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Abstract

The key to understanding protein dynamics, localizations, and macromolecular architectures lies
largely in intra-cellular visualization. Many of the limitations we face today are due to our
inability to adequately label our protein of interest. Herein we describe solutions to some of these
barriers through an improved super-resolution labeling technique. We further use our newly
elaborated knock-in strategies to investigate the kinetics of endogenous protein kinase A (PKA)
responses to beta-adrenergic signaling, and investigate newly observed recruitment of the
endogenous kinase.
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Chapter 1: Introduction

Congestive Heart Failure (CHF) affects hundreds–of–thousands of people each year, leading to
millions of hospitalizations and amounting to billions of dollars in hospital charges [1, 2]. While
advancements in medical treatments over the past ten years have decreased the mortality rates,
there remains a need for improvement. Beta-blockers, drugs antagonizing beta- adrenergic
receptors (bARs), are among the primary therapies for mild-to-moderate heart failure [2]. These
receptors have been extensively studied, such that adrenergic agonists and antagonists now
compose the largest class of prescribed drugs for CHF, hypertension and asthma [3].
Unfortunately, these drugs usually lead to a decline in patient health before recovery begins,
likely due to the high similarity between the adrenergic receptor family and their ubiquity
throughout the body. Further therapeutic improvements are hindered by our lack of mechanistic
understanding of both the drugs and the fundamental adrenergic signaling pathways.

Beta-Adrenergic Signaling
In the heart, bARs (1, 2, and 3) work in concert to control rate and strength of contraction, and
speed of relaxation, by responding to catecholamine hormones [4]. Beta-2 adrenergic receptor
(b2AR) is responsible for the “flight or fight” response. In the failing heart, the stoichiometric
balance between these three receptors is disrupted and there is an up-regulation of b2AR such
that it becomes the primary catecholamine receptor [2]. Beta-blockers are administered to
decrease over-stimulation from occurring.
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Canonically, plasma-membrane bound b2AR is agonist-activated, leading to interactions with the
Galpha-s-protein, initiating a cascade that increases cyclic adenosine monophosphate (cAMP)
concentrations and therefore activates Protein Kinase A (PKA), as diagramed in Figure 1. The
catalytic component of PKA is then free to phosphorylate its downstream effectors.
Concurrently, G-Protein coupled Receptor Kinase-2 (GRK2) phosphorylates b2AR on distinct
residues, desensitizing the receptor such that signaling is terminated. Phosphorylation by GRK2
is required for the receptor to bind beta-arrestin; only after this interaction, can b2AR be
internalized and recycled or degraded [5]. It was long thought that the b2AR:arrestin complex
trafficked to clathrin coated pits as a unit, and was subsequently internalized, but recent works
suggest beta-arrestins’ (arrestins 2 and 3) ability to interact with the pits directly [6]. It is
proposed that these arrestins act as endocytic adaptor proteins by interacting both with
phosphorylated receptor and with the lattice clathrin structure. Further, work from the last ten
years also shows that beta-arrestin is a signaling molecule in itself, alternate to Galpha-s-protein,
which can be independently stimulated [7].
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Figure 1: Diagram of b2AR canonical model. Left most cartoon shows the canonical
resting state. Center is after b2AR has been stimulated. Right panel, cartoons the
beginning of receptor desensitization.
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This model is further complicated by recent demonstrations that both b1AR and b2AR can signal
not only from the plasma membrane but also from internal cellular compartments [8, 9] – b1AR
from the Golgi and b2AR from endosomes. This begs the questions: what is the purpose of
intracellular signaling? Are the other adrenergic signaling components also internalized?
Finally, are the signaling complexes the same in all these locations?
To effectively study these questions, we seek to interrogate the location and movement of
receptors and related proteins with minimal perturbation to the system. Therefore, we will
employ light-microscopy, as the complexes must be studied in whole cells, not in vitro. It would
not be possible to accurately reconstitute the membrane, endocytic environment and all
downstream effectors necessary.

Super-resolution microscopy
The 2014 Nobel Prize in Chemistry was split between three men: Eric Betzig, Stefan Hell, and
William E. Moerner. It was awarded for their pioneering work in the realm of super-resolution
microscopy. Many of the cellular processes and/or structures needing study are below the
defraction limit of light. The ability to get beyond this barrier, to “super-resolution”, depends on
a mix of special fluorophores, clever tricks and statistics [10, 11].
There are two over-arching conceptual methods to achieve this goal. One group of methods
modifies the shape of the actual point spread function (PSF) such as is done in stimulated
emission depletion (STED) and structured illumination microscopy (SIM), while the other group
3

purely limits the concentration of PSFs present such as is done in single-molecule localization
based methods, commonly known as stochastic optical reconstruction microscopy (STORM) or
photoactivated localization microscopy (PALM) (for simplicity, the rest of this thesis will refer
to this group of methods just as STORM). The work in Chapter 2 and Appendix A involves
STORM.

Figure 2: STORM method. Left most panel shows a cell membrane with diffraction
limited labeling. Center-left, shows a single frame of diffraction limited point spread
functions, which will be iterated 20-30 thousand times. Center-right panel is the superresolution reconstruction (scale bar for left three panels is 5µm). The right most panel is a
zoomed in view of the super-resolution reconstruction (scale bar is 1µm).

STORM relies on specific fluorophores that, when activated with the appropriate wavelength,
power and buffer conditions, will blink on and off. This way, we can constrain the system such
that roughly 1% of the fluorophores present are actually giving off photons in a single frame. By
stochastically activating this small subset of the fluorescent molecules per frame, we can
determine the position of each molecule with high precision. This process is iterated thousands
of times to allow super-resolution image reconstruction using the calculated molecule positions
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[12]

. Unfortunately though, it is this highly stochastic blinking that makes Quantitative STORM

(qSTORM) a challenge, as will be discussed in Appendix A.

Light-microscopy and labeling
While there have been great advances in light-microscopy over the last several years, labeling of
proteins of interest remains a primary challenge [13, 14]. The two most common ways to visualize
a protein are immunostaining using antibodies in fixed cells, or overexpression of a fusion
protein in live cells; both these techniques introduce hurdles and caveats.
The most obvious caveat of immunostaining is the lack of good antibody availability. The
definition of “good” becomes especially stringent in super-resolution microscopy, due to the
increased resolution; antibodies must have high labeling efficiency while giving minimal
background signal. The next large challenge is the need to fix and permeabilize cells, which can
be especially problematic in the study of membrane proteins, such as the adrenergic receptors.
Further, the relatively large size of antibodies can lead to discrepancies in localization precision
(when using super-resolution microscopy methods) and hinder the antibody’s ability to bind
proteins in tight complexes [15].
Over-expression of a fusion protein overcomes these challenges, but the study is no longer on the
endogenous proteins. Imbalances in protein expression coupled with the now-increased size of
our protein, could affect localization and dynamics, causing additional artifacts. Finally,
fluorescent proteins are significantly dimmer than the organic dyes available in immunostaining.
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Genome editing for endogenous labeling
To mitigate some these labeling challenges, we developed a protocol for efficient genome editing
using CRISPR/Cas9 to target an epitope tag to our gene of interest. This protocol, or variations
thereof, will be used in Chapters 2 and 3, so I will describe it here in some detail [16, 17].
After the identification of the coding region for our protein of interest, we order single stranded
DNA sequences, just 200 nucleotides long, to be integrated into the genome via homology
directed repair (HDR). Because these sequences are so short, we are able to have them
synthesized commercially. Then a single guide RNA (sgRNA) is made by reverse-transcribing
the cognate DNA sequence. The sgRNA, donor DNA, and purified Cas9 protein are then
electroporated into the nucleus of the cells. Because our methods involve the integration of a
fluorescent protein, we are able to easily sort the positive cells via fluorescence activated cell
sorting (FACS), after several days of recovery.

Split protein labeling
The knock-in of a large full-length fluorescent protein is rather inefficient and often
unsuccessful. For this reason, our methods use split-proteins instead. Green Fluorescent Protein
(GFP), the brightest and most commonly used fluorescent protein, has an 11-beta strand betabarrel and a central alpha-helix containing residues that form the chromophore. Waldo et. al.
found that if this protein is split between the tenth and eleventh strands, two independently nonfluorescent halves can be created, which actually reconstitute themselves and fluoresce like fulllength GFP [18].
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By combining this tool with the genomic engineering described above, we are able to
fluorescently label endogenous proteins in live cells. We use GFP11 (just 48 nucleotides long) as
the donor sequence, inserting it at the N- or C- terminus, or in protein loop regions, in cells that
are already stably expressing the GFP1-10 portion in excess.
With more rigorous quantification during my tenure at UCSF, we found that GFP1-10 was not
completely dark. We therefore engineered another green split-fluorescent protein, split
mNeonGreen2 (mNG2) from mNeonGreen (mNG2) [19]. Reconstituted split-mNG2 has a higher
signal-to-background ratio than reconstituted split-GFP, making it appear brighter; it largely
replaces GFP in the work described in Chapter 3.

In Appendix A of this thesis, I will describe the difficulties that accompany Quantitative
STORM (qSTORM) in dense mammalian cell samples, especially as they pertain to the b2AR
signaling pathway. The goal of investigating the nature of b2AR signaling complexes, including
the receptor, G- proteins, beta-arrestin, and proposed scaffolding proteins, and their
stoichiometry, proved to be impossible with available antibodies, and irrelevant in an
overexpressed system. These realizations led to the work of Chapter 2, in which I detail a new
method for endogenous protein labeling for super-resolution microscopy, using CRISPR and
SpyCatcher as tools. Finally, the creation of fluorescently tagged knock in cells for several
members of the beta-adrenergic signaling pathway showed interesting behaviors that warranted
diffraction-limited investigation too. In particular, Chapter 3 focuses on the localization, and
dynamics of endogenous PKA catalytic subunits as well as regulatory subunits, in response to
various b2AR stimuli.
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The wish to understand the fundamental nature of adrenergic signaling and potential signaling
complexes remains. This information is crucial for efficient development of new and improved
CHF drug therapies. Hopefully the work discussed here provides a stepping-stone toward this
goal.
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Abstract
Labeling proteins with high specificity and efficiency is a fundamental prerequisite for
microscopic visualization of subcellular protein structures and interactions. While the
comparatively small size of epitope tags makes them less perturbative to fusion proteins, they
require the use of large antibodies that often limit probe accessibility and effective resolution.
Here we use the covalent SpyTag-SpyCatcher system as an epitope-like tag for fluorescent
labeling of intracellular proteins in fixed cells for both conventional and super-resolution
microscopy. We have also applied this method to endogenous proteins via gene editing,
demonstrating its high labeling efficiency and capability for isoform-specific labeling.
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Introduction and Results
Epitope tags, short peptides that can be recognized by antibodies, are widely used in fluorescent
labeling of fixed-cell proteins for microscopy analysis, especially in the numerous cases where
high-quality antibodies directly against the target protein are unavailable. Because of the small
size of epitope tags, their use in labeling proteins is less likely to perturb fusion protein function
or structural organization compared to using fluorescent proteins or enzymatic tags such as
SNAP-tag [1] and Halo-tag [2]. With recent advancements in genome editing technologies, this
small size also facilitates systematic labeling of endogenous genes [3]. However, despite the fact
that epitope tags are themselves small, their corresponding antibodies are relatively large. As a
result, the staining efficiency is sometimes low due to limited accessibility in tight protein
complexes [4]. Additionally, when labeling cellular proteins for super-resolution microscopy,
which has been demonstrated to be a powerful approach for dissecting the molecular
organization of protein complexes [5], the size of the antibody is a major concern because it is
comparable to the spatial resolution [6]. Although nanobodies (about 1/12 the volume of a full
antibody) against larger tags such as GFP have been proven to be an effective approach in
reducing probe size [7], it is inherently difficult to generate high affinity nanobodies for
unstructured peptides. Therefore, an epitope tag with a small, tight binder [8] is highly desirable.
The SpyCatcher-SpyTag system presents a potential solution to many of these challenges. It was
engineered by splitting the fibronectin-binding protein (FbaB) of Streptococcus pyogenes [9]. The
SpyTag is a 13 amino acid (a.a.) peptide whose aspartic acid forms a covalent isopeptide bond
with a lysine on the 133 a.a. SpyCatcher (Figure 3A). This system has been used in live cells and
purified systems to link multiple proteins together [10]. Taking advantage of this tight covalent
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interaction and the much smaller size of SpyTag compared to antibodies, here we present a
method for protein labeling in fixed and permeabilized cells: tagging either over-expressed or
endogenous target proteins with SpyTag and then staining with dye-labeled SpyCatcher for
fluorescence microscopy, including super-resolution microscopy.
Previously, SpyCatcher and SpyTag have only been used to label extracellular protein loops in
live cells [11]. To examine whether SpyCatcher can function intracellularly in fixed and
permeabilized cells, in a manner similar to classic antibody staining of epitope tags, we overexpressed SpyTag-actin fusion protein in human retinal pigment epithelial cell line RPE-1 and
SpyTag-keratin fusion protein in HeLa cells. Meanwhile, to label the cysteine-free SpyCatcher
with a fluorescent dye, we mutated serine-10 to cysteine, purified this recombinant protein and
labeled it with Alexa Fluor 647 maleimide (Figure 3A). This labeling scheme ensures a 1:1 dyeto-protein ratio, which benefits super-resolution microscopy using single-molecule switching and
localization (commonly known as STORM or PALM) by avoiding the adverse effects of dye-dye
interference from over-labeled far-red cyanine dyes [6]. This stoichiometric labelling holds
additional potential for quantitative analysis of molecule copy numbers [12].
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Figure 3. SpyTag-SpyCatcher labelling of proteins in fixed cells. A) A cartoon of the
process to use SpyTag as an epitope tag for dye-labelled SpyCatcher in fixed cells. B)
Wide-field images of cells stained with SpyCatcher-A647. From left to right: SpyTag-
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actin overexpressed in HEK293T cells, SpyTag-keratin overexpressed in HeLa cells,
SpyTag-H2B overexpressed in HEK293T cells, SpyTag-laminA overexpressed in
HEK293T cells, control HeLa cells, no SpyTag expressed. Scale bars: 5 µm. C)
Compound wide-field and STORM images of SpyTag-actin overexpressed in RPE-1 cells
(left), and SpyTag-keratin overexpressed in HeLa cells (right). Scale bars: 3 µm.

After fixing the cells by 2% paraformaldehyde, blocking by bovine serum albumin, and
permeabilizing with NP40, over-night staining of SpyCatcher-A647 gave high signal in widefield fluorescence images of actin and keratin cytoskeletal filaments (Figure 3B). In contrast,
negative control cells without transfection displayed negligible background staining. The
samples were then imaged with STORM, which clearly resolves actin and keratin fibers that are
overlapped in conventional wide-field fluorescence images (Figure 3C). These results show that
the SpyCatcher can label intracellular SpyTag specifically and efficiently after fixation.
To demonstrate that the SpyCatcher-SpyTag system has sufficient efficiency to detect proteins
expressed at endogenous levels, we took advantage of our previously described method for
systematic knock-in of short DNA inserts into endogenous genes [3]. Briefly, we employ
CRISPR-Cas9 mediated homology-directed repair to introduce a short synthetic single-stranded
DNA oligo into a host cell genome. We tested three target genes: Sec61B, Rab11 and clathrin
light chain A (CLTA) (Figure 4A). In all three cases, we were able to obtain high quality widefield fluorescence images of the endogenous proteins. In particular, the case of Rab11, which
does not have highly effective antibodies for immunofluorescence staining, demonstrates the
usefulness of our method to label endogenous proteins.
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A)
SpyTag-Sec61B

B)

SpyTag-Rab11

SpyTag-CLTA

SpyTag-CLTA

FLAG-tag-CLTA

C)

Figure 4. SpyTag-SpyCatcher labelling of endogenous proteins. (A) Wide-field images
of knock-in HEK293T cells stained with SpyCatcher-A647: SpyTag-sec61B (left),
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SpyTag-rab11 (center), SpyTag-CLTA (right). Scale bars: 5 µm. (B) Comparison of
wide-field and STORM images of endogenous CLTA labelled by SpyTag knock-in and
SpyCatcher staining (left), and by FLAG-tag knock-in cell and anti-FLAG-tag indirect
immunofluorescence. Scale bars and grids: 3 µm for wide-field and zoomed-out STORM
images, 100 nm for zoomed inserts. (C) Quantification of number of localization points
per clathrin structure (n = 72 clusters in either condition). Right panel shows an example
STORM image overlaid on its corresponding wide-field image used for identifying
clathrin structures. Scale bar: 1 µm.

For the case of CLTA knock-in, we compared its labeling using SpyTag and the widely used
FLAG-tag. The two tags were knocked in to the same genetic locus and stained by SpyCatcherA647 and anti-FLAG M2 antibody (then Alexa Fluor 647 labeled secondary antibody),
respectively. SpyTag-CLTA cells produced STORM images that clearly revealed the shape of
clathrin-coated pits (Figure 4B). Indeed, comparing the A647 signal with the signal from the coknocked-in GFP marker suggest nearly complete labelling of SpyTag by SpyCatcher, although
more careful controls and calibrations are needed to provide an accurate measurement of
SpyCatcher labelling efficiency. FLAG-CLTA cells, on the other hand, generated substantially
weaker signal under identical acquisition parameters (Figure 4B), with their STORM images
containing fewer localization points per clathrin cluster (median: SpyTag = 467, FLAG-tag =
148) (Figure 4C). Consequently, the structural details of clathrin clusters became more difficult
to discern. We note that clathrin light chain has two isoforms, CLTA and CLTB, which have
mostly interchangeable functionalities [13]. Our labeling of CLTA but not CLTB likely accounted
for the sparser labeling of clathrin within a pit by SpyCatcher, compared to previous
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immunofluorescence images using anti-clathrin light chain antibodies [6]. This difference actually
demonstrates the advantage of our approach in distinguishing isoforms, of which many
commercial antibodies are not capable.
Altogether, we have demonstrated an efficient and highly specific endogenous protein labeling
technique. The use of SpyTag as an epitope for labeling allows for protein visualization with the
combined benefits of specificity, covalent bonds, small size, universality and organic dye
brightness. We demonstrate its potential for labeling both over-expressed and endogenous
proteins, highlighting its potential for targets that lack good antibodies or are subjected to overexpression artifacts. Due to the covalent nature of SpyTag/SpyCatcher linkage, SpyCatcher
would be particularly useful in protocols requiring extensive harsh washes such as fluorescence
in situ hybridization (FISH). Finally, an orthogonal and related covalent-split-protein system was
recently developed: SnoopCatcher and SnoopTag [14]. Unfortunately though, fixation seems to
inhibit their binding (data not shown), possibly due to the fact that SnoopCatcher-SnoopTag
isopeptide bond formation involves a lysine on the Tag instead of the Catcher, which can react
with aldehyde fixatives. Future mutagenesis of this residue could reinstate this interaction, which
holds potential for an orthogonal system for dual-color labeling.

20

Experimental Section

Cell Culture and Transfection. Human HEK293T and human HeLa cells were grown in
Dulbecco’s modified Eagle medium (DMEM) with high glucose and L-Glutamine (Gibco),
supplemented with fetal bovine serum (FBS; 10% (vol/vol)) and penicillin/streptomycin (100
µg/ml; UCSF Cell Culture Facility). Human RPE-1 cells were maintained in DMEM/F12
GlutaMAX-I, with sodium bicarbonate (2.438 g/L) and sodium pyruvate (Gibco), supplemented
with FBS (10% (vol/vol)) and penicillin/streptomycin (100 µg/ml; UCSF Cell Culture Facility).
All cells were grown at 37 °C and 5% CO2 in a humidified incubator.
SpyTag-keratin and SpyTag-actin were transfected at 100 ng DNA/well and 1.5 µl of
Lipofectamine-2000 (Invitrogen), into an 8-well Lab-TeK II chambered #1.5 coverglass system
(Nalge Nunc International).

Protein Purification and Labelling. SpyCatcher was cloned into the pET28a expression vector
and expressed with a N-terminal six-histidine-tag in bacterial BL21 RIL cells. Cells were grown
in LB media, induced with IPTG (1 mM) and harvested by centrifugation. Cells were lysed using
an Emulsiflex in NaCl (350 mM), HEPES (50 mM) at pH 6.8, Imidazol (20 mM) and 2mercaptoethanol (5 mM) lysis buffer. Nickel affinity chromagatography was preformed followed
by size exclusion on a Superdex 75 (GE Healthcare) column.
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Before use, SpyCatcher protein was buffer exchanged into HEPES (50 mM) at pH 6.8 with NaCl
(150 mM), using Zeba Spin Desalting Columns (Thermo). Maleimide-Alexa647 C2 (Thermo)
dye was then added at a 1:1 molar ratio and quenched with 5:1 excess 2-mercaptoethanol.
Excessive dye was removed by running mixture through another Zeba column.

Molecular Cloning. The DNAs of keratin, β-actin, H2B and LaminA/C were subcloned from
mEmerald or mCherry fusion plasmids (cDNA source: the Michael Davidson Fluorescent
Protein Collection at the UCSF Nikon Imaging Center). We performed the following restriction
enzyme digestion (amino-acid linker length shown in parentheses for each): keratin (18 a.a):
mEmerald sequence between BamHI and NotI (mEmerald-Keratin14-N-18); β-actin (18 a.a.):
mEmerald sequence between AgeI and BglII (mEmerald-Actin-C-18); H2B (7 a.a.): mEmerald
sequence between BmtI and BglII (mEmerald-H2B-C-18); LaminA/C (15 a.a.): mCherry
sequence between BmtI and BglII (mCherry-LaminA/C-C-18). The DNA sequences of SpyTag
was directly synthesized (Integrated DNA Technologies) and then ligated with the digested
vectors using In-Fusion HD Cloning kit (Clontech).

Knock-in cell line creation and sorting. All synthetic nucleic acid reagents were purchased
from Integrated DNA Technologies (IDT). sgRNAs and Cas9/sgRNA ribonucleoprotein (RNP)
complexes were prepared as described previously [15]. In order to simplify the isolation of
integrated cells, we introduced GFP11 (16 a.a.) [16] in tandem with SpyTag into cells stably
expressing GFP1-10. Cells were then sorted with fluorescence-activated cell sorting (FACS) using
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the GFP signal. We note that in practical applications, GFP can be omitted and SpyTag-positive
cell can be identified through the classic clonal selection method.
For the knock-in of SpyTag and GFP11, 200-nt homology-directed recombination (HDR)
templates were ordered in single-stranded DNA (ssDNA) form as ultramer oligos (IDT)
(Supplementary Table 1). Cas9 protein (pMJ915 construct, containing two nuclear localization
sequences) was expressed in E.coli and purified by the University of California, Berkeley
Macrolab following protocols described previously [17]. To increase HDR efficiency, HEK293T
cells stably expressing GFP1-10 were treated with nocodazole (200 ng/mL; Sigma) for 15 hours
before electroporation [15]. Cas9/sgRNA RNP complexes were assembled with Cas9 protein (100
pmol) and sgRNA (130 pmol) just prior to electroporation and combined with HDR template in a
final volume of 10 µL. Electroporation was performed on an Amaxa 96-well shuttle Nuleofector
device (Lonza) via SF-cell line reagents (Lonza).
Nocodazole-treated HEK293T cells stably expressing GFP1-10 were resuspended to 104 cells/µL
in SF solution immediately before electroporation. For each sample, 20 µL of cells was added to
the 10 µL RNP/template mixture. Cells were quickly electroporated using the CM-130 program
and transferred to 12-well plate with pre-warmed media. Electroporated cells were cultured for
5-10 days before FACS selection of positive cells. Cell sorting was done in the 488-GFP channel
on a FACSAria II (BD Biosciences) in the Laboratory for Cell Analysis at UCSF.

SpyCatcher and FLAG Immunostaining. Transfected cells were fixed in 2%
paraformaldehyde for 30 minutes at room temperature, 48 hours post-transfection, and washed 3
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times with phosphate buffered saline (PBS). They were then blocked and permeabilized with 3%
Bovine Serum Albumin (BSA) and 2% NP40 for one hour at room temperature. Samples were
left in pre-labelled SpyCatcher-A647 (80 nM) in 3% BSA, overnight at room temperature.
Endogenous knock-in samples were prepared in the same way. Because the SpyTag-SpyCatcher
interaction is stable once formed, samples benefit from longer labeling time at higher
temperatures. Finally, samples were washed 5 times over a span of at least 15 minutes.
Of note, blocking with serums was not as efficient as albumin. Fetal Bovine Serum (FBS) and
Donkey Neural Serum (DNS) were both tested along with BSA.
FLAG-CLTA cells were plated, fixed and blocked in the same way. Sample was then incubated
with primary antibody Anti-FLAG (M2, Sigma) at 1:200 in PBS overnight. The following
morning, sample was washed 3 times with PBS, and then incubated with Alexa 647-conjugated
secondary antibody for one hour. Finally, cells were washed 5 times with PBS.

Wide-field Imaging. Wide-field fluorescence images were acquired on an inverted fluorescence
microscope (Nikon, Ti-E) with a 100x 1.45 NA oil immersion objective (CFI Plan Apo λ, Nikon).
The custom-built epi-illumination optics (Lumen Dynamics, X-Cite XLED1) provided the
illumination light at multiple wavelengths. A quadband dichroic mirror (Chroma,
ZT405/488/561/640) reflects the illumination light and transmits the fluorescence light. A quadband emission filter (Chroma, FF410/504/582/669) was used for fast multi-channel fluorescence
detection. Another emission filter (Chroma, ET700/50) was also used in the dark red channel to
reduce background signal further. The emission filters are mounted onto a motorized filter-wheel
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(Sutter Instrument, Lambda 10-B), and a motorized xy, piezo z microscope stage (ASI) controls
the translation of the sample. The images were recorded with a sCMOS camera (Hamamatsu,
Orca-Flash4.0).
For a rough estimation of SpyCatcher labelling efficiency the estimation, we acquired epifluorescence images of the same CLTA-GFP11-SpyTag cells in both the GFP and Alexa 647
channels and then normalized the background-subtracted intensities in the two channels by the
excitation laser powers, extinction coefficients of the two fluorophores at the respective
excitation wavelengths, quantum efficiencies of the two fluorophores, detection efficiencies
(integrated fluorescence emission spectra in the filter transmission window) and camera quantum
efficiencies at the emission wavelengths. The normalized intensities showed no significant
difference between the GFP and Alexa 647 channels.

STORM image acquisition and analysis. Super-resolution STORM images were collected
using a home-built STORM microscope based on a Nikon Eclipse Ti-U inverted microscope. A
405 nm activation laser (OBIS 405, Coherent), and a 647 nm imaging laser (OBIS 647,
Coherent) were aligned, expanded, and focused at the back focal plane of the 1.4 NA 100x oil
immersion objective (UPlanSApo, Olympus). Images were recorded with an electron multiplying
CCD camera (iXon+ DU897E-C20-BV, Andor), and processed via a home-written software. The
OBIS lasers were controlled directly by the computer. A quad-band dichroic mirror
(ZT405/488/561/640rpc, Chroma) and a band-pass filter (ET700/75m, Chroma for 647nm)
separated the fluorescence emission from the excitation light. Maximum laser power used during
STORM measured before the objective was 7 µW for 405 nm (~0.13 W/cm2 at the sample), and
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24 mW for 647 nm (~0.46 kW/cm2 at the sample). These images were recorded at a frame rate of
60 Hz, with an EMCCD camera gain of 30. During image acquisition, the axial drift of the
microscope stage was stabilized by a home-built focus stabilization system utilizing the
reflection of an IR laser off the sample. 30,000 frames were collected per sample. STORM
imaging buffer made of 100mM TRIS pH 8.0, glucose (10%), NaCl (10 mM), 2mercaptoethanol (1% v/v), and GLOX scavenging system (1% v/v), was made fresh every 45
minutes. Reconstruction and analysis of the STORM images was performed on the Insight3
software.
To quantify the number of localization points per clathrin-coated structure using SpyTag or
FLAG-tag, individual clathrin clusters were identified in conventional fluorescence as
fluorescent spots in the Insight3 software using the same algorithm for single-molecule
identification. The number of localization points in the corresponding STORM image was then
calculated. STORM localization points at nearby positions in consecutive frames were not
grouped for this analysis, and such grouping should not affect the relative comparison here. 72
structures were randomly chosen per condition (across 3 cells). These values were then graphed
in violin plots, using code written in R.
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Supplementary Table 1 List of DNA sequences used for knock-in cell line creation.
Locus
Sec61B

Rab11

CLTA

sgRNA guide sequence
CTTGTCTCCCTCTAC
AGCC

Donor DNA
GGTTGGTTTTTGTCTCACCGTTGGTGTCCGTG
CCGTTCAGTTGCCCGCCATGGCGCATATTGTG
ATGGTGGATGCGTATAAACCGACCAAAGGTG
GCCGTGACCACATGGTCCTTCATGAGTATGTA
AATGCTGCTGGGATTACAGGTGGCGCTGAGC
TGGATCCGTTCGGCGCCCCTGCCGGCGCCCCT
GGCGGTCCCG
GTAGTCGTACTCGTC TCCCACAGATACCACTGCTGCTCCCGCCCTTT
GTCG
CGCTCCTCGGCCGCGCAATGGCGCATATTGT
GATGGTGGATGCGTATAAACCGACCAAAGGT
GGCCGTGACCACATGGTCCTTCATGAGTATGT
AAATGCTGCTGGGATTACAGGTGGCGGCACA
CGGGACGACGAGTACGACTACCTCTTTAAAG
GTGAGGCCATGG
GCCATGGCGGGCAAC SPY:
TGAA
GGTTGGTTTTTGTCTCACCGTTGGTGTCCGTG
CCGTTCAGTTGCCCGCCATGGCGCATATTGTG
ATGGTGGATGCGTATAAACCGACCAAAGGTG
GCCGTGACCACATGGTCCTTCATGAGTATGTA
AATGCTGCTGGGATTACAGGTGGCGCTGAGC
TGGATCCGTTCGGCGCCCCTGCCGGCGCCCCT
GGCGGTCCCG
FLAG:
GGTCGGTTGGTTTTTGTCTCACCGTTGGTGTC
CGTGCCGTTCAGTTGCCCGCCATGGACTACA
AAGACGATGACGACAAGGGTGGCCGTGACCA
CATGGTCCTTCATGAGTATGTAAATGCTGCTG
GGATTACAGGTGGCGCTGAGCTGGATCCGTT
CGGCGCCCCTGCCGGCGCCCCTGGCGGTCCC
GCGCTGGGGAAC
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Chapter 3

Investigation of subcellular compartmentalized endogenous PKA-holoenzyme activation
kinetics through microscopy
Protein Kinase A (PKA) is a cyclic AMP (cAMP) activated kinase, the holoenzyme of which is
composed of a regulatory subunit dimer, and two catalytic subunits [1]. Canonically, the
regulatory subunits localize the holoenzyme to the cell plasma membrane, as well as other subcellular compartments, primarily via their interaction with A Kinase Anchoring Proteins
(AKAPs) [2, 3]. Upon binding of cAMP molecules to the regulatory dimer, a conformational
change occurs, and the catalytic subunits are released, free to phosphorylate their downstream
targets [4]. There are several isoforms of the R subunit: RIα, RIβ, RIIα, and RIIβ. These subunits
are expressed at varying levels depending on cell/tissue type [5, 6]. The holoenzyme is defined by
the type of regulatory (R) subunit it contains. The catalytic subunit also has multiple isoforms,
the predominant one being subunit alpha, which will be the focus of this work.
This canonical model of activation involves the release of the catalytic subunit (CAT) from R
upon cAMP binding. It is supported by both biochemical studies and crystal structure data [4, 7, 8].
However, more recent evidence suggests the holoenzyme actually does not require full
dissociation upon activation, and that CAT can perform some of its downstream
phosphorylations while still bound to the R dimer [9].
Indirect immunofluorescence in fixed cells has previously shown that both the RII and catalytic
alpha (CAT) subunits of PKA localize to the Golgi [10, 11], and that upon adenylate cyclase
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activation by forskolin (FSK), CAT is released while RII is seemingly unperturbed. Further,
PKA has been shown to be involved in several Golgi-related events, such as Golgi vesiclebudding[12], ADP-ribosylation:Golgi association [13], retrograde transport [14], and Golgi
remodeling [15]. Interestingly, Mavillard et al. reported the release of CAT upon Isoproterenol
(ISO; a beta-2 adrenergic receptor specific agonist) addition as well as FSK.
As indicated by the ISO effect, among the many activators of the PKA pathway, is the adrenergic
family of G-protein coupled receptors (GPCRs). Upon agonist stimulation, both the beta-1 and
beta-2 adrenergic receptors (b1AR and b2AR, respectively) interact with G-protein alpha-s thus
activating membrane bound adenylyl cyclase enzymes to increase cAMP concentration. While
demonstrating internalized signaling of both b1AR and b2AR, we recently showed Golgilocalized b1AR is able to induce Golgi-localized CAT activation and/or dissociation upon
stimulation, using over-expressed systems [16].
Here we show through immunostaining, that cellular stimulation by forskolin (FSK),
isoproterenol (ISO), or epinephrine (EPI) all dissociate CAT from the Golgi. Intrigued by this
result, we sought to properly address the questions of kinetics and therefore felt it crucial to
study the endogenous kinase. To this end, we generated a series of knock-in cell lines, such that
endogenous CAT, RIIα (referred to as RIIA for the remainder of this paper), and AKAP12 (also
called Gravin) were fluorescently tagged with split fluorophores. Upon examination, we found
that distinct subcellular compartments of CAT respond differently to adrenergic stimulation.
Interestingly, CAT at the plasma membrane does not release upon activation, and actually
exhibits a robust recruitment. Together these data demonstrate distinct responses of PKA
depending on their subcellular location before stimulation.

32

Results

Immunostaining reveals CAT displacement from Golgi in HEK293T and HeLa cells
Particularly interested in the relationship between b2AR and PKA, we were intrigued by the
previous work [15] indicating a release of CAT from Golgi upon ISO addition. We stimulated
Hela and HEK293T cells with ISO, FSK or the native b2AR agonist, Epinephrine (EPI) for 0, 5,
10, 15 or 20 minutes, and then quickly fixed them. The cells were then immunostained against
CAT (Figure 5). The disappearance of Golgi-localized CAT was reproduced as expected for both
ISO and FSK, and notably we showed the same behavior with EPI, in both cell types, though the
phenotype was more striking in HEK293T cells. This difference between cell types may be due
to varied levels of adrenergic receptor expression.

a

HEK293T cell
5 minutes

10 minutes

10uM EPI

No Stimulation

10uM FSK

10uM ISO

Negative Control
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15 minutes

20 minutes

b

HeLa cell
5 minutes

10 minutes

15 minutes

20 minutes

10uM EPI

No Stimulation

10uM FSK

10uM ISO

Negative Control

c

Golgi localized PKA-CAT upon stimulation
0.9
0.8
0.7
0.6
0.5
0.4

HeLa

0.3

HEK293T

0.2

ISO 20min

ISO 15min

ISO 10min

ISO 5min

FSK 20min

FSK 15min

FSK 10min

FSK 5min

EPI 20min

EPI 15min

EPI 10min

0

EPI 5min

0.1
Control 0min

# Golgi localized PKA/# Nuclei

1

Figure 5 – Immunostaining shows Golgi release. HEK293T (a) or HeLa (b) cells fixed
and stained for PKA-CAT after stimulation with 10µM EPI, FSK, or ISO for 5, 10, 15, or
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20 minutes. In both cell types, it is clear that stimulation leads to a loss of CAT clustering
at the Golgi. The negative control shows lack of non-specific secondary antibody
binding. Panel (c) shows a quantification of number of Golgi clusters per number of cells
for each condition [N ≥ 13 for each HeLa condition, N ≥ 18 for each HEK293T
condition], with HeLa in blue and HEK293T in red.

Using CRISPR mediated genome editing to fluorescently tag endogenous CAT, RIIA, and
AKAP12.
There can be several points of perturbation to the immunostaining process: fixation,
permeabilization and non-specific antibodies all hold this potential. For that reason, we thought it
imperative to study PKA with an alternate system in parallel. We employed our previously
published efficient knock-in protocol using split-fluorescent proteins [17-19], which would give us
the big advantage of live imaging. Briefly, we make use of CRISPR/Cas9 genome editing to
knock the 11th beta-strand of either GFP or mNeonGreen (mNG2) [20] in to the genome of our
HEK293T cells. Using this technique, we generated four distinct fluorescent cell lines: CATGFP11, CAT-mNG211, RIIA-mNG211, and AKAP12-GFP11x4 (Figure 6).
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AKAP124xFP11

PRKAR2AmNG11

PRKACAFP11

PRKACAmNG11

Figure 6 – Fluorescent knock in of HEK293T cells. HEK293T cells genetically
engineered to express green fluorescent AKAP12, RIIA or CAT.

Though mNG2 and GFP are both fluorescent in the green wavelength, we chose to make CAT
knock-ins with each to confirm that any localization or dynamics we see are not particular to a
certain fluorescent tag. With all these cells, we circumvent the problems of fixation,
permeabilization and antibody specificity without resorting to overexpression. Furthermore,
because our protein of interest is being expressed with only a small epitope-like tag addition,
rather than a whole fluorescent protein, its localization and dynamics should be less likely
perturbed. We confirmed that the bright cluster formed by both CAT and RIIA is Golgi
localization by immunofluorescence against TGN46 (Figure 7).
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c
a
d
b
e

Figure 7 – Immunostain on knock-in cells shows colocalization. Knock in cells (green)
were fixed and stained for either CAT (a, b) or Golgi (c, d, e) (red). In (a) we see CAT
knock in cell signal perfectly colocalizes with the CAT immunostain, while the signals do
not colocalize for the RIIA knock in cells (b). The colocalization of signal between the
knock in signal and the Golgi stain in (c, d) confirms that both CAT (c) and RIIA (d) do
concentrate at the Golgi. Importantly, we see AKAP12 does not colocalize with Golgi,
acting as an internal control.

Golgi-localized CAT and RIIA stable by FRAP
We next asked if this Golgi-localized population of CAT and RIIA was continuously exchanging
or if it was fairly static. By coupling fluorescence recovery after photobleaching (FRAP) with
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confocal microscopy, we determined that without ligand addition, neither protein detectably
recovered within 7 minutes after bleaching (Figure 8).

a

t = -60 sec

t = 0 sec

b
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t = 420 sec

FRAP recovery of PKA at Golgi
1.2
1
0.8
0.6
0.4
0.2
0
-120

-60

0

60

120

180

240

300

360

420

Figure 8 – FRAP of Golgi-localized PKA shows lack of turnover. Top, still frames of
(a) CAT or (b) RIIA cells before bleaching, directly after bleaching and 7 minutes after.
Scale bar: 5 µm. Below, graph showing trajectory of Golgi-localized fluorescence over
time, corrected for unintentional photobleaching by normalizing to overall cell
fluorescence over time

[21]

. Red traces are CAT cells (n = 2) and blue traces represent

RIIA cells (n = 2).

Release of endogenous Golgi-localized CAT
The establishment of the CAT, RIIA and AKAP12 cell lines now gave us the opportunity to
study the Golgi-localized proteins in live cells, and see the immunostain-suggested release upon
stimulation. As expected, the addition of ISO, FSK or EPI caused this Golgi-pool of CAT
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subunit to disappear, seemingly dissociating into the cytoplasm (Figure 9). RIIA on the other
hand remains unchanged.

a

b

DMSO

DMSO

FSK

FSK

ISO

ISO

EPI

EPI
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c
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d

e

Figure 9 – CAT release from Golgi upon stimulation. Knock-in cells (green) were
transfected with a Golgi marker (GalT-mRFP; red) and imaged in confocal with the
addition of various ligands. (a) CAT knock-in cells, before ligand addition (left) at 4
minutes post stimulation (middle) and at 8 minutes (right). (b) same as (a) but with RIIA
knock in cells. Intensity at the Golgi is graphed in (c); each trace represents a single cell
event (N ≥ 6 per condition). (d) RIIA release from Golgi upon stimulation (N ≥ 7 per
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condition) each trace represents a single cell event. (e) three examples of the Golgi
marker, GalT, which sometimes forms vesicles, colocalizing with CAT after agonist
addition.

A very interesting observation that could not be made in the fixed sample was the movement of
vesicle structures labeled by CAT. While the Golgi-pool released upon activation, these vesicles
remained intact. Interestingly, when GalT-mRFP was overexpressed, we observed colocalization
of the two types of vesicles. GalT has been shown to accumulate in swollen vesicles and leave
the Golgi [22].

CAT relationship to b2AR
Given the size and movement of the CAT puncta observed, we wondered if those not colocalized
with GalT might have endosomal properties. To test this we overexpressed FLAG-b2AR and
stimulated with ISO. By antibody staining FLAG-b2AR before stimulation, we could track
receptors’ movement into endosomes and look for colocalization with CAT. While both CAT
vesicles and FLAG-b2AR endosomes were very clear, we did not see their colocalization (Figure
10), suggesting that the CAT puncta are not (early stage) endosomes but an alternate vesicular
structure.
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Figure 10 – Endocytic b2AR does not colocalize with CAT puncta. Top panels show
CAT (green) cells with FLAG-b2AR (red) overexpressed before stimulation. Bottom
panels are same cells after ISO addition and b2AR endocytosis. Arrows point to
examples of b2AR endosomes (blue arrows) and CAT vesicles (yellow arrows), that
don’t colocalize. Experiment performed by Grace Peng (von Zastrow lab, UCSF).

Kinetics of plasma membrane-localized CAT
Next, we were intrigued by how the PKA and AKAP proteins would behave at the plasma
membrane. To study this, we turned to TIRF microscopy. Given both the canonical model of
CAT dissociation from regulatory subunits upon cAMP binding, and the newer data suggesting
the subunits don’t dissociate upon activation, we expected to either see very little change in
membrane intensity, or a decrease due to subunit release. Strikingly, stimulation with ISO, FSK
or EPI actually resulted in a very robust increase in intensity (Figure 11). Importantly,
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stimulation does not have a significant effect on RIIA at the plasma membrane either. CAT’s
distinct behavior at the Golgi versus at the plasma membrane is very intriguing, demonstrating
that CAT localization before stimulation affects its response.

b

a

45

c

46

d

Figure 11 – Plasma membrane localized PKA. (a) Example TIRF images of CAT
knock-in cells over time. (b) TIRF image of RIIA cells. (c) Graphs of plasma membrane
intensity over time (seconds) for stimulated CAT cells. Each trace represents a single cell
trace, normalized to its fluorescence at time zero. RIIA cells are graphed in the same way
in (d).
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Discussion
PKA activation is a major and established downstream effect of adrenergic stimulation. In this
study, we aimed to further our understanding of this relationship, and how it may be different
depending on the subcellular localization of each signaling component. After demonstrating the
b2AR dependent disappearance of Golgi localized CAT through immunostaining, we felt it
important to study the dynamics of this response. Therefore, we generated the corresponding
fluorescent knock-in cell lines. When immunostained, the CAT knock-in cells show perfect
colocalization of fluorescent protein with the CAT antibody, suggesting that the fluorescentlytagged protein was expressing and functioning normally. Similarly, both the RIIA and CAT cells
showed colocalization with a Golgi marker (TGN46) confirming that the bright internal cluster
was Golgi localized PKA.
The fluorescent knock in cells gave us the unique ability to study protein dynamics without the
caveats of overexpression. We were first intrigued by the Golgi-localized population of both
PKA subunits and their seeming stability. To address the questions of whether these proteins
stably bind, or constantly exchange, we performed FRAP experiments of the Golgi-localized
PKA. No recovery was observed within 7 minutes after bleaching, suggesting a lack of turnover
for Golgi-localized PKA in general. This was particularly striking given the immunostain data
showing the disappearance of this subcellular pool upon stimulation, together suggesting that the
release is specific to adrenergic signaling, and not just continual release of CAT.
Upon live cell stimulation with ISO, EPI or FSK, we again saw rather rapid release of CAT from
the Golgi, while RIIA remained localized. The restraint of RIIA is important as it suggests that
CAT is dissociating into the cytosol on its own, leaving RIIA behind.
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The presence and integrity of GalT throughout this process, allowed us to be sure the release was
not simply due to Golgi destruction. Upon analysis we see that the release does not happen at the
same time for each cell. Unfortunately, at this time we have not been able to determine if this
timing discrepancy is due to cell-to-cell response variation, or a variation in ligand diffusion. We
also observe motile vesicles of CAT throughout the cytosol. Interestingly, signal from these
motile vesicles does not dissolve with adrenergic stimulation. In some cases, when GalT was
overexpressed, we observed vesicles of it budding off into the cytosol, a phenomenon that has
been previously discussed [22], and these GalT puncta colocalized with the CAT puncta.
Given recent works demonstrating the ability of b2AR to continue signaling from endosomes [23]
and our observed direct response of CAT to b2AR agonists, we hypothesized that these nondissolving CAT puncta may contain internalized b2AR as well. However, when we
overexpressed FLAG-b2AR and stimulated internalization, the two sets of puncta did not
colocalize. It is possible that CAT could be found at endosomes too, but not at an endogenous
concentration high enough for detection.
Given the canonical model of PKA activation, we expected to see this same release when
studying CAT at the plasma membrane. Instead we consistently observe a strong increase in
CAT presence at the plasma membrane. Because at this point we are not able to distinguish
between cell-cell and ligand diffusion variations, it is difficult to make conclusions about the
timing of this recruitment. As it stands, the data currently suggest that the TIRF recruitment
occurs faster than the Golgi release, meaning that the recruitment is not simply the previously
Golgi-localized CAT moving to the membrane. More rigorous experiments are necessary to fully
understand the relationship between the two subcellular populations.
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Regardless of timing, the recruitment phenomenon is highly unexpected. It seems to suggest that
upon stimulation, CAT subunits that were previously elsewhere in the cell (such as cytosol, or
other structures perhaps including the Golgi) are needed for signaling at the plasma membrane.
Importantly, the concentration of plasma-membrane-associated RIIA subunit does not change
upon stimulation. This further implies that the CAT subunits being recruited are either bound to
other regulatory subunits, such as RIA, RIIA, or RIIB, or that they are moving through the
cytosol dissociated from any regulatory proteins.
We can speculate that adrenergic stimulation leads to signaling pathways requiring substantial
phosphorylation at or very near to the plasma membrane. To better understand the mechanism
behind membrane recruitment, it would be interesting to add perturbative agents that block CAT
binding to other proteins at various stages of its life cycle (i.e. H89, Ht31, Rp-cAMP, Rollipram
and others).
Finally, the fact that adrenergic stimulation leads to a release of Golgi-localized CAT, but a
recruitment of this same protein at the plasma-membrane implies that this subunit, or potentially
the entire kinetic complex, behave differently depending on subcellular location.
In conclusion, this work deepens our understanding of the relationship between b2AR and PKA
activation. We further hope that the establishment and characterization of these knock-in cell
lines will serve as useful tools for PKA’s involvement with other cellular processes. The present
results demonstrate the differing behaviors of CAT and RIIA in different subcellular locations,
suggesting modes of holoenzyme activation may be more elaborate than previous canonical
models depict.
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Methods

Cell Culture and Transfection. Human HeLa and HEK293T cells were grown in Dulbecco’s
modified Eagle medium (DMEM) with high glucose and L-Glutamine (Gibco), supplemented
with fetal bovine serum (FBS; 10% (vol/vol)) and penicillin/streptomycin (100 µg/ml; UCSF
Cell Culture Facility). Cells were grown at 37 °C and 5% CO2 in a humidified incubator.
The previously published mRFP-GalT construct [16] was transfected at 100 ng DNA/dish and 3 µl
of Lipofectamine-2000 (Invitrogen), into a 35mm Poly-D-Lysine coated dish (MaTek).

Immunostaining. Hela and HEK 293T cells were plated into Poly-L-Lysine (Sigma) coated 8well chambers (MaTek). 24 hours later, cells were fixed with 4% PFA for 30 min, and
subsequently washed 3 times with phosphate buffered saline (PBS). Cells were blocked for one
hour in 3% Bovine Serum Albumin (BSA) with 2% NP40 to permeabilize, then incubated in
primary antibody diluted in 3% BSA at 4degree C overnight. PKA-Cat [Santa Cruz (C-20) sc903] and TGN46 [BioRad AHP500G] were used at 1:1000. The next morning, samples were
washed 3x with PBS and then incubated in Alexa647-labeled secondary antibody (all labelled in
house, by NHS chemistry) for one hour at room temperature. Cells were washed 3 more times,
and then ready for imaging.
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Knock-in cell line creation and sorting. Synthetic nucleic acid reagents were ordered from
Integrated DNA Technologies (IDT). sgRNAs and Cas9/sgRNA ribonucleoprotein (RNP)
complexes were prepared as described previously [24].
For the knock-in of mNG211 and GFP11, 200-nt homology-directed recombination (HDR)
templates were ordered as ultramer oligos in single-stranded DNA (ssDNA) (Table 2). Cas9
protein was purified by the University of California, Berkeley Macrolab following protocols
described previously (pMJ915 construct, containing two nuclear localization sequences) after
E.coli expression [25]. To increase HDR efficiency, HEK293T cells stably expressing GFP1-10 or
mNG211 were treated with nocodazole (200 ng/mL; Sigma) for 15 hours before electroporation
[24]

. Cas9/sgRNA RNP complexes were assembled with Cas9 protein (100 pmol) and sgRNA

(130 pmol) just before electroporation and combined with the corresponding HDR template in a
final volume of 10 µL. Nocodazole-treated HEK293T cells stably expressing either 1-10 portion
were resuspended to 104 cells/µL in SF solution immediately before electroporation. For each
sample, 20 µL of cells was added to the 10 µL RNP/template mixture. Cells were quickly
electroporated on an Amaxa 96-well shuttle Nuleofector device (Lonza) using the CM-130
program and transferred to 12-well plate with pre-warmed media.
Electroporated cells were cultured normally for 5-10 days before FACS selection of positive
cells. Both mNG2 and GFP cells were sorted in the 488-GFP channel on a FACSAria II (BD
Biosciences) in the Laboratory for Cell Analysis at UCSF.
Because AKAP12 was expressed at too low a level in HEK293T cells for FACS sorting to work
if just a single fluorophore was present per protein, we inserted 4x GFP11 in tandem. This was
done by first amplifying our desired sequence off a gBlock (ordered from IDT) by PCR using

52

5xHiFi Buffer, 25µM primers, 10ng DNA template, 10mM dNTPs, and Kapa HiFi enzyme, and
then purifying on SPRI beads with an elution into ddH2O. We then use HiScribe T7 High Yield
reagents (NEB #E2040S) to in vitro transcribe our DNA into RNA. Before SPRI purification, we
add Turbo DNAse (Ambion #AM2238) to remove lingering DNA. Finally we reverse transcribe
(Maxima H RT from Thermo EP0752), hydrolyze with NaOH for 10min at 95°, and purify with
1.2x SPRI beads. The above knock in procedure is then executed with this long ssDNA donor
(instead of the short commercially synthesized one).

Knock-in sequencing. Genomic DNA from each sorted cell type was isolated following the
protocol of PureLink kit. For the PKA cell lines, three sets of primers were designed per cell
type: forward and reverse outside insert, forward outside with reverse in insert, forward in insert
and reverse outside. The AKAP12 cell line was PCR’ed with only forward and reverse both
outside insert, and forward outside with reverse in insert. Primer sequences given in Table 3.
PCRs off genomic DNA were performed by mixing 200ng DNA, 0.5uM forward and reverse
primers, Q5 Hot Start Master Mix, 1M Betaine, and water to 50ul. PCR sequence was:
98deg 5min, [98deg 20sec, gradient 15sec, 72deg 30sec] x 30, 72deg 3min, and 4deg
until sent for sequencing.
Three temperature gradients were tried: 62.5, 66.9 and 71deg. All three resulted in product, but
just the 71deg was sent for sequencing.
PCR products were purified and sent for commercial sequencing by Quintara, pre-mixed with
either the forward, reverse or insert primer.
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Intensity analysis. Golgi-localized PKA analysis was performed by a previously published
macro in FIJI [16]. Briefly, a region of interest (ROI) is drawn around the Golgi in the first frame,
the same ROI is also registered for background subtraction (area taken in nucleus). The
background ROI is subtracted from the Golgi ROI for all frames and graphed in Excel. All
curves are normalized to brightest frame.
A rectangular ROI encompassing as much of the cell as possible was drawn on the first frame of
each TIRF image. The intensity over time was then plotted and normalized to highest intensity
frame. Photobleaching can be corrected for by subtracting the control DMSO control (data not
shown), but was not necessary here, as we were interested in the distinct observable peak in
intensity.

Florescence Recovery After Photobleaching (FRAP). A Nikon wide-field-of-view spinning
disk confocal was used for these experiments (maintained in the UCSF Nikon Imaging Center).
It is equipped with an Andor Zyla sCMOS camera, the Nikon Perfect Focus System and an
automated stage enabling large image acquisition and multi-position high throughput imaging. A
473 nm laser at 25mW was used for photobleaching with 200 ms exposure time. Cells were
imaged with a 488 nm laser at 5% power and 300 ms exposure time, through a 100x, 1.4 NA
Nikon oil objective. Ablation occurred between frames, starting at frame 2. A stage top incubator
maintained cells at 37 degrees in Fluorobrite imaging media, and CO2 was supplied. Each movie
was 10 minutes long, with 1 minute between frames to mitigate photobleaching.
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Confocal image acquisition. Live cell confocal imaging was carried out using a Yokagawa
CSU22 spinning disk confocal microscope. A 100x magnification, 1.4 numerical aperture (NA)
oil objective and a CO2 and 37 °C temperature- controlled incubator maintained the cells, who
were plated in 35mm MatTek dishes. 488-nm and 640-nm Coherent OBIS lasers were used for
imaging GFP and mNeonGreen knock in cells, and GalT signals, respectively. Cells were
imaged every 5 sec for 8 min in Fluorobrite (Gibco); ligands (isoproterenol, epinephrine or
forskolin, all from Sigma) were added by pipetting 500ul of concentrated solution directly into
the dish. Time-lapse images were acquired with a Cascade II EM-charge-coupled device (CCD)
camera (Photometrics) driven Nikon Elements software.
In experiments with FLAG-b2AR overexpression, cells were transfected with 1 µg FLAG-b2AR
24 hours before imaging in a 35 mm glass bottom dish. Prior to imaging, M1-FLAG
fluorescently conjugated antibody (Sigma) was added to the cells (1:1000) for 10 minutes at
37°C. Cells were washed once with imaging media (phenol red free DMEM containing 30 mM
HEPES), and then 1.5 ml imaging media was added to cells. Cells were imaged at 37°C on an
100x objective for 31 minutes with 0.5 ml ISO (final concentration 10 µM) added at the first
minute. An image was taken every 20 seconds.

TIRF image acquisition. TIRF images were collected using a home-built microscope based on a
Nikon Eclipse Ti-U inverted microscope. A 488 nm imaging laser (OBIS 405, Coherent), and a
647 nm dye detection laser (OBIS 647, Coherent) were aligned, expanded, and focused at the
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back focal plane of the 1.4 NA 100x oil immersion objective (UPlanSApo, Olympus). Images
were recorded with an electron multiplying CCD camera (iXon+ DU897E-C20-BV, Andor), and
processed via a home-written software. The OBIS lasers were controlled directly by the
computer. A quad-band dichroic mirror (ZT405/488/561/640rpc, Chroma) and a quad-band
emission filter separated the fluorescence emission from the excitation light. These images were
recorded at a frame rate of 20 Hz, with an EMCCD camera gain of 100. A shutter sequence was
used, such that lasers were on for only one-tenth of each frame, resulting in an effective exposure
time of 5 msec. During image acquisition, the axial drift of the microscope stage was stabilized
by a home-built focus stabilization system utilizing the reflection of an IR laser off the sample.
9,600 frames [8 minutes] were collected per sample. Cells were imaged in Fluorobrite (Gibco)
live imaging buffer.
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Table 2 – List of DNA sequences used for knock-in cell line creation
Locus
AKAP12

PRKACA

PRKACA

sgRNA guide
sequence
AGAATCTTAA
AACATCATGC

TAATACGACT
CACTATAGGC
GGCCGCCGCC
GCCGCGATGT
TTAAGAGCTA
TGCTGGAA

TAATACGACT
CACTATAGGC
GGCCGCCGCC
GCCGCGATGT
TTAAGAGCTA

Donor DNA
AGCTGATAATACGACTCACTATAGGG
TGGCTGATACTGATGCCTCAGGAGGC
TTAACCAAAGAGTCCCCAGATACAA
ATGGACCAAAACAAAAAGAGAAGGA
GGATGCCCAGGAAGTAGAATTGCAG
GAAGGAAAAGTGCACAGTGAATCAG
ATAAAGCGATCACACCCCAAGCACA
GGAGGAGTTACAGAAACAAGAGAGA
GAATCTGCAAAGTCAGAACTTACAG
AATCTGGAAGTTCCGGCGGCAGAGA
CCACATGGTTTTGCATGAGTATGTGA
ACGCGGCGGGTATAACTGGTGGGTC
GGGCGGACGAGACCATATGGTGCTT
CACGAATACGTAAACGCAGCTGGCA
TTACTGGCGGATCAGGTGGCAGGGA
TCACATGGTACTCCATGAGTACGTGA
ACGCTGCTGGAATCACAGGCGGTAG
CGGCGGTCGGGACCATATGGTCCTGC
ACGAATATGTCAATGCTGCCGGTATC
ACCTAAAACATCATGCAGGTAAGCTT
CCTTGTCTTCTAAGATAATTTTTCTCT
TTTATGCCAATAGATGGCAAATTTGT
TACATAAGGAATCGGGAGCAAATAA
TTAATGCCTTCGTGTAGAACCTTCAG
TTGAGGAAAATAACTATCAACTAGAT
TCAAAGATCTAGGATAGTTTCATGGT
TTTTGGTGATTGAAATGCCATTTAGT
CTTA
GGGGCCGCCGGCCGCAGCCAGCACC
CGCCGCGCCGCAGCTCCGGGACCGG
CCCCGGCCGCCGCCGCCGCGATGACC
GAGCTCAACTTCAAGGAGTGGCAAA
AGGCCTTTACCGATATGATGGGTGGC
GGCGGCAACGCCGCCGCCGCCAAGA
AGGGCAGCGAGCAGGAGAGCGGTGA
GTGCCCGGGCTGTGACCCCGATC
GGGGCCGCCGGCCGCAGCCAGCACC
CGCCGCGCCGCAGCTCCGGGACCGG
CCCCGGCCGCCGCCGCCGCGATGCGT
GACCACATGGTCCTTCATGAGTATGT
AAATGCTGCTGGGATTACAGGTGGC
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Split fluorescent
protein insert

4xGFP11

mNG211

GFP11

Locus

PRKAR2A

sgRNA guide
sequence
TGCTGGAA

TAATACGACT
CACTATAGGT
GTGGCACACC
TACTGCCCGTT
TAAGAGCTAT
GCTGGAA

Donor DNA

Split fluorescent
protein insert

GGCGGCAACGCCGCCGCCGCCAAGA
AGGGCAGCGAGCAGGAGAGCGGTGA
GTGCCCGGGCTGTGACCCCGATC

CATCTCACACTATGAGGAACAGCTGG
TGAAGATGTTTGGCTCCAGCGTGGAT
CTGGGCAACCTCGGGCAGGGTGGCG
GCACCGAGCTCAACTTCAAGGAGTG
GCAAAAGGCCTTTACCGATATGATGT
AGGTGTGCCACACCCCAGAGCCTTCT
TAGTGTGACACCAAAACCTTCTGGTC
AGCCACAGAACACATACAG
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mNG211

Table 3 – Primers for PCR-Sequencing control
Outer Forward
Primer
TTGTTAGCAG
AAAGAATAGA
GAAGTCACTA
GTTGAACCGA
AAGAAGATGA
AAAAGGTGAT

Outer Reverse
Insert Forward
Primer
ACGCACATGT -GCACACACAC
ATGCCGTTTTA
TTTTATTCTAA
AGCAGTCACA
TTAGGAGG

GGTGATACCG
GCAGCATTGA
CATATTCGTG
CAGGACCATA
TGGTCCCGAC
CGCCGCTACC

PRKACAmNG211

CGCGAGCGAG
TGAATGGCCG
AGAGTCCGCG
GTGCGTGTCC
CGAGGCTGAG
AGCCTATAGT

TAGGCAGAGA
GGATGAGGGG
CCCCGTAGGG
GGAGGGGCCA
GGCGATGATG
GACAA

ACCGAGCTCA
ACTTCAAGGA
GTGGCAAAAG
GCCTTTACCG
ATATGATGGG
TGGCGGC

GCCGCCACCC
ATCATATCGG
TAAAGGCCTT
TTGCCACTCCT
TGAAGTTGAG
CTCGGT

PRKACAGFP11

CGCGAGCGAG
TGAATGGCCG
AGAGTCCGCG
GTGCGTGTCC
CGAGGCTGAG
AGCCTATAGT

TAGGCAGAGA
GGATGAGGGG
CCCCGTAGGG
GGAGGGGCCA
GGCGATGATG
GACAA

CGTGACCACA
TGGTCCTTCAT
GAGTATGTAA
ATGCTGCTGG
GATTACAGGT
GGCGGC

GCCGCCACCT
GTAATCCCAG
CAGCATTTAC
ATACTCATGA
AGGACCATGT
GGTCACG

PRKAR2AmNG211

TGCAAGTGGC
TGGTGTCCCA
AGGCGTAATC
TCATACAACA
TGAATGGGTA
TGTTTAGGAA

GCACTTAAAT
TGTTGGAGAG
ACATGCCGTTT
TGAACCAAAG
ATATAAAAAC
TGGGTTGGA

ACCGAGCTCA
ACTTCAAGGA
GTGGCAAAAG
GCCTTTACCG
ATATGATGTA
GG

ATATCGGTAA
AGGCCTTTTG
CCACTCCTTG
AAGTTGAGCT
CGGTGC

Cell line
AKAP124xGFP11
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Insert Reverse
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Appendices

Appendix A: Trials and Tribulations of Quantitative STORM. Investigating the liganddependent composition of Beta-2 Adrenergic Receptor signaling complexes.
Despite the extensive studies on the adrenergic signaling pathway, non-harmful pharmaceutical
reagents remain difficult to develop. A potential caveat of ligand efficacy is receptor
oligomerization – for example, some compounds could be biased for a dimerized receptor, as
suggested by Fung et al., who reported the oligomeric state of b2AR was modulated by particular
ligand interactions in a reconstituted in vitro system [1]. The dimerization state of b2AR has been
fiercely debated for tens of years now, with both sides demonstrating compelling evidence.
While it is accepted that other GPCRs dimerize, there is conflicting evidence for b2AR [2, 3]. In
vitro research has shown that monomers are sufficient to activate G-proteins, yet single particle
tracking, diffusion, and pull-down analyses suggest higher-order oligomers are present [4]. A
signaling complex is suggested through in vitro experiments in which b2AR undergoes allosteric
modulations of agonist binding by its coupling to a G-protein. The binding of G-protein to the
receptor increases the fraction of high-affinity agonist sites observed [4], as well as the agonist
binding strength with the receptor, suggesting that ligand-receptor affinities can be modulated by
interacting proteins, i.e. the signaling complex. Additionally, b2AR interacts with several
scaffolding proteins in vitro and in pull downs [5, 6], and knock-out of these proteins results in
improper signaling. However, the specific scaffold role is unclear, as is the extent and time of
interaction.
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When considering the relatively novel concept of internalized-receptor signaling, the questions
of copy number become pertinent again. How many receptors are present in a single clathrin
coated pit? Or signaling from an endosome? Are the receptors present in a 1:1 ratio with their
cofactors (i.e. beta-arrestin or adenylyl cyclase)?
It is now clear that b2AR stimulation by diverse ligands will result not only in different levels of
G-protein activation, but also differentially modulated signal output [7-9]. To investigate the
mechanism behind this so-called “ligand-biased” signaling, I hypothesized that before ligand
addition, b2ARs are distributed in distinct pre-formed complexes that create different signaling
environments. Depending on which complex is bound, the signaling would be biased in a
particular direction, which could lead to the observed differences in signaling output. I expected
that the addition of ligand to the local environment would actually change the complex
composition. We predicted that ligand-bias of b2AR signaling involves not only the receptor
itself but also its local cellular environment. To this end, we aimed to first characterize the
baseline spatial organization and composition of b2AR signaling complexes, to be followed by a
study of how ligands can induce change in signaling complex organization and composition, and
how perturbation of signaling complexes affects ligand function. In order to answer these
questions, we needed a tool to determine protein stoichiometry in the natural cellular
environment.
Because STORM is based on detecting and localizing individual fluorophores, they have the
potential to directly report the copy number of a given molecule in a structure. However, in
practice this quantitative measurement has largely been hindered by the fact that not all
fluorophores will be photoactivated during STORM recording, leading to an underestimation.

64

Moreover, once activated, a fluorophore can produce multiple localization points, leading to an
overestimation. In 2012, UCSF’s Huang and Lim labs developed a method to calibrate the
undercounting and correct the overcounting fractions using cluster analysis, such that we could
accurately count the number of molecules in question, in the analysis of the endosome
maturation pathway in yeast [10, 11]. This technical calibration allowed for Quantitative STORM,
or qSTORM: a super-resolution quantification of exact protein copy-number in its natural cell
environment.
Before we could begin the biological studies of b2AR, we needed to adapt those previously
published calibrations and works from a small number of endocytic proteins in yeast, to a very
dense mammalian membrane structure, which would ultimately prove to be a larger task than
expected.

Investigation of the optimal fluorophore for qSTORM
The key challenge for precise in vivo quantitative-counting is high-specificity and highefficiency labeling of the receptor, and is largely dependent on our ability to predict the behavior
of the detection fluorophore. Because we were in quest of exact copy number, the use of
unpredictably binding antibodies was not an option. I therefore began by testing two
overexpression, genetic-tagging approaches: 1) fusion with a SNAP-tag, which can in turn be
labeled with a benzylguanine (BG)- attached dye, and 2) fusion with a photoactivatablefluorescent protein (PA-FP). Both SNAP-tag and fluorescent protein fusion had been previously
applied to b2AR imaging without affecting its functionality [12, 13]. In fact, SNAP-tag has been
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reported to allow nearly quantitative labeling of b2AR, although correcting for the blinking of
STORM-compatible dyes (such as Cy5) is more complicated than for PA-FPs. On the other
hand, PA-FPs typically have <60% labeling efficiency due to fluorophore maturation issues [10,
14]

.

We needed a quantitative calibration method prior to study of b2AR. To do this, we used a
prototypical monomeric, single-transmembrane, membrane protein: CD86. This immunoprotien
has been used for this purpose a myriad of times [8, 12, 15]. As a calibration for these analyses, I
expressed nondimerizing CD86 fused to one, two and three PA-FPs as monomeric, pseudodimeric and -trimeric proteins. As required for qSTORM to achieve precise counting, the
experiments were performed in fixed cells.

SNAP-tagging and Caged-dyes
For this first labeling trial, we fused a SNAPtag to the N-terminus of CD86. The SNAPtag is a
small (20kDa) protein tag that specifically interacts with BG-groups. While this interaction is
documented to be 1:1, our knowledge of the unpredictability of Alexa dyes made them less than
desirable fluorophores. Instead, we decided to work with a series of caged-dyes (cagedcarborhodamine and caged-fluorescein), gifted to us by Luke Lavis at Janelia Farms (Figure 12).
Unfortunately, despite trying several buffer conditions, we were unable to get the high photon
number and blinking kinetics necessary for qSTORM.
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a

b

Figure 12 – Caged dyes and their photon
numbers. (a) Structure of caged-fluorescein,
(b) structure of caged-carborhodamine. (c)
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photon

number
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of

different
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different

buffer

conditions (experiment done with help of Wei
Qiang Ong).

Photoactivatable-fluorescent Proteins
Seeing as the organic dyes were not exhibiting optimal photophysics for qSTORM, we moved on
to PA-FPs; the optimal candidate would be bright, non-dimerizing and with predictable blinking.
We analyzed PAmCherry, mMaple3, mEos2 and mEos3.2. While PAmCherry was too dim for
these specific experiments, and mEos2 shows oligomerizing behavior, mMaple3 and mEos3.2
were monomeric and with roughly the same photon number, but mEos3.2 had slightly more
predictable blinking behavior so we focused on it for the remainder of the work.

Cluster analysis
The first step in analysis is to correct for the overcounting due to blinking of the dye/fluorescent
protein (Figure 13). If a localization appears within a set time and radius we correct it and count
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it as a single fluorophore – where both time and radius are dependent on the type of fluorophore
used.

Figure 13 – qSTORM blinking correction. Example of localizations in a region of
interest, before blinking correction (left, colored “+”, where color indicates frame/time
progression), and after (right, black “x”).

Calibration via CD86 and biological trials on b2AR
Cross-correlation Calibration with CD86
To calibrate the system we made CD86 fusion proteins with 1x, 2x, or 3x copies of mEos3.2 on
the intracellular C-terminus. The first analysis algorithm we tested was a cross correlation
analysis. In the case of 1x CD86, we expect a random distribution, so our correlation function
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prediction was of a flat horizontal line, crossing the y-axis at the average distance between
molecules. 2x-mEos3.2-CD86 should act as a pseudo-dimer and give a peak at zero (the average
distance between the pair), and 3x- should have a higher peak. As shown in Figure 14, we were
never able to achieve that horizontal line representing a random distribution with this algorithm.

a

CD86-mEos3.2

b

Ctla-mEos3.2

CD86-2xmEos3.2

CD86-3xmEos3.2

CD80-mEos3.2

Figure 14 – Correlation analysis of oligomers. (a) auto-correlation functions for 1x-,
2x-, and 3x-mEos3.2-CD86 fusion proteins. (b) auto-correlation functions for canonically
dimeric Ctla4-mEos3.2 and 50%dimer/50%monomer CD80.

To ensure this was not a problem of CD86, we also tested Ctla4-mEos3.2 (a known homodimer)
and CD80-mEos3.2 (50% monomer, 50% dimer). The functions looked very similar to the
controls.
We speculate that the persistence of the peak in the monomer case may be due to two
phenomenon. Firstly, we too often observed “super-blinkers” or fluorescent proteins that would
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not bleach. They would not follow any typical blinking behavior, instead remaining bright across
tens of frames, analysis of which would cause that peak at zero. Secondly, while mEos3.2 was
the most characterizable of the fluorescent proteins, it did have dark-times of up to 10 seconds.
Given how dense our membrane system was, and that function scales with 1/(density squared),
these relatively unpredictable dark times would have a big effect on the distribution.

Trials with b2AR clustering
Interestingly though, when we tested a b2AR-mEos3.2 fusion protein in HEK293T cells, after
varying degrees of agonist (ISO) stimulation, we see that our correlation function peak does
widen at 20 minutes (Figure 15). Both this timing, and the width of the peak, align perfectly with
the known biology of receptor clustering into clathrin coated pits.

0 min

5 min

20 min

Figure 15 – b2AR correlation function. Auto-correlation function of b2AR-mEos3.2
expressed in HEK293T cells. Left, receptor with no stimulation. Middle, after 5 min of
10uM ISO stimulation. Right, after 20 min of 10uM ISO stimulation.
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Nearest-neighbor analysis
Given auto-correlation’s heavy density dependence, we opted for another algorithm. With the
help of Nick Boyd and Geoff Schiebinger of the Recht lab (UCBerkeley), we began
experimenting with a nearest neighbor analysis. Essentially we would compute the distance of
each localization to its nearest neighbor, and compare it to the predicted value if it were a
random distribution that is computed from a kernel density estimate of the local density of
fluorophores. Intuitively, a closer neighbor is expected in a higher-density region; the kernel
density estimate makes this precise. This analysis gives a p-value for each localization which
allows the generation of a histogram. Figure 16 shows an example of this analysis comparing PH
domain-mEos3.2, and PH-2xmEos3.2.

Figure 16 – Nearest neighbor analysis on PH-mEos3.2 and PH-2xmEos3.2. PHmEos3.2 in orange, and PH-2xmEos3.2 in blue, analyzed with the nearest neighbor
algorithm.
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While this did improve the persistent monomer peak at zero, it did not eliminate it completely.

After testing several dyes and fluorescent proteins to determine mEos3.2 was the optimal choice
for qSTORM, it is disappointing to see it is still not predictable enough to make qSTORM of
dense membrane structures achievable. Overall, we tried to calibrate the system with CD86
(monomer), Ctla4 (dimer), CD80 (50% monomer, 50% dimer), PH-domain (monomer), and then
test b2AR. Unfortunately, despite several algorithms (auto-correlation and nearest neighbor
discussed here) we were unable to achieve a truly random distribution. We believe this is mostly
due to the nature of mEos3.2. First of all, its blinking properties with dark times of up to 10
seconds make it very difficult to use in densely labeled systems, as it can lead to false clusters
around zero. Secondly, this fluorescent protein has a maturation rate of only ~60%. Coupling this
issue with inevitable photobleaching during sample preparation, it becomes very unlikely that we
will actually detect pseudo-dimers or –trimers, explaining why we see very little difference
between these constructs.
The development of new, more photostable, fluorescent proteins and/or organic dyes, with a high
maturation rate and photon number, will facilitate the development of qSTORM for dense
membrane structures. Until then, quantitation at the monomer-dimer-trimer level is beyond
capacity, and we have to make use of higher-order cluster information.
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Abbreviated Methods

Cell Culture and Transfection. Human HeLa and HEK293T cells were grown in Dulbecco’s
modified Eagle medium (DMEM) with high glucose and L-Glutamine (Gibco), supplemented
with fetal bovine serum (FBS; 10% (vol/vol)) and penicillin/streptomycin (100 µg/ml; UCSF
Cell Culture Facility). Cells were grown at 37 °C and 5% CO2 in a humidified incubator.
For imaging, cells were plated in Poly-L-Lysine [Sigma] coated 8-well chambers [MaTek].
Plasmids were transfected at 100 ng DNA/well and 1.5 µl of Lipofectamine-2000 (Invitrogen). 8
to 24 hours later, cells were fixed with 4% PFA for 30 min, and subsequently washed 3 times
with phosphate buffered saline (PBS), at which point mEos3.2 expressing cells were ready for
imaging. Samples requiring additional labelling (i.e. SNAPtag), underwent an additional
incubation with the BG- conjugated dye, followed by 3 washes in PBS.

STORM image acquisition and analysis. Super-resolution STORM images were collected
using the same system as described in Chapter 2 (method on page 25). Additional 488 nm
(OBIS 488, Coherent) and 561 nm (Sapphire 561 LP, Coherent) were aligned, expanded, and
focused at the back focal plane of the 1.4 NA 100x oil immersion objective (UPlanSApo,
Olympus). 20,000 to 30,000 frames were collected per sample. STORM imaging buffers varied,
from just PBS, to 100mM TRIS pH 8.0, glucose (10%), NaCl (10 mM), 2-mercaptoethanol (1%
v/v), and GLOX scavenging system (1% v/v), depending on fluorophore used. Regardless, it was
made fresh every 45 minutes.
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Correlation analysis code was adapted from home-written, previously published works [10].
Nearest-neighbour analysis was written and performed by members of the Recht lab at
University of California Berkeley.
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