐induced effect on the ERES was SEC12 specific, we 
analyzed SEC16, a scaffold protein required for the proper organization of the ERES 270,271. The 
fraction of SEC16 puncta bigger than 0.1 μm2 also increased upon starvation (~1.2‐fold 
increase) albeit less dramatically than that of SEC12 puncta (~2‐fold increase, Figure 39C–E), 
suggesting that the overall ERES is altered by starvation with a greater effect on the SEC12‐
positive domains. For simplicity, we refer to the SEC12‐positive domain of the ERES as SEC12‐
ERES. 
 
To further define the structure of SEC12‐ERES, we performed structured illumination 
microscopy (Figure 38A). We observed punctate SEC12‐ERES structures close to the ERGIC 
under nutrient‐rich conditions that elongated and some formed cup‐shaped compartments 
surrounding the ERGIC upon starvation (Figure 38A). On average, around ten elongated SEC12‐
ERES compartments were observed in each cell after starvation versus fewer than two before 
starvation (data not shown). The increased volume of the SEC12‐ERES was quantified from Z‐
section stacks. As shown in Figure 38B, the fraction of SEC12‐ERES larger than 0.04 μm3 
(corresponding to the area of ~0.1 μm2) increased about twofold after starvation, confirming the 
enlargement of SEC12‐ERES in 3D space. 
 
To further resolve the structural details of the SEC12‐ERES with the surrounded ERGIC upon 
starvation, we employed 3D‐STORM imaging (Figure 38C–E and Figure 42). Virtual Z‐stack 
images indicated that elongated SEC12‐ERES (green) localized along the ERGIC (magenta), 
which documented a close association between the two compartments (Figure 38C,D). SEC16 
(cyan) was condensed in distinct regions on the SEC12‐ERES, consistent with a role as a 
scaffold for the ERES (Figure 38D). A diffusely stained area of SEC12, possibly overlapped 
with the ERGIC, also appeared close to some of the SEC12‐ERES (Figure 30D, arrow pointed). 
This is reminiscent of the SEC12 relocation to the ERGIC reported previously 261. To confirm 
the localization of SEC12 on the ERGIC upon starvation, we examined Z‐sections of the 
structure shown in Figure 38E and Figure 42. Overlap between SEC12 and the ERGIC was 
observed in some of the sections (Figure 38E, sections 4‐7, arrow pointed; Figure 42A, arrow 
pointed), consistent with the proposed localization of SEC12 on the ERGIC. The data were 
consistent with our previous findings using biochemical fractionation in which SEC12 was 
shown to localize on the ERGIC isolated from starved cells. Notably, SEC16 overlapped with 
part of the SEC12‐ERES but not the ERGIC (Figure 38 and Figure 42), indicating it was not 
relocated to the ERGIC upon starvation. 
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Figure 39: Enlargement of SEC12‐positive compartment upon starvation. (A) HeLa cells were 
incubated in nutrient‐rich medium (Ctr) or starved in EBSS (ST) for 1 h. Immunofluorescence 
and confocal microscopy were performed to visualize SEC12 and ERGIC53. Scale bar: 10 μm 
(B) Quantification of the fraction of SEC12 compartments larger than 0.1 μm2 in area analyzed 
in (A). Error bars represent standard deviations. P‐value was obtained from two‐tailed t‐test. Five 
experiments (50–100 cells/experiment) were performed for the statistics. (C) HeLa cells were 
incubated in nutrient‐rich medium (Ctr) or starved in EBSS (ST) for 1 h. Immunofluorescence 
and confocal microscopy were performed to visualize SEC12 and SEC16 compartments. Scale 
bar: 10 μm (D) Quantification of the percentage of SEC12 compartments larger than 0.1 μm2 in 
area analyzed in (C). Error bars represent standard deviations. P‐value was obtained from two‐
tailed t‐test. Five experiments (50–100 cells/experiment) were performed for the statistics. (E) 
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Quantification of the percentage of SEC16 compartments larger than 0.1 μm2 in area analyzed in 
(C). Error bars represent standard deviations. P‐value was obtained from two‐tailed t‐test. Five 
experiments (50–100 cells/experiment) were performed for the statistics. 
 
These data indicated that starvation induced the remodeling of SEC12‐ERES by increasing the 
compartment size and its association with the ERGIC. This association may permit SEC12 to be 
relocated from the ERES to the ERGIC, possibly as a step to trigger COPII assembly in order to 
generate LC3 lipidation‐active precursor vesicles. 
 
Other data in this work 31 that are omitted here describe the biochemical details of SEC12 
translocation to the ERGIC upon nutrient starvation.  Notably, application of the PI3K inhibitor 
during starvation did not prevent the enlargement of SEC12 puncta as observed by confocal 
microscopy, indicating that PI3K may act downstream of SEC12 remodeling.  CTAGE5, a 
protein required for the concentration of SEC12 at the ERES during collagen transport 272, was 
found to be required for this remodeling, however.  CTAGE5 knockout was further shown to 
inhibit the formation of autophagosomes, indicating that SEC12 remodeling is necessary for 
autophagosome biogenesis.  Finally, FIP200, a component of the ULK1 complex and the early 
autophagic machinery, was found to associate with SEC12 independent of other ULK1 complex 
members ULK1/2 and Atg13. 
 
3-color STORM imaging of SEC12, SEC16, and ERGIC provide clear evidence for the 
translocation of SEC12 to the ERGIC upon starvation, independent of other ERES markers.  This 
observation constitutes a novel role for SEC12, which normally acts as the initiator of COPII 
vesicle formation through concentration at the ERES. Starvation appears to result in a change in 
the size and shape of the SEC12‐ERES (Figure 38). The morphologic change appears dependent 
on a starvation‐induced association between SEC12 and FIP200 (Figure 40). FIP200 is known to 
form a complex with ULK1/2, ATG13, and ATG101 to nucleate the assembly of the PAS as an 
initial step in the formation of the autophagic membrane. We find that FIP200 plays a special 
role in starvation‐induced remodeling of SEC12‐ERES independent of the other components in 
the complex. FIP200, but not ULK1/2 or ATG13, is required for the remodeling of SEC12‐
ERES.  In contrast to FIP200, we find a less abundant and starvation‐independent association of 
ULK1/2 and ATG13 with SEC12 (Figure 40). Further, the association between FIP200 and 
SEC12 is not dependent on ULK1/2 or ATG13 (Figure 40). These complexes are also 
distinguished by the interaction of SEC12 and C‐terminal domain of FIP200, whereas an N‐
terminal domain of FIP200 appears to be the site of interaction with the ULK1 complex (data not 
shown).  We thus suggest that FIP200 may act independent of the ULK complex to facilitate the 
starvation response that mobilizes a fraction of the pool of SEC12 from the ERES to the ERGIC. 
 
Our current study, together with previous results 246,261, suggests a model for a remodeling of the 
endomembrane system, facilitated by autophagic factors (FIP200, PI3K), scaffold proteins 
(CTAGE5), and membrane remodeling proteins (COPII) (Figure 41). Starvation induces 
CTAGE5‐ and FIP200‐dependent remodeling of the SEC12‐ERES leading to the PI3K‐
dependent relocation of SEC12 to the ERGIC (Figure 41A,B). Although this bears more 
investigation, FIP200 may associate with SEC12 on the ERES to facilitate the remodeling. 
ERGIC‐localized SEC12 triggers the assembly of ERGIC‐COPII vesicles as membrane 
templates for LC3 lipidation (Figure 41C). 
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Figure 40: The association between SEC12 and FIP200 is independent of ULK1/2 and ATG13. 
(A) HEK293T cells were transfected with plasmids encoding FLAG‐SEC12. After 24 h, the cells 
were incubated in nutrient‐rich medium or starved in EBSS for 1 h in the absence or presence of 
10 nM wortmannin. Immunoprecipitation of FLAG‐SEC12 was performed and the levels of 
indicated proteins from indicated fractions were determined by immunoblot. Quantification of 
co‐IP shows the percentage of co‐precipitated FIP200, ULK1, or ATG13 under the indicated 
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conditions. Quantification of LC3 lipidation shows the relative level of LC3 lipidation to the 
control (before starvation). (B), (C) HeLa cells were starved in EBSS for 1 h. 
Immunoprecipitation of endogenous FIP200 (B) or SEC12 (C) was performed, and the levels of 
indicated proteins from indicated fractions were determined by immunoblot. (D) HEK293T cells 
were transfected with control or siRNAs against Ulk1 and Ulk2. After 48 h, the cells were 
transfected with plasmids encoding FLAG‐SEC12. After another 24 h, the cells were incubated 
in nutrient‐rich medium or starved in EBSS for 1 h. Immunoprecipitation of FLAG‐SEC12 was 
performed and the levels of indicated proteins from indicated fractions were determined by 
immunoblot. (E) HeLa cells of control and Atg13 KO generated by CRISPR/Cas9 were 
transfected with plasmids encoding FLAG‐SEC12. After 24 h, the cells were incubated in 
nutrient‐rich medium or starved in EBSS for 1 h. Immunoprecipitation of FLAG‐SEC12 was 
performed, and the levels of indicated proteins from indicated fractions were determined by 
immunoblot. 
 

 
Figure 41: A proposed model for remodeling of the SEC12‐ERES leading to the generation of 
autophagosomal precursors. In steady‐state conditions, SEC12 (dark red oval) is enriched in the 
ERES, dependent on association with CTAGE5 (purple oval), for protein cargo transport by 
packaging COPII vesicles. Upon starvation, SEC12‐ERES is enlarged and surrounds the ERGIC, 
dependent on FIP200 and CTAGE5. The remodeling of SEC12‐ERES leads to the relocation of 
SEC12 to the ERGIC (dependent on the autophagic PI3K) to trigger the assembly of ERGIC‐
COPII vesicles as a membrane template for LC3 lipidation, a potential vesicular pool for the 
assembly of the pre‐autophagosomal membrane. 
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Figure 42: Virtual Z-sections shown for Figure 38. Virtual Z-sections (50 nm thickness and 40 
nm per step) of (E) were collected. Of the total, 10 of 13 sections are shown. Arrows in (A) 
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indicate the ERGIC-localized SEC12. Bar: 100 nm. SEC12: green; ERGIC: magenta; SEC16: 
Cyan. (A, same as Figure 38E) SEC12/ERGIC53; (B) SEC16/ERGIC53; (C) SEC12/SEC16; (D) 
SEC12/SEC16/ERGIC53. 
 
9.3 Conclusion 
 
This work expands on previous themes of the identification of novel roles for established protein 
components of classic biological pathways.  Whereas we previously described a new role for 
autophagy in an unconventional secretion pathway, we here show that the ER membrane protein 
and COPII component SEC12 plays an essential role in autophagosome biogenesis.  3-color 
STORM proved to be an indispensable tool for resolving the precise localization of SEC12 
between two membrane-bound compartments (the ER and ERGIC) just a few tens of nanometers 
apart.  Additionally, biochemical evidence suggests an important role for the autophagic protein 
FIP200 as a direct player in the starvation-induced remodeling of SEC12 at ERES.  This 
relationship in particular will be explored in more detail in the next chapter. 
 
9.4 Methods 
 
Cell culture and transfection. 
 
Maintenance of cell lines and transfection was described previously 246,261. The HeLa and 
HEK293T cell lines (originally from ATCC) were obtained from the Berkeley tissue culture 
facility. And they have been tested by the facility to be clear of mycoplasma. 
 
Generation of CRISPR/Cas9 KO cell lines. 
 
HeLa or HEK293T cells were transfected with a pX330 vector‐derived plasmid 273 containing 
the targeting sequence from cTAGE5 (ACATTCTCTTAGTATAGCAC) or Atg13 
(GAATGGACACATTACCTTGA), and a PGK promotor‐driven Venus construct (reconstructed 
by Liangqi Xie from Robert Tjian laboratory at UC Berkeley). After a 24‐h transfection, FACS 
sorting was performed to inoculate single transfected cells in each well of 96‐well plates. After 2 
weeks, single colonies were expanded and validated by immunoblot and DNA sequencing of the 
targeted area. Validated positive colonies were employed for the experiments. The cell lines 
were also validated to be clear of mycoplasma. 
 
Blue Native‐PAGE. 
 
HeLa cells were either untreated or starved with EBSS in the absence or presence of 20 nM 
wortmannin for 1 h before extraction. Blue Native‐PAGE analysis was performed essentially as 
described previously 274. Cells were extracted with BN buffer (20 mM Bis‐Tris, 500 mM ε‐
amino capronic acid, pH 7.0, 20 mM NaCl, 2 mM EDTA, 10% glycerol, and protease inhibitors) 
containing 1% digitonin and centrifuged at 20,000 g at 4°C. The cell lysates were supplemented 
with final 0.25% of CBB G‐250 for electrophoresis. In the first dimension of Blue Native‐PAGE, 
4‐15% gradient gel was run at 4°C with CBB+ cathode buffer (50 mM Tricine, 15 mM Bis–Tris, 
pH 7.0, and 0.02% CBB G‐250) and anode buffer (50 mM Bis–Tris, pH 7.0). The CBB+ cathode 
buffer was exchanged with CBB‐ cathode buffer (50 mM Tricine, 15 mM Bis–Tris, pH 7.0) once 
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the dye front migration reached one‐third of the gel. For further separation in a second‐
dimension SDS–PAGE, we cut the gel lanes and heated to 100°C in Laemmli Sample buffer. 
The gel strip was washed with SDS–PAGE buffer (25 mM Tris, 192 mM glycine, pH 8.3, and 
0.1% SDS) and placed on the stacking part of an SDS–PAGE gel. The second‐dimension SDS–
PAGE was electrophoresed in SDS–PAGE buffer at room temperature. 
 
Co‐immunoprecipitation. 
 
The cells were treated with indicated conditions, harvested, and washed once with PBS. The cell 
pellets from one 10‐cm dish were lysed with 1 ml co‐IP buffer (20 mM Tris–HCl, pH 7.5, 150 
mM NaCl, 1 mM EDTA, and 0.5% NP‐40) by passing samples through 22‐G needles. The 
lysates were centrifuged at 20,000 ×g for 15 min in a microfuge at 4°C. The supernatant 
fractions were transferred to tubes and incubated with 40 μl (1:1 slurry) anti‐FLAG agarose 
(Sigma, St. Louis, MO) in the absence or presence of 0.02 mg/ml 3XFLAG peptides (David 
King, UC Berkeley) for 3 h at 4°C. For co‐IP to determine endogenous protein association, 5 μg 
of antibodies was added to the supernatant and incubated for 2 h at 4°C. 40 μl (1:1 slurry) of 
protein A/G agarose was then added and incubated for another 1 h at 4°C. The agarose in each 
sample was washed four times with 1 ml co‐IP buffer. Proteins bound to the agarose were eluted 
with 40 μl 1 mg/ml 3XFLAG peptides at room temperature for 40 min (FLAG IP) or eluted with 
100 μl sample loading buffer (endogenous protein IP). 
 
Immunofluorescence microscopy and quantification. 
 
Immunofluorescence was performed as previously described 275,276. Confocal images were 
acquired with a Zeiss LSM 710 laser confocal scanning microscope (Molecular Imaging Center, 
UC Berkeley). Colocalization of the confocal images was calculated by a pixel‐based method 
using ImageJ with RGB Profiler plugin. SIM images were collected using the Elyra PS.1 
microscope (Carl Zeiss Microscopy). A 3D surface model was generated, and quantification of 
the volume of SEC12‐ERES was carried out using Imaris 7.7.1 software (CNR, Biological 
Imaging Facility, UC Berkeley). Quantification of the area of SEC12‐ERES, CTAGE5, and 
SEC16 puncta was performed using the Analyze Particles function of ImageJ as described 
previously 261. We chose 0.1 μm2/0.04 μm3 as the cutoff for quantification because in STORM 
images, it was the lower size limit of the SEC12 structure that remodeled after starvation. The 
images were collected unbiasedly and under optimized settings to avoid signal saturation. 
Quantification of the number of FIP200 and LC3 puncta was performed with a similar approach 
using ImageJ 261. 
 
3D‐STORM microscopy. 
 
Dye-labeled cell samples were mounted and imaged as described in Ch. 5.4 STORM methods, 
and as previously described 12. Three‐color imaging was performed on targets labeled by Alexa 
Fluor 647, CF680, and CF568 via sequential imaging with 647‐ and 560‐nm excitation. With 
647‐nm excitation, a ratiometric detection scheme 27,28 was employed to first concurrently collect 
the emission of single Alexa Fluor 647 and CF680 molecules. Emission of single molecules was 
split into two light paths (channels) using a long pass dichroic mirror (T685lpxr; Chroma), each 
of which were projected onto one half of an Andor iXon Ultra 897 EM‐CCD camera. Optical 
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setup is described in Figure 2.  Fluorophore assignment was performed by localizing and 
recording the intensity of each single molecule in the two channels. Excitation at 560 nm was 
subsequently used to image CF568 through the reflected light path of the dichroic mirror. 
 
Chapter 10: FIP200 defines the cup-shaped organization of early mammalian autophagic 

machinery 
 
10.1 Introduction 
 
Macroautophagy, hereafter autophagy, is a highly conserved catabolic process by which 
eukaryotic cells degrade and recycle organelles, proteins, and other wastes by delivery to the 
lysosome 277,278.  In eukaryotes, it is an essential process both for maintaining homeostasis, and as 
a response to cellular stresses, including nutrient starvation 212,278,279.  The general mechanism of 
autophagy is conserved across all eukaryotes, and begins with the activation of the ULK1 complex 
by mTORC1 in response to cellular stresses 277,279.  Recruitment of additional protein complexes 
such as the PI3K complex and Atg12-Atg5-Atg16 complex enables the lipidation of LC3, which 
drives the formation of a double-membrane structure known as the isolation membrane, or 
phagophore 212,278.  The phagophore engulfs cargo and closes shut before fusing with the lysosome 
for final cargo degradation 280. Together, the phagophore membrane with its associated protein 
machinery constitutes the autophagosome. 
 
While the biochemical hierarchy of autophagic machinery has been extensively studied 210,281, 
open questions remain, especially regarding the spatiotemporal dynamics of autophagosome 
formation 282. For instance, while the initiation of autophagy in yeast occurs at a single location 
(the pre-autophagosomal structure), mammalian autophagosomes form throughout the cytosol, 
and are thought to be scaffolded by the ER or related tubulovesicular networks 212,262,279,283.  
Additionally, the membrane source for phagophore elongation remains unclear; several sources, 
including the ER-Golgi network, mitochondria, and Atg9-tethered vesicles, have all been proposed 
212,262,284. Finally, while the overall mechanism of autophagy is conserved across eukaryotes, many 
proteins essential for autophagy in mammals have no direct homologs in yeast 210,282,285.  
Understanding the unique functions of these proteins, particularly regarding the targeting and 
structural organization of early mammalian autophagosomes, is of critical importance. 
 
FAK family kinase-interacting protein of 200 kD, or FIP200, is a mammalian protein which may 
be involved in the spatial targeting and scaffolding of early autophagosomes 278,286.  While it is 
thought to be the mammalian homolog to yeast Atg17, the two share little sequence homology, 
and are instead related by a shared biochemical role as members of the ULK1 complex, and by 
their predicted flexible helical structure 31,278,283,287–289. As a component of the ULK1 complex 
essential for autophagosome initiation, FIP200 may help define the site of autophagosome 
biogenesis 286,290,291. As a SEC12 interactor, it also provides a potential link between early 
autophagic machinery and ER exit sites (ERES) 31.  Through its predicted long, flexible shape and 
ability to dimerize, it has been proposed to form the structural scaffold of early mammalian 
autophagosomes 286,292.  Finally, its proposed ability to tether Atg9 vesicles, possibly via 
interaction with Atg13 282, provides a mechanism for the sequestration of a membrane source to 
the initiation site 262.   
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While the biochemical interactions of FIP200 within the ULK1 complex and with other machinery 
are well established, how exactly FIP200 acts as a structural scaffold during autophagosome 
formation remains speculative 286.  Elucidating this role with respect to the spatiotemporal 
dynamics of autophagosome development requires a detailed view of its organization into the 
nanometer size scale of nascent autophagosomes. Recent advances in super-resolution 
fluorescence microscopy 22,23, including three-dimensional (3D) stochastic optical reconstruction 
microscopy (STORM) 293,294 provide new possibilities to achieve ~20 nm spatial resolution and 
excellent target sensitivity and specificity with minimal invasion. We have recently utilized three-
color 3D-STORM to identify a novel mechanism for the remodeling of ERES as a prelude to 
autophagosome biogenesis 31, and, previously, employed two-color 3D-STORM to visualize 
autophagy-mediated secretion 206. Meanwhile, Karanasios et al. have used two-color two-
dimensional STORM to examine the ULK1 complex in autophagy initiation 262.  
 
Here, we use 3-color 3D-STORM to reveal the nanoscale ultrastructural organization of multiple 
protein targets during autophagosome development, and expand upon our previous work by 
connecting the structural organization of nascent autophagosomes to remodeled ERES.  We reveal 
that diffraction-limited LC3 puncta represent cup-shaped, developing phagophore membranes. We 
track the localization of FIP200 over the course of autophagic development with 2-color 3D-
STORM, establishing it as a structural scaffold which localizes to ERES and forms 
asymmetrically-positioned cups around early autophagosomes.  Finally, using 3-color 3D-
STORM, we demonstrate that FIP200 enforces the specific recruitment of downstream autophagic 
machinery to the inside face of these cup scaffolds.  Together, these results shed new light on the 
physical process of autophagic initiation and development, connecting key biochemical complexes 
of autophagosome formation to clear spatial organization at the nanoscale. 
 
10.2 Results and Discussion 
 
FIP200 forms asymmetrically positioned cups around early autophagosomes 
 
To explore the structural development of mammalian autophagosomes, we developed a protocol 
for the preservation and super-resolution microscopy of LC3-postive phagophore membranes.  
Induction of autophagy by starvation of U2OS cells in an amino-acid depleted buffer, followed 
by a fixation and labeling protocol optimized for the preservation of fragile membrane structures, 
resulted in the observation of numerous cytosolic LC3-positive puncta as visualized by 
conventional fluorescence microscopy (not shown).  3D-STORM super-resolution microscopy 
revealed the diffraction-limited LC3 puncta to exhibit a variety of structural forms (Figure 
43A,B). Notably, we found the small (100-250 nm) LC3 structures, presumably in the early stage 
of autophagy, to be flat patches, whereas the larger (250-500 nm) structures were hemispherical 
cups, and the largest (500-2000 nm), mature structures to be enclosed spherical vesicles.  Two-
color 3D-STORM further revealed that FIP200 formed asymmetrically positioned cups around 
early LC3-positive autophagosomes (Figure 43C, red arrow), but was absent from large, 
spherical LC3 structures (Figure 43C, blue arrow). Measured widths of FIP200 and LC3 in 
colocalized structures showed FIP200 to be consistently larger than LC3 (Figure 43D) for all 
structural sizes, indicating FIP200 localization around the outer face of the phagophore 
membrane.   
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Figure 43: 3D-STORM imaging of FIP200 and LC3. (A) 3D-STORM image of immunolabeled 
LC3 in a U2OS cell, showing three representative autophagosome structures. Depth (Z) position 
is color-coded (bottom color scale bar). (B) Zoom-in of two representative structures marked in 
(A), corresponding to early (red box) and intermediate (blue box) autophagosomes, respectively. 
(i,iv) Full xy-projections; (ii,v) 150-nm thick virtual Z sections of the 3D-STORM data through 
the center depth of each structure; (iii,vi) Virtual cross-sections in the X-Z plane for central slices 
150-nm thick in Y, showing the two structures as a flat patch and a hemispherical cup, 
respectively. (C) 2-color 3D-STORM image of FIP200 and LC3 (top: merged two-color image; 
bottom: the FIP200 channel alone), showing FIP200 as a cup-shaped structure around an early 
autophagosome (red arrow), but absent from a large LC3-positive structure (blue arrow). (D) The 
FIP200 and LC3 sizes determined from 2-color 3D-STORM for 22 colocalized structures similar 
to the small structure in (C). Blue line marks a slope of 1. Scale bars: 500 nm. 
  
Characterization of FIP200 scaffold during autophagosome development 
 
To elucidate the progression of FIP200’s role in autophagosome development, we imaged 
structures of varying sizes and shapes using 2-color 3D-STORM of FIP200 and LC3. Here LC3 
diameter was used as an indicator of developmental progression, whereas FIP200 labeling 
enabled the unambiguous identification of LC3-positive early autophagosomes. The densely 
packed cup-shaped motif of FIP200 was consistently observed around small (<250 nm) LC3 
structures (Figure 44A, i-ii). The size of the initial (smallest) cup structures, as determined by 
localization around a single LC3 puncta, was determined to be 260 ± 44 nm (n=9; Figure 44A, i). 
The initially compact FIP200 signal was observed to spread during phagophore elongation, as 
evidenced by evenly distributed puncta decorating LC3-postive structures 250-500 nm in size 
(Figure 44A, iii).  Minimal FIP200 signal was detected on large LC3 structures (600-2000 nm) 
(Figure 44A, iv), suggesting dissociation upon autophagosome maturation.   
 
To test whether the FIP200 dissociation is related to lysosomal fusion, 2-color STORM imaging 
was performed for LC3 and LAMP2, a lysosomal marker. Qualitative observations of 
progressively larger LC3 structures (Figure 44B, i-iv) showed a corresponding increase in 
LAMP2 localization, consistent with the lysosomal fusion of large, mature autophagosomes.  No 
LAMP2 was detected around small (<300 nm) phagophores. Quantification of FIP200 and 
LAMP2 as a percentage of total 2-color (FIP200 or LAMP2 with LC3) STORM signal enabled a 
direct comparison of their localization patterns over structures across a range of developmental 
stages. FIP200 was shown to monotonically decrease as a percentage of total 2-color signal with 
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increasing phagophore size, whereas LAMP2 exhibited the opposite trend, increasing sharply 
before plateauing for very large structures (Figure 44D). These opposite trends indicate that 
FIP200 may dissociate upon lysosomal fusion. To test this possibility, we simultaneously imaged 
FIP200, LC3, and the closely related lysosomal protein LAMP1 by 3-color 3D-STORM (Figure 
44C). An apparent lysosomal fusion event between a mature autophagosome and lysosome 
showed mutually exclusive localization of FIP200 and LAMP1 to separate sides of the fusing 
structure.  

 
Figure 44: Structural organization of the autophagosome during initiation, elongation, and 
lysosomal fusion.  (A) 2-color STORM images of FIP200 and LC3 in order of LC3 diameter, 
hence a putative time series of autophagosome development. FIP200 cups surrounding early-
stage structures (i,ii) expand to cover the elongating phagophore (iii) before dissociating (iv). For 
each structure, left and right panels show merged two-color images and the FIP200 channel 
alone, respectively. Top and bottom panels show full projections in the X-Y plane and virtual 
cross-sections in the X-Z plane for central slices 150-nm thick in Y, respectively. (B) 2-color 
3D-STORM images of LC3 and LAMP2 show little association for small (not shown) and 
medium-sized structures (i,ii), followed by a marked increase in colocalization on the membrane 
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for larger autophagosomes (iii,iv). (C) 3-color 3D-STORM image of LC3, FIP200, and LAMP1 
showing a fusing autophagosome-lysosome pair. (i) All three color channels; (ii) The FIP200 and 
LAMP1 channels. (D) Quantification of FIP200 (n = 37) and LAMP2 (n = 30) as a percentage of 
total signal in 2-color images with LC3, for autophagosomes of varied sizes.  Lines represent 
data binned into quartiles according to LC3 diameter with standard errors in each quartile 
denoted by crosses.  Scale bars: 500 nm. 
 

 
Figure 45: FIP200 cups form at ER exit sites and define the structural organization of 
downstream components. (A) 3-color 3D-STORM images of FIP200, LC3, and SEC12 (merged 
3-color data and separated color channels) in early- and intermediate-stage autophagosomes. (i) 
A colocalized FIP200/SEC12 cup structure at an ER exit site prior to LC3 lipidation. (ii-iv) 
SEC12 begins to dissociate upon LC3 lipidation (ii), and is absent from larger autophagosomes 
(iii,iv). (B) 3-color 3D-STORM images of FIP200, Atg12, and LC3 (merged 3-color data and 
separated color channels) at similar stages. (i) Atg12 recruitment to the FIP200 cup at or just 
before the beginning of LC3 lipidation. (ii-iv) Atg12 matches the localization pattern of FIP200 
during phagophore elongation. (C) Calculated protein count ratio between FIP200 and either 
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Atg12 (n=31), LC3 (n=27), or SEC12 (n=11).  Trends reflect putative time-series image series in 
(A) and (B).  Lines represent data binned into quartiles, with standard error for each quartile 
denoted by crosses.  Scale bar: 500 nm. 
 
FIP200 is recruited to ER exit sites in autophagosome biogenesis 
 
The FIP200 cups we found above for early-stage phagophores are reminiscent of the cup-shaped 
SEC12 structures we recently reported in the FIP200-facilitated, starvation-induced remodeling 
of ERES 31.  To test whether the FIP200 cup structures we revealed in this current study were 
scaffolded by SEC12 at ERES, we performed 3-color 3D-STORM imaging with FIP200, SEC12, 
and LC3 (Figure 45A). SEC12 was found to form cups ~200 nm in diameter that colocalized 
well with FIP200 in the absence of LC3 (Figure 45A, i).  Subsequent LC3 recruitment and 
phagophore elongation resulted in a marked increase in LC3 signal along with a decrease in 
SEC12 signal (Figure 45A, ii-iv, Figure 45C), with very little SEC12 signal observed for 
structures >600 nm in diameter. These results indicate that the recruitment of FIP200 to SEC12 
and the formation of the observed cup-like motif occur prior to the recruitment of the LC3 
lipidation machinery. 
 
3-color STORM reveals directional recruitment of autophagic machinery 
 
We next sought to investigate the role of the unique asymmetric cup structure of FIP200 in 
recruiting downstream components of the autophagic machinery.  The Atg12-5-16 complex is 
the last major protein complex to be recruited prior to the LC3 lipidation machinery and 
subsequent elongation of the phagophore membrane 290.  Additionally, FIP200 directly interacts 
with the middle region of Atg16 295, and so the Atg12-5-16 and ULK1 complexes are directly 
linked by FIP200. To visualize the relationship between these two complexes, we fluorescently 
labeled Atg12 along with FIP200 and LC3 for 3-color 3D-STORM. Atg12 was found to 
colocalize closely with FIP200, and this agreement was observed across all stages of 
autophagosome development (Figure 45B).  Comparison of single-color channels (Figure 45B) 
shows that many FIP200 puncta within a single phagophore have a corresponding Atg12 
punctum. Meanwhile, the LC3 signal exhibited a range of total intensity with little direct 
correspondence to either FIP200 or Atg12 signals (Figure 44 and Figure 45AB). 
 
To quantify the recruitment of FIP200, Atg12, and LC3 to SEC12-enriched ERES, protein 
counting was performed on STORM images of whole cells. Structures that exhibited clear 
colocalization of any combination of SEC12, Atg12, or LC3 with FIP200 were quantified by 
normalizing observed localization counts using the median counts of putative single-molecule 
clusters for each color channel.  Protein count ratios were calculated for structures of varying 
FIP200 sizes (Figure 45C).  SEC12 was found to localize primarily to structures <250 nm in 
size, with the SEC12:FIP200 ratio rapidly falling off at the earliest stages of development, 
consistent with FIP200 recruitment during cup formation. Atg12 was found to localize to FIP200 
cups in a near- 1:1 ratio independent of structure size.  LC3, meanwhile, was found to increase 
monotonically during the size range expected to correspond to phagophore elongation (300-800 
nm), before tapering off upon autophagosome maturation.  3-color STORM images of FIP200, 
LC3, and Atg12 further revealed the relative spatial organization of these components (Figure 46). 
Analysis of two representative autophagosomes indicates that FIP200 defines the outermost edge, 
while Atg12 localizes to the inner edge of the FIP200 shell.  LC3 constitutes the innermost part of 
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each structure.  This is evident from a 3-color histogram of localization counts across an 
autophagosome (Figure 46A,B), as well as visual comparison of single color channels (Figure 46C). 

 
Figure 46: FIP200 provides a structural basis for the directional recruitment of downstream 
autophagic machinery.  (A) Zoom-in of the 3-color STORM data of FIP200, LC3, and Atg12 
data in Figure 45B iv. (B) Histograms of localization counts of each target along the y-axis. (C) 
3-color STORM data of a hemispherical cup structure, shown as merged and separated color 
channels. The three dotted red lines mark the apparent edge positions of each channel. (D) 
Proposed model of phagophore scaffolding and elongation at starvation-remodeled ERES. (i) 
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SEC12 clusters to ERES during starvation. (ii) FIP200 recruitment to SEC12 forms dense cup-
shaped scaffolds and. (iii) Atg9 vesicles are tethered by yet-to-be determined mechanisms, likely 
via FIP200 and Atg13. (iv) The lipidation machinery Atg12-5-16 is recruited to the inside of the 
FIP200 cup and may facilitate vesicular fusion into a cup-shaped phagophore. SEC12 dissociates 
from the initiation site.  (v) Lipidation of LC3 by Atg12-5-16 and other machinery (not shown) 
drives phagophore elongation.   Scale bar: 200 nm. 
 
Discussion 
 
The signaling cascades and biochemical components required for the initiation of autophagy are 
well-studied 210,281,282,290.  Despite the successful identification and hierarchical characterization 
of these components, questions remain, particularly regarding the physical action and structural 
organization of these proteins leading to the scaffolding and elongation of a new autophagosome. 
Furthermore, much of our molecular understanding of mammalian autophagy is based on the 
study of yeast homologs; such studies are insufficient to explain the observed differences in 
autophagy initiation between yeast and mammals 210,282. In particular, mechanisms of yeast 
autophagy fail to explain the observation that mammalian autophagy occurs throughout the 
cytosol, and is not linked to a single, unique initiation site. 
 
Mammalian proteins that bear little sequence homology to their yeast counterparts are possible 
candidates for these differences in spatial organization.  FIP200 in particular is one such protein; 
while structurally and functionally related to yeast Atg17 278,288, it is much larger in size (200 
kDa vs. 47 kDa), and as such, may play a unique role in scaffolding autophagosome biogenesis.  
Additionally, its established role as a SEC12 interactor 31, combined with the potential of the 
starvation-remodeled ERES as a site of autophagosome formation 31,262, make it a compelling 
target for further study.  Here, we report the localization of FIP200 to starvation-remodeled 
ERES as well as the formation of cup-shaped autophagic precursors prior to the recruitment of 
the LC3 lipidation machinery.   
 
Formation of this cup structure may be a prerequisite for the subsequent recruitment of 
autophagic machinery.  Since cups are inherently asymmetric, they provide a mechanism for the 
asymmetric elongation of the phagophore membrane towards its degradation target.  Such 
asymmetry was directly observed via 3-color STORM imaging of various autophagic machinery.  
Atg12 was found to localize primarily to the inside of FIP200, and LC3 to the inside of Atg12 
(Figure 46).  The persistence of this directional recruitment implies an important role for the 
initial structural organization of the FIP200 scaffold in organizing the cup-shaped phagophore 
double membrane essential for autophagy.  Furthermore, the close colocalization of Atg12 with 
FIP200 across all stages of autophagosome development (Figure 45B,C) indicates that FIP200 
plays a continual role in the spatial organization of autophagic components during elongation.  
Recent imaging work by Karanasios et al. has linked the ULK1 complex to Atg9 in early 
autophagosomes 262; Atg9 vesicles have been long hypothesized as an important membrane 
source in autophagy, and are believed to be tethered to the ULK1 complex via Atg13 296.  The 
organization of Atg13, furthermore, is organized by Atg17 dimerization in yeast 292.  Cup-shaped 
FIP200 structures, then, may directly provide the structural template for the cup-shaped 
phagophore via Atg13 and Atg9.  
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The FIP200 cup structure was found to localize to SEC12-enriched sites, presumably the SEC12 
that are translocated to the ERGIC based on the remodeled ERES we previously studied (Figure 
45A) 31.  Previous super-resolution imaging by Karanasios et al., meanwhile, did not observe 
ULK1 localization to conventional ERES via labeling of Sec23, but rather to tubulovesicular 
regions adjacent to the ER262.  We note that our previously described remodeled ERES in early 
autophagosome biogenesis are characterized by the accumulation of SEC12.  Furthermore, 
SEC12 was found to rapidly dissociate upon FIP200 cup formation (Figure 45C). 
 
While previous studies have probed the temporal recruitment of autophagic machinery, such 
studies have typically relied on diffraction-limited fluorescence intensity, and are limited in their 
ability to unambiguously identify both the amount of protein present, as well as the stage of 
development.  Here, we used phagophore size as a metric for developmental stage, and by 
imaging many structures of varying sizes, generated pseudo- time series snapshots with super-
resolved structure (Figure 44, 45).  We first calculated the nominal size of nascent phagophores 
to be ~260 nm by considering the width of FIP200 when colocalized with a single LC3 punctum. 
Then, through careful normalization of localization number for each color channel, we calculated 
protein count ratios in 3-color STORM images for all subsequent stages of autophagosome 
development.  Doing so, we found that FIP200 and Atg12, when both are present, localize in a 
near- 1:1 manner regardless of developmental stage (Figure 45C).  Conversely, LC3 is lipidated 
continually until lysosomal fusion.  This suggests that autophagic components upstream of the 
LC3 lipidation machinery are fully recruited to the initial cup structure prior to phagophore 
elongation.  Furthermore, quantification with LAMP2 as a lysosomal marker indicates that 
FIP200, and by extension, the ULK1 and Atg5-12-6 complexes, remain a part of the outer 
autophagosome scaffold throughout development, and dissociate upon lysosomal fusion (Figure 
44D).   
 
Our STORM results show a broad size range of autophagosomes after LC3 lipidation, including 
mature autophagosomes well over 1 μm in diameter (data not shown).  If upstream components 
are recruited in their entirety prior to phagophore elongation and remain until lysosomal fusion, 
then a mechanism must exist for the expansion of this scaffold, given its small initial size.  
Structural and functional characteristics gleaned from predicted similarity to Atg17 and other 
dimeric coiled-coil proteins provide possible mechanisms of expansion.  While SEC12 may 
initially facilitate the recruitment of FIP200 to the autophagic initiation site, FIP200 dimerization 
may provide an avenue for subsequent expansion. Further expansion independent of FIP200 
recruitment may be explained by the flexibility of the predicted FIP200 coiled-coil domain 210.  
Meanwhile, the initial dense structure may be a biophysical response to an event such as cargo 
loading.  Indeed, one recent study showed that the dimeric coiled-coil protein EEA1 contracts 
from its extended conformation upon cargo binding 297.  Furthermore, this activity was shown 
particularly for the tethering of vesicles to phosphatidylinositol 3-phosphate membranes, which 
is reminiscent of Atg9 vesicle tethering by Atg17 to the pre-autophagosomal structure in yeast.  
In mammalian cells, autophagy initiation was recently shown to occur at ER regions marked by 
Atg9 vesicles 262.    Such a mechanism may explain the ability of the FIP200 network to form a 
dense yet expandable cup, while implicating an important role in the recruitment of a membrane 
source for the formation of the phagophore membrane. 
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As we observed the presence of dense FIP200 cups at early autophagosomes, it is naturally 
interesting to ask whether SEC12 forms these cup structures prior to FIP200 recruitment, or 
alternatively, that FIP200 provides some mechanical force for the restructuring of the ER 
membrane. In this work we observed little evidence for SEC12 cup formation in the absence of 
FIP200, In our previous study of SEC12 accumulation at ERES during the generation of COPII-
coated vesicles in un-starved cells, we found that SEC12 organized into dense, flat sheets, but 
not cup structures 32. This suggests that an additional membrane remodeling factor such as 
FIP200 may be required for cup formation. Clues as to FIP200’s ability to remodel cellular 
membranes may be gleaned by a recent simulation study which showed that the association of 
Atg17 dimers with tethered vesicles is sufficient to reshape these membranes into tube, disk, or 
cup-shapes 292.  In addition, the Atg12-5-16 complex may facilitate membrane interactions 
through both the coiled-coil nature of Atg16, as well as the interaction of Atg12-Atg5 with LC3 
298,299.  Indeed, we observed colocalization of Atg12 with small FIP200 cups ~250 nm in size 
(Figure 45C). Based on these findings, a combination of membrane interactions from both 
FIP200 and the Atg12-5-16 complex may nucleate a cup-shaped phagophore double membrane 
through the tethering and remodeling of Atg9 vesicles.   
 
Based on our findings, we propose a mechanism for the structural development of phagophore 
nucleation and elongation at initiation sites defined by starvation-remodeled ERES (Figure 46D).  
SEC12 clustering at ERES nucleates the formation of a dense FIP200 scaffold (Figure 46D, i-ii).  
Together with other members of the ULK1 complex, Atg9-tethered vesicles may be recruited to 
this initiation site.  Subsequent recruitment of components including the Atg12-5-16 complex 
may facilitate vesicular fusion into a cup-shaped phagophore double membrane (Figure 46D, iii), 
and results in dissociation of SEC12.  Elongation of this membrane then proceeds through the 
lipidation of LC3 (Figure 46D, iv).  The outer shells of autophagic machinery corresponding to 
Atg12-5-16 and FIP200 expand with the phagophore membrane. 
 
In summary, we have established FIP200 as an important scaffolding protein for the structural 
definition of nascent autophagosomes. These cups form via FIP200 recruitment to SEC12 at 
ERES, which occurs prior to the downstream recruitment of the Atg12-5-16 complex, and 
provide a basis for directional recruitment of subsequent machinery. Moreover, our results 
suggest that the FIP200-containing ULK1 complex and the Atg12-5-16 complex are recruited in 
their entirety prior to LC3 lipidation, and dissociate upon lysosomal fusion. While in this work 
we have relied on pseudo time sequences based on autophagosome size, future live-cell super-
resolution microscopy work, although technically much more demanding, could directly 
visualize these processes within single structures, circumventing the need for averaging over 
many fixed snapshots 22,23,300. 
 
 
10.3 Conclusion 
 
Imaging studies described here reveal rich interconnectivity between cellular membrane 
compartments. By optimizing experimental protocols for the preservation of fragile, transient 
membrane structures, we have shown novel roles for autophagic membranes in cellular transport. 
Then, using 3-color STORM imaging, we discovered an interaction between Sec12 and the 
ERGIC during starvation, implicating the COPII protein trafficking machinery in early-stage 
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autophagosome development.  Looking deeper into this development, imaging of numerous 
autophagic components enabled us to visualize this development across a wide range of 
developmental stages. Together, these results show the capability of STORM imaging to reveal 
new insights in fragile biological systems at the nanoscale. 
 
10.4 Methods 
 
Immunofluorescence and antibodies. 
 
Primary antibodies used were either purchased from commercial sources or purified from 
hybridoma cells.  The following commercial primary antibodies were used: mouse IgG1 anti-
LC3 (MBL #M152-3; 1:100 for IF), rabbit anti-FIP200 (Proteintech #17250-1-AP; 1:100 for IF), 
mouse IgG2b anti-Atg12 (Genetex GTX629815; 1:100 for IF), rat IgG2b anti-LAMP-1 
(BioLegend 121601; 1:50 for IF), and rat IgG2a anti-LAMP-2 (Abcam ab25339; 1:25 for IF).  
Rat anti-SEC12 antibodies (1:50 for IF) were purified from hybridoma clone 6B3 originally 
provided by the Kota Saito lab (University of Tokyo, Tokyo, Japan)  272 and maintained at the 
UC Berkeley cell culture facility.  Secondary antibodies were either purchased as dye-labeled 
conjugates or unlabeled antibodies.  Dye-labeled secondary antibodies were as follows: AF647 
labeled goat anti-rabbit IgG (Invitrogen A21245; 1:200 for IF), AF647 labeled donkey anti-
mouse IgG (Invitrogen A31571; 1:200 for IF), AF 647 labeled donkey F(ab’)2 anti-rat IgG H&L 
(Abcam ab150151; 1:100 for IF), CF680 labeled goat anti-mouse IgG1 (H+L) (Biotium 20253; 
1:100 for IF), CF680 labeled goat anti-mouse IgG2a (H+L) (Biotium 20263; 1:100 for IF), 
CF680 labeled rat IgG (Biotium 20069; 1:100 for IF), and CF568 labeled goat anti-mouse IgG 
(H+L) (Biotium 20100; 1:100 for IF). 
 
Cell culture and immunolabeling. 
 
Human osteosarcoma U2OS cells were obtained from the UC Berkeley cell culture facility.  
Cells were maintained in Dulbecco’s Modified Eagle Media plus 10% fetal bovine serum (GE 
Healthcare).  Cells were plated onto 18 mm #1.5 round coverslips and starved by incubation in 
Earle’s Balanced Salt Solution for 1 h at 37 °C immediately before fixation.  Cells were fixed in 
4% paraformaldehyde in PBS for 20 min at room temperature, washed three times with PBS, and 
then permeabilized with 40 μg/mL digitonin (Sigma D141) in PBS for 10 min.  After blocking in 
blocking buffer (BB; 3% w/v BSA in PBS), samples were incubated with primary antibodies in 
BB overnight at 4 °C and then washed three times with washing buffer (WB; 0.1% w/v BSA in 
PBS).  Cells were incubated in dye-labeled secondary antibodies in BB for 1 hour at room 
temperature, then washed again with WB and PBS prior to imaging. 
 
STORM imaging. 
 
STORM imaging was performed as described in Methods Section 9.4. 
 
Protein counting. 
 
Unsupervised density-based clustering (DBSCAN, 122,301) was implemented to identify clusters 
corresponding to single fluorescently labeled antibodies in the cell body.  DBSCAN is 
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parameterized by two factors: the search radius and minimum density of points within that radius 
which define a contiguous cluster.  The median number of points across all such clusters for a 
given color channel and image was used to normalize protein counts for each target in a structure 
of interest. Briefly, small Gaussian clusters of single molecule localizations were identified as 
single dye-labeled antibodies.  Counts were averaged across all clusters identified in a given cell, 
and this median value was used to normalize single molecule counts in a structure of interest to 
estimate the number of antibodies present, and by extension, the number of proteins. 
 
 
Chapter 11: COPII-coated membranes function as transport carriers of intracellular procollagen I 
 
The work performed in this chapter was conducted in collaboration with Amita Gorur and Lin 
Yuan in the Randy Schekman lab.  It is reproduced in part here from refs. 32,302 and with 
permission from all co-authors.  Copyright 2017 Gorur et al., and 2018, Yuan et al. under the 
terms of the Creative Commons Attribution License, which permits unrestricted use and 
redistribution provided that the original author and source are credited. 
 
 
11.1 Introduction 
 
Our imaging of autophagy described thus far has touched on the related biological systems 
described as protein-vesicle transport pathways.  These pathways are responsible for the 
transport of proteins to and from the ER-Golgi network, as well as the uptake and secretion of 
cargoes to and from the cell.  Conventional protein secretion from the ER to the Golgi apparatus 
in eukaryotes depends on the coat protein complex II (COPII).  The coat proteins 
SEC23/SEC24/SEC13/SEC31 form budded vesicles at the ER, encapsulating cargo from the ER 
lumen.  The biochemical requirements for COPII vesicular transport are well-established, and 
their structure has been characterized by EM studies.  Their small size and protein coat make 
COPII a perfect system for visualization by STORM imaging.  Here, we use multicolor STORM 
imaging to visualize large cargo transport by specially enlarged COPII vesicles.  Using 3-color 
imaging, we propose a novel mechanism for the enlargement of the COPII coat, by which 
SEC12 and TANGO1 are co-packaged into the coat protein matrix. 
 
As an essential step in conventional protein secretion, coat protein complex II (COPII) mediates 
vesicular transport from the ER to the Golgi apparatus in eukaryotes. The GTPase SAR1, inner 
coat proteins SEC23/SEC24, and outer coat proteins SEC13/SEC31 are five cytosolic 
components of the COPII complex, and they are sufficient to generate COPII-coated vesicles 
from synthetic liposomes 303,304. COPII vesicles were observed by EM to be ∼60–80 nm in 
diameter, which potentially limits the transport of large cargos such as the 300-nm-long 
procollagen I (PC1) rigid rod 304–306. However, human genetic evidence showed that COPII is 
required to secrete procollagens. Mutations in genes that code for the human COPII paralogs 
SEC23A and SEC24D were identified as causing the genetic diseases cranio-lenticulo-sutural 
dysplasia and osteogenesis imperfecta and their characteristic collagen deposition defects during 
development 307–309. 
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The requirement for COPII to secrete PC has been independently demonstrated in multiple 
model systems. Mutation of the sec-23 gene in Caenorhabditis elegans disrupts collagen 
secretion and leads to aberrant cuticle, dissociated hypodermal cells, and late embryonic lethality 
310. In Drosophila melanogaster, tissue-specific knockdown of Sar1 or Sec23 in collagen-
secreting fat body cells leads to intracellular accumulation of collagen and cell lethality 311. The 
zebrafish mutants crusher and bulldog result from mutations in sec23a and sec24d genes, 
respectively, and their chondrocytes retain procollagen II in the ER. These mutants also show 
defects during craniofacial development, with phenotypes reminiscent of human cranio-
lenticulo-sutural dysplasia 312,313. Sec23A-null mice are embryonically lethal, and skin fibroblasts 
accumulate ER-localized collagen I and III 314. Knockdown of SEC13 in primary human dermal 
fibroblasts also selectively blocks PC1 secretion 315. Hence, the requirement for COPII in the ER 
exit of PC is evolutionarily conserved in metazoans. 
 
The necessary role of COPII in large-cargo secretion is further supported by the discovery of a 
large transmembrane protein, TANGO1 (MIA3), which has been shown to have a general role in 
the secretion of large cargos, including many members of the collagen family, laminin, and large 
lipoprotein complexes such as prechylomicrons 316–319. The luminal Src homology 3 domain of 
TANGO1 interacts with the PC-specific chaperone HSP47 to recognize a broad range of PC 
isoforms 316,320. The cytosolic side of TANGO1 was shown to interact with multiple COPII 
components: its proline-rich domain binds to the inner COPII coat protein SEC23 directly, and 
its second coiled-coil domain recruits cTAGE5, a spliced variant of a TANGO1 isoform, which 
binds SEC12, an initiating factor of COPII assembly 316,321,322. Therefore, TANGO1 plays an 
important role in coordinating large-cargo sensing and COPII recruitment, which further 
supports the involvement of COPII in large-cargo secretion. 
 
Although the requirement for COPII to export the large-cargo PC out of the ER is clear, the 
precise role that COPII plays in this process is poorly understood. A conventional model was 
proposed in which COPII concentrates large cargos at ER exit sites (ERESs) and orchestrates the 
packaging of large cargos into vesicles and the formation of vesicles with structured coats 323.  
An alternative model suggests that COPII functions only to concentrate large cargos and other 
factors required for the ER export at ERESs, and large cargos exit the ER in carriers not coated 
with COPII proteins 324–326. 
 
The conventional model is paradoxical unless a cellular mechanism exists to increase the size of 
COPII-coated vesicles. The Rape and Schekman laboratories previously reported that the E3 
ubiquitin ligase, CUL3, and one of its substrate adaptors, KLHL12, regulate the size of COPII-
coated vesicles and collagen I and IV secretion 327. Overexpression of KLHL12 induces the 
formation of large COPII structures that are decorated with KLHL12. Most of these structures 
are more than 300 nm in diameter and large enough to accommodate cargo of the size of PC1. 
Unfortunately, the coincident localization of PC1 in these large carriers was not clearly 
elucidated in that work. Here, we reexamined these large COPII structures and showed that they 
are bona fide membranous carriers of PC1 in cells. Moreover, we reconstituted PC1 capture into 
vesicles formed in a cell-free reaction. These carriers were isolated and visualized using 
multicolor 3D STORM as large COPII-coated vesicles. 
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We further examine these large COPII-coated vesicles to elucidate their mechanism of 
enlargement.  Using 3-color 3D STORM, we found that TANGO1 and SEC12 reside on 
endogenous enlarged vesicles. In contrast to the exclusion of SEC12 from regular COPII 
vesicles, SEC12 was enriched around PC1 in budding membrane profiles. To test the effect of 
actively targeting SEC12 to large cargo by TANGO1, we reconstituted the targeting with 
minimal components in cultured cells and observed the formation of large PC1 carriers 
containing SEC12. Thus, our data reveal a novel mechanism in which the large cargo receptor, 
TANGO1, coordinates the formation of large COPII carriers by actively targeting SEC12 to ER 
exit sites engaged in the capture of large cargo.  Together, these results provide direct visual 
evidence for the existence of true, large COPII-based procollagen carriers, and enable the 
identification of a novel mechanism for COPII coat enlargement. 
 
11.2 Results and Discussion 
 
Large COPII vesicles colocalize with PC1. 
 
The ubiquitin ligase CUL3 and its substrate adaptor KLHL12 were shown to regulate collagen 
secretion and the size of COPII vesicles, possibly through the monoubiquitylation of the COPII 
protein SEC31A 327.  To study whether the large COPII vesicles observed after overexpression of 
KLHL12 are collagen carriers, we engineered human fibrosarcoma cells (KI6) to stably 
overexpress the human pro-α1(I) collagen and inducible KLHL12 under doxycycline-controlled 
transcriptional activation. KI6 cells synthesized PC1 in contrast to the parent cell line as 
confirmed by an immunofluorescence (IF) signal for PC1 and immunogold-labeled PC1 in the 
ER and large vesicles (images not shown). KLHL12 overexpression was reported to accelerate 
the ER export of PC1: more cells had secreted PC1 after 30 min of ascorbate treatment when 
KLHL12 was overexpressed, and no significant difference was observed at a later time point (1 
h) after ascorbate treatment 327. Consistent with our previous study, we also observed accelerated 
ER-to-Golgi trafficking of PC1 in KI6 cells 20 min after ascorbate treatment in cells that had 
induced KLHL12 overexpression for 7.5 h (data not shown; 327). KI6 cells secreted PC1 through 
the conventional secretory pathway, shown by the inhibitory effect of brefeldin A (BFA) on the 
export of PC1 into the culture medium (data not shown). Because TANGO1-knockout mice are 
defective in collagen I secretion, we knocked down TANGO1 in KI6 cells and observed a 
decreased level of PC1 secretion, as detected by immunoblots of the culture medium, with a 
corresponding intracellular accumulation of PC1 detected in cell lysates (data not shown; 317). 
 
In a previous study 327 using a polyclonal antibody (LF-67) raised against synthetic human α1(I) 
collagen C-telopeptide 328, the authors observed partial colocalization between PC1 and KLHL12 
but could not unambiguously document that the large COPII vesicles, generated by 
overexpression of KLHL12, carried PC1. In contrast, with the use of two monoclonal antibodies 
raised against N- or C-propeptides of PC1, we observed clear colocalization of PC1 and 
KLHL12 in KI6 cells after 7.5 h of induction (Figure 43A). Puncta positive for both PC1 and 
KLHL12 also colocalized with SEC31A, a subunit of the outer coat of COPII vesicles (Figure 
43B). 
 
We reasoned that if large COPII vesicles are functional secretory transporters of collagen, they 
should also contain HSP47, a collagen-specific chaperone. HSP47 binds to the triple helical 
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region of PC in the ER and promotes the correct folding of trimerized PC 329–334.  HSP47 
accompanies PC to the ER–Golgi intermediate compartment (ERGIC) or cis-Golgi membrane, 
where it dissociates because of a lower pH, after which it is recycled back to the ER via its C-
terminal RDEL sequence 335,336. We found that HSP47 colocalized with the large COPII vesicles 
as visualized by triple IF labeling of HSP47, SEC31A, and KLHL12 in KI6 cells, consistent with 
a role for the large COPII vesicles as secretory carriers of PC1 (Figure 43C). 

 
Figure 47: Large COPII vesicles colocalize with PC1. (A) PC1 (green) and KLHL12 (red) 
colocalize in KI6 cells that were treated with doxycycline for 7.5 h to induce the expression of 
KLHL12. Images shown are mean intensity projected views of a z-stack shown for each and 
merged channel. Red arrowheads indicate KLHL12-positive puncta, whereas white arrowheads 
indicate colocalized puncta. Rightmost panel shows 3D view of KLHL12 puncta obtained from 
the z-stack using the Spot feature in Imaris 8.1.2. An example of colocalizing yellow puncta is 
indicated by a white arrowhead, and KLHL12-positive puncta not colocalizing with PC1 is 
indicated by a red arrowhead. Total number of KLHL12-positive puncta determined in the z-
stack was 27, and 78% of these spots were positive for PC1 calculated using CoLoc feature in 
Imaris 8.1.2. (B) PC1 (green), KLHL12 (magenta), and SEC31A (red) colocalize in KI6 cells 
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(white arrowhead). DAPI is shown in blue. Half of the total number of KLHL12-positive puncta 
(n = 14) were positive for PC1 and SEC31A. (C) HSP47 (green), KLHL12 (red), and SEC31A 
(magenta) colocalize in KI6 cells (white arrowhead). Of the total number of KLHL12-positive 
puncta (n = 24) counted in 11 cells, 79% were positive for both SEC31 and HSP47. Bars, 10 µm. 
n = 3. 
 
Given that conventional confocal microscopy images revealed colocalized diffraction-limited 
puncta with no discernible morphological details, we sought to resolve these structures using 
STORM imaging and correlative light and electron microscopy (CLEM). With 3D STORM 
analysis, we observed large, hollow, cage-like COPII structures that were 300–1,000 nm in 
diameter, using a SEC31A antibody and a secondary antibody conjugated with Alexa Fluor 647 
fluorophore in KI6 cells induced for the overexpression of KLHL12 (Figure 44A). A virtual z-
stack of a single structure confirmed the cage-like COPII protein localization completely 
surrounding a cavity in three dimensions. Similar analysis was conducted on vesicles 
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immunolabeled with FLAG antibody, which targeted the overexpressed KLHL12-FLAG, and 
large hollow cages that were 300–1,000 nm in diameter were also observed (Figure 44B). 
 

 
Figure 48: Large COPII vesicles are hollow membranous containers. 3D STORM images of 
large SEC31A (A) or KLHL12-FLAG (B) puncta marked as red arrowheads in KI6 cells after 
7.5-h induction. Position in depth (z axis) is represented by color according to the color bar in Ai 
and Bi. (i) Overview of an area of the cell imaged by STORM: SEC31A (A) or FLAG (B). (ii) 
Magnified maximum xy projection of a large SEC31A (A) or FLAG (B) structure. Virtual cross 
sections of this structure in XZ (iii) and YZ (iv) planes reveal a hollow compartment 
encapsulated by SEC31A (A) or KLHL12-FLAG (B). (C) CLEM-resolved overlapping 
immunofluorescent PC1 (green; i) and SEC31A (red; ii) puncta as single membrane-bound 
compartments in cultured Saos-2 cells expressing endogenous levels of PC1 and KLHL12. (iii) 
Representative cell showing colocalizing puncta (n = 36; an example was indicated by white 
arrowhead) was processed for CLEM. Image shows overlay of the merged fluorescent channels 
(green and red) on a thin-section (70-nm) TEM image (Z1-11). Serial sections of 70-nm 
thicknesses through structure of interest. (iv) Magnified view of lipid bilayer from an area of the 
single membrane enclosing the organelle. n = 2. Bars: (Ai) 1 µm; (Bi) 1 µm; (Aii–Aiv) 200 nm; 
(Bii–Biv) 200 nm; (Ci–Ciii) 1 µm; (Z1–Z11) 100 nm; (Civ) 10 nm. 
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We observed a similar morphological feature by CLEM on regions of colocalized endogenous 
PC1 and SEC31A without KLHL12 overexpression in human osteosarcoma Saos-2 cells, a cell 
line that secretes endogenous PC1 (Figure 44C; 337). Correlative serial thin-section EM revealed 
that fluorescent puncta containing colocalized PC1 and SEC31A were large, single membrane–
bounded compartments and were not clusters of small vesicles. These correlated structures were 
spherical to ovoid in shape and 350 nm to 1.7 µm in diameter, decorated with what may be 
remnants of coat protein. Collectively, the diffraction-limited PC1 and COPII colocalized puncta 
were resolved by STORM and CLEM to be large protein-coated, single membrane–bounded 
containers. 
 
PC1 is completely encapsulated in large COPII-coated membranes 
 
We next sought to dissect the precise localization of PC1 with respect to the COPII coat within 
puncta that showed colocalization of the two markers. To achieve this, we performed dual- and 
triple-color 3D STORM imaging on SEC31A/PC1 colocalizing puncta from cells with 
overexpressed and endogenous levels of KLHL12. Large COPII cages with hollow cavities were 
observed in KI6 cells (Figure 45, Aix), consistent with our observation using single-color 
STORM (Figure 44, Aiii and Aiv), and PC1 was resolved to be inside of the hollow cavities, 
entirely encapsulated by the COPII cage (Figure 45, Av–Ax). This was also evident in 
KLHL12/SEC31A/PC1 colocalizing puncta in Saos-2 cells, where endogenous KLHL12 and 
SEC31A was found surrounding the endogenous PC1 (Figure 45, Bvi–Bxiii). The appearance of 
confined labeling of the PC1 fiber in relation to the expansive COPII coat may reflect a restricted 
orientation of the fiber within the vesicle or steric hindrance of the PC1 monoclonal antibody by 
the polyclonal antibody used to label the coat. In contrast, we did not observe PC1 in canonical 
COPII cages ranging in size from 80 to 100 nm (Figure 45, Aii–Aiv). Interestingly, we also 
observed puncta that appeared to have the COPII coat only partially enveloping PC1, possibly 
representing an intermediate in the shedding of COPII subunits or a nascent budding event at the 
ERES (Figure 45, Bii–Bxiii; and Figure 46A–C). 
 
Additional work from ref. 302 omitted here focused on the development of a cell-free reaction for 
the generation of enlarged COPII vesicles.  Briefly, a reaction was adapted from refs. 304,338 in 
order to detect the formation of transport vesicles budding from ER membranes.  Donor ER 
membrane was purified and incubated with COPII proteins and other necessary components for 
vesicle budding.  Lipid vesicles were separated by size by high-speed centrifugation.  Different 
fractions obtained from this assay (corresponding to lipid vesicles of varying size) were assayed 
for protein content.  Performing the cell-free assay with fluorescently labeled PC1 and COPII 
coat components further enabled their visualization by structured illumination microscopy.  
Vesicles generated in the cell-free reaction were shown to contain PC1 within a COPII coat.  
Due to sample preparation difficulties and fluorophore limitations, these vesicles were not 
imaged by STORM microscopy. 
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Figure 49: PC1 is completely encapsulated in large COPII-coated vesicles. (A) Two-color 3D 
STORM revealed PC1 (cyan) residing inside of large SEC31A (magenta) cages in KI6 cells after 
7.5 h of induced KLHL12 overexpression. (i) Overview of an area of the cell imaged by 
STORM. Small (80- to 100-nm-diameter) canonical SEC31A puncta did not colocalize with PC1 
(0%, n = 76 puncta, n = 8 experiments). Examples in dashed inset are magnified in ii as merged 
image, in iii as SEC31A, and in iv as PC1. Large SEC31A puncta of diameter larger than 300 nm 
colocalized with PC1 (76.3%, n = 36 puncta, n = 8 experiments). An example in solid inset is 
magnified in v as merged image, in vi as SEC31A, and in vii as PC1. A virtual cross section in 
the xz plane of the large COPII vesicle is shown in viii as merged image, in ix as SEC31A, and 
in x as PC1. (B) Triple-color 3D STORM imaging shows endogenous PC1 (cyan) encapsulated 
by endogenous KLHL12 (yellow) and SEC31A (magenta) in Saos-2 cells grown at steady state. 
xy maximum projection of the overview is shown in i and of a magnified vesicle in ii–v. Virtual 
cross sections in the xz plane are shown in x–xii and yz in vi–ix. Merged three-color channel is 
shown in i, ii, vi, and x; SEC31A in iii, vii, and xi; PC1 in iv, viii, and xii; and KLHL12 in v, ix, 
and xiii. Bars: (Ai) 1 µm; (Bi) 2 µm; (magnified views) 100 nm. 
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Figure 50: Large, partially COPII-coated PC1 carriers observed by STORM. Saos-2 cells were 
grown at steady state and immunostained for PC1 (cyan), SEC31A (magenta), and KLHL12 
(yellow). (A) Two examples of half-coated spheres are shown in magnified virtual cross 
sections. (B) Two examples of PC1 surrounded by patchy coats in xy maximum projection, and 
virtual cross sections in xz and yz planes in Saos-2 cells. (C) Schematic illustration of nascent 
budding events (i) observed in A and COPII vesicles in the process of decorating (ii) observed in 
B. PC1 is drawn in blue, COPII coats in magenta, and KLHL12 in yellow. Scale bars: 100 nm 
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TANGO1, cTAGE5, and SEC12 are co-packaged into large COPII carriers along 
with PC1 
 
The large transmembrane protein TANGO1 is poised to be a COPII receptor for large PC cargo 
as it interacts with COPII and PC on opposite sides of the ER membrane (Figure 47A) 
272,316,320,322,339. To test whether TANGO1 is incorporated into COPII carriers with large cargos, 
we used the previously described cell-free reaction to generate large COPII-coated PC1 carriers 
from purified components 302,340. Following the completion of the reaction, an alternative 
purification method was used, where donor membrane was sedimented in a 10min centrifugation 
at 7000xg, and vesicles in the supernatant were separated from soluble components by buoyant 
density flotation in a step gradient (Figure 47B). Consistent with our previous report 302, the large 
cargo PC1, the collagen-specific chaperone HSP47, and the control COPII cargos ERGIC53 and 
SEC22B were observed in the floated fraction produced in a reaction containing membranes, 
COPII and nucleotide (Figure 47C). Cargo capture was dependent on COPII, and it was reduced 
in an incubation containing a GTPase mutant, SAR1 H79G (Figure 47C). Thus, the COPII-
dependent generation of PC1 carriers was recapitulated in the cell-free assay. 
 
Under optimal conditions of temperature and recombinant COPII proteins, all three components 
of the TANGO1/cTAGE5/SEC12 complex were detected by immunoblotting in the floated 
fraction 339 (Figure 47A,C). The amount of TANGO1, cTAGE5, and SEC12 detected in the 
floated fraction decreased when recombinant COPII was omitted or when the SAR1B H79G 
mutant was used in place of wild-type SAR1B. Notably, the export of PC1 and proteins 
implicated in PC1 secretion, namely HSP47, TANGO1, cTAGE5, and SEC12, showed a higher 
dependency on recombinant COPII compared to cargos of conventional small COPII vesicles, as 
more dramatic decreases were observed in PC1, HSP47, TANGO1, cTAGE5 and SEC12 when 
recombinant COPII was omitted from the reaction (Figure 47C, compare lanes 2 from the left to 
the rightmost lanes). Thus, the export of TANGO1, cTAGE5 and SEC12 share the requirements 
for sorting into large COPII carriers along with PC1 and standard cargo. To test whether 
TANGO1 was incorporated into large COPII carriers in cells, we performed 
immunofluorescence labeling of TANGO1 and KLHL12 in KI6 cells induced for 7.5h as before. 
Large, hollow spheres of KLHL12 >300nm in diameter were observed, as previously reported 
[203], with TANGO1 contained within the large COPII carriers (Figure 47D). The super-
resolution visualization and cell-free biochemical results thus confirm each other. 
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Figure 51: TANGO1 is co-packaged with PC1 into large COPII carriers. (A) Schematic 
representation of TANGO1’s domain structure with information on relevant interactions. The N-
terminal SH3 domain interacts with the PC-specific chaperone HSP47 which binds to folded PCs 
320. The coiled-coil (CC) domains of TANGO1 form a stable complex with cTAGE5 and SEC12 
272,321,339. The proline-rich domain (PRD) of TANGO1 interacts with the COPII inner coat 
protein SEC23 316,322. (B) Scheme depicting the isolation of COPII carriers from cell-free 
budding reactions as previously described 321,341. Briefly, COPII vesicles were generated by 
incubating a reaction containing donor membrane prepared from IMR-90 cells, purified 
recombinant COPII proteins (1µg of SAR1B wt or H79G, 1µg of SEC23A/24D, 1µg of 
SEC13/31A), nucleotides, and 2µg/µl HT1080 cytosol at 30°C for 1h. Vesicles in 7000xg 
supernatant fractions from budding reactions were isolated by flotation. (C) TANGO1, cTAGE5, 
and SEC12 in COPII carriers were detected by immunoblotting aliquots of the top float 
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fractions of reactions conducted under different conditions. Donor membrane (DM) was included 
as an input control. PC1 and HSP47 are captured into large COPII-coated PC1 carriers and serve 
as positive controls for large COPII carriers. ERGIC53 and SEC22B are found in conventional 
COPII vesicles and serve as further controls for COPII vesicles. Ribophorin I is an ER resident 
protein that serves as a negative control. (D) Dual color 3D-STORM images of a KI6 cell 
containing multiple large COPII coated vesicles. Overview of the cell is shown in (i), and inserts 
are enlarged and shown in (iixiii). TANGO1 (magenta) co-localized with KLHL12-FLAG 
(green) which coats large COPII vesicles in XY maximum projections (ii,iii,vi,vii,x,xi) or XZ 
cross-sections (iv,v,viii,ix,xii,xiii). Scale bars: 5µm in D i; 500nm in D ii-xiii. 
 
SEC12 is localized around PC1 in large COPII structures 
 
Our fractionation (Figure 47C) results in combination with confocal microscopy (data not 
shown) data indicate that SEC12 localizes to enlarged COPII vesicles.  We then sought to 
resolve the large SEC12 puncta observed by confocal microscopy using STORM imaging. Three 
classes of ultra-structures were revealed when large SEC12 puncta over 300nm in diameter were 
examined in 3D (Figure 48A). The first class of large SEC12 structures were hollow spheres, 
similar to what we previously observed for coat component SEC31A in large COPII carriers 302 
(Figure 48A iii). To study the location of PC1 and the COPII coat with respect to SEC12, we 
performed three-color 3D STORM imaging on large SEC12/PC1/SEC31A puncta (Figure 48B 
iii). PC1 was resolved to be inside of hollow cavities and entirely encapsulated by SEC12 and 
SEC31A, suggesting that these SEC12 hollow spheres were large COPII-coated PC1 carriers 
(Figure 48C iii). The second class of large SEC12 structures were cup-shaped structures (Figure 
48A ii), which were also previously reported with SEC31A (11). These structures appeared to be 
nascent budding events at the ERES, as the cup-shaped SEC12/KLHL12 co-localized structure 
only partially enveloped PC1 (Figure 48B ii; C ii). A third class of large SEC12 structures 
appeared to be flat discs with little curvature (Figure 48A i), which were not observed when the 
localization of the COPII outer coat protein SEC31A was analyzed by 3D-STORM. Although 
these SEC12 flat discs co-localized with PC1 without a discernible pattern in maximum XY 
projections, PC1 localized to only one side of the SEC12 flat discs when the 3D structure was 
examined (Figure 48B i). The SEC12/PC1 flat discs possibly represented PC1-containing ERES 
before the recruitment and activation of SAR1 (Figure 48C i), which would explain why little 
SEC31A was observed overlapping with SEC12, given that the SEC13/31 outer coat is recruited 
after the activation of SAR1 and the recruitment of the inner coat 303. These 3D-STORM data 
supported our biochemical analyses of large COPII-coated PC1 carriers generated in a cell-free 
reaction. 
 
As an essential transport vehicle of the early secretory pathway, COPII vesicles are of 
strikingly uniform and small size. In search of a mechanism to explain the genetic requirement 
for COPII to secrete large cargo like PC1 307,308, we have demonstrated here the existence of 
large COPII vesicles and established them as bona fide carriers of PC1.  We then examined their 
molecular composition and discovered that TANGO1, cTAGE5, and SEC12 are co-packaged 
with PC1 into COPII carriers (Figure 47, Figure 48). The ER export of TANGO1 was further 
supported by the detection of TANGO1 in large COPII-coated carriers in cultured cells as 
visualized by STORM and the elucidation of a recycling pathway (data not shown). Further, we 



125 

provide evidence to suggest that TANGO1 may mediate the sorting of SEC12 to PC1-containing 
ERES as a novel mechanism to increase the size of COPII carriers (Figure 48). 
 

 
Figure 52: SEC12 is localized around PC1 throughout large COPII vesicle formation. (A) 3D 
STORM images of single color large SEC12 (cyan) puncta collected from Saos-2 cells. Three 
representative examples from three classes of ultra-structures (i-iii) are shown in magnified 
maximum XY-projection (left), virtual cross-sections in XZ (middle), and YZ (right). (B) Three 
color 3D STORM images of large COPII structures in KI6 cells: SEC12 (cyan), PC1 (magenta), 
and COPII coat subunit SEC31A (green in Bi, Biii) or KLHL12 (green in Bii). Representative 
examples of three classes of ultra-structures (i-iii) are shown in three-color merged maximum 
XY projection (left), three-color merged virtual cross-sections (middle), and two-color merged 
virtual cross-sections of SEC12 (cyan) and PC1 (magenta) (right). (C) Schematic illustrations of 
three classes of ultra-structures of SEC12 arranged in putative time progression: (i) enrichment 
of SEC12 (cyan) around PC1 (magenta) containing ER; (ii) nascent large COPII (green) budding 
event where SEC12 localizes around membrane-containing PC1; (iii) free large COPII-coated 
PC1 carrier with enriched SEC12. Scale bars: 500nm 
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The large transmembrane protein TANGO1 is essential for the secretion of large cargo including 
members of the collagen family 316,317.  ER export of TANGO1 was examined previously using a 
cell-free reaction that supported the generation and detection of small COPII vesicles 316. As 
TANGO1 was not detected in isolated COPII vesicles, the idea emerged that TANGO1 served to 
package but not to accompany collagen out of the ER, thus not serving the traditional role of a 
stoichiometric sorting receptor 316. However, the capture of the large cargo into COPII carriers 
was not probed in early studies, hence a mechanism of sorting mediated by TANGO1 remained 
elusive 316. Here, we utilized an improved method that allowed the detection of large COPII-
coated PC1 carriers generated in a cell-free reaction 302,340. In the present study, using this 
approach, we demonstrated the COPII dependent co-packaging of TANGO1 with PC1 into 
COPII carriers (Figure 47). This result was confirmed by the detection of TANGO1 on large 
COPII structures in PC1 secreting cells as visualized by STORM and the COPI-dependent 
recycling of TANGO1 (data not shown). Together, these data make a compelling case for a 
TANGO1-based sorting mechanism by its co-packaging into large COPII vesicles. 
 
Additional work from 32 devised a split-GFP targeting assay to concentrate SEC12 around PC1-
containing ER membrane.  Besides the visual evidence provided by STORM imaging, this 
targeting assay provides a causal link between SEC12 accumulation and increased COPII coat 
size. In this split GFP system, the active targeting of exogenously overexpressed SEC12 with the 
luminal domain of TANGO1 was reconstituted, demonstrating a novel role of TANGO1 during 
ER export of PC1 (data not shown). Under normal circumstances, the endogenous enrichment of 
SEC12 mediated by TANGO1 may be achieved by stoichiometric interaction within the 
TANGO1/cTAGE5/SEC12 complex. One TANGO1 molecule appears to interact with multiple 
cTAGE5 molecules, which in turn may recruit equivalent amounts of SEC12 339. Thus, SEC12 
may be enriched in several fold molar excess in relation to TANGO1 around ER membrane 
containing folded PC1. 
 
11.3 Conclusion 
 
Our combined works investigating procollagen export revealed a novel mechanism of protein 
secretion by which large cargoes are transported from the ER in specially-enlarged COPII 
vesicles.  Multicolor 3D STORM microscopy proved instrumental in not only positively 
identifying these vesicles as true carriers of PC1, but also in establishing roles for the ER 
transmembrane protein Sec12 and the cargo adapter TANGO1 in the mechanism of COPII coat 
enlargement.  Additional work utilized an optimized protocol for the cell-free generation of these 
vesicles to enable their biochemical characterization which corroborated our imaging evidence. 
 
11.4 Methods 
 
Antibodies and plasmids. 
 
Commercially available antibodies used for IF and immunoblotting (IB) were as follows: mouse 
anti-PC1 (clone 42024; QED Biosciences; 1:200 [1 mg/ml stock concentration] for IF); rabbit 
anti-SEC31A (Bethyl Laboratories; for IF, at 1:200 for confocal and 1:2,000 for STORM); 
mouse anti-FLAG (Thermo Fisher Scientific; 1:5,000 for IB); goat anti-FLAG (Novus 
Biologicals; for IF at 1:1,000 for confocal and 1:5,000 for STORM); chicken anti-KLHL12 
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(Novus Biologicals; for IF at 1:200 for confocal and 1:2,000 for STORM); mouse anti-KLHL12 
(clone 2G2; Cell Signaling Technology; at 1:1,000 for IB); rabbit anti-calnexin (Abcam; at 1:200 
for IF); mouse anti-HSP47 (Enzo Life Sciences; at 1:200 for IF and 1:5,000 for IB); sheep anti-
TGN46 (AbD Serotec; at 1:200 for IF); mouse anti-KDEL (clone 10C3; Enzo Life Sciences; at 
1:200 for IF); mouse anti-vinculin (Abcam; 1:5,000 for IB); rabbit anti-TANGO1 (Sigma, St. 
Louis, MO., 1:200 for IF, 1:1000 for IB); rabbit anti-cTAGE5 (Sigma, 1:2000 for IB); and rabbit 
anti-GFP (Torrey Pines Biolabs; at 1:1,000 for IB).  Rabbit anti–ribophorin I, ERGIC53, and 
SEC22B were made in-house and used at 1:5,000 for IB. Rabbit anti–PC1 LF-41, -67, and -68 
antibodies were a gift from L. Fisher (National Institute of Dental and Craniofacial Research, 
Bethesda, MD; Fisher et al., 1989, 1995; Bernstein et al., 1996). LF-67 and LF-68 were raised 
against the same synthetic peptide of the human α1(I) collagen C-telopeptide (aa 1,192–1,218; 
Bernstein et al., 1996), and LF-68 was used at 1:1,000 for IF only to repeat previous studies 
(Mironov et al., 2003; Jin et al., 2012). LF-41 was raised against a synthetic peptide of the C 
terminus of the human α1(I) collagen (aa 1,443–1,464; Fisher et al., 1989) and was used for all 
anti-PC1 IB at 1:5,000, but not for IF in this study. The mouse anti-PC1 antibody sp1.d8 was 
purified in-house from culture medium of mouse hybridoma cells obtained from Developmental 
Studies Hybridoma Bank at the University of Iowa (Iowa City, IA) using standard procedures 
and used at 3.75 ng/µl for IF. Rat anti-SEC12 was purified from hybridoma clone 6B3 provided 
by the Kota Saito lab (University of Tokyo, Tokyo, Japan) and 1mg/ml aliquots were used 
1:1000 for IB and 1:100 for IF. Expression constructs for SEC31A-YFP, PC-CFP, PC-GFP, and 
pCFP-ER (encodes a fusion protein consisting of enhanced CFP flanked by an N-terminal signal 
peptide of calreticulin and a C-terminal ER retrieval sequence, KDEL) were provided by D. 
Stephens (University of Bristol, Bristol, England, UK). 
 
Cell culture, transfection, and drug treatments. 
 
Human lung fibroblasts IMR-90 and svIMR-90 (IMR-90 immortalized with SV-40) were 
obtained from Coriell Cell Repositories at the National Institute on Aging, Coriell Institute for 
Medical Research. Human osteosarcoma Saos-2 and U-2OS and human fibrosarcoma HT-1080 
were obtained from ATCC. IMR-90, svIMR-90, Saos-2, U-2OS, and HT-1080 were maintained 
in DMEM plus 10% FBS (GE Healthcare). The HT-PC1.1 cell line was generated from HT-1080 
as previously described (Jin et al., 2012) by stable expression of COL1A1 in a pRMc/CMV 
plasmid (gift from N. Bulleid, University of Glasgow, Glasgow, Scotland, UK) and maintained 
in 0.4 mg/ml G418. The doxycycline-inducible KLHL12-3xFLAG stable cell line (KI6) was 
generated through sequential clonal selection of HT-PC1.1 cells that stably integrated 
pcDNA6/TR and KLHL12-3xFLAG in a pcDNA5/FRT/TO vector (Flp-In T-REx Core kit; 
Thermo Fisher Scientific) and were selected in the presence of 6 µg/ml blasticidin and 0.2 mg/ml 
hygromycin, respectively. Cells were kept in a 37°C incubator with 5% CO2. Transfection of 
DNA constructs into svIMR-90 and KI6 cells was performed using Lipofectamine 2000 as 
detailed in the manual provided by Invitrogen. Transfection of DNA constructs to Saos-2, 
svIMR-90, and U-2OS cells for donor membrane preparation and HEK293T cells for cytosol 
preparation was performed using polyethylenimine (PEI) at a DNA/PEI ratio of 1:3. Ascorbate 
treatment used 0.25 mM ascorbic acid (Sigma-Aldrich) and 1 mM ascorbic-2-phosphate (Sigma-
Aldrich) were used for ascorbic treatment. This concentration was in addition to the amount of 
ascorbic acid present in FBS (0.08 mM) as supplied by the manufacturer. Doxycycline (Sigma-
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Aldrich) was used at 1 µg/ml. BFA (Sigma-Aldrich) was used at 10 µg/ml. Nocodazole (Sigma-
Aldrich) was used at 5 µM. 
 
Immunofluorescence. 
 
Cells growing on poly-l-lysine–coated glass coverslips were fixed in 4% PFA for 20 min at RT 
or 30 min at 4°C, washed five times with PBS, and incubated with permeabilization buffer (PBS 
containing 0.1% Triton X-100 and 0.2 M glycine) at RT for 15 min. Cells were incubated with 
blocking buffer (0.5% BSA in PBS) for 30 min at RT followed by incubation for 1 h each at RT 
with primary antibody and then secondary antibody. Antibody incubations were followed by five 
washes with PBS. Coverslips were mounted in ProLong-Gold antifade mountant with DAPI 
(Thermo Fisher Scientific) overnight, before imaging. Images were acquired using Zen 2010 
Software on an LSM 710 confocal microscope system (ZEISS). The objectives used were Plan-
Apochromat 100×, 1.4 NA, and Plan-Apochromat 100×, 1.4 NA. The excitation lines and laser 
power used were 488 (4%), 543 (6%), 405 (2%), and 633 (6%). Colocalization analysis was 
performed using the spots detection algorithm in the image-processing module Imaris 8.1.2. In 
brief, a total number of KLHL12 labeled puncta in the z-stack was obtained, and the percentage 
of puncta positive for both KLHL12 and PC1 was calculated. 
 
Immunoblotting. 
 
Standard immunoblotting procedures were followed. In brief, samples were heated at 65°C for 
10 min, resolved on 4–20% polyacrylamide gels (15-well, Invitrogen; 26-well, Bio-Rad 
Laboratories), and transferred to PVDF (EMD Millipore) at constant 0.15A for 16 h. The PVDF 
membrane was incubated with antibodies (primary for 2.5 h and secondary for 1 h at RT), and 
bound antibodies were visualized by the enhanced chemiluminescence method (Thermo Fisher 
Scientific) on a ChemiDoc Imaging System (Bio-Rad Laboratories) with ImageLab software 
v4.0 (Bio-Rad Laboratories). 
 
Immunoelectron microscopy. 
 
KI6 cells were grown on 35-mm glass-bottom dishes (MatTek Corp.) and fixed with 4% PFA 
and 0.05% glutaraldehyde for 30 min. Cells were washed with PBS and incubated with blocking 
buffer (0.5% BSA and 0.02% saponin in PBS) at RT for 20 min. Primary antibody labeling was 
done at RT for 1 h followed by overnight incubation at 4°C in the presence of saponin. 
Secondary antibody labeling (1:50 dilution of 1.4 nm Nanogold-conjugated goat anti-mouse Fab′ 
fragment; Nanoprobes) was done at RT for 2 h. The Nanogold particles were gold enhanced in 
the dark for 5–7 min per the manufacturer’s instructions using GoldEnhance (Nanoprobes). Cells 
were postfixed with 1% osmium tetroxide and processed for thin-section EM. 
 
Correlative light and electron microscopy. 
Saos-2 cells were grown on gridded 35-mm glass-bottom dishes (MatTek Corp.) and fixed with 
PFA (4% in culture medium; Electron Microscopy Sciences). The cells were processed for IF as 
described earlier with the exception that 0.02% saponin was used as the permeabilizing agent, a 
concentration well below the established protocol, which typically uses 0.1% saponin (Mironov 
et al., 2005). The cells (in PBS) displaying colocalized PC1/SEC31A spots were imaged at RT 
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on a Zeiss 710 confocal microscope using a C-Plan Apochromat 63×/1.2 W objective followed 
by marking the alphanumeric location using a 5×/0.12-NA objective. A z-stack series of the cell 
of interest was also collected using Zen 2010 software. The cells were then fixed for 30 min in 
0.1 M cacodylate buffer, pH 7.2, containing 2% glutaraldehyde and washed with 0.1 M sodium 
cacodylate buffer before postfixation with 1% osmium tetroxide for 30 min on ice. This was 
followed by staining with 1% aqueous uranyl acetate for 30 min at RT. For dehydration with 
progressive lowering of temperature, each incubation period was 10 min, with exposure to 35% 
ethanol at 4°C, 50% ethanol and 70% ethanol at −20°C, and 95% and 100% ethanol at −35°C. 
Cells were restored to RT in 100% ethanol before embedding in an epon resin. The cell of 
interest was identified by the grid location on the resin and thin (70- to 100-nm) serial sections 
were collected on Formvar-coated 200-mesh copper grids and poststained with 2% aqueous 
uranyl acetate and 2% tannic acid. The sections were imaged at 120 kV using a Tecnai 12 
Transmission Electron Microscope (FEI). Regions of interest were identified manually by 
correlating the z-slices of the confocal stack with the serial sections and laying the fluorescent 
image over the TEM image by marking down prominent cell landmarks such as the nuclear 
boundary, vacuoles, and mitochondria. The overlay was confirmed using the Icy software 
package 342. 
 
STORM imaging. 
 
The STORM imaging and 3-color analysis methods used in these experiments are described in 
Section 9.4 STORM methods in this dissertation, and as described in ref. 31 
 
 
 Conclusion 
 
 
The work described in this dissertation broadly describes efforts to both improve the multicolor 
and functional imaging abilities of STORM microscopy, as well as specific applications of 
multicolor super-resolution imaging methods to the study of various biological systems.  In the 
first part, we first raised the problem of facile multicolor STORM imaging, owing largely to the 
lack of suitable synthetic dyes spanning a broad range of the fluorescence spectrum, and to 
difficulties in reliable nanoscale alignment between image channels in sequential multicolor 
imaging modalities.  To overcome these difficulties, we implemented a split-emission approach 
to simultaneously image up to three spectrally close dyes, with color assignment by calculation 
of their intensity ratios between two separate emission windows.  We then developed a new 
method for the simultaneous localization and spectral measurement of single molecules in the 
wide field by inserting a dispersive prism into one of two light paths in a split emission setup. 
We first applied this method in a dual-objective scheme to the improved color assignment of 
spectrally close dyes, and then implemented a single-objective scheme which, combined with the 
solvatochromic dye Nile Red, enabled the study of local heterogeneity in cellular membranes, 
and of the coupled spatial organization and polarity of chemical adlayers on surfaces. 
 
In the second part, we demonstrated a cross-section of the kinds of biological insights that can be 
gleaned through multicolor STORM imaging.  These included the study of complex cytoskeletal 
structures and their associated protein machinery, the identification of novel organizations of 
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membrane ion channels in sperm cells, and the preservation and visualization of fragile, transient 
intracellular membrane-based structures.  We concluded this section with a look at how 3-color 
STORM in particular shed light on a mechanism for a newly discovered pathway in a well-
known protein trafficking system. 
 
Together, these works are reflective of two kinds of flexibility inherent in STORM imaging: 
first, the modular nature of the optical setup, by which new components can be easily introduced 
to enable more powerful discoveries, and second, the ease with which STORM microscopy can 
be applied to a wide range of samples, including live cells.  Still a relatively young field, its 
further development will almost certainly go hand in hand with the visualization of an even 
broader range of biological systems at the nanoscale.  We hope that the studies described here 
can inspire a new generation of STORM users to further develop the technique and make new 
biological discoveries. 
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