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Abstract 
 

Structure and Function of Membrane Proteins Responsible for Intracellular Signaling 
 

by 
 

Ryan John Arant 
 

Doctor of Philosophy in Molecular and Cell Biology 
 

University of California, Berkeley 
 

Professor Ehud Y. Isacoff, Chair 
 

 Proteins of the cellular membranes provide crucial functions in the body; they are 
the passageways into and out of the cell, the pumps that generate and maintain 
chemical and electrical gradients, the receptors that transduce chemical messages and 
the scaffolding that gives the cell its shape. In order to function, proteins have a very 
specific shape which forms domains for interaction; the domains of a protein may 
interact with small molecules and make a structural rearrangement, or they may 
mediate protein-protein interactions or be assembled with other protein subunits to form 
a protein complex. Proteins with complicated function often are arranged into protein 
complexes which provide modular subunits that can be switched in or out of the 
complex over time or across cells. This modularity allows for combinatorial regulation of 
the output of the protein. In the case of ion channels—proteins that allow the passage of 
ions from one side of the membrane to another—the particular number of subunits and 
the combination with which different types of subunits may be assembled determine 
biophysical properties, such as the opening cooperativity or the current amplitude of the 
channel. 
 Ionotropic glutamate receptors are an important class of ion channels that open 
in response to glutamate. Glutamate receptors are the primary excitatory receptors of 
the mammalian central nervous system and they receive chemical signals which they 
convert to an electrical signal. The glutamate receptors are ion channels composed of 
various glutamate receptor subunits, which determine the functional output. For 
example, some subunits only allow permeation of certain ions, like sodium or 
potassium, but others allow for calcium influx. Similarly, some subunits have faster or 
slower gating kinetics, which determines the current amplitude in response to 
glutamate. In principle, glutamate receptor subunits may be similar enough that any 
combinatorial assembly of the subunits would be possible; however, it is known that 
glutamate receptors have a highly regulated assembly process that limits the possible 
combinations available to the cell. Using a single-molecule technique called subunit 
counting, we determined the rules of assembly for a kainite-type glutamate receptor. We 
discovered that that GluK2 homotetramers and 2:2 GluK2/GluK5 heterotetramers are 
possible receptor combinations, but not 1:3 or 3:1 GluK2/GluK5 assemblies. This 
suggests that there are specific regulation steps in the assembly of the quaternary 
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structure that control the number and types of subunits assembled into a finished 
glutamate receptor. 
 Once a functional glutamate receptor has been properly assembled and 
delivered to the membrane, they are subject to various regulatory processes. One 
regulatory mechanism relies upon a protein family called the transmembrane AMPA-R 
regulatory protein (TARP) family. TARPs traffic AMPA-type glutamate receptors to the 
plasma membrane of cells and can functionally regulate the receptors by slowing 
receptor deactivation and desensitization. The molecular details of this process were 
previously unknown, but we have determined that TARPs bind to AMPA receptors in an 
expression-dependent manner. For low expression densities of the TARP, zero or one 
TARP will bind to the glutamate receptor. Alternatively, higher expression will yield more 
TARPs bound, and in the case of stargazin, the canonical member of the TARP family, 
it can bind up to four to a single glutamate receptor. This suggests that the mechanism 
of AMPA receptor regulation by TARPs is controlled at the level of plasma membrane 
expression of the TARPs. 

Other ion channels, instead of responding to chemical signals, are activated by 
the voltage across the membrane. For example, the voltage-gated calcium channel is 
an important source of calcium entry into the cell and is therefore a key molecule in 
intracellular signaling. Calcium entry is tightly regulated by processes of calcium-
dependent inactivation and calcium-dependent facilitation. These processes are 
regulated at the C-terminus of the voltage-gated calcium channel where calmodulin, a 
calcium-binding protein, is bound. To study the structural details of the calcium 
regulation process, the molecular structure of the voltage-sensitive calcium channel C-
terminus was determined by protein crystallography and individual C-termini were seen 
to associate with a partner C-terminus. These data suggest that, contrary to popular 
belief, voltage-gated calcium channels may multimerize to form channel dimers, which 
may have additional calcium entry regulation. However, using subunit counting, we 
determined that voltage-gated calcium channels are, in fact, protein monomers and 
overexpression of calmodulin does not mediate dimerization.  
 Membrane proteins are also capable of signaling between the different 
membrane compartments of the cell. STIM1, a calcium-sensing protein of the 
endoplasmic reticulum (ER), signals from the ER membrane to proteins of the plasma 
membrane. These protein targets include the Orai1 calcium channel, for the restocking 
of ER calcium, and adenylyl cyclase to stimulate the production of cAMP. Using total 
internal reflection fluorescence (TIRF) microscopy and electrophysiology, we elucidate 
the pathway by which the innate immune system of airway epithelial cells responds to a 
bacterial lactone. Specifically, IP3 receptors become activated which releases calcium 
from the ER. Next, STIM1 activates adenylyl cyclase which signals to the cystic fibrosis 
transmembrane conductance regulator (CFTR) via cAMP and PKA. The activation of 
CFTR produces a transepithelial current to cleanse the epithelial cells of any bacteria 
that may be present. 
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Introduction 
 
 The nervous system is a complex organization of neuronal networks that are 
responsible for sensing the environment, initiating actions, and communicating 
throughout the body of an animal. Some networks are very simple, like the reflex arc of 
proprioceptive neurons, but some are much more complex, like those responsible for 
thoughts, feelings, memories and behaviors (Tau and Peterson, 2010). The 
mechanisms of communication in the nervous system are chemical and electrical in 
nature; chemicals such as neurotransmitters, neuromodulators and hormones act on 
protein receptors, while electrical communication is sensed by voltage-sensitive proteins 
(Cook, 2008). These proteins, found on the surface of cells, use a variety of 
mechanisms to convey information to different locations, such as, intracellular 
compartments, in small domains near the membrane, or along the cell to signal 
neighboring cells (Parekh, 2008; Tabata and Kano, 2010; Wang et al., 2009). 
 Neurons are responsible for maintaining an environment in which they can 
perform their normal functions. The cell can achieve this by the partitioning of 
biomolecules, ions, and small molecules into different spaces within or outside of the 
neuron. For example, neurons will store neurotransmitters in specialized, membrane-
bound compartments, called vesicles (Chaudhry et al., 2008). These vesicles will lay in 
wait until they receive a particular signal, and once that signal arrives, the proteins in the 
vesicular membrane will change shape and coordinate fusion of the vesicular 
membrane with the plasma membrane of the neuron (Eggermann et al., 2012). The 
vesicular fusion leads to secretion of the neurotransmitter such that it will diffuse and 
bind to proteins of neighboring cells that recognize the neurotransmitter’s chemical 
signal. In the case of electrical signaling, the neuron actively extrudes sodium ions (Na+) 
from the cell and absorbs extracellular potassium ions (K+) into the cell. This sets up an 
electrochemical gradient so that Na+, K+ and other ions such as calcium (Ca2+) flow 
back and forth on either side of the plasma membrane when proteins, which have 
selectivity filters to allow permeation of particular ionic species, change their relative 
permeabilities. This is the molecular basis for excitability of cell membranes (Hille, 2001; 
Rasband, 2011). 

In the discussion that follows, I will introduce proteins of the nervous system that 
are involved in neuron-to-neuron communication and are responsible for intracellular 
signaling. Specifically, I will talk about the proteins of the chemical synapse, where 
neurotransmitters carry signals between neurons. Those chemical signals are then 
transduced by neurons in a network, ultimately giving rise to the myriad functions of the 
nervous system. 
 
Ionotropic glutamate receptors at the chemical synapse 
 
 Communication between neurons is achieved at highly specialized structures 
called synapses (MacGillavry et al., 2011). Synapses are found where two different 
neurons come into very close apposition to one another (Fig. 1.1). On the presynaptic, 
or upstream, side of the synapse, vesicles loaded with neurotransmitters are docked 
and ready to be released from the cell. When the presynaptic neuron has a signal to 
send the postsynaptic neuron, vesicular fusion will occur, which will result in 
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neurotransmitter secretion into the synapse. The neurotransmitters then diffuse across 
the synaptic cleft and bind to receptors on the postsynaptic neuronal membrane (Fig. 
1.1, lower left). 

The most abundantly expressed postsynaptic receptors in the nervous system 
are glutamate receptors. In the mammalian brain, glutamate is the major excitatory 
neurotransmitter and glutamate receptors are practically ubiquitous in the nervous 
system. The glutamate receptor family is divided into three classes of ionotropic 
glutamate receptors, named AMPA, NMDA and Kainate receptors, and three classes of 
metabotropic receptors, called group I, group II and group III mGluRs. Ionotropic 
receptors are ion channels that allow the flux of ions in response to binding a ligand, 
whereas, metabotropic receptors have a very different structure that signal to the 
intracellular environment through G-protein signaling cascades (Sheffler et al., 2011; 
Traynelis et al., 2010).  

The elementary units of the ionotropic glutamate receptors are the protein’s 
subunits. Individual subunits are transcribed from different genes, and the resulting 
polypeptides are held together by interactions between the subunits in what is known as 
the quaternary structure (Janin, 2008). There are four subunits found in a complete 
glutamate receptor tetramer. When the four subunits are identical, the glutamate 
receptor is referred to as a homotetramer; however, when the subunits are not identical, 
it is referred to as a heterotetramer. The structure of the ionotropic glutamate receptor 
subunits is similar; each has a domain that binds glutamate, called a ligand-binding 
domain (LBD), a transmembrane domain that anchors the receptor in the cell 
membrane and a regulatory domain, called the amino-terminal domain (Fig. 1.2, A). 
When the four subunits are assembled in the completed glutamate receptor, the 
transmembrane domains circle around to make a small pore in the membrane. This 
pore, akin to a camera aperture, can open and close to form an ion permeation pathway 
(Mayer, 2011). 

The LBD looks similar to a clamshell and makes a conformational change when 
glutamate binds. The orientation of the LBDs is such that the backsides of the LBDs 
face each other and directly interact. Once bound, the bottom part of the LBD moves 
away from the membrane by hinging on the stable interactions between the LBD 
backsides. This molecular motion results in opening the ion permeation pathway so that 
positively-charged ions are conducted through the pore. After some time the receptor 
will desensitize; the interactions between the LBDs become unstable and a downward 
rotation of the entire LBD will result in shutting off the current, even if the glutamate is 
still bound (Fig. 1.2, B) (Mayer, 2006).  
 
Voltage-gated ion channels 
 
 Once glutamate receptors become activated, their ionic current generates a 
depolarization of the postsynaptic membrane, which activates voltage-sensitive ion 
channels. In general, voltage-sensitive channels have a voltage-sensor domain (VSD), 
a gate and a pore (Fig. 1.2C). The VSD can sense the membrane potential via a 
positively-charged helix, called S4. Voltage-sensitive channels are found embedded 
inside the plasma membrane of the cell with the S4 helix of the VSD located in the 
electrical field of the membrane (Tombola et al., 2006).  
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VSDs are directly coupled to the ion channel gate, and conformational changes 
of the VSD allow the gate to be opened and closed. At negative potentials, the S4 helix 
of the VSD is in its resting conformation, which is sitting down in the membrane closer 
toward the inside of the cell and the gate is closed. When the neuron becomes 
depolarized enough, the VSD S4 helix moves away from the now positively-charged 
intracellular environment and the channel opens to allow ion permeation through a 
region called the pore domain (Fig. 1.2D) (Tombola et al., 2006). 
 In the case of the typical neuron, the sequence of events would look something 
like the following. Glutamate binds AMPA receptors in the postsynaptic membrane, 
which allows Na+ ions to enter the cell and cause a small depolarization of the neuron. If 
enough AMPA receptors are bound by glutamate, the intracellular depolarization will be 
sufficient enough to activate voltage-gated sodium channels. When the voltage-gated 
sodium channels open, they generate an active positive-feedback loop, which is seen 
as the strong upswing in membrane potential at the beginning of an action potential 
(Fig. 1.1, lower right B-C). As the action potential is generated, the depolarization 
moves along the cell, down to the synaptic terminals of the neuron. Once it has reached 
the terminals, the membrane depolarization now activates voltage-gated calcium 
channels. Ca2+ is the intracellular signal in the synaptic terminals that indicates that 
neurotransmitter should be released from the neuron’s presynaptic membrane. The 
amount of Ca2+ that enters will dictate how many presynaptic vesicles will undergo 
fusion. At the end of the depolarization, delayed-rectifier voltage-gated potassium 
channels open, and K+ efflux from the cell causes the neuron to return to its resting 
membrane potential (Fig. 1.1, lower right C-D) (Kandel et al., 2000). 
 In summary, we have discussed several proteins found throughout the nervous 
system and have seen that the molecular structure and conformational changes of 
these proteins allow for their various functions. In order to study membrane proteins, 
various conventional approaches have been utilized, but these approaches are usually 
either bulk measurement techniques or have very low throughput. Our lab has 
developed new single-molecule techniques that allow for measurements of individual 
proteins in a live cell membrane. These approaches have allowed for new insights into 
membrane protein quaternary structure and the dynamics of protein-protein interactions. 
 
High-resolution imaging for the study of protein quaternary structure 
 
 Protein quaternary structure is the arrangement of the particular folded 
polypeptide subunits that make up a complete functional protein. In the case of the 
voltage-gated potassium channel, four identical subunits assemble together to make the 
completed protein (Doyle, 1998); similarly, the AMPA receptor has four subunits but 
there are a variety of subunit assembly combinations that can be utilized. The names of 
the AMPA receptor subunits are GluA1, GluA2, GluA3 and GluA4. AMPA receptors can 
assemble as (GluA1)4, which are called GluA1 homotetramers, or they can assemble in 
other combinations, such as the 2:2 GluA1/GluA2 heterotetramer, (GluA1)2/(GluA2)2 
(Mayer, 2011). 
 The classical methods utilized to study the structure of transmembrane proteins 
have included bulk measurement techniques (e.g., western blot) which measure the 
difference in mass or size between a dissociated individual subunit and a complete 
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protein complex. These types of measurements have an inherent drawback because it 
is not possible to resolve what is happening on the single-molecule level (Tinoco and 
Gonzalez, 2011). As an example, the NMDA receptor has three unique subunit types, 
called GluN1, GluN2 and GluN3. In the dissociated complex, each of these three 
different subunit types have approximately the same mass, as assayed on protein gels. 
Therefore, attempting to learn about the heteromeric assembly options for GluN1-3 will 
yield inconclusive data. This experiment cannot distinguish between 2:2 GluN1/GluN2, 
2:2 GluN1/GluN3 or 2:1:1 GluN1/GluN2/GluN3 (Reiner et al., 2012).  

An alternative method to study protein subunit composition and protein-protein 
interactions in very high resolution is protein crystallography, but this technique is 
particularly difficult for transmembrane proteins. In order to look at the structure of a 
protein of interest, protein crystallography relies upon growing uniform crystals of the 
protein and irradiating these crystals with short wavelength X-ray irradiation. X-rays are 
diffracted by the crystalline lattice and the shape of the protein can be determined by 
the diffraction pattern. Labs that use this technique are lucky to grow protein crystals 
and, for crystals that do grow, many do not diffract to high resolution or have disordered 
regions of the protein that cannot be resolved. Additionally, in the process of growing 
crystals, artifactual interactions may be stabilized within the protein lattice that do not 
occur in living cells (Minor, 2007). 
 
One-color subunit counting 

To address questions that require an understanding of transmembrane protein 
structure on a single-molecule basis, Maximilian Ulbrich, previously a postdoctoral 
fellow in the lab of Ehud Isacoff, developed a single-molecule technique to measure the 
stoichiometry of membrane protein complexes. This technique, called subunit counting, 
is a live-cell imaging assay which takes advantage of total internal reflection 
fluorescence (TIRF) microscopy to visualize transmembrane proteins in a heterologous 
expression system. Specifically, cRNAs encoding fluorescent protein (FP) tagged 
transmembrane protein are injected into Xenopus laevis oocytes and are allowed to 
express for approximately 1 day (Fig. 1.3A). In order to resolve the differences between 
protein complexes, the protein of interest is expressed at a sufficiently low density such 
that individual fluorescent spots contain only one protein molecule (Fig. 1.3B). Each 
protein subunit is labeled with only one GFP and, in order to measure how many protein 
subunits make up a complex, all GFP tags are bleached. Because of the stochastic 
nature of GFP bleaching events, each fluorescent spot will display stepwise, discreet 
bleaching events over time (Fig. 1.3C) (Ulbrich, 2007).  

For a protein with only one subunit, there will be one bleaching step per spot; 
whereas, a protein with four subunits will have 4 discreet bleaching steps, of roughly 
equal size, per spot. However, the situation becomes more complicated by the fact that 
each GFP has a probability of fluorescence of about p = 0.8 (Ulbrich, 2007). This results 
in a binomial distribution of the data; i.e., for a protein with only one subunit, 80% of the 
single-molecule spots will bleach with one bleaching step and the other 20% will not be 
fluorescent and are therefore invisible (for example, Kohout, 2008). For a protein with 
four subunits, 41% of the visible spots will bleach in 4 steps, 41% will bleach in 3 steps, 
15% in 2 steps and 3% in 1 step (for example, Nakajo et al., 2010). 
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The voltage-gated proton channel, HV1, is the first, and only, cloned protein of 
the voltage-gated proton channel family. It is responsible for acid regulation via 
extrusion of acid from cellular interiors of a variety of cell types. This interesting protein 
has a similar VSD and S4 helix to other voltage-sensitive channels, but lacks the usual 
pore domain. This observation prompted the investigation of where the permeation 
pathway exists, if not through a pore domain, and whether HV1 has four VSDs like other 
voltage-gated channels. In an elegant series of experiments using electrophysiology 
and the subunit counting technique, it was determined that HV1 has two VSDs which 
each conduct protons through the interior of the VSD near the voltage-sensitive S4 helix 
(Tombola et al., 2008). Additional experiments have shown that the two pores are highly 
coupled—when one VSD opens, the neighboring subunit increases its open probability 
by 60 fold (Tombola et al., 2009). This cooperativity between subunits is achieved by 
allosteric coupling of the conformational changes that precede channel opening, and the 
cooperativity tunes the voltage-sensitivity of the proton channel into a tight, 
physiologically relevant voltage range (Tombola et al., 2010). 

 
Two-color subunit counting 

As illustrated with the HV1 example, subunit counting is a unique approach that 
allows for the determination of the stoichiometry of protein complexes that are properly 
targeted to the plasma membrane and are functional. However, subunit counting is 
clearly not the only way one could determine the number of subunits in HV1. Other 
groups similarly showed that HV1 is a dimer using either Förster resonance energy 
transfer (FRET) or crosslinking biochemistry (Koch et al., 2008; Lee et al., 2008). To be 
able to selectively determine the stoichiometry of different protein complexes on a 
single-molecule level, two-color subunit counting was developed. Using spectrally 
shifted FPs, different subunit components of transmembrane proteins are labeled in 
different colors (Fig. 1.3D-F).  

As an example, we return to the previously mentioned question about the NMDA 
receptor heteromeric assemblies. A classical biochemical technique would purify all 
protein from the cell, this includes functional complexes on the plasma membrane, 
partially translated protein in the endoplasmic reticulum or improperly folded proteins in 
the endosome. Then, the protein is run over a gel where different mixtures of the 
different possible subunit combinations become averaged across the blur of a band. 
This type of assay cannot distinguish between the different subunit combinations that 
are available to NMDA receptors (i.e., NMDA receptors containing GluN1/GluN2, 
GluN1/GluN3 or GluN1/GluN2/GluN3).  

With two-color subunit counting, GluN2-GFP was coexpressed with GluN1-
ttTomato (a tandem tetramer red FP) or GluN3-ttTomato to determine if 
GluN1/GluN2/GluN3 is a possible assembly option of the NMDA receptors. NMDA 
receptors are known to always contain 2 GluN1 subunits from previous studies 
(Furukawa et al., 2005; Laube et al., 1998; Premkumar and Auerbach, 1997). For cells 
containing GluN1-ttTomato and GluN2-GFP, most red and green spots overlap; 
however, cells with GluN3-ttTomato and GluN1-GFP had only rare, coincidental 
overlap. Red and green fluorescence was collected sequentially, with the red 
fluorophore completely bleached prior to viewing the green channel to prevent artifacts 
from FRET. By observing which red and green fluorescent spots colocalize, the data are 
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interpreted to mean that only 2:2 GluN1/GluN2 heterotetramers and 2:2 GluN1/GluN3 
heterotetramers were present, but not homotetramers or GluN1/GluN2/GluN3 
heteromers. The conclusion from these experiments is that, generally, there is some 
regulatory signal or machinery that controls the subunit assembly of the NMDA receptor 
subunits that allows 2:2 heterotetramers, but not 2:1:1 or other conceivable quaternary 
structures (Ulbrich and Isacoff, 2008).  

The subunit counting technique can not only be used to look at fixed 
stoichiometric assemblies but also variable assemblies. The voltage-gated potassium 
channel, KCNQ1, is known to be a tetramer but studies have not agreed on the number 
of auxiliary subunits, called KCNE1, that assemble with KCNQ1 (Morin and Kobertz, 
2008; Wang et al., 1998). These proteins are expressed in a variety of tissues, including 
the heart where it regulates the heartbeat. KCNE1 binds directly to the pore domain of 
KCNQ1, which slows the activation and deactivation kinetics and increasing the current 
amplitude (Van Horn et al., 2011). KCNQ1-mCherry and KCNE1-GFP were 
coexpressed and spots that contained both red and green fluorescence were analyzed. 
By counting the number of green bleaching steps per red colocalized spot, the 
stoichiometry of KCNE1 assembled with KCNQ1 could be determined. Interestingly, up 
to four KCNE1 subunits can bind to the KCNQ1 channel and the binding is expression-
dependent. This suggests that cells may regulate KCNQ1 activity by increasing or 
decreasing the expression of KCNE1 (Nakajo et al., 2010). 

Unfortunately, to date a suitable red fluorescent protein has not been found for 
photobleaching. In the previous examples of the NMDA receptor and KCNQ1/KCNE1 
complex, the red fluorophore was only colocalized with the green fluorescence. In the 
case of the NMDA receptor, a tandem tetramer Tomato red fluorophore was used to 
increase the brightness of the tag because the normal tandem dimer Tomato tag is very 
dim and has a much lower probability of fluorescence (p ≈ 0.4), compared with GFP. 
For the KCNQ1 experiments, a monomeric mCherry tag was utilized and occasionally 
bleaching steps can be observed, but this tag does not give reliably good bleaching step 
like GFP (Ulbrich, 2012). 

To get around the problem of not having a good red FP for photobleaching, 
sequential experiments can be performed that swap the green and red FPs between the 
two subunit types of unknown stoichiometry. TRPP2 and PKD1 are membrane proteins 
known to heteromultimerize with each other. Mutations in genes encoding either TRPP2 
or PKD1 are known to cause autosomal dominant polycystic kidney disease, but the 
reasons for the development of this disease are unknown. To determine the subunit 
stoichiometry, TRPP2 and PKD1 were both tagged with GFP or mCherry. TRPP2-
mCherry coinjected with PKD1-GFP showed 1 bleaching step when colocalized with red 
spots. Next, experiments with TRPP2-GFP and PKD1-mCherry showed a binomial 
distribution that best fit 3 TRPP2 subunits. Taken together, the data indicate that the 
complex assembles as a 3:1 TRPP2/PKD1 heterotetramer (Yu et al., 2009; Zhu et al., 
2011). 

In conclusion, the single-molecule photobleaching approach, subunit counting, 
has proved to be a valuable tool in studying the quaternary structure and dynamic 
regulation of membrane proteins. Using one-color subunit counting, the quaternary 
structure of homomeric membrane proteins can be determined; however, two-color 
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subunit counting may be used to assay the rules of assembly of membrane-bound 
macromolecular complexes (Ulbrich, 2012). 
 
Summary of dissertation 
 
 In the chapters that follow, I discuss experiments that utilize our photobleaching 
technique, called subunit counting, along with various other complementary techniques 
to study three classes of plasma membrane proteins. Specifically, chapter two 
discusses the kainite-type glutamate receptors, GluK2 and GluK5, which are 
responsible for the summation of synaptic inputs. GluK2 can assemble as either a 
homotetramer with fast on- and off-kinetics or it can coassemble with other kainite-type 
glutamate receptors. GluK5 is an important subunit that cannot express on its own but 
does form functional heterotetramers in parts of the brain, such as the hippocampus. 
These particular GluK2/GluK5 heteromers have 10-fold slower kinetics, which 
generates a higher current amplitude. We determine the possible assembly 
stoichiometry to be 2:2 GluK2/GluK5 but not 3:1 or 1:3 GluK2/GluK5 heterotetramers. 

Chapter three is an investigation of AMPA-type glutamate receptor auxiliary 
proteins, called transmembrane AMPA-R regulatory proteins (TARPs). The TARP family 
is composed of four members (γ-2, γ-3, γ-4, and γ-8) and they are responsible for 
trafficking the AMPA receptors to the plasma membrane more efficiently and have the 
additional role of functionally modifying the AMPA receptor current amplitude. We find 
that the number of TARPs bound is concentration dependent but up to four γ-2 and γ-3 
subunits can bind to each AMPA receptor. However, only up to two γ-8 subunits can 
bind and γ-4 was observed as rarely binding more than two, but potentially up to four 
per AMPA receptor. These results have interesting implications for how the different 
TARP family members regulate AMPA receptors. 

In chapter four, the focus shifts to the voltage-gated calcium channels. We 
investigate how Ca2+ entry is regulated by calcium-dependent facilitation and 
inactivation at a specific structural domain on the calcium channel, called the Pre-IQ 
domain. This domain derives its function by interactions with calcium-binding proteins, 
such as calmodulin. The Pre-IQ domain was crystallized in isolation from the rest of the 
voltage-gated calcium channel, but with calmodulin. The crystal structure of this domain 
has an asymmetric unit of two Pre-IQ domains interacting in an antiparallel fashion. This 
crystal structure suggested that voltage-gated calcium channels may function as 
dimers; however subunit counting reveals that the voltage-gated calcium channel is a 
monomer in live cells, indicating that Ca2+ channel dimers do not seem to be 
functionally relevant. 

Finally, chapter five investigates a protein of the endoplasmic reticulum (ER), 
STIM1. STIM1 senses the amount of Ca2+ stored in the ER signals to a plasma 
membrane protein, Orai1, when Ca2+ stores are low. This, in turn, activates Orai1, a 
Ca2+ channel, which restocks the ER. Additionally, STIM1 activates adenylyl cyclase to 
produce cAMP in signaling cascades. Our study elucidates a pathway of the innate 
immune response of airway epithelial cells to a bacteria-specific lactone called 3O-C12. 
When 3O-C12 is sensed by the airway epithelia, the cystic fibrosis transmembrane 
conductance regulator (CFTR) chloride channel is activated via a STIM1-activated 
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cAMP pathway. The CFTR channel then produces a transepithelial current to flush the 
airway cells of bacteria and prevent infection. 
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Figure 1.1. Electrical and chemical signaling of the nervous system. Top-left, 
cartoon of a typical neuron with its dendrites on the left and synaptic terminals in contact 
with an unidentified target cell. Bottom-left, zoom in of the synaptic terminals showing 
the small space between the presynaptic neuron and the postsynaptic cell. The 
presynaptic cell has vesicles, diagrammed as black circles, that are filled with 
neurotransmitter (yellow circles). The postsynaptic cells have receptors ready to bind 
the neurotransmitters that diffuse across the synapse. Additionally, voltage-gated 
channels sense the activation of the neurotransmitter receptors. Top-right, the electrical 
signal of a typical neuron is an active process that propagates down the cell. Sodium 
ions are segregated to the outside of the cell while potassium ions are sequestered 
inside (A). Small changes in the membrane potential are felt by nearby voltage-gated 
sodium channels that switch on once they reach a certain threshold for activation (A-B). 
Once on, sodium flows into the cell to depolarize the plasma membrane (B-C). This 
depolarization is then reversed by potassium channels that conduct potassium out of 
the cell (C-D). The membrane is then repolarized to resting potential after the 
inactivation of the potassium channels (E, not diagramed). Bottom-right, an electrical 
recording of an action potential. The letters from the bottom-right panel correspond to 
images in the top-right panel. 
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Figure 1.2. Structure and function of membrane proteins. A, high-resolution 
structure of the AMPA-type glutamate receptor as solved by protein crystallography. 
Each subunit is colored differently. The amino-terminal domain, ligand-binding domain 
and transmembrane domain are labeled on the protein crystal structure and on the 
cartoon in B. The green and yellow ligand-binding domains are paired as well as the 
blue and magenta. B, Cartoon of a glutamate receptor with ligand-binding domain and 
transmembrane domain labeled (amino-terminal domain drawn once, but omitted later 
for clarity). On the left is the closed state, before ligand is available. The yellow circle 
represents the ligand; the middle column is of ligand-present but unbound state; the 
right column is ligand-present and bound. The brown dashed box indicates structures 
that have become desensitized to the ligand; the orange box indicates the open state 
that conducts ions. C, Crystal structure of a potassium channel viewed from the top with 
each subunit in a different color. The pore of the channel is found in the center where all 
four subunits come together. D, Cartoon showing the closed conformation (top) and the 
open conformation (bottom) from a side or top view (left and right, respectively).
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Figure 1.3. Subunit counting membrane proteins. A, For a particular gene of interest 
that codes for a plasma membrane protein, standard molecular biology techniques are 
utilized to make a plasmid which contains the gene fused to a green fluorescent protein 
(GFP). In vitro transcription of a linearized plasmid results in cRNA that can be injected 
directly into Xenopus laevis oocytes. Once injected, the cells will translate the cRNA into 
a protein product. If the protein has a final quaternary structure, in this example four 
identical subunits, it will be assembled by the cell. B, On the left is a cartoon of the 
experimental setup in which an oocyte expressing the GFP-tagged protein of interest is 
viewed by illuminating with a totally internally reflected 488nm laser. An evanescent 
wave of excitation light illuminates just the plasma membrane of the cell. Light is 
collected by a sensitive EM-CCD camera; on the right is an illustration depicting 
individual GFP-tagged proteins as green spots in the field of view. The data analysis 
includes measuring the number of photons over time from an individual spot. The white 
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box around a single spot shows a hypothetical region of interest. C, The fluorescence 
intensity over time of a single GFP-labeled protein bleaches over time in response to 
the excitation light. In this example, there are four bleaching steps, indicated by black 
arrows, which is typical of a protein with a quaternary structure of four subunits. D, Two-
color subunit counting experiment investigating a protein that assembles with a 2:2 
stoichiometry. The experimental setup is similar to as described for A except that now 
cRNAs for two constructs with different fluorescent protein tags are injected 
simultaneously. E, Field of view for a typical two-color experiment. In this example, the 
region of interest box is around a spot where the red and green fluorescence overlap. F, 
Plot of fluorescence over time where the red channel is imaged first and photobleached 
(red bar), and then the green channel is imaged and bleached. Different fluorescent 
intensities are usually observed between the red and green fluorophores, as illustrated.  
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Chapter 2 
 
Stoichiometry of the Kainate Receptor Complex GluK2/GluK5 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
This chapter was published as Assembly Stoichiometry of the GluK2/GluK5 Kainate 
Receptor Complex in Cell Reports, Volume 1, Issue 3 in March 2012. This paper was a 
collaborative effort between me and a postdoctoral fellow, Andreas Reiner; I was 
responsible for all fluorescence data collected and presented in the manuscript (Figs 
2.1, 2.2 and 2.3B). 
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Summary 
 
 Ionotropic glutamate receptors assemble as homo- or heterotetramers. One well-
studied heteromeric complex is formed by the kainate receptor subunits GluK2 and 
GluK5. Retention motifs prevent trafficking of GluK5 homomers to the plasma 
membrane, but coassembly with GluK2 yields functional heteromeric receptors. 
Additional control over GluK2/GluK5 assembly seems to be exerted by the amino- 
terminal domains, which preferentially assemble into heterodimers as isolated domains. 
However, the stoichiometry of the full-length GluK2/GluK5 receptor complex has yet to 
be determined, as is the case for all non-NMDA glutamate receptors. Here, we address 
this question, using a single-molecule imaging technique that enables direct counting of 
the number of each GluK subunit type in homomeric and heteromeric receptors in the 
plasma membranes of live cells. We show that GluK2 and GluK5 assemble with 2:2 
stoichiometry. This is an important step toward understanding the assembly 
mechanism, architecture, and functional consequences of heteromer formation in 
ionotropic glutamate receptors. 
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Introduction 
 
 Ionotropic glutamate receptors (iGluRs) are key mediators of excitatory synaptic 
transmission. In mammals, they consist of 18 family members in three main families: 
AMPA, kainate, and NMDA receptors, which have distinct pharmacology, integrate 
distinct costimuli, generate unique currents, and have different physiological function 
(Dingledine et al., 1999; Traynelis et al., 2010). Their diversity is further increased by 
RNA splicing and editing, coassembly into receptors of mixed subunit composition, and 
association with several classes of auxiliary proteins, enabling them to perform a wide 
range of functions at pre-, post-, and extrasynaptic sites (Gereau and Swanson, 2008). 
 There is a general consensus that all iGluRs assemble as tetramers. While 
NMDA receptors are obligatory heterotetramers consisting of two glycine- and two 
glutamate-binding subunits, non-NMDA iGluRs can be formed either by identical or 
related subunits, although heteromeric assemblies are more common in vivo. Kainate 
receptor subunits GluK1 (GluR5), GluK2 (GluR6), and GluK3 (GluR7) form functional 
homomeric receptors, as well as heteromers with one another (Cui and Mayer, 1999). In 
contrast, the two ‘‘high-affinity’’ subunits of this family, GluK4 (KA1) and GluK5 (KA2), 
require coassembly with GluK1, GluK2, or GluK3 (Herb et al., 1992; Jaskolski et al., 
2005). 
 One of the best-studied heteromers is the complex between GluK2 and GluK5. 
GluK2 expression in heterologous cells gives functional homomeric receptors, whereas 
GluK5 alone is retained in the endoplasmic reticulum (ER) (Gallyas et al., 2003; Hayes 
et al., 2003; Ma-Högemeier et al., 2010; Ren et al., 2003). Coexpression of GluK5 with 
GluK2 yields heteromeric GluK2/GluK5 complexes on the cell surface with 
pharmacological (Herb et al., 1992; Swanson et al., 1998) and functional properties 
(Barberis et al., 2008; Garcia et al., 1998; Mott et al., 2003; Swanson et al., 2002) 
distinct from GluK2 homomers. GluK5 is widely expressed in the central nervous 
system (Herb et al., 1992; Wisden and Seeburg, 1993), and GluK2 is its prevalent 
interaction partner (Petralia et al., 1994; Wenthold et al., 1994). Accordingly, mice 
lacking GluK2 show a strongly decreased expression of GluK5 (Ball et al., 2010; 
Christensen et al., 2004; Nasu-Nishimura et al., 2006). If both high-affinity subunits, 
GluK4 and GluK5, are missing, kainate receptors no longer contribute to excitatory 
postsynaptic currents at mossy fiber synapses (Fernandes et al., 2009). 
 While the GluK2a isoform harbors a forward trafficking motif (Yan et al., 2004), 
several cytoplasmic ER retention/retrieval motifs and an endocytic motif have been 
identified in GluK5 (Gallyas et al., 2003; Hayes et al., 2003; Nasu-Nishimura et al., 
2006; Ren et al., 2003; Vivithanaporn et al., 2006). Membrane trafficking of GluK5 is 
only observed in complexes with other subunits like GluK2, which shield or override 
these motifs. Impairment of the GluK5 motifs yields surface expression of GluK5, but 
these complexes are nonfunctional (Hayes et al., 2003; Nasu-Nishimura et al., 2006; 
Ren et al., 2003). Similar mechanisms regulate the trafficking and assembly of other 
GluK2 isoforms (Coussen et al., 2005), and of other heteromeric complexes (Jaskolski 
et al., 2005). 
 Importantly, the finding of intracellular ER retention/retrieval motifs on GluK5, 
which are overcome upon assembly with a GluK2 subunit, does not answer the 
question, whether heteromeric complexes assemble with a defined stoichiometry. This 
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mechanism prevents trafficking of GluK5 homotetramers and, one would expect, also of 
complexes with three GluK5 subunits, where one GluK2 subunit cannot override the 
retention motifs, but tetrameric complexes incorporating either one or two GluK5 
subunits should be able to reach the cell surface. 
 Another important factor, which might determine the subunit stoichiometry of 
GluK2/GluK5 heteromers, is the amino-terminal domain (ATD) of these subunits, which 
determine the assembly into the distinct families (Ayalon and Stern-Bach, 2001), and 
whose dimerization is thought to initiate receptor biogenesis (Greger et al., 2007). The 
recent wealth of structural and thermodynamic data on the isolated ATDs of GluK2 and 
GluK5 revealed a strong preference for heterodimerization, while homodimerization of 
GluK2 ATDs was weaker, and of GluK5 ATDs weaker still, leading to a proposal for how 
2:2 heteromeric complexes might form (Hansen and Traynelis, 2011; Kumar et al., 
2011). 
 The exact subunit composition of heteromeric receptors at the cell surface, 
however, is an important, but still missing, piece for understanding the assembly, 
architecture, and function of non-NMDA iGluRs, which is difficult to deduce from 
functional experiments. Here, we set out to determine the exact subunit stoichiometry of 
heteromeric GluK2/GluK5 receptors using a single-molecule subunit counting technique 
based on photobleaching of fluorescently labeled fusion proteins. This approach 
enabled us to study the composition of heterogeneous receptor populations on the 
surface of living cells. 
 
Results 
 
 As a first step to investigate the molecular composition of GluK2/GluK5 
complexes, we performed single-molecule subunit counting experiments (Ulbrich and 
Isacoff, 2007) on homomeric GluK2 receptors. Upon fusion of monomeric enhanced 
green fluorescent protein (mEGFP) to the C-terminus of GluK2 (GluK2-mEGFP) and 
low-density expression in Xenopus oocytes, we observed sparse, well-resolved and 
stationary spots of green fluorescence on the cell surface using total internal reflection 
fluorescence (TIRF) microscopy (Figure 2.1A). The photobleaching of a single GFP is a 
discrete process; thus, the fluorescence intensity of a protein complex with one or 
several GFP molecules drops in a stepwise fashion, and the number of steps reflects 
the number of GFP-tagged subunits in the complex. Fluorescence intensity trajectories 
(e.g., Figure 2.1B) show that the majority of the GluK2-mEGFP spots bleached in three 
or four steps, with smaller numbers at one and two steps (Figure 2.1C, black bars). This 
distribution of one, two, three, and four bleaching steps originates from the fact that not 
all subunits contain a fluorescent mEGFP. The distribution observed for GluK2-mEGFP 
agrees well with the binominal distribution expected for a tetramer, based on a 
probability of p = 0.80 for an individual mEGFP to be fluorescent (Figure 2.1C, red 
dashes). Similar values have been obtained on a variety of other membrane proteins 
(Tombola et al., 2008; Ulbrich and Isacoff, 2007, 2008; Yu et al., 2009), and this value 
was used to predict distributions throughout this study. The bright fluorescence and 
immobility of the spots, along with the close agreement between the experimental 
results and the theoretical prediction, demonstrate that the method enables the 
investigation of the subunit composition of GluK2 containing receptors at the surface of 
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living cells with high accuracy, and confirms that GluK2 forms homotetrameric 
receptors. 
 Next, we asked whether GluK5 alone can be detected at the cell surface. In 
contrast to GluK2-mEGFP, injection of RNA encoding GluK5-mEGFP did not yield 
bright fluorescent spots as typical for mEGFP-constructs located at the cell surface. 
Only diffuse dim fluorescence was observed, confirming GluK5- mEGFP expression 
and being consistent with the expectation that the subunit is retained intracellularly. 
 The distribution of GluK5 changed when it was coexpressed with GluK2. When 
GluK2-mEGFP was coexpressed with GluK5-mCherry at an RNA ratio of 1:3 many 
bright, clearly resolved and immobile red fluorescent spots from GluK5-mCherry were 
observed (Figure 2.2A, right image), which colocalized with green fluorescent spots of 
GluK2-mEGFP (Figure 2.2A, left image). Indeed, almost all of the red fluorescent spots 
(95.3%, 341/358) also showed green fluorescence from GluK2-mEGFP. In contrast, a 
sizable fraction (41.4%, 241/582) of the green fluorescent GluK2-mEGFP spots lacked 
a red-fluorescent GluK5-mCherry subunit. The results suggest that the cell membrane 
contained two populations of receptors: GluK2 homotetramers and GluK2/GluK5 
heterotetramers. The small fraction of GluK5-mCherry for which no colocalization with 
GluK2-mEGFP was observed (4.7%, 17/358) is fully accounted for by the number of 
complexes we predict to contain two subunits of each type, of which, based on a 0.80 
probability of fluorescence, 4.0% harbor two silent mEGFP molecules. This close 
agreement between observation and prediction is consistent with an absence of 
homomeric GluK5 complexes. 
 Thus, this single-molecule colocalization experiment supports earlier evidence 
that coexpression with GluK2 brings GluK5 to the surface, and that excess GluK2 
subunits form homomeric complexes (Barberis et al., 2008; Ma-Högemeier et al., 2010). 
Importantly, the results also suggest a 2:2 stoichiometry in the GluK2/GluK5 
heteromeric receptor. 
 To test rigorously the exact subunit composition of GluK2/ GluK5 heteromeric 
receptors, we counted bleaching steps of GluK2-mEGFP in spots where GluK5-
mCherry was colocalized (Figure 2.2B). The majority of red/green spots gave one or 
two mEGFP bleaching steps (Figure 2.2B, black bars), with a distribution closely 
following the prediction for a complex with two GluK2-mEGFP molecules (Figure 2.2B, 
red dashes), consistent with each heteromeric receptor containing two GluK2 subunits 
and two GluK5 subunits. The small number of spots with three and four green bleaching 
steps (7.3%, 9/124) that colocalized with red GluK5-mCherry is consistent with the 
predicted occurrence of two or more receptor complexes located within in one 
diffraction-limited spot. On average, ~180 green and red-green fluorescent signals were 
observed in movies from these experiments, corresponding to a spot density of 4.4% 
(see Experimental Procedures). This density, in first approximation, equals the 
probability for random colocalization. 
 To further test the interpretation that GluK2/GluK5 heteromers have a defined 2:2 
stoichiometry, we tagged the GluK5 subunit with mEGFP and counted how many GluK5 
subunits are found in complex with unlabeled GluK2. Since GluK5 homomers are not 
trafficked to the surface, coinjection of GluK5-mEGFP and unlabeled GluK2 was 
expected to only give fluorescence from heteromeric receptors. In the cells expressing  
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Figure 2.1 GluK2 Homotetramers (A) mEGFP was fused to the C-terminus of GluK2, 
expressed in Xenopus oocytes and imaged by TIRF spectroscopy. Circles mark single, 
stationary receptors that satisfy the criteria for analysis. Scale bar: 2 μm. (B) 
Fluorescence intensity trace of a representative spot bleaching in four steps indicated 
by arrows. (C) Number of bleaching steps observed for a total of 438 spots. The error 
bars represent the counting uncertainty. The red line gives the binominal distribution 
expected for a tetramer, based on a probability of 0.80 for an individual mEGFP to be 
fluorescent. 
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Figure 2.2 Coexpression of GluK2 and GluK5 (A) Images from a representative 
movie showing coexpression of GluK2- mEGFP and GluK5-mCherry. The circles 
indicate stationary spots that were observed in both the green mEGFP and the red 
mCherry channel. The bar graph shows the fractions of green-only, colocalizing and 
red-only spots for a total of 599 spots. (B) The coexpression experiment with GluK2-
mEGFP and GluK5-mCherry allows counting of the bleaching step distribution of GluK2 
subunits colocalizing with GluK5. Left: One example trace with two mEGFP bleaching 
steps is shown. Right: Bleaching step analysis of 124 colocalizing spots. The red line 
gives the binominal distribution expected for two subunits with a probability of 0.80 for a 
single mEGFP to be fluorescent. The error bars represent the counting uncertainty. (C) 
Experiment with GluK2 and GluK5-mEGFP, which allows counting of the number of 
GluK5 subunits per complex. Left: One example trace is shown. Right: The number of 
bleaching steps from 932 receptors agrees well with the binominal distribution expected 
for two subunits (red line, probability of 0.80 for a single mEGFP to be fluorescent). 
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the unlabeled GluK2, GluK5-mEGFP gave bright, immobile fluorescent spots. The 
majority of fluorescent spots bleached in one or two steps (Figure 2.2C, black bars), 
agreeing with the prediction for complexes consisting of two labeled GluK5 subunits and 
two unlabeled GluK2 subunits. The small fraction of spots with three and four bleaching 
steps (4.3%, 40/932) is consistent with the predicted occurrence of two or more receptor 
complexes located within one diffraction-limited spot at the average density of spots that 
was employed (4.9%, ~200 spots/movie). In summary, the results show that surface 
expressed GluK2/ GluK5 receptors have a predominant, if not exclusive, 2:2 
stoichiometry. 
 Previous experiments suggested that mutation of intracellular ER retention motifs 
promotes surface expression of GluK5 and that this receptor is homomeric (Hayes et 
al., 2003; Nasu- Nishimura et al., 2006; Ren et al., 2003; Vivithanaporn et al., 2006). 
These ‘‘released’’ GluK5 receptors are nonfunctional, but it is not known why. 
Transplanting the pore sequence of GluK5 into the background of GluK2 gives small 
currents, suggesting that GluK5 itself could be permeation competent (Villmann et al., 
2008). Furthermore, it is known that GluK5 subunits harbor a functional ligand binding 
domain, with high affinity for both kainate and glutamate (Barberis et al., 2008; Herb et 
al., 1992). One explanation for the lack of currents from GluK5 homomers could be that 
GluK5 subunits do not assemble into the correct tetrameric architecture. Indeed, in vitro 
experiments have shown that the ATDs of GluK5 have an unusually low tendency to 
form homodimers, and that key contacts involved in tetramer formation are missing 
(Kumar and Mayer, 2010; Kumar et al., 2011). To check the assembly status of GluK5 
homomers, we generated GluK5ΔERret-mEGFP with mutations rendering the two ER 
retention motifs and the endocytic di-Leu motif inactive (Figure 2.3A), as described 
previously (Nasu-Nishimura et al., 2006). 
 In contrast to wild-type GluK5-mEGFP, expression of GluK5ΔERret-mEGFP gave 
bright immobile spots of green fluorescence at the cell surface. Bleaching analysis 
revealed mainly three and four bleaching steps per spot, consistent with assembly into 
homotetramers (Figure 2.3B). This demonstrates that, while heteromers are tightly 
regulated to contain two GluK2 and two GluK5 subunits, both GluK2 and GluK5 are 
intrinsically able to form tetramers. It also shows that a low stability of the ATD dimers 
and tetramers does not per se preclude tetramerization and trafficking. Our 
experiments, however, give no information, about whether the GluK5 homotetramers 
are fully and correctly assembled. 
 
Discussion 
 
 The trafficking and function of GluK2/GluK5, one of the predominant kainate 
receptor complexes in the mammalian brain have been investigated in numerous 
studies. Here, we focused on the assembly stoichiometry of these receptors employing 
a single-molecule imaging and subunit-counting technique. In agreement with previous 
work (Ball et al., 2010; Gallyas et al., 2003; Hayes et al., 2003; Herb et al., 1992; Ma-
Högemeier et al., 2010; Nasu-Nishimura et al., 2006; Ren et al., 2003; Swanson et al., 
1998; Vivithanaporn et al., 2006), we find that GluK2 assembles into homotetramers 
that readily traffic to the surface. Coexpression of GluK5 with GluK2 overcomes GluK5 
retention and gives rise to GluK2/GluK5 heterotetramers with a subunit stoichiometry of 
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Figure 2.3 Homomeric GluK5 Receptors (A) GluK2 forms homotetramers and traffics 
to the plasma membrane, whereas GluK5 is retained in the ER. Coexpression of GluK2 
and GluK5 gives hetero- tetramers with 2:2 stoichiometry (see Figure 2.2). Impairment 
of the ER retention motifs on GluK5 (GluK5DERret) restores surface expression, but 
these assemblies are nonfunctional. (B) Bleaching step analysis of GluK5DERret-
mEGFP based on 658 spots. The red line gives the binominal distribution expected for 
four subunits with a probability of 0.80 for a single mEGFP to be fluorescent. In this 
experiment the maturation probability might be closer to 0.83. The error bars represent 
the counting uncertainty. 
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2:2. Removal of the GluK5 retention signals releases GluK5 homotetramers to the cell 
surface. 
 The data obtained by imaging GluK5-mEGFP coassembled with untagged GluK2 
(Figure 2.2C) allow us to rule out other stoichiometries. Based on chi-square tests, the 
observed bleaching step distribution is significantly different from distributions expected 
for an equal mixture of 3:1, 2:2, and 1:3 GluK2/GluK5 complexes (p < 0.0001), or an 
equal mixture of 3:1 and 2:2 complexes (p < 0.0001). For random coassembly of 
receptors from a pool of 50% GluK2 homodimers and 50% GluK2-GluK5 heterodimers, 
we would expect a mix of GluK2 homotetramers (25%), 3:1 GluK2/GluK5 tetramers 
(50%), and 2:2 GluK2/GluK5 tetramers (25%), which is even less likely. Even a 
population as small as 2.5% of 3:1 next to 2:2 GluK2/GluK5 complexes is not consistent 
with our data (p = 0.030). 
 Although a 2:2 stoichiometry has been conjectured, direct evidence was lacking. 
Ionotropic glutamate receptors are classically described to be dimers of dimers, but 
what role dimeric intermediates play during assembly remains to be established (Figure 
2.4). So far, two mechanisms that contribute to the assembly of GluK2 and GluK5 into 
heteromeric complexes have been characterized: (1) intracellular trafficking motifs that 
retain GluK5 inside the cell and (2) the strong preferential assembly of the GluK2-GluK5 
ATDs into heterodimers. 
 Our data confirm that the presence of ER retention/retrieval motifs in GluK5 
prevents trafficking of this subunit, and shows that coassembly with GluK2 overcomes 
these signals (Hayes et al., 2003; Nasu-Nishimura et al., 2006; Ren et al., 2003; 
Vivithanaporn et al., 2006). The formation of complexes with 2:2 stoichiometry, in which 
the intracellular domain of each GluK2 covers retention signals from one GluK5, is 
consistent with this mechanism. Furthermore, we do not observe complexes with one 
GluK2 and three GluK5s, consistent with the expectation that all retention signals from 
three GluK5s cannot be covered by a single GluK2 subunit. However, we would expect 
to observe complexes with a GluK2/GluK5 stoichiometry of 3:1, since a single retention 
signal should get masked by one of the three GluK2s. The exclusive observation of a 
2:2 stoichiometry therefore points to additional constraints for the assembly of 
GluK2/GluK5 complexes. In this context, it is interesting to note, that a preferential 2:2 
stoichiometry was also suggested for the AMPA receptor complex GluA1/GluA2, where 
trafficking of neither subunit is suppressed (Mansour et al., 2001). 
 A second, important determinant for the assembly of GluK2/GluK5 appears to be 
in the association of the ATDs, which also direct the assembly of AMPA and kainate-
type subunits into distinct receptor complexes (Ayalon and Stern- Bach, 2001). Isolated 
ATDs from several subunits have been shown to form highly stable dimers in solution 
(Karakas et al., 2011; Kumar et al., 2009, 2011), suggesting that they play a role in early 
stages of assembly. A wealth of information comes from a recent study on the structural 
and energetic aspects of GluK2 and GluK5 ATD assembly (Kumar et al., 2011). In 
particular, GluK2/GluK5 ATD heterodimers were found to be thermodynamically favored 
over both GluK2 homodimers and GluK5 homodimers (Kumar et al., 2011). At equal 
expression levels this strong preferential assembly of GluK2-GluK5 heterodimers over 
homodimers directly explains a 2:2 stoichiometry, since all subunits would engage in 
stable heterodimers. If GluK2 subunits are in excess, stable GluK2 homodimers are 
expected to form next to GluK2/GluK5 heterodimers. Incorporation of these homodimers 
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Figure 2.4 Possible Stoichiometries for the Assembly of GluK2 and GluK5 The 
dimeric states are hypothetical. We only observe surface expression of (GluK2)4 
homotetramers along with 2:2 GluK2/GluK5 heteromers. The drawing of the tetrameric 
assemblies does not denote the actual topology of the complexes. 
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could give rise to complexes with a GluK2/ GluK5 stoichiometry of 3:1 as well as to 
complexes with a 2:2 stoichiometry and GluK2 homotetramers. Coexistence of GluK2 
homomers and GluK2/GluK5 heteromers has been seen in functional studies (Barberis 
et al., 2008) as well as by fluorescence imaging (Ma-Högemeier et al., 2010). Our 
colocalization experiment is consistent with such a simultaneous presence of homo- 
and heterotetramers, and in addition shows that heteromers have a defined 2:2 
stoichiometry. Thus, while the ATDs clearly contribute, they cannot on their own 
account for the assembly of full-length iGluRs. A similar conclusion was obtained in a 
study with chimeras of AMPA and kainate receptors, which suggested that dimer 
formation might be mediated by the ATDs, but that assembly into full-length receptors 
also depends on C-terminal regions (Ayalon and Stern-Bach, 2001). Along these lines, 
our experiments with a trafficking competent GluK5 variant (GluK5ΔERret) show that even 
GluK5 robustly assembles into homotetramers, although the GluK5 ATDs have only a 
weak tendency to form dimers in solution (Kumar et al., 2011). 
 In summary, assembly of the physiologically important GluK2/ GluK5 complex 
seems to be tightly regulated with the assembly being confined to a 2:2 subunit 
stoichiometry. Retention motifs in GluK5 and the preferential assembly of the GluK2 and 
GluK5 ATD dimers as well as additional mechanisms appear to work together to control 
the assembly of this complex. Whether dimeric intermediates play a role in assembly 
remains to be established, especially since the only crystal structure of a glutamate 
receptor that includes the membrane spanning domain shows an interwound structure 
that is not adequately described as being a simple dimer of dimers (Sobolevsky et al., 
2009). Particularly for heteromeric receptors, like GluK2/GluK5, it will be interesting to 
see the architecture of the full-length complexes, to elucidate how the determinants of 
assembly combine to define stoichiometry, and to determine whether subunit identity or 
position in the tetramer determine contributions to gating. The GluK2/GluK5 example of 
a non-NMDA glutamate receptor shown to have a defined subunit stoichiometry opens 
up new possibilities to address these questions. 
 
Experimental Procedures 
 
DNA Constructs and Expression in Xenopus Oocytes 
 Rat GluK2a(Q) (K.M. Partin, Colorado State University) and GluK5 (P. Seeburg, 
MPI Heidelberg; and K.W. Roche, NIH Bethesda) genes were cloned into pGEMHE, 
and constructs with C-terminal fusions of monomeric enhanced GFP (mEGFP) or 
monomeric Cherry (mCherry) were prepared (see Extended Experimental Procedures). 
GluK2 subunits with C-terminal EGFP fusions have been shown to form functional 
homomeric receptors, as well as to interact with GluK5-EGFP to form functional 
heteromeric receptors (Ma-Högemeier et al., 2010). RNA transcripts were prepared 
from linearized DNA and injected into Xenopus laevis oocytes (50 nl of 0.05–0.20 mg/ml 
RNA). The work was approved by the UC Berkeley Animal Care and Use Committee 
(R187-0812). 
 
Single-Molecule Imaging and Bleaching Step Analysis 
 Imaging of individual receptors and fluorescence bleaching was performed after 
20–48 hr expression at 18° C, using a previously described TIRF micros- copy setup 
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(Ulbrich and Isacoff, 2007; Yu et al., 2009). Briefly, oocytes were manually devitellinized 
and imaged with an Olympus x100, NA 1.65 oil immersion objective through high 
refractive index coverslips (n = 1.78) in ND-96 at 20° C. For details see Extended 
Experimental Procedures. Only single, stationary, and diffraction-limited spots were 
included for analysis, and the number of bleaching steps was manually determined 
using software developed in house (Ulbrich and Isacoff, 2007). Regions of clustered or 
not fully diffraction limited spots were excluded, as well as spots that moved, showed 
extreme intensity fluctuations or unequal bleaching steps. The bleaching step 
histograms present pooled data, taken from at least three different batches of oocytes. 
The error bars give the statistical uncertainty for a counting experiment, which is √ , for 
n being the number of counts. The expected binominal distributions of bleaching steps 
observed for two and four labeled subunits were calculated with a fixed probability of p = 
0.80 for mEGFP to be fluorescent (Ulbrich and Isacoff, 2007). Pearson’s chi-square test 
was used to asses, whether the experimentally observed distributions can be explained 
by bleaching-step distributions calculated for different assembly stoichiometries. 
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Supplemental Information 
 
Extended Experimental Procedures 
DNA Constructs and Expression in Xenopus Oocytes  
Rat GluK2a(Q) (K.M. Partin, Colorado State University) and GluK5 (P. Seeburg, MPI 
Heidelberg; and K.W. Roche, NIH Bethesda) genes were cloned into pGEMHE, and 
constructs with C-terminal fusions of monomeric enhanced GFP (mEGFP) or 
monomeric Cherry (mCherry) were prepared. Details of these vectors are given 
elsewhere (Ulbrich and Isacoff, 2007; Yu et al., 2009). The NheI restriction site present 
in the GluK5 gene was removed by introducing a silent mutation in the Ala161 codon 
(GCT to GCC). The GluK5 variant with impaired ER retention motifs (GluK5ΔERret) 
carried the substitutions R580A and R582A, R(862-866)A, and L(908-909)V (Nasu-
Nishimura et al., 2006). RNA transcripts were prepared from DNA linearized with NheI 
using the T7 mMessage mMachine Kit (Ambion) and 50 nl of 0.05-0.20 μg/μl RNA were 
injected into Xenopus laevis oocytes kept in ND-96 medium (96 mM NaCl, 2 mM KCl, 
1.8 mM CaCl2, 1 mM MgCl2, 10 mM HEPES, 5 mM pyruvate, 100 mg/l gentamycin [pH 
7.2]).  
 
Single-Molecule Imaging 
mEGFP was excited with a 488 nm Ar-ion laser and mCherry with a 593 nm DPSS 
laser. For experiments with only EGFP, a 495 nm long-pass dichroic mirror was used in 
combination with a 525/50 nm band-pass filter for emission. Colocalization of EGFP and 
mCherry was determined with a Z488/594rpc polychroic mirror (Chroma), imaging and 
bleaching first the red channel and then the green channel, using emission band-pass 
filters of 629/53 nm and 525/50 nm, respectively. Movies of 500–800 frames were 
acquired with an EMCDD camera (Andor iXon DV-897 BV) with 30–50 frames per 
second. To estimate the likelihood of random colocalization of two receptors within a 
single diffraction limited spot, the average number of fluorescent signals in a given field 
of view was determined. From this we calculated the signal density, assuming that a 
single, diffraction limited spot gives significant intensity within a region of 4 x 4 pixels2, 
with the whole field being imaged with 256 x 256 pixels2 (Ulbrich and Isacoff, 2007), i.e., 
each signal occupies more than 0.024% of the camera chip. With the conservative 
assumption that we fail to exclude two overlapping signals, if they fall into a 4 x 4 pixels2 
region this yields the first order approximation for random colocalization. 
  



33 

Chapter 3 
 
AMPA Receptor/TARP Stoichiometry Visualized by Single Molecule Subunit 
Counting 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
This chapter is under review at PNAS. This paper was a collaborative effort between 
me, a postdoctoral fellow, Maximilian Ulbrich and the Lu Chen lab; I was responsible for 
all electrophysiology data collected and presented in the manuscript (Supp. Fig 3.4).
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Summary 
 
 Members of the transmembrane AMPA receptor-regulatory protein (TARP) 
family modulate AMPA receptor (AMPA-R) trafficking and function. AMPA-Rs are 
known to be assemblies of four pore-forming subunits. Previous studies show that 
TARPs are an integral part of the AMPA-R complex, acting as accessory subunits for 
mature receptors in vivo. The TARP/AMPA-R stoichiometry was previously measured 
indirectly and found to be variable and depend on TARPs expression level, with at most 
four TARPs associated with each AMPA-R complex. Here, we use a single-molecule 
technique in live cells that selectively images proteins located in the plasma membrane 
to directly count the number of TARPs associated with each AMPA-R complex. While 
individual GFP-tagged TARP subunits are observed as freely diffusing fluorescent spots 
on the surface of Xenopus laevis oocytes when expressed alone, co-expression with 
AMPA-R-mCherry immobilizes the stargazin-GFP spots at sites of AMPA-R-mCherry, 
consistent with complex formation. We determined the number of TARP molecules 
associated with each AMPA-R by counting bleaching steps for three different TARP 
family members: γ-2, γ-3 and γ-4. We confirm that the TARP/AMPA-R stoichiometry 
depends on TARP expression level and discover that the maximum number of TARPs 
per AMPA-R complex: up to four γ-2 or γ-3 subunits, but rarely above two for γ-4. This 
unexpected AMPA-R/TARP stoichiometry difference has important implications for the 
assembly and function of TARP/AMPA-R complexes.  
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Introduction 
 
 Glutamate is the main excitatory neurotransmitter in the mammalian central 
nervous system (CNS). Most fast excitatory synaptic transmission in the brain is 
mediated by AMPA-Rs. Four AMPA-R subunits, GluA1-4, contribute to the hetero-
tetrameric assemblies of the AMPA-R (1-4). The localization of AMPA-Rs to the 
postsynaptic membrane is regulated by a large number of proteins through multiple 
mechanisms, and plays important roles in synaptic plasticity (5-9). 

TARPs (transmembrane AMPA-R regulatory proteins) represent a family of 
AMPA-R regulatory proteins that are tightly associated with AMPA-Rs, and can be 
considered auxiliary AMPA-R subunits (10-12). TARPs regulate AMPA-R function by 
several mechanisms. They mediate the efficient cell-surface expression of AMPA-Rs, 
modulate gating, affect agonist efficacy, and even attenuate intracellular polyamine 
block of calcium-permeable AMPA-Rs (13-22). The effect of stargazin (γ-2) and other 
TARPs on GluA1 is not neuron-specific, and can be accurately mimicked in non-
neuronal cells, such as COS-7, HEK293 and tsA201 cells (18, 23-25), as well as 
Xenopus oocytes (13, 14, 17, 26, 27), suggesting that the basic mechanisms for 
TARP/AMPA-R interaction and TARP-mediated regulation of AMPA-R trafficking are 
preserved in non-neuronal cells. 

While much is known about the interaction domains on the classical TARPs (γ-2, 
γ-3, γ-4 and γ-8) and AMPA-Rs that mediate assembly and modulation (13, 23, 24, 27, 
28), far less is known about the stoichiometry of the TARP/AMPA-R complexes. The 
magnitude of modulation of AMPA-Rs has been shown to be proportional to the level of 
TARP expression, suggesting that complex stoichiometry is not fixed (20). One recent 
study examined the stoichiometry between AMPA-Rs and γ-2 (also called stargazin), 
and found that AMPA-R/ γ-2 complex under overexpression conditions has a variable 
stoichiometry (1-4 γ-2/complex) but that 1 γ-2 unit was sufficient to modulate AMPA-R 
activity. It was also observed that in neurons γ-2 has fixed and minimum stoichiometry 
on AMPA-Rs (29). Another study showed that increasing TARP level increases kainate 
efficacy (the amplitude of kainate-evoked currents as a fraction of glutamate-evoked 
current amplitude), with low kainate efficacy for AMPA-R alone, intermediate efficacy 
when two of the four AMPA-R subunits are fused to a TARP, and maximal when all four 
AMPA-R subunits are fused to a TARP or when the free AMPA-R is coexpressed with 
high levels of free TARP (29).  
 We have examined the stoichiometry of TARP/AMPA-R complexes directly using 
a single molecule method in total internal reflection fluorescence (TIRF) microscopy that 
we described earlier (30). We find that green fluorescent protein (GFP) tagged TARP 
subunits diffuse freely in the membrane of Xenopus oocytes when expressed alone, 
while fluorescently tagged AMPA-R subunits expressed alone are immobile. When both 
are coexpressed, the TARP subunits colocalize with the AMPA-Rs and become 
immobile. We examined four TARP family members, γ-2, γ-3, γ-4 and γ-8, and find that 
the TARP/AMPA-R stoichiometry depends on TARP expression level, as shown earlier. 
The maximum number of TARPs bound to each AMPA-R complex are up to four γ-2 or 
γ-3 subunits, but only up to two γ-4 subunits.  
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Results 
 
Counting GFP-labeled AMPA-R subunits with TIRF microscopy 

In neurons, most GluA1 subunits of AMPA-Rs assemble with GluA2 into 
GluA1/GluA2 heteromers. When expressed alone in heterologous systems, however, 
functional homomeric receptors can be formed by either subunit, which provides a 
useful system for studying AMPA-R structure and function in vitro. Taking advantage of 
this property of the AMPA-Rs, we first validated our single molecule approach in 
Xenopus laevis oocytes, our chosen expression system for the study, by applying it to 
the stoichiometry of homotetrameric AMPA-Rs. 

Our single-molecule technique is based on the photobleaching of GFP tags fused 
to the protein of interest (30). This technique involves counting irreversible steps of 
photobleaching of GFP in areas of membrane in intact oocytes where the protein of 
interest is expressed at a low enough density that single complexes can be resolved as 
single fluorescent spots. Under such conditions, the number of bleaching steps reflects 
the number of GFP tags and thus the number of protein subunits. The high sensitivity 
and low background necessary for the observation of single fluorescent proteins was 
achieved by using TIRF microscopy, where a laser beam is reflected at the 
coverslip/sample interface and excitation is restricted to the plasma membrane of the 
cell.  

We fused GluA1 to a C-terminal GFP (GluA1-GFP), and confirmed the 
functionality of GluA1-GFP construct by two-electrode voltage clamp. At 12-24h after 
injection of 25ng RNA encoding GluA1-GFP per cell, we mechanically removed the 
vitelline membrane of several cells and placed them on a coverslip. Upon illumination 
with 488nm laser light in TIRF, single molecules of GluA1-GFP appeared as bright 
immobile fluorescent spots on a dark background (Fig. 3.1A). The immobility of the 
AMPA-Rs is reminiscent of what is seen in CNG channels and NMDA receptors and 
may reflect tethering to the cytoskeleleton through C-terminal protein-binding motifs (30, 
31). Typically, the fluorescence intensity decreased in several discrete steps, indicating 
photobleaching of the GFP tags (Fig. 3.1B). 

We counted the bleaching steps from a total of 568 spots in 14 movies from 
different cells injected with GluA1-GFP. Most of the spots had either 2 or 3 bleaching 
steps, with a minority bleaching in 1 or 4 steps (Fig. 3.1C, red bars). Rarely, we 
observed 5 bleaching steps, which could be accounted for by the rare instance of two 
receptors being close to each other within a distance below the diffraction limit. As we 
had already shown in earlier work, the occurrence of spots with fewer than 4 bleaching 
steps can be accounted for by 20% of the GFP tags being non-fluorescent (30). The 
observed distribution for GluA1-GFP closely resembles the predicted binomial 
distribution for homo-tetramers in Xenopus oocytes (Fig. 3.1C, blue bars). 
 
TARP mobility in the absence and presence of AMPA-Rs 

We began with an examination of the first TARP identified, Stargazin (γ 2). In 
order to visualize γ-2 behavior in the membrane, we expressed GFP-tagged γ-2 (γ-2-
GFP) alone and imaged at high speed using TIRF microscopy. In contrast to the 
immobile AMPA-Rs, a large fraction of the γ-2-GFP moved laterally in the membrane 
(Fig. 3.2A). We predicted that TARPs may become immobile once they bind to the  
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Figure 3.1: Single molecule subunit counting of GFP-tagged GluA1. (A) Single 
molecules of GluA1-GFP in a Xenopus oocyte membrane patch appear as bright spots 
under 488nm illumination. Circles mark spots used in bleaching steps statistics. Scale 
bar, 2 µm. (B) Intensity from example spots with 4, 3, 2, and 1 bleaching steps. Green 
arrows mark fluorescence intensity levels. (C) Histogram of bleaching steps for GluA1-
GFP (red) and fit with 64% probability of GFP to be fluorescent (blue) (total 568 spots 
from 14 experiments were analyzed). 
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Figure 3.2: Movement of TARPs with and without co-expression of GluA1 and 
GluK2. (A) GluA1-GFP was immobile, γ-2-GFP (γ-2 = Stg) was mobile. Binding to 
GluA1 immobilized Stg. GluK2 does not bind Stg and did not immobilize Stg. Red 
crosses in lower panels mark the AMPA-R positions. Scale bar, 250nm. (B) Histogram 
of distances from initial positions that Stg-GFP molecules travel until they photobleach, 
alone (n = 1192 spots), or co-expressed with GluA1 (n = 584) or GluK2 (n = 457). 
Mobile fraction shaded light, fraction co-localizing with AMPA-Rs shaded dark. (C) 
Fractions of mobile spots and spots co-localizing with AMPA-Rs for different amounts of 
RNA injected (all values in ng) for Stg alone or with GluA1 or GluK2 (n = 6-11 movies 
per condition). (D) Mobile fractions of three TARPS (γ-2, γ-3, and γ-4) and γ-1, which 
does not bind to GluA1, alone or co-expressed with GluA1 (n = 3-8 movies per 
condition). All error bars indicate S.E.M. 
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AMPA-Rs, which are immobile on their own. To test this prediction, we co-
expressed γ-2-GFP and GluA1 tagged with the red fluorescent protein mCherry (GluA1-
mCherry) and sequentially imaged first the red fluorescence from the immobile GluA1-
mCherry to identify the location of AMPA-Rs, and then the green fluorescence from γ-2-
GFP. We obtained the trajectories of the γ-2-GFP spots (Fig. 3.2A) using an automated 
tracking program and determined for each individual spot the maximum displacement 
from its starting position, which we used as a criterion for the mobility, and the distance 
to the closest GluA1-mCherry spot, which defined the co-localization. When the two 
proteins are co-expressed, a large fraction of γ-2-GFP spots co-localized with the 
GluA1-mCherry spots, and the fraction of mobile γ-2-GFP spots decreased (Fig. 3.2A, 
B). In contrast, a kainate receptor subunit GluK2 (tagged with mCherry), which is 
structurally similar to AMPA-Rs but does not interact with γ-2 (26), did not reduce the 
movement of γ-2-GFP or co-localize with γ-2-GFP molecules (Fig. 3.2A, B). 

In order to optimize counting of γ-2-GFP complexed with AMPA-Rs, we first 
determined the expression conditions, at which most of the γ-2-GFP becomes 
immobilized by varying the ratio of GluA1-mCherry to γ-2-GFP expression. We changed 
the amount of injected γ-2-GFP RNA between 0.1ng and 2.5ng per cell while keeping 
the amount of GluA1-mCherry RNA constant at 25ng. At injection levels of 0.25ng or 
less of γ-2-GFP RNA, the fraction of immobile γ-2-GFP molecules was above 90%. With 
increasing amounts of γ-2-GFP RNA in the injection mix, the fraction of mobile γ-2-GFP 
spots increased and the fraction of γ-2-GFP spots that co-localized with GluA1-mCherry 
decreased (Fig. 3.2C).  

We next extended our analysis for co-localization and immobilization to other 
members of TARPs that are known to interact with and modulate the functions of 
AMPA-Rs (17, 19, 20, 32). We chose γ-3, γ-4 and γ-8, which are thought to interact with 
AMPA-Rs and are functionally similar to γ-2. We also included γ-1 as a negative control 
because it does not interact with GluA1 and bears only low homology to γ-2 (16, 26, 
33). Based on our observation that a large excess (> 100:1) of GluA1-mCherry RNA 
over γ-2-GFP RNA resulted in an almost complete immobilization of γ-2-GFP, we 
injected GFP-tagged γ-1, γ-3, γ-4, and γ-8, either alone or together with at least 100-fold 
excess of GluA1-mCherry. Similar to what we observed with γ-2-GFP, the fraction of 
mobile γ-3-GFP, γ-4-GFP, or γ-8-GFP spots strongly decreased when GluA1-mCherry 
was co-expressed. In contrast, γ-1-GFP was not immobilized by GluR1-mCherry (Fig. 
3.2D). 

Taken together, these results support previous findings of specific interactions 
between the classical TARPs (γ-2, γ-3, γ-4, and γ-8) and the GluA1 subunit of AMPA-
Rs (13, 17, 26, 27, 32) and show that these interactions, which are strong enough to 
permit biochemical co-purification (11), are stable enough in the membranes of live cells 
to persist for at least tens of seconds.  
 
Counting bleaching steps of TARPs bound to AMPA-R 

Previous studies have shown that TARPs directly interact with AMPA-Rs (11, 13, 
27) and regulate both the localization and gating of AMPA-Rs (14-20, 22). The 
stoichiometry of TARP/AMPA-R complexes was recently deduced indirectly from 
functional population assays to be a maximum of four TARPs per AMPA-R complex 
(29). Having established that TARPs remain bound to immobile AMPA-Rs for the 
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duration of imaging, we decided to directly count the number of TARP subunits present 
at individual AMPA-R complex using our single molecule photobleaching assay. 

GFP-tagged TARPs were co-expressed with GluA1-mCherry, and green TARP-
GFP spots that were co-localized with red GluA1-mCherry spots were analyzed (Fig. 
3.3A, B). For γ-2 and γ-3, we mainly observed spots with 1 or 2 bleaching steps at low 
TARP expression, and as the amount of γ-2 or γ-3 RNA increased, the distribution of 
bleaching steps shifted toward 3 and 4 bleaching steps (Fig. 3.3C). The behavior of γ-4 
and γ-8 was very different from that of γ-2 and γ-3. At low TARP expression levels, most 
γ-4 or γ-8 spots had one bleaching step, fewer with 2 steps and very few with 3 
bleaching steps (Fig. 3.3C and Supp. Fig. 3.1A). At higher TARP expression, the 
fraction of events with 2 steps increased to almost 30% for γ-4 and 50% for γ-8, but the 
occurrence of spots with 3 or 4 bleaching steps stayed at a very low level (<2%). This 
observation of low bleaching step numbers was in stark contrast to γ-2 and γ-3, where 
the shift towards higher occurrence of 2 bleaching steps was always accompanied by 
an increase of events with 3 or 4 bleaching steps.  

The AMPA-R/TARP stoichiometry deduced from our single molecule 
photobleaching assay hinges on one important assumption - the GFP tag on the TARPs 
does not interfere with its function. In addition, we also prefer to have GluA1 tagged with 
mCherry in order to count the photobleaching steps of only the GFP-TARPs associated 
with AMPA-Rs. Therefore, we next evaluated whether tagging alters the properties of 
the interaction between TARPs and GluA1. 

To determine whether the fluorescent tags on GluA1 disturb the TARP-GluA1 
interaction, we repeated a subset of the experiments with untagged GluA1. In the first 
experiment, we performed single molecule subunit counting on oocytes in which we co-
expressed GFP-labeled γ-2 with untagged GluA1 (Supp. Fig. 3.2A). Similar to the 
previous results from oocytes co-expressing GluA1-mCherry and γ-2-GFP, we observed 
up to four GFP bleaching steps from the immobile fluorescent spots, suggesting that up 
to four γ-2-GFPs can assemble with an untagged GluA1 receptor. When we co-
expressed untagged GluA1 with γ-8-GFP, most of the immobile fluorescent spots had 
one bleaching step and up to 25% of spots had two bleaching steps (Supp. Fig. 3.2B). 
Very few spots had three bleaching steps, and none had more than three. The near 
absence of spots with more than two bleaching steps suggests that a maximum of two 
γ-8-GFPs can assemble with an untagged GluA1 receptor, as observed in the 
experiments with GluA1-mCherry. The only difference between the experiments with the 
tagged versus the untagged GluA1 was a higher occurrence of spots with only one 
bleaching step in the untagged GluA1. This can be explained by γ-8-GFP monomers 
that are not associated with GluA1 but are immobile. In this experiment with untagged 
GluA1, these free γ-8-GFPs cannot be distinguished from the GluA1-associated γ-8-
GFPs because of the lack of a fluorescence tag on GluA1. In contrast, in the 
experiments with GluA1-mCherry, free γ-8-GFPs that were not associated with GluA1 
were excluded from the statistics because they did not co-localize with the red 
fluorescence from GluA1-mCherry. 

We next examined co-immunoprecipitation efficiency between GFP-tagged 
TARPs (γ-2 or γ-8) and GluA1 and asked whether the C-terminal mCherry tag on GluA1 
could affect the interaction (Supp. Fig. 3.3). The pull-down efficiency for mCherry-GluA1 
was 0.62 ± 0.12 for γ-2 (n = 4 independent experiments) and 0.72 ± 0.37 for γ-8 (n = 4  
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Figure 3.3: Bleaching steps of GFP-labeled TARPs bound to AMPA-R. (A) Overlay 
of red image with GluA1-mCherry spots and green image of Stg-GFP spots (left) and 
Stg-GFP image with circles showing spots with 1-4 bleaching steps (right). Scale bar, 
2µm. (B) examples of intensity traces from GluA1-mCherry + Stg-GFP with 4 (top) and 
3 (bottom) GFP bleaching steps. Red bar marks illumination with 593nm (excites 
mCherry), green bar marks illumination with 488nm (excites GFP). Green arrows mark 
fluorescence intensity levels. (C) Distributions of bleaching steps from three TARPs for 
concentrations as indicated. (n = 2-7 movies per condition with 292 ± 29 spots each, 
except for 0.5 ng γ-3 with only one movie and 148 spots). All error bars indicate S.E.M. 
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independent experiments) when normalized to untagged GluRA1. This modestly lower 
efficiency of co- immunoprecipitation fell within the range of variability for pull-down 
efficiency of GluA1 by the GluA1 antibody (1.00 ± 0.33, n = 4 for the γ-2 experiments; 
1.00 ± 0.37, n = 4 for the γ-8 experiments), as well as the range of variability of pull-
down efficiency of mCherry-GluA1 by the GluA1 antibody (1.00 ± 0.17, n = 4 for the γ-2 
experiments; 1.00 ± 0.23, n = 4 for the γ-8 experiments), all calculated from the data 
from the same experiments (p > 0.5).  

Due to the lack of specific TARP antibodies for immunoblotting, we could not test 
the effect of GFP-tagging on interaction of the TARPs with GluA1 with this biochemical 
method. We therefore used electrophysiology to test whether GFP-tagging on TARPs 
affects their function. Untagged GluA1 cRNAs were injected into oocytes either alone or 
together with cRNAs encoding GFP-tagged or untagged TARPs, and glutamate-evoked 
currents were measured one day after injection using two-electrode voltage clamp 
recordings. We tested the untagged and tagged versions of γ-2, γ-4 and γ-8. In all 
cases, the expression of untagged version of TARPs significantly increased the 
glutamate-evoked currents as expected (Supp. Fig. 3.4). However, the GFP tag 
appeared to have different effects on the function of TARPs. While the GFP-tagged γ-2 
and γ-4 enhanced the glutamate-evoked currents to a similar degree compared to 
untagged ones, GFP-tagged γ-8 failed to significantly increase glutamate-evoked 
currents, indicative of compromised function (Supp. Fig. 3.4). Although we observed 
clear colocalization of γ-8-GFP and GluA1-mcherry on the surface membrane of 
oocytes for experiments described in Supp. Fig. 3.1, it is unclear whether the 
stoichiometry of the binding is altered. For this reason, all γ-8 results are presented in 
the supplemental figures as the interpretation of the results is not as straightforward as 
those with other TARPs.  
 
Correction for under-counting due to non-fluorescent GFP 

To determine the actual numbers of TARP subunits bound to the AMPA-R from 
the distribution of bleaching steps, we needed to correct for the underestimation of the 
numbers of GFPs present in each complex due to the 20% of GFP tags that are 
typically non-fluorescent (30, 31, 34). We corrected for this under-counting to obtain the 
distribution of TARP subunits for each of the expression levels (Supp. Fig. 3.5). An 
examination of these distributions showed that γ-2 and γ-3 reached four TARP subunits 
per AMPA-R, in consistency with the receptor having four identical GluA1 subunits that 
provide 4 TARP binding sites. However, although four γ-2 and γ-3 subunits were often 
found, the majority of observations were of three or fewer per receptor. The tendency to 
have a sub-maximal number of TARPs per complex was much more pronounced for γ-
4, which rarely had three TARP subunits per receptor and almost never had four, and 
was most extreme with γ-8, which virtually never exceeded two TARP subunits per 
receptor. 
 
Occupancy of TARP binding sites at the AMPA-R 

Having seen that the number of TARPs per complex often was less than four, we 
set out to calculate TARP occupancy, i.e. the fraction of the receptor's binding sites that 
was occupied. For illustration of the different behavior of the four TARPs, we use the 
highest TARP expression levels from the corrected count distributions in Supplemental 
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Figure 3.1. By calculating the least squares fit of the TARP subunit distributions to a 
binomial distribution assuming four possible binding sites, we determined the 
occupancy p (Fig. 3.4 and Supp. Fig. 3.1A-D; fits for all expression conditions in Supp. 
Fig. 3.6 A-E).  

For γ-2 and γ-3, the fits closely matched the observed distributions (Fig. 3.4A, B) 
and gave estimates of high occupancy (pγ-2 = 0.77 and pγ-3 = 0.74) for the highest RNA 
injections. We also obtained a good fit for γ-4 (Fig. 3.4C), but the occupancy was much 
lower (pγ-4 = 0.33). Surprisingly, the best fit for γ-8 deviated significantly from the 
binomial distribution when we assumed four TARP binding sites (Supp. Fig. 3.1B). A 
better fit for the γ-8 distribution was obtained under the assumption that each receptor 
had not four binding sites for γ-8, but only two (Supp. Fig. 3.1C). Indeed, the sum of the 
residuals representing the discrepancy between the data and the estimates from the fit 
for γ-8 was smaller by 20-fold for the model with two binding sites. In contrast, for γ-4 
the sum of the residuals was about equal for the two and four binding site models, and 
for γ-2 and γ-3 the sum of the residuals was ~7-fold and ~4-fold larger for the model 
with 2 binding sites, respectively. Thus, for γ-2 and γ-3, the four binding sites model 
gives a better fit, for γ-4 one cannot distinguish between the models, but for γ-8 the two 
binding site model is much better with a caveat that this may be a result of the GFP-
tagging instead of reflecting the intrinsic difference between γ-8 and other TARPs. 
 
Dependence of occupancy on TARP:AMPA-R ratio 

To assess the dependence of occupancy on TARP expression, we calculated p 
across the series of experiments that used different levels of TARP RNA. Occupancy 
was plotted semi-logarithmically against the ratio of the number of TARP subunits to the 
number of AMPA-Rs in the field of view (Fig. 3.4D, Supp. Fig.3.1D and Supp. Fig. 3.7; 
see Methods). Under the assumption that there were 4 binding sites for each of the 
TARPs, γ-2 and γ-3 were seen to increase monotonically toward an occupancy of 1.0, 
whereas γ-4 and γ-8 only slowly increased, but did not rise above an occupancy of 0.4. 
In contrast, under the assumption of a two binding site model, the binding curves of γ-4 
and γ-8 increased at a similar steepness as γ-2 and γ-3, and reached a maximum 
occupancy of 0.64 and 0.80, respectively. 
 
Discussion 
 

TARPs have been shown to regulate AMPA-R trafficking and function, with the 
degree of functional modulation increasing with TARP expression levels (20). Recently, 
the number of TARP subunits associated with one receptor was shown to vary with the 
level of TARP expression based on a functional comparison of co-expressed GluA1 and 
γ-2 with protein fusions that tied γ-2 to GluA1 to force a 1:1 TARP to receptor subunit 
stoichiometry, i.e. four γ-2 subunits per AMPA-R (29). This result was confirmed by 
another study based on biochemical analysis of the molecular mass of γ-2/AMPAR 
complex (35). 

We used a direct subunit counting approach to address these questions under 
conditions in which TARPs were free to associate with GluA1. By imaging co-expressed 
GFP-labeled TARP subunits and mCherry-labeled GluA1 subunits in TIRF microscopy, 
we were able to detect TARP – GluA1 interaction from the immobilization at sites of 
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Figure 3.4: Fit of binding site occupancy. The probability of each TARP binding site 
of the AMPA-R to be occupied by a TARP had been fitted (blue) to the distribution of 
bound TARP subunits (red) as calculated from the experiments with the highest 
amounts of injected RNA (n = 4-7 per condition). Lower concentrations in Suppl. Fig. 
3.S1. (A) γ-2 and (B) γ-3 have high occupancy around 0.8, while (C) γ-4 has a lower 
occupancy around 0.3. Four equivalent binding sites were assumed. (D) Occupancy p 
as a function of TARP to AMPA-R ratio for all three TARPs using the model with four 
binding sites (solid lines) and for γ-4 with the two binding sites model (dashed lines). 
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GluA1 of otherwise highly mobile TARPs. By counting steps of irreversible 
photobleaching of the GFP-labeled TARPs in single GluA1 receptor complexes, we  
determined the distribution of TARP subunits at hundreds of individual GluA1 receptors 
on the cell surface. Counting of bleaching steps was done across a wide range of ratios 
of TARP to GluA1 expression, allowing us to observe the saturating level of binding 
sites in the GluA1 receptor complex by TARPs.  

We examined four different TARPs: γ-2, γ-3, γ-4 and γ-8. In keeping with earlier 
work (32), each of these showed association with GluA1. The TARP-GluA1 associations 
were stable for the duration of our movies (up to 40 seconds), consistent with high 
affinity binding. Strikingly, we found different maximal occupancies for the different 
TARPs. For γ-2 and γ-3, we counted up to four TARPs bound to each GluA1 receptor, 
and our analysis of the relationship of occupancy to the TARP to GluA1 ratio was 
consistent with the expectation that a receptor made of four identical subunits provides 
four association sites.  

In contrast, we found that the number of TARPs per receptor rarely exceeded 
two for γ-4 and that the slope of the dependence of occupancy on the ratio of TARP to 
GluA1 expression was considerably lower than it was for γ-2 and γ-3. Frequency 
distributions still followed a binomial distribution with four possible binding sites, but 
could equally well be fitted by a two binding site model. However, in the case of γ-8, the 
situation was unclear. Since GFP tagging of γ-8 results in lower GluA1 current, it is 
unknown if the functional consequences are a product of abnormal assembly, or if 
assembly is normal and the tag perturbs function through and unrelated mechanism. If 
assembly is indeed normal, we observe almost no receptors carrying three or four γ-8 
subunits, but more than half having two γ-8 bound, and the distributions could much 
better be fitted by a model with only two binding sites per receptor, but future 
experiments should address this issue.  

In hippocampal pyramidal neurons the kainate efficacy of the AMPA receptor 
most closely resembles that of a receptor complex formed by heterologous expression 
of a fusion protein in which the γ-8 subunit is attached to the GluA1 subunit — a 
situation that is expected to force a stoichiometry of four γ-8 subunits per tetrameric 
receptor (29). Our results suggest that adding a third and fourth γ-8 subunit to the 
receptor complex would only occur at substantially higher γ-8 density, as when the γ-8 
subunit is directly tethered via a short linker to the receptor subunit. Alternatively, 
association of the AMPA-R with four γ-8 subunits may well occur during association of 
free receptor with free TARPs in certain locations in the cell (i.e. synapses) where the γ-
8 subunit may be arrayed at extremely high densities due to additional clustering 
mechanisms through interaction with other scaffold proteins. However, such densities 
are much higher than those which could be tested in our experiments, where individual 
proteins needed to be resolved. 

While the molecular basis of the differences in binding for the different TARPs 
remains to be elucidated, two classes of possible explanation come to mind, which can 
be addressed in future studies. First, the receptor may have four equal TARP binding 
sites, but docking by one TARP may present steric hindrance to binding at a 
neighboring site, so that, for example, only two TARPs may bind with high affinity at 
diagonally situated positions on the receptor. Allosteric effects of TARP binding on 
receptor conformation could have the same effect without there being a direct steric 
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clash. Alternatively, the receptor may not have four equal docking sites. Indeed, the 
recent crystal structure of a homotetramer of GluA2 showed that, whereas the 
membrane spanning portion of the receptor is four-fold symmetric, the extracellular 
domain breaks this symmetry by pairing ligand binding domains into a dimer of dimers 
and by complex domain swapping between subunits (36). Interestingly, the differences 
in kainate efficacy between the four TARPs depend on the first extracellular domain 
between transmembrane segments 1 and 2, where γ-4 and γ-8 differ from γ-2 and γ-3 in 
an additional proline-rich motif (19). Extracellular contacts, where the receptor has the 
two-by-two symmetry, could mean that there are only two binding sites or two kinds of 
binding sites with differing affinities. 

The single molecule approach presented here provides a more detailed view of 
the interactions between TARPs and AMPA-Rs than is possible to obtain from 
ensemble measurements. With the future development of more photostable red and 
blue fluorescent proteins that can be utilized for single molecule experiments it should 
become possible to determine subunit composition for two interacting partners at the 
same time and open the way for elucidating complexes formed by mixtures of GluA1 
and GluA2 receptor subunits with TARPs, and the interaction between TARPs and other 
newly discovered AMPA-R interacting proteins like Cornichons (37) and CKAMP44 (38). 
 
Methods 
 
Molecular Biology 

With the exception of Stargazin (mouse), all constructs were produced using rat 
cDNA sequences. All sequences were subcloned into pGEMHE plasmids containing 
either monomeric EGFP (EGFP A206K, referred to as GFP in the text) or mCherry. The 
fluorophores tags were placed at the C-terminus of the protein and were separated by a 
short flexible linker sequence (SRGTSGGSGGSRGSGGSGG). Templates were 
linearised with SphI or EcoRV. Capped mRNA was produced using the Epicentre 
Ampliscribe T7 in vitro transcription kit or the Ambion mMessage Machine T7 Kit. 
Product was confirmed by denaturing gel electrophoresis. 

Oocytes were injected with 50 nl of mRNA solution. For GluA1-GFP or GluA1-
Cherry, we used 25ng RNA in all experiments. For comparing the TARPs' mobility with 
and without co-expression of GluA1-mCherry, we used 0.25ng GFP-tagged TARPs or 
0.05ng GFP-tagged γ-1-GFP because of its stronger expression. RNA amounts for the 
other experiments are indicated in the figures. Oocytes were incubated in ND96 solution 
at 18°C for 18-24hr to yield an appropriate density of protein expression on the cell 
surface. Before an experiment, the extracellular matrix was removed enzymatically by 
20 minute incubation with hyaluronidase (1mg/ml) and neuraminidase (1U/ml) (both 
Sigma) at 4°C. Oocytes were manually devitellinized in 2x ND96. Experiments were 
performed in ND96. 
 
Co-immunoprecipitation 

HEK293 cells were transfected with equal amounts of the indicated constructs by 
calcium phosphate. After 48 hours, the cells were washed twice with PBS and lysed by 
rotating at 4C for 1 hour in lysis buffer (50mM Tris pH7.4, 150mM NaCl, 5mM EDTA, 
1% Triton X-100, and protease inhibitors). Samples were centrifuged to pellet nuclei, 
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and lysates pre-incubated with Protein G beads (Invitrogen). The lysates were then 
incubated with antibody for GluR1-NT (Millipore) at 4C for 3 hours and then with 
Protein-G beads overnight. Beads were washed 5 times with lysis buffer, and proteins 
were eluted in SDS sample buffer. The samples were analyzed by western blot 
analysis. 
 
Electrophysiology 

Two-electrode voltage clamp experiments were carried out with a Dagan CA-1B 
amplifier (Dagan Corportation), Digidata 1440A digitizer and pClamp10 software 
(Molecular Devices). Xenopus oocytes were injected with 0.1ng of untagged GluA1 
RNA alone or with 1ng of GFP tagged- or untagged-TARPs. After 1 day of expression, 
oocytes were placed in a recording chamber with perfusion and microelectrodes (0.2-1 
MΩ) filled with 3M KCl were inserted into the oocytes to clamp the membrane potential 
to -70mV. Agonist-evoked currents were recorded in response to bath application of 
1mM glutamate and 100uM cyclothiazide in ND96 solution. 
 
Microscopy 

Microscopy was performed as described in (30). Oocytes were placed on a 
coverslip with an refractive index (n=1.78) that matched the immersion oil and the front 
lens of the Olympus 100x NA1.65 objective. The sample was illuminated in TIR 
configuration with a 488nm Ar laser for EGFP or a 593nm DPSS laser for mCherry. 
Images were recorded with an Andor iXon DU-897BV at 20Hz and a total magnification 
of 300x. In all cases, mCherry fluorescence was collected first, followed by GFP 
fluorescence at the same position. 
 
Image analysis 

All microscopy data was processed using custom Matlab, Labview, or 
Mathematica software. To identify spots, an average of 3-5 images was high and low 
pass filtered, and peaks in the resulting image were selected. The good signal to noise 
ratio allowed us to choose an appropriate cutoff level to limit the detection to real spots 
rather than background. Bleaching steps were extracted from intensity traces of 
immobile spots by classifying the traces manually into 1, 2, 3, 4, or more steps. Traces 
with irregular intensity were excluded from analysis. To determine the maximum 
distance traveled from their original position, spots were tracked using a standard 
tracking algorithm. Tracks were prevented from being cut short by brief intensity 
fluctuations by allowing up to two consecutive dark frames in the middle of a track. 
Resulting tracks were inspected by overlay with the original movies and refined 
manually. As a criterion for co-localization, we tested if centers of the GFP- and 
mCherry-labeled spots were lying within a distance of 2.5 pixels (125nm). For tracking 
of single molecules, we evaluated between 350 and 1800 fluorescent spots for each 
condition (average 780 spots). For counting of bleaching steps, we evaluated between 
1400 and 2000 fluorescent spots for each of the TARPs. 
 
Mathematics 

The distribution of TARP subunits bound to the AMPA-Rs was calculated from 
the distribution of bleaching steps by solving the system of linear equations 
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1  for i = 1...4, where ia  are the numbers of events with i 

bleaching steps, jx  are the resulting numbers of j bound subunits, and 8.0fp  is the 

probability of GFP to be fluorescent. 
The number of TARP subunits in the field of view was calculated as the sum of 

unbound TARPs and bound TARPs. Unbound TARP molecules were assumed to be 
monomers and not co-localizing with AMPA-R spots. Because only 80% of the GFP 
tags were non-fluorescent, we multiplied the number of fluorescent, non-colocalizing 
TARP spots nnc with a factor of 1/0.8 to obtain the number of unbound TARP molecules. 
Multiplication of the number of co-localizing spots nc with the number nb of binding sites 
(4 or 2) and the occupancy p and correction for non-fluorescent GFP yielded the total 
number of TARP subunits bound to the receptors. With the probability of GFP to be 
fluorescent pG = 0.8, the total number n of TARP molecules is: 

n = nnc / pG + nc * nb * p / (1 – (1 – p*pG)^nb) 
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Supplementary Information 

 
Supplementary Figure 3.1. Number of γ-8 subunits bound to AMPA-Rs. (A) 
Distributions of bleaching steps for γ-8 at concentrations indicated. (B) Assuming four 
binding sites, the probability of each γ-8 binding site of the AMPA-R to be occupied by a 
γ-8 had been fitted (blue) to the distribution of bound γ-8 subunits (red) as calculated 
from the experiments with the highest amounts of injected RNA. (C) Same as (B) except 
2 binding sites was assumed. (D) Occupancy p as a function of γ-8 to AMPA-R ratio 
using the model with four binding sites (solid line) and two binding sites (dashed line). 
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Supplementary Figure 3.2. Assembly of GFP-tagged γ-2 and γ-8 with untagged 
GluA1. (A) Co-expression of GluA1 with γ-2-GFP in Xenopus oocytes and counting of 
fluorescence photobleaching steps from GFP tags yielded up to four bleaching steps, 
and a few events with five steps were observed (red bars). Fit of a binomial distribution 
assuming a maximum of four γ-2-GFP bound to each receptor shows good overlap 
(blue bars) (n = 587 spots from 3 experiments). (B) Co-expression of GluA1 with 
different amounts of γ-8-GFP yields up to two bleaching steps from fluorescent spots, 
and very rarely three steps were observed (n = 405 spots from 12 experiments). 
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Supplementary Figure 3.3. Coimmunoprecipitation of TARPs with GluA1. GFP-
tagged γ-2 and γ-8 were co-expressed with either untagged GluA1 or C-terminal 
mCherry-tagged GluA1 in HEK293T cells. GluA1 (untagged or tagged) was 
immunoprecipitated using an antibody against the N-terminus of GluA1, and the 
subsequent pull-down of γ-2 (A) and γ-8 (B) was detected by blotting for GFP. The 
presence of the C-terminal Cherry-tag on GluA1 does not alter the co-precipitation 
efficiency (right panels) of either γ-2 or γ-8 with GluA1. The total levels of the expressed 
proteins were determined by Western blotting the cell lysates (left panels). See main 
text for quantification. 
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Supplementary Figure 3.4. Glutamate-evoked response in oocytes. GluA1 cRNA 
were injected into oocytes alone or together with tagged or untagged versions of γ-2, γ-
4 and γ-8. Glutamate-evoked currents were measured one day after injection. GFP-tag 
on γ-2 and γ-4 did not affect their ability to enhance GluA1-mediated current, but GFP-
tagged γ-8 failed to increase GluA1-mediated current significantly. 
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Supplementary Figure 3.5: Number of TARP subunits bound to AMPA-R. 
Distributions of TARP subunits bound to AMPA-Rs for all TARPs for injected RNA as 
indicated. For increasing RNA, TARP subunit numbers per AMPA-R shift from 
predominantly 1 and 2 subunits to 3 and 4 subunits for γ-2 and γ-3, but not for γ-4 and 
γ-8.  
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Supplementary Figure 3.6: Fit of binding site occupancy. The probability of each 
TARP binding site of the AMPA-R to be occupied by a TARP had been fitted (blue) to 
the bound TARP subunit number as calculated from the experiments (red) for all RNA 
concentrations. (A) γ-2 and (B) γ-3 exhibited low saturation at lowest concentrations but 
shifted toward 4 bound TARPs at higher concentrations. (C) γ-4 showed low saturation 
for all concentrations. (D) γ-8 fit (blue) did not match well the experimentally derived 
distribution when a model with 4 TARP binding sites per receptor was assumed. (E) γ-8 
model with 2 TARP binding sites shows a very good fit to data. 
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Supplementary Figure 3.7: Replotting of Figure 3.4D and Supplementary Figure 
3.1D with linear X axis and error bars. 
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Chapter 4 
 
CaV1.2 is functionally regulated at the C-terminus by multiple Ca2+/CaM 
complexes but Ca2+/CaMs do not mediate channel oligomerization 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
This chapter was published as Multiple C-terminal tail Ca2+/CaMs regulate CaV1.2 
function but do not mediate channel dimerization in EMBO Journal., Volume 29, Issue 
23 in December 2010 with an addendum published as Calmodulin overexpression does 
not alter CaV1.2 function or oligomerization state in Channels, Volume 5, Issue 4 in July 
2011. These papers were a collaborative effort between me and the Daniel Minor lab; I 
was responsible for Figure 4.3B-D and Figure 4.10D-G and performed all aspects of 
experiments referred to as ‘Subunit Counting.’ 
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Summary 
 
Interactions between voltage-gated calcium channels (CaVs) and calmodulin (CaM) 
modulate CaV function. In this study, we report the structure of a Ca2+/CaM CaV1.2 C-
terminal tail complex that contains two PreIQ helices bridged by two Ca2+/CaMs and two 
Ca2+/CaM–IQ domain complexes. Sedimentation equilibrium experiments establish that 
the complex has a 2:1 Ca2+/CaM:C-terminal tail stoichiometry and does not form higher 
order assemblies. Moreover, subunit-counting experiments demonstrate that in live cell 
membranes CaV1.2s are monomers. Thus, contrary to previous proposals, the 
crystallographic dimer lacks physiological relevance. Isothermal titration calorimetry and 
biochemical experiments show that the two Ca2+/CaMs in the complex have different 
properties. Ca2+/CaM is bound to the PreIQ C-region is labile, whereas Ca2+/CaM bound 
to the IQ domain is not. Furthermore, neither of lobes of apo-CaM interacts strongly with 
the PreIQ domain. Electrophysiological studies indicate that the PreIQ C-region has a 
function in calcium-dependent facilitation. Together, the data show that two Ca2+/CaMs 
can bind the CaV1.2 tail simultaneously and indicate a functional role for Ca2+/CaM at 
the C-region site. 
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Introduction  
High-voltage-activated calcium channels (CaV1s and CaV2s) couple membrane 

depolarization-dependent calcium entry to excitation-contraction, gene regulation, 
hormone release, and synaptic transmission (Catterall, 2000; Hille, 2001). As calcium is 
an intracellular messenger and both CaV1s and CaV2s are important calcium sources 
(Clapham, 2007), CaVs are regulated by a diverse set of feedback mechanisms. These 
include two in which calcium–calmodulin (Ca2+/CaM) has a central role (Dunlap, 2007): 
calcium-dependent inactivation (CDI) in which calcium influx promotes channel closing, 
and calcium-dependent facilitation (CDF), a process that enhances channel opening in 
response to elevated cytoplasmic calcium.  

CaV1s and CaV2s are multisubunit complexes that comprise a CaVα1 pore-
forming subunit, CaVβ and CaVα2δ auxiliary subunits and calmodulin (CaM; Van 
Petegem and Minor, 2006). The CaVα1 C-terminal cytoplasmic tail bears an IQ domain 
that is thought to be a central site of the CaM interactions that govern CDI and CDF 
(Peterson et al, 1999; DeMaria et al, 2001; Lee et al, 2003; Liang et al, 2003; Van 
Petegem et al, 2005; Kim et al, 2008; Mori et al, 2008) and that has been intensely 
scrutinized by crystallographic, biochemical and functional studies (Fallon et al, 2005; 
Van Petegem et al, 2005; Kim et al, 2008; Mori et al, 2008).  

In addition to the IQ domain, biochemical studies have indicated that the CaV1.2 
C-terminal tail contains other CaM-binding sites (Pate et al, 2000; Mouton et al, 2001; 
Pitt et al, 2001), generally known as the A-region and C-region (Pate et al, 2000; Pitt et 
al, 2001). These are located between the EF-hand motif that follows the last CaVα1 
transmembrane segment, IVS6, and the IQ motif. The role of the A and C sites in CaV 
modulation, together with the issue of exactly how many CaMs bind the C-terminal tail 
remain unresolved. Gel shift experiments using a refolded CaV1.2 C-terminal tail 
construct spanning the EF-hand through IQ domain (Xiong et al, 2005) suggested that 
only single Ca2+/CaM binds to the C-terminal tail, even though this construct contains 
three potential Ca2+/CaM-binding determinants. In addition, functional studies of 
CaV1.2–CaM fusions co-expressed with a dominant-negative CaM mutant have been 
interpreted as evidence that no more than one CaM is required for CaV1.2 CDI (Mori et 
al, 2004). In contrast, observation of a crystallographic CaV1.2 C-terminal tail dimer and 
a modest effect of a PreIQ EP mutation on CDI led to the proposal that CaV1.2 
channels dimerize through an anti-parallel coiled-coil interaction augmented by bridging 
interactions between Ca2+/ CaM and A-region- and C-region-binding sites and that this 
interaction is functionally relevant (Fallon et al, 2009).  

Besides a potential role in Ca2+/CaM binding, various studies have suggested 
that the region N-terminal to the IQ domain (the ‘PreIQ’ region), which overlaps with the 
A and C regions, may be an apo-CaM-binding site (Erickson et al, 2003). It has been 
proposed that CaM lobes move between the PreIQ and the IQ domains as part of an 
apo-CaM to Ca2+/CaM transition that is important for function (Pate et al, 2000; Mouton 
et al, 2001; Pitt et al, 2001; Erickson et al, 2003; Kim et al, 2004b), although the details 
of the PreIQ-binding sites, putative transitions, and relationship to calcium-dependent 
CaV modulation remain to be elucidated.  

In this study, we present a crystal structure of an in vivo produced Ca2+/CaM-
CaV1.2 PreIQ-IQ domain complex. Similar to the report by Hamilton and colleagues 
(Fallon et al, 2009) using a complex produced from refolded material, the 
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crystallographic asymmetric unit contains an anti-parallel dimer of PreIQ helices bridged 
by two Ca2+/CaMs. To determine whether dimerization occurs under physiological 
conditions, we asked whether dimers occur in solution and in full-length channels in the 
membranes of live cells. We find no evidence for this interaction in solution or when we 
directly measure the oligomeric state of CaV1.2 channels in cell membranes. 
Furthermore, mutations at the PreIQ helix crystallographic dimer interface cause no 
significant functional changes in key modulatory processes that are known to be 
affected by elements in the C-terminal tail: CDI, CDF, and voltage-dependent 
inactivation (VDI; Zühlke and Reuter, 1998; Zühlke et al, 1999; Kim et al, 2004b; Barrett 
and Tsien, 2008). Thus, contrary to the previous proposal (Fallon et al, 2009), the 
crystallographic dimer lacks physiological relevance.  

We further show that the 2:1 Ca2+/CaM-CaV1.2 tail complex has a dissociable 
Ca2+/CaM and that there is a clear preference of the C-region site for Ca2+/CaM lobes 
over apo-CaM lobes. Electrophysiological characterization of structure-based mutations 
in the PreIQ helix shows no correlation between Ca2+/CaM binding and CDI, consistent 
with the proposal that a single CaM is required for CDI (Mori et al, 2004). In contrast, 
CDF is affected by C-region CaM-binding site mutations. Taken together, the data 
indicate a role for the PreIQ helix and C-region-binding site in CDF and highlight the 
potential for Ca2+/CaM bridges to form between the PreIQ helix and other elements of 
the CaV1.2 complex.   
 
Results  
 
Crystal structure of Ca2+/CaM-CaV1.2 PreIQ-IQ domain complex  

We crystallized and determined the structure of Ca2+/CaM-CaV1.2 C-terminal tail 
complex that included segments defined as the PreIQ and IQ domains (residues 1561–
1637) at 2.55Å resolution (Figure 4.1; Table 4.1). The complex was made as a soluble 
entity by co-expression in Escherichia coli using a strategy used previously to make 
Ca2+/CaM-CaV IQ domain complexes (Van Petegem et al, 2005; Kim et al, 2008). We 
denote the PreIQ segment as residues 1561–1603. This segment covers the PreIQ2 
and PreIQ3 regions defined by Erickson et al. (2003) and includes segments called the 
A-peptide (1561–1575) and C-peptide (1585–1605; Pitt et al, 2001; hereafter referred to 
as the A-region and C-region, respectively). The structure was solved by molecular 
replacement using sequential searches with full-length CaM (PDB: 2BE6, form A) and 
N-lobe models that lacked calcium ions. Appearance of difference density for the IQ 
helix and calcium ions indicated the veracity of the solution. Multiple rounds of building 
and refinement resulted in a model having R/Rfree values of 24.1/28.8%.  
The asymmetric unit contains two CaV1.2 C-terminal tails and four Ca2+/CaMs (Figure 
4.1A). The PreIQ segment forms a long (42 residue) helix separated from the 
Ca2+/CaM–IQ complex by a disordered linker (residues 1603–1613). Two types of 
interactions occur in the dimer. Two Ca2+/CaM molecules (denoted as CaMAC) form 
cross-bridges in which Ca2+/N-lobeAC (Figure 4.1B) and Ca2+/C-lobeAC (Figure 4.1C) 
bind to sites on the A- and C-regions of symmetrically related PreIQ helices, 
respectively. In addition, the PreIQ helices cross and interact in a mode that SOCKET 
(Testa et al, 2009) recognizes as short anti-parallel coiled-coil that spans approximately 
three heptad repeats in which residues 1578, 1581, 1585 and 1588 comprise the a and 
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 Figure 4.1 Structure of the Ca2+/CaM–CaV1.2 PreIQ–IQ domain complex. (A) Two 
CaV1.2 PreIQ helices (red and salmon) form a crystallographic dimer cross-bridged by 
Ca2+/CaMs. Ca2+/CaM N-lobe and C-lobe are colored green and blue, respectively. N- 
and C-termini of PreIQ–IQ domain are indicated. Cartoon representation shows a 
schematic asymmetric unit. (B) Ca2+/N-lobeAC PreIQ A-region-binding site. (C) Ca2+/C-
lobeAC PreIQ C-region-binding site. In (B, C), PreIQ and Ca2+/CaM lobes are shown in 
stick and surface representation, respectively. Important contact residues are 
highlighted in white and labeled. Hydrophobic Ca2+/CaM lobe-binding interface residues 
are indicated and displayed in yellow. Due to poor Ca2+/C-lobeAC electron density, 
Ca2+/C-lobe from copy A of 2BE6 (Van Petegem et al, 2005) superimposed on the 
Ca2+/C-lobeAC model was used for the figure. (D) Schematic diagram of PreIQ anti-
parallel coiled-coil interactions. a–g positions of heptad repeats and residue numbers 
are indicated. Right hand side shows the PreIQ coiled-coil interaction. Side-chains are 
shown as sticks. Interface residues targeted for mutation experiments are shown in 
space filling representation. 
  



64 

Table 4.1 X-ray data collection and refinement statistics 
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d positions characteristic of coiled-coils (Lupas and Gruber, 2005; Figure 4.1D). Each 
IQ domain is located at the C-terminal end of a PreIQ helix and interacts with a single 
Ca2+/CaM (denoted as Ca2+/CaMIQ) in a manner identical to previous Ca2+/CaM-CaV1.2 
IQ domain structures (RMSDCα 1.176 and 1.126Å for each in comparison with 2BE6 
molecule ‘A’ (Van Petegem et al, 2005) and RMSDCα of 1.046 and 1.066Å with 2F3Y 
(Fallon et al, 2005; Supplementary Figure 4.1A).  

The dimeric PreIQ helix arrangement, Ca2+/CaM crossbridges, and relative 
position of one of the two Ca2+/CaM–CaV1.2 IQ complexes in the asymmetric unit are 
similar to the recent crystal structure of a Ca2+/CaM–CaV1.2 tail complex made from 
refolded material encompassing the identical residues from a different CaV1.2 isoform 
(residues 1609– 1685 of UniProt accession number Q13936 (Fallon et al, 2009)). The 
two complexes were crystallized from different conditions (0.2M Li2SO4, 24.5% PEG 
3350, and 0.1M bis-Tris (pH 5.5) vs 1M LiCl, 20% PEG 6000, 3% MPD, and 0.1M MES 
(pH 6.0), this structure and 3G43, respectively) and have different unit cell dimensions 
(39.6, 132.2, and 158.2Å vs. 39.8, 114.0, and 182.1A° , this structure vs. 3G43, 
respectively). Comparison of Ca2+/CaM and CaV regions common to both yields an 
RMSDCα=1.319Å (Supplementary Figure 4.1b). Beyond these similarities, there are a 
number of differences. Our structure possesses two well-defined, complete Ca2+/CaM–
IQ domain complexes related by two-fold symmetry (RMSDCα = 0.305Å). In contrast, 
3G43 has only a single well-defined Ca2+/CaM–IQ complex. Instead of a second 
Ca2+/CaM–IQ complex, 3G43 has a single Ca2+/N-lobe unrelated by symmetry to 
Ca2+/N-lobeIQ and that lacks density for the Ca2+/C-lobe and IQ peptide. From our 
electron density, we could only build a portion of Ca2+/C-lobeACs (backbone positions for 
82–91, 101–110 and 115–146). These lobes are well ordered in 3G43. Nevertheless, 
our partial Ca2+/C-lobeACs almost perfectly coincide with those in 3G43. Comparison of 
the structures indicates that the linker connecting the PreIQ and IQ regions has the 
ability to adopt varied conformations.  

Given the similarities of the structures and previous description (Fallon et al, 
2009), we briefly note key Ca2+/CaMAC and PreIQ helix elements that form the focus of 
extensive biochemical and functional analysis presented here. The groove formed by 
Ca2+/N-lobeAC residues Phe19, Met51, Met71, and Met72 interacts with the A-region 
through hydrophobic interactions centered around PreIQ Leu1562 and including 
Phe1563, Leu1565, and Val1566 (Figure 4.1B). The deep Ca2+/C-lobeAC hydrophobic 
pocket formed by Phe92, Leu105, Met124, Met144, and Met145 is anchored to the 
PreIQ helix by extensive interactions with Trp1593 (Figure 4.1C) in a mode commonly 
observed between Ca2+/C-lobe and tryptophan-containing binding partners (Meador et 
al, 1992; Maximciuc et al, 2006).  
 
Ca2+/CaM–CaV1.2 PreIQ–IQ complex is a 2:1 complex in solution  

The asymmetric unit of the Ca2+/CaM–CaV1.2 PreIQ–IQ domain complex has a 
Ca2+/CaM-to-PreIQ–IQ ratio of 4:2. Discernment of whether crystallographic interactions 
are meaningful from structure alone is difficult. Crystal-packing interactions, which are 
driven by the exact same forces that mediate physiologically relevant interactions, can 
have interface sizes and characteristics that are not different from validated protein–
protein interactions (Bahadur et al, 2004; Janin et al, 2008). Therefore, to examine 
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whether the Ca2+/CaM–CaV1.2 PreIQ–IQ domain complex could dimerize, we used a 
variety of solution-based assays.  

Size exclusion chromatography of the Ca2+/CaM–CaV1.2 PreIQ–IQ complex 
using a Superdex 200 column (resolution range = 10–600 kDa) before crystallization 
indicated an apparent molecular weight of ~66 kDa (Supplementary Figure 4.2a). This 
did not correspond with either a monomeric complex (2:1 Ca2+/CaM–CaV1.2 PreIQ–IQ 
domain, 42.8 kDa) or a dimeric complex (4:2 Ca2+/CaM–CaV1.2 PreIQ–IQ domain 
complex, 85.6 kDa). Interestingly, a similar construct, the Ca2+/CaM–CaV1.2 C–IQ 
complex (residues 1579–1644) showed essentially the same elution volume as the 
Ca2+/CaM–CaV1.2 PreIQ–IQ domain complex (Supplementary Figure 4.2b). The 
Ca2+/CaM–CaV1.2 C–IQ complex lacks the PreIQ ‘A-region’ and two of the six 
hydrophobic residues that contribute to the core of the anti-parallel coiled-coil 
interaction. Thus, this complex cannot form the crystallographically observed dimer. Gel 
filtration analysis is strongly influenced by sample hydrodynamic radius (Minor, 2007). 
The PreIQ–IQ complex has an elongated shape. Consideration of this property together 
with the similar size exclusion behavior of PreIQ–IQ and C–IQ complexes, which 
occurred despite the different sizes and the fact that one lacked key dimerization 
elements, led us to reason that gel filtration analysis was not a reliable indicator of 
complex size and stoichiometry. It should be noted that the previously published 
evidence suggesting the presence of the 4:2 complex in solution (Fallon et al, 2009) 
relies on experiments done at the resolution limit of the sizing column used in those 
studies (Superdex 75, resolution range = 3–70 kDa). Such conditions make discernment 
of an ~66kDa complex from an ~81 kDa complex impracticable. Therefore, we used 
equilibrium sedimentation analysis, a method that is insensitive to the vagaries of 
molecular shape (Laue, 1995), to directly measure molecular mass of the complex in 
solution and resolve this issue.  

Sedimentation equilibrium experiments using purified Ca2+/CaM–CaV1.2 PreIQ–
IQ complexes yielded data that were fit nicely by a single-species model that yielded 
random residuals and clearly indicated a 2:1 stoichiometry (Figure 4.2A). This 
stoichiometry was maintained over a wide concentration range (15–100 μM; initial 
sample concentrations) and different centrifugation speeds (9000–13 000 rpm; Figure 
4.2B). Sedimentation equilibrium experiments using the shorter Ca2+/CaM–CaV1.2 C–IQ 
complex revealed that this construct also acted as a well-behaved 2:1 complex (Figure 
4.2C). These results indicate that, as suspected, the gel filtration experiments were 
misleading regarding the true stoichiometry. Importantly, there was no evidence for a 
4:2 complex. These results strongly suggest that the dimeric structure observed in the 
asymmetric unit is a result of crystallization, and even though there are extensive 
crystallographic contacts between the two CaV tail complexes, this association is not 
robust.  
 
CaV1.2s are monomers in live cell membranes  

Pore-forming CaVα1 subunits have been thought to function as monomers 
(Catterall, 2000). Our biochemical and functional data strongly suggest that the dimeric 
interactions in the crystallographic asymmetric unit do not represent native interactions. 
Nevertheless, one could imagine that the context provided by the membrane might lead 
to a sufficient increase in effective concentration to allow dimerization between 
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Figure 4.2 Sedimentation equilibrium analysis of Ca2+/CaM–CaV1.2 tails. (A) 
Equilibrium distribution of 100 mM Ca2+/CaM–CaV1.2 PreIQ–IQ domain complex at 
11000 rpm and 4°C and measured at 293 nm. Raw data (black open circles) and single 
species fit (black line) are compared with predicted curves for complexes having 
Ca2+/CaM:CaV1.2 tail ratios of 1:1 (red), 2:1 (yellow), 2:2 (green), and 4:2 (blue). Inset is 
random distribution of residuals as a function of radial distance. (B) Comparison of the 
measured molecular weight of Ca2+/CaM–CaV1.2 PreIQ–IQ domain based on 
sedimentation equilibrium experiments performed at different protein concentrations and 
centrifugation speeds. Molecular weights for 2:1 (42.8 kDa) and 4:2 (85.6 kDa) 
complexes are indicated by the dotted lines. (C) Equilibrium distribution of 15 mM 
Ca2+/CaM–CaV1.2 C–IQ complex. A representative curve is shown; 15 mM of 
Ca2+/CaM–CaV1.2 C–IQ complex at 11 000 rpm and 4°C and measured at 281 nm. 
Solid lines are calculated as in (A).  
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elements that otherwise have low affinity association constants. Therefore, to determine 
the oligomeric state of the CaV1.2 channels in a live cell membrane, we used single-
molecule subunit counting (Ulbrich and Isacoff, 2007) in which total internal reflection 
fluorescence microscopy (TIRFM) was used to measure discrete photobleaching steps 
from CaV1.2 α1 subunits bearing a C-terminal green fluorescent protein (GFP) tag. 
CaV1.2–GFP channels were functionally equivalent to untagged CaV1.2 (Figure 4.3A). 
The majority (96%) of CaV1.2–GFP fluorescent spots (Figure 4.3B) bleached in a single 
step (Figure 4.3C and D), indicative of a monomeric state. Similar distributions have 
been observed in subunit-counting experiments of CaV2.3 (96:4%, 1:2 bleaching steps; 
Ulbrich and Isacoff, 2007) and Ci-VSP monomers (94:6%, 1:2 bleaching steps; Kohout 
et al, 2008). In contrast, the dimeric channel, Hv1, has a bleaching pattern (30:65:5%, 
1:2:3 bleaching steps; Tombola et al, 2008) that is clearly different from that observed 
from CaV1.2–GFP. Thus, our data clearly indicate that CaV1.2 channels are present in 
the membrane as monomers, not as dimers. These results confirm that the 
crystallographic dimer is not relevant in the context of full-length, functional channels. 
  
Ca2+/CaM–CaV1.2 PreIQ–IQ complex contains a labile Ca2+/CaM  

The 2:1 Ca2+/CaM–CaV1.2 PreIQ–IQ complex was formed during co-expression 
and survived multiple purification steps (metal affinity, anion exchange, and size 
exclusion). Nevertheless, we wondered whether either or both of the bound Ca2+/CaMs 
could be removed. Phenylsepharose chromatography is a well-established method for 
purifying CaM (Gopalakrishna and Anderson, 1982) and exploits differences in the 
abilities of Ca2+/CaM and apo-CaM to interact with the hydrophobic resin. Passage of 
the 2:1 Ca2+/CaM–CaV1.2 PreIQ–IQ complex through a phenylsepharose column 
resulted in two fractions (Figure 4.4A), a flow-through fraction that contained CaM and 
the PreIQ–IQ segment, and a bound fraction that was released by EGTA and that 
contained only CaM (Figure 4.4B). Reapplication of the Ca2+/CaM–CaV1.2 PreIQ–IQ 
flow-through fraction did not remove any more CaM (Supplementary Figure 4.3a). We 
obtained similar results for the Ca2+/CaM–CaV1.2 C–IQ complex. Size exclusion 
chromatography of the Ca2+/CaM–CaV1.2 PreIQ–IQ and the Ca2+/CaM–CaV1.2 C–IQ 
complexes after phenylsepharose purification indicated an elution volume change 
towards lower molecular weight species (data not shown). Analytical ultracentrifugation 
experiments unambiguously showed that the phenylsepharose-treated Ca2+/CaM–
CaV1.2 PreIQ–IQ and Ca2+/CaM–CaV1.2 C–IQ samples were 1:1 complexes (Figure 
4.4C and D). Together with the phenylsepharose experiments, these results indicate 
that two forms of Ca2+/CaM bind to the CaV1.2 C-terminal tail simultaneously, a labile 
form and a non-labile form. To test which was labile, we subjected purified Ca2+/CaM–
CaV1.2 IQ domain complexes to the phenylsepharose purification procedure. Unlike the 
longer PreIQ–IQ and C–IQ complexes, no CaM peak was detected at the EGTA elution 
step (Supplementary Figure 4.3b). Together, the data suggest that the C-region is the 
binding site for the second Ca2+/CaM molecule and that Ca2+/CaMAC is labile, whereas 
Ca2+/CaMIQ is not. The ability of phenylsepharose to strip Ca2+/CaMAC but not 
Ca2+/CaMIQ from the complex suggests that Ca2+/CaMAC has a lobe that is not engaged 
with the PreIQ region.  
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Figure 4.3 Subunit counting of CaV1.2 in cell membrane. (A) Inactivation properties 
of GFP-tagged CaV1.2 co-expressed with CaVβ2a in Xenopus oocytes. Normalized Ca2+ 
and Ba2+ currents recorded from CaV1.2–GFP (dark blue and light blue, respectively) 
are compared to those of wild type (black and grey, respectively). The pulse protocol is 
indicated above the graph and scale bars represent 200nA Ca2+ current. (B) A 
representative TIRF image showing the CaV1.2–GFP fluorescent spots in the cell 
surface of X. laevis oocytes. Bright spots are CaV1.2–GFP single molecules when the 
shutter is first opened at the beginning of the bleaching experiment. Blue circles mark 
the selected molecules for subunit counting. (C) Time courses of photobleaching from 
single fluorescent spots. Two examples are shown. (D) Distribution of fluorescent spots 
that bleach in one or more steps. Percentile of each bleaching step is indicated. 
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Figure 4.4 The Ca2+/CaM–CaV1.2 PreIQ–IQ domain complex contains two types of 
Ca2+/CaM. (A) Phenylsepharose chromatograph of the Ca2+/CaM–CaV1.2 PreIQ–IQ 
complex. Peak 1 is the flow through fraction and Peak 2 is eluate obtained with 10mM 
EGTA. Absorbance and conductivity are shown as blue and green, respectively. (B) 
SDS–PAGE analysis of Peak 1 and Peak 2 from (A). Peak 1 contains both CaM and 
CaV1.2 PreIQ–IQ peptide. Peak 2 contains only CaM. (C) Sedimentation equilibrium 
analysis of the Ca2+/CaM–CaV1.2 PreIQ–IQ complex post phenylsepharose treatment. 
Representative data obtained at 4°C and measured at 14 000 rpm and 236nm using 
10mM complex is shown. (D) Sedimentation equilibrium analysis of Ca2+/CaM–CaV1.2 
C–IQ complex after phenylsepharose chromatography. Representative data measured 
at 11 000 rpm and 297nm using 90mM protein is shown. Fits in (C) and (D) are 
presented as in Figure 4.2A and C.   
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Characterization of PreIQ A-region and C-region CaM-binding sites  
To obtain a detailed and quantitative understanding of the crystallographic 

Ca2+/CaMAC half sites, we used a combination of isothermal titration calorimetry (ITC) 
and pulldown assays using individually purified CaM lobes. The peptide corresponding 
to the A-region (residues 1561–1580) had poor solubility and failed to yield sufficient 
material for ITC. Thus, we used a maltose-binding protein fusion (HMT) bearing the A-
region to make material that was sufficiently soluble to study the interaction with Ca2+/N-
lobe by ITC. Consistent with the structure, ITC experiments identified a single, weak (Kd 

>10 μM) Ca2+/N-lobeAC-binding site (Figure 4.5A; Table 4.2) that was absent when 
Ca2+/N-lobe was tested against HMT alone (data not shown). Pulldown assays using 
the same components in the presence of Ca2+ also detected the Ca2+/N-lobe–A-region 
interaction, and were used to evaluate mutations in the crystallographically observed 
Ca2+/N-lobeAC anchor positions (Figure 4.5B). Mutation at the central anchor, 
Leu1562Ala, and the double mutant Leu1562Ala/ Phe1563Ala disrupted the Ca2+/N-
lobe–A-region interaction (Figure 4.5B). In contrast, individual alanine mutations of other 
Ca2+/N-lobeAC contact positions (Phe1563Ala, Leu1565Ala, and Val1566Ala) did not 
affect binding. These results indicate that, as seen in the crystal structure, Leu1562 
forms the central contact residue for a low-affinity interaction between Ca2+/N-lobeAC 
and the A-region.  

As anticipated from the highly homologous nature of the N- and C-lobes (Ataman 
et al, 2007), similar experiments with Ca2+/C-lobe show that it can also bind the A-
region. This interaction seems to be even weaker than the Ca2+/N-lobe–A-region 
interaction (Figure 4.5C; Table 4.2), and is drastically weaker than the Ca2+/C-lobe–C-
region interaction (Table 4.2).  

To evaluate C-region site interactions, we performed ITC experiments using 
individual CaM lobes and post-phenylsepharose 1:1 Ca2+/CaM–CaV1.2 C–IQ 
complexes. These reveal a single Ca2+/C-lobe-binding site having an affinity that is at 
least 20-fold stronger than the Ca2+/N-lobe interaction at the A-region site (Kd = 475 ± 
150 nM; Figure 4.5D; Table 4.2). Mutation of the Trp1593 Ca2+/C-lobe anchor to alanine 
or glutamate changed the binding reaction from exothermic to endothermic and resulted 
in a severely reduced affinity (~17-fold) for Trp1593Ala and almost complete loss of 
detectable binding for Trp1593Glu (Figure 4.5E-G; Table 4.2). These results validate 
that the measured interaction corresponds with the crystallographically observed C-
region-binding site. Interestingly, Ca2+/N-lobe can also bind the C-region, but with lower 
affinity than Ca2+/C-lobe (Kd = 5.6 ± 0.5 μM). Trp1593Ala ablated this interaction (Table 
4.2) and indicated that the Ca2+/N-lobe and Ca2+/C-lobe sites overlap, a property noted 
previously for Ca2+/CaM CaV IQ domain-binding sites (Van Petegem et al, 2005; Kim et 
al, 2008). The affinity of Ca2+/C-lobe for the C-region is ~100-fold weaker than Ca2+/C-
lobe for the CaV1.2 IQ domain (Van Petegem et al, 2005) and agrees well with our 
observation that Ca2+/CaM bound to C-region is labile and our inability to strip Ca2+/CaM 
from the IQ domain by phenylsepharose treatment (Supplementary Figure 4.3b). The 
concentration of CaM near CaV1.2 is suggested to be ~2.5mM (Mori et al, 2004), well 
within the range to be relevant for the half-site interaction affinities measured here. 
Together, these biochemical experiments confirm that the interactions observed in the 
crystal structure reflect modes by which the A- and C-regions can engage the individual 
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Figure 4.5 Characterization of Ca2+/CaMAC–CaV1.2 PreIQ interactions. (A) 100 mM 
Ca2+/N-lobe titrated into 10 mM HMT-tagged A-region. Panels show injections of 10 ml 
titrant to the target (top) and binding isotherms (bottom). (B) Pulldown assay using 20 
mM HMT alone and 20 mM HMT-tagged A-region variants with 100 mM Ca2+/N-lobe. M 
indicates molecular weight standards. (C) 100 mM Ca2+/C-lobe titrated into 10 mM 
HMT-tagged A-region. Panels show injections of 10 ml titrant to the target (top) and 
binding isotherms (bottom). (D–F) Binding isotherms for titration of 100 mM Ca2+/C-lobe 
into (D) 10 mM wild type, (E) Trp1593Ala, and (F) Trp1593Glu 1:1 Ca2+/CaM–CaV1.2 
C–IQ complexes. (G) Overlaid binding isotherms of (D–F). Cartoon representations 
depict components of each experiment. A-region, C-region, and IQ domain are denoted 
as PreIQ A, PreIQ C, and IQ, respectively. Stars indicate mutation sites.  
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Table 4.2 Titration calorimetry data  
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Ca2+/CaM lobes and show that the C-region site has a substantially higher binding 
affinity for CaM–lobe interaction.  

Interactions between calcium-free CaM (apo-CaM) and the CaV1.2 C-terminus 
are thought to be crucial for channel function (Pitt et al, 2001; Erickson et al, 2003; Kim 
et al, 2004a), although the exact location of the binding site remains unresolved. As 
PreIQ region contains proposed apo-CaM-binding regions, we tested whether apo-CaM 
lobe mimics that bear mutations in the calcium-binding EF hands, Apo/N-lobe12 and 
Apo/C-lobe34 interact with the A-region and C-region using ITC. These half-apo-CaM 
constructs were used so the experiment could be done in the presence of calcium, 
which was required to maintain Ca2+/CaM bound to the IQ domain for the PreIQ C–IQ 
experiments. Circular dichroism indicates that Apo/ N-lobe12 and Apo/C-lobe34 have 
similar structures to the corresponding, individual apo-lobes of wild-type CaM 
(Supplementary Figure 4.4). ITC experiments demonstrate that Apo/N-lobe12 and 
Apo/C-lobe34 bind as weakly to the A-region as the individual Ca2+/lobes (Kd>10 mM) 
and have no detectable interaction with the C-region (Table 4.2). These data establish 
that the C-region site has a clear preference for Ca2+/CaM lobes and indicate that the 
neither the A-region nor C-region contains a strong apo-lobe-binding motif.  
 
Electrophysiological studies identify a role for the C-region site in CDF  

Although we observed no evidence for CaV1.2 tail dimerization in solution (Figure 
4.2B), we decided to test whether mutations designed to disrupt the crystallographic 
anti-parallel coiled-coil affected function. Leu1585 and Ile1588 are positioned at 
successive a and d positions, respectively, and interact with Leu1578 and Ala1581 
(Figure 4.1D). Because of the anti-parallel arrangement, Leu1585Ala/Ile1588Ala should 
disrupt interactions across two of the three turns that contribute to the crystallographic 
coiled-coil. Two-electrode voltage clamp experiments in Xenopus oocytes showed that 
Leu1585Ala/Ile1588Ala failed to cause a detectable change in either CDI or VDI (Figure 
4.6A; Table 4.3). These results together with our solution studies and subunit-counting 
experiments indicate that the dimerization interaction observed in the crystal structure is 
not relevant for function.  

To investigate whether the crystallographically observed and biochemically 
validated Ca2+/CaM lobe-binding sites in the A-region and C-region represent 
functionally important interactions, we examined the effects of a set of structure-based 
mutations. Despite the detrimental effects on Ca2+/N-lobe binding (Figure 4.5B), neither 
Leu1562Ala nor Leu1562Ala/Phe1563Ala changes in the Ca2+/N-lobe A-region contact 
site affected CDI or VDI (Figure 4.6B; Table 4.3). Previous studies reported that an A-
region triple-alanine mutation Thr1561Ala/Leu1562Ala/Phe1563Ala reduced CDI (Kim 
et al, 2004b). To revisit this effect, we examined individual alanine mutations at each of 
these positions. Of the three, only Thr1561Ala affected CaV1.2 CDI (Figure 4.6B; Table 
4.3). Given the minimal contacts this position has with Ca2+/N-lobeAC, this CDI change 
does not seem to be correlated with Ca2+/N-lobeAC binding to the A-region. Two of the 
other residues that contact Ca2+/N-lobeAC, Leu1565 and Val1566 are part of a second 
triple-alanine mutant, Leu1565Ala/Val1566Ala/Arg1567Ala, which also reduced CDI 
(Kim et al, 2004b). Individual examination of Leu1565Ala and Val1566Ala revealed that 
only Leu1565Ala affected CDI (Figure 4.6B). Nevertheless, neither of these changes 
caused detectable perturbations to the Ca2+/N-lobeAC–A-region interaction (Figure 



75 

Figure 4.6 Calcium-dependent inactivation of CaV1.2 coiled-coil interface mutants, 
and A- and C-region mutants. Inactivation of CaV1.2 and CaV1.2 bearing mutations in 
(A) the crystallographic anti-parallel coiled-coil interface, (B) Ca2+/ N-lobeAC–A-region 
binding sites, and (C) Ca2+/C-lobeAC–C-region binding sites. CaV1.2s were co-
expressed with CaVβ2a and CaVα2δ in Xenopus oocytes. Data shows currents for 
450ms with a test pulse from −90 to +20mV. Normalized Ca2+ and Ba2+ currents for wild 
type (black and grey, respectively) and indicated mutants (dark blue and light blue, 
respectively) are shown. Scale bars indicate 200 nA Ca2+ current.   
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Table 4.3 Inactivation properties of CaV1.2 variants 

NS, not significant. 
Data are presented as mean ± s.d. values. Values were calculated using equation of I = 
A1 exp(−t / τ1) + A2 exp(−t / τ2) + C. τ300 denotes the fraction of current remaining at 
300ms to the peak current (I300/Imax) measured at +20mV. P-values with respect to wild-
type r300 were calculated using Student’s t-test; NS, P>0.05; *, 0.01<P<0.05; **, 
0.001<P<0.01; ***, P<0.001. Error bars indicate s.d.   
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4.5B). Thus, there is little correlation between the crystallographically observed and 
biochemically validated Ca2+/N-lobeAC–A-region interactions and function.  

Similar to the Ca2+/N-lobeAC results, investigation of the consequences of Ca2+/C-
lobeAC anchor mutants, Trp1593Ala or Trp1593Glu, also failed to find functional 
changes of CDI or VDI (Figure 4.6C; Table 4.3) even though both mutants showed 
significant reduction in Ca2+/C-lobe binding in the ITC experiments (Figure 4.5E–G). 
Thus, there is no correlation between the structure and biochemistry of Ca2+/CaMAC 
interactions with the A- and C-regions and channel inactivation processes.  
The interactions between the CaV1.2 C-terminal tail and CaM affect another calcium-
dependent channel behavior known as calcium-dependent facilitation (CDF; Pitt et al, 
2001). To see whether any of the structural elements in the Ca2+/CaM–PreIQ helix 
complex participates in CDF, we measured the effects of the above mutations in the 
background of the IQ domain Ile1624Ala mutation that unmasks CaV1.2 CDF (Zühlke et 
al, 1999; Figure 4.7). Disruption of the crystallographic coiled-coil interface by 
Leu1585Ala/ Ile1588Ala had no effect (Table 4.4; Supplementary Figure 4.5). Mutations 
in both the Ca2+/N-lobe and Ca2+/C-lobe anchor positions caused significant decreases 
in CDF (Table 4.4; Supplementary Figure 4.5). Interestingly, the CDF decreases caused 
by Trp1593Ala and Trp1593Glu were augmented by introduction of 
Leu1585Ala/Ile1588Ala (Figure 4.7; Table 4.4; Supplementary Figure 4.5). The former 
shows a significantly ablated CDF, whereas the latter almost abolished CDF. We were 
unable to make similar measurements with the Ca2+/N-lobe mutant 
Leu1562Ala/Phe1563Ala, as combination with Leu1585Ala/Ile1588Ala did not yield 
functional channels. The observed effects are consistent with the different degrees of 
loss of Ca2+/C-lobe binding caused by Trp1593Ala and Trp1593Glu and suggest that 
the Ca2+/C-lobeAC–PreIQ helix interactions and the PreIQ helix have an important role in 
CDF.   
 
Discussion  
 

CaV calcium-dependent modulation is highly complex and includes two 
processes: CDI and CDF, governed by interplay between CaM and the CaVα1 subunit. 
Multiple segments in CaV1 cytoplasmic domains have been identified to interact with 
CaM and may have functions in calcium-dependent modulation (Peterson et al, 1999; 
Zühlke et al, 1999; Ivanina et al, 2000; Pate et al, 2000; Pitt et al, 2001; Dick et al, 
2008). Although significance of CaM interactions with the IQ domain has been 
extensively studied (Peterson et al, 1999; Pate et al, 2000; Pitt et al, 2001), much less is 
known about how other regions participate in CaM interactions to coordinate calcium-
dependent regulation. In this study, we present the structure of Ca2+/CaM bound to a 
CaV C-terminal tail containing three CaM-binding motifs (A-region, C-region, and IQ 
domain) and use biochemical and electrophysiological approaches to characterize 
whether interactions observed in the crystal structure are functionally important.  
One striking aspect is that the crystallographic asymmetric unit consists of a symmetric 
dimer that interacts through an anti-parallel coiled-coil bridged by two Ca2+/CaM 
molecules. Although some low-resolution electron microscopy studies have been 
interpreted as evidence for channel dimers (Wang et al, 2002, 2004) and infrequent 
multiple concerned openings of CaV1.2 have been recently reported (Navedo et al, 
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Figure 4.7 C-region mutations affect CDF. Blocking both dimer interface and Ca2+/C-
lobeAC–C-region interaction almost completely abolished Ile1624Ala CDF. Ca2+ currents 
were recorded in a 3-Hz 40-pulse train (50 ms pulse from −90 to +20 mV) and 
normalized to Imax of the first trace (black) for comparison. For clearer view, every fourth 
trace is shown in grey with an exception of the 40th trace (red).  
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2010), it has not been generally thought that CaV channels function as dimers in cell 
membranes. Nevertheless, a recent structure similar to the one presented in this study 
was interpreted as evidence for channel dimerization (Fallon et al, 2009). Assessment 
of quaternary structure from crystallographic data alone is challenging (Ponstingl et al, 
2000; Janin et al, 2008) and there are numerous examples in which two-fold related 
crystallographic dimers do not represent biologically relevant interactions (Bahadur et 
al, 2004). Thus, orthogonal approaches are required to validate whether 
crystallographically observed interactions are relevant or simply a consequence of 
forming the ordered array of the lattice (Kobe et al, 2008).  

Our experimental search for evidence in favor of channel dimerization failed to 
find any support for the hypothesis that the crystallographic dimer represents a 
structural feature of the native protein. Sedimentation equilibrium experiments using 
purified Ca2+/CaM–PreIQ–IQ domain complexes find a well-behaved 2:1 complex over 
a wide range of concentrations (Figure 4.2) and do not detect higher-order complexes. It 
should be noted that the highest concentration of the Ca2+/ CaM–PreIQ–IQ domain 
complexes assayed is of the order of the estimated concentration of CaVs in their most 
densely known environment, that of the SR junction (Serysheva, 2004). One of the 
interactions that forms the crystallographic dimer, the Ca2+/N-lobe–A-region interaction, 
has very low intrinsic affinity (Kd >10 μM), and thus, seems unlikely to be able to provide 
augmentation to the dimerization as suggested (Fallon et al, 2009). Alanine mutation of 
hydrophobic amino acids interactions of which form the heart of the dimer interface in 
the asymmetric unit, do not affect any of the three well-studied functional properties of 
the channel that are known to be regulated by the C-terminal domain: CDI, VDI or CDF. 
Finally, experiments aimed at determining the association state of full-length channels in 
cell membranes unequivocally show that the channels are monomers. These results are 
similar to earlier observations with CaV2.3 channels (Ulbrich and Isacoff, 2007), which 
coiled-coil prediction algorithms suggest should be unable to form a coiled-coil similar to 
that seen in the crystal (Fallon et al, 2009). Thus, our data indicate that, unlike what has 
been proposed by Fallon et al (2009), the CaV1.2 C-terminal tail crystallographic dimer 
is neither robust nor relevant for channel function. This conclusion is also in accord with 
the observation that CaV1.2 channels bearing the PreIQ–IQ domain, but lacking the 
remainder of the channel C-terminus show no evidence of coupled activity (Navedo et 
al, 2010).  

Our biochemical studies identify that the CaV1.2 PreIQ–IQ domain can bind two 
Ca2+/CaMs simultaneously and that these two Ca2+/CaMs have different properties. 
These results are corroborated by the recent report by Kameyama and colleagues 
(Asmara et al, 2010). Two half-CaM-binding sites are observed in the crystal, one 
involving Ca2+/N-lobeAC and the other involving Ca2+/C-lobeAC. Could either of the two 
half-CaM interactions represent functionally relevant associations? Biochemical studies 
(Figure 4.5) show that interaction of the individual lobes can be measured and that 
these interactions are affected by mutation of crystallographically observed key 
residues. However, there is a major difference in the affinities of the half-sites, with the 
Ca2+/C-lobeAC being ~20-fold stronger than the Ca2+/N-lobeAC interaction. Importantly, 
this difference correlates with the findings from our functional studies. Mutations 
designed to affect either interaction only have clear functional consequences in the case 
of Ca2+/C-lobeAC.  
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Previous studies of triple-alanine mutations have already implicated the A-region 
in CDI (Kim et al, 2004b). Examination of the impact of single-alanine substitutions at 
positions that form the Ca2+/N-lobeAC-binding site reveals functional changes only at 
Thr1561 and Leu1565; two residues that make minimal Ca2+/N-lobeAC interactions and 
that do not affect Ca2+/N-lobe binding (Figures 4.5 and 4.6; Table 4.3). This 
disconnection of structure and binding from function is unlike what we have observed in 
previous structural studies of Ca2+/CaM modulation (Van Petegem et al, 2005; Kim et al, 
2008). What could explain the breakdown in the connection between structure and 
biochemistry with function? Insight can be found from recent structural studies of the 
EF-hand region from the C-terminal tails of NaV1.2 (Miloushev et al, 2009) and NaV1.5 
(Chagot et al, 2009) voltage-gated sodium channels. The NaV EF-hand region shares a 
similar location, proximal to the cytoplasmic end of transmembrane segment IVS6, and 
a high degree of sequence similarity (48.2%) with the homologous CaV1.2 region 
(Supplementary Figure 4.6). The NaV1.2 and NaV1.5 structures show that this region 
forms a paired EF-hand domain containing four helices. Modeling the equivalent CaV1.2 
residues onto the NaV1.2 structure indicates that the CaV1.2 A-region corresponds with 
EF-hand helix IV. Leu1562, Phe1563, Leu1565, and Val1566, which make the main 
Ca2+/N-lobeAC contacts, are all observed in the core of the four-helix bundle. Thus, given 
the low affinity of the Ca2+/N-lobeAC for the A-region, and the possibility that the CaV1.2 
A-region may be involved in a structure in which the A-region hydrophobic residues 
would be inaccessible, we conclude that the Ca2+/N-lobeAC–A-region interaction most 
probably represents an opportunistic non-native interaction driven by the well-known 
promiscuous target-recognition properties of Ca2+/CaM (Hoeflich and Ikura, 2002). It 
seems likely that the effects on CDI reported for mutations in this region (Peterson et al, 
2000; Kim et al, 2004b) and A-region mutation induced changes in CDI (Figure 4.6B; 
Table 4.3) and CDF (Table 4.4; Supplementary Figure 4.5), which are not correlated 
with our structure or biochemical studies, result from disruption the EF-hand structure.  

Our biochemical studies show that the CaV1.2 C-terminal tail forms a stable 2:1 
complex with Ca2+/CaM with one Ca2+/CaM bound to the C-region and one bound to the 
IQ domain. Could the second half-site, which is the site of the labile Ca2+/CaM (Figure 
4.4), represent a functionally important site? Previous gel shift assays of CaM and 
CaV1.2 constructs containing the A-, C-, and IQ regions reported a 1:1 stoichiometry 
(Xiong et al, 2005). Given the labile nature of the Ca2+/CaM–C-region interaction, this 
interaction could easily be missed in assays less precise than sedimentation 
equilibrium. Studies of CaV1.2–CaM fusions suggested that a single CaM is sufficient for 
CaV1.2 CDI (Mori et al, 2004). The presence of the second CaM is not in conflict with 
the results of Mori et al (2004) as disruption of the Ca2+/CaM–C-region interaction does 
not affect CDI. Our functional experiments indicate that this site has a role in CDF. It is 
notable that the main anchor, Trp1593, is conserved throughout metazoan evolution 
and is found in Ciona CaV1 (Okamura et al, 2003) and in both CaV1 and CaV2 
subclasses (Figure 4.8A). The ability of the CaV1.2 tail to bind multiple Ca2+/CaMs along 
a largely helical domain is reminiscent of how CaM and CaM-like proteins are organized 
on myosin (Houdusse et al, 2006) and raises the intriguing possibility that there are 
previously unrecognized connections between these seemingly disparate systems.  
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Table 4.4 Calcium-dependent facilitation of CaV1.2 variants 

NS, not significant 
CDF was calculated by (Imax_40 − Imax_1) / Imax_1 x100 and displayed as mean ± s.d. 
values. P-values with respect to I1624A are shown and were calculated using Student’s 
t-test; NS, P>0.05; *, 0.01<P<0.05; **, 0.001<P<0.01; ***, P<0.001. Error bars indicate 
s.d. 
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Figure 4.8 Model for CaMs interaction with CaVs. (A) Sequence alignments of the 
PreIQ and IQ domains of human CaV1.2 1561–1647 (CaVα1C77) CAA84346; CaV1.1 
1466–1552, AAI33672; CaV1.3 1534–1620, NP_001077085; CaV1.4, 1526–1612 
NP_005174, Ciona CaV1 1466–1552, XP_002123864; CaV2.1 1905–1994 
NP_001095163; CaV2.2 1794–1883, NP_000709.1; and CaV2.3 1760–1849,Q07652. 
PreIQ, IQ Domain, A-region, and C-regions are indicated. Conservation of the C-region 
tryptophan is highlighted blue. Yellow circles indicate residues L1585 and I1588. (B) 
Cartoon model depicting the possible relative positions of CaV intracellular elements. ‘?’ 
signifies the potential for a Ca2+/CaM anchored at the C-region site to make bridging 
interactions with other components of the CaV complex. Yellow indicates the positions of 
residues L1585 and I1588 that augment CDF effects. Relative orientation of the C-
terminal tail is chosen to display the key elements. Its orientation relative to the other 
intracellular components is not known. 
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Our data suggest that the PreIQ region forms a long α-helix that contains Ca2+/C-
lobe-anchoring site and that Ca2+/C-lobe is anchored to the C-region in a manner that 
would permit Ca2+/CaM to form bridging interactions between the PreIQ domain and 
other channel elements through Ca2+/N-lobe (Figure 4.8B). Mutations at two positions, 
L1585 and I1588, which are in the C-region helix but that do not directly participate in 
the Ca2+/C-lobe-binding site, augment CDF reduction, and reinforce the idea that this 
portion of the channel interacts with other, yet to be identified, elements. The 
cytoplasmic CaVβ subunit is thought to be linked to the pore through a long helix formed 
by part of the I-II loop (Vitko et al, 2008; Zhang et al, 2008; Findeisen and Minor, 2009) 
and is essential for CDF (Grueter et al, 2006; Findeisen and Minor, 2009). There are 
functional interactions between the CaV1.2 C-terminal tail and the CaVβ–I-II loop 
complex that indicate that both have roles in VDI, CDI, and CDF (Kim et al, 2004b; 
Findeisen and Minor, 2009). It is striking that the long PreIQ helix would position the two 
elements of the C-terminal tail implicated in CDF, the C-region and the IQ domain 
(Zühlke et al, 1999, 2000; Van Petegem et al, 2005), near CaVβ(Figure 4.8B). This 
potential confluence of key regulatory elements provides a framework for dissection of 
the interactions and structural transitions that drive CaV function.  
 
Materials and methods  
 
Protein expression and purification  

Constructs encoding the A-region (residues 1561–1580), C–IQ domain (residues 
1579–1644), and PreIQ–IQ domain (residues 1563–1637) of human CaV1.2 (CaVα1C77 
isoform; accession number CAA84346) were cloned into a pET28b-derived vector 
denoted HMT (Van Petegem et al, 2004), which contains in sequence a His6-tag, 
maltose-binding protein, and a cleavage site for TEV protease. For crystallization, the 
cloning artifact sequence (His-Met) preceding the PreIQ–IQ domain was reverted to the 
native sequence (Thr-Leu; residues 1561–1562) by site-directed mutagenesis using 
QuikChanges (Stratagene). Alanine substitutions were also generated using the same 
mutagenesis protocol. Constructs for N- and C-lobe of CaM (HMT tagged) and full-
length CaM (without any tag) were identical to those used previously (Kim et al, 2008).  

Proteins were expressed and purified using strategies described previously (Kim 
et al, 2008). HMT fusions of the PreIQ–IQ domain or C–IQ domain were co-transformed 
with CaM in BL21(DE3)-Rosetta cells and grown at 37°C for 3–4 h after IPTG induction 
at OD600 = 0.7–0.8. After cell lysis by sonication in Buffer A (250mM KCl, 1mM CaCl2, 
and 10mM HEPES (pH 7.4)) containing 1mM PMSF, the Ca2+/CaM–CaV1.2 peptide 
complexes were applied to a Poros20MC column (Perseptive Biosystems) and eluted 
with a step elution using 100% Buffer B (Buffer A plus 500mM Imidazole, (pH 7.4)). 
Protein eluate was concentrated, diluted (1:10) in Buffer C (10mM KCl, 1mM CaCl2, 
10mM Tris–HCl (pH 8.8)) and subjected to overnight cleavage with His-tagged TEV 
protease (Kapust et al, 2001). The majority of MBP, uncleaved fusion protein, and TEV 
protease were removed by purification on a HiLoad® Q-Sepharose column (GE 
Healthcare Life Sciences) using a linear gradient from 15 to 40% of Buffer D (Buffer C 
plus 1M KCl). Residual contaminants were removed by passage through tandem 
Poros20MC/Amylose affinity columns in Buffer A and target proteins were collected 
from the flow-through. Complexes were further purified by size exclusion 
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chromatography (Superdex 200, GE Healthcare Life Sciences) in Buffer A and 
concentrated using Amicon® Ultra centrifugal filters. For crystallization, protein buffer 
was exchanged to a low-salt buffer (5mM KCl, 1mM CaCl2, and 5mM HEPES (pH 7.4)). 
For ITC, the 1:1 Ca2+/CaM–CaV1.2 C–IQ domain complex was purified as above but 
with an additional hydrophobic interaction chromatography step (HiLoad 16/10 
Phenylsepharose HP, GE Healthcare Life Sciences) before size-exclusion 
chromatography. Purified 2:1 Ca2+/CaM–CaV1.2 C–IQ domain complexes were applied 
to a phenylsepharose column in a buffer containing 150mM KCl, 2mM CaCl2, 25mM 
HEPES (pH 7.4). Flow-through containing 1:1 complex was collected, concentrated, 
and subjected to the gel filtration chromatography. Individual lobes of CaM were purified 
as described previously (Kim et al, 2008).  

Wild-type and mutants of HMT-tagged A-region for pull-down assays were 
initially co-expressed with CaM and passed though a Poros20MC column in the 
presence of Ca2+. HMT-tagged A-region was further purified by amylose-affinity 
chromatography. Buffers used at this step contained 10mM EDTA, so that Ca2+/CaM 
was removed from the complex. For the last step, gel filtration chromatography was 
used.  
 
Crystallization and structure determination  

Crystals of the Ca2+/CaM–CaV1.2 PreIQ–IQ domain complex were obtained 
against a reservoir solution containing 0.2M Li2SO4, 24.5% PEG 3350, and 0.1M bis-
Tris (pH 5.5). All the initial crystallization trials were set up by Mosquito nanolitre drop 
setter (TTP LABTECH) and further optimized by hanging-drop vapor diffusion with a 2:1 
volume ratio of protein to mother liquor. Protein concentration used for crystallization is 
8–10mg·ml−1. Crystals were transferred to their respective mother liquor containing 5–
10% glycerol as cryoprotectant and flash-cooled in liquid nitrogen. Diffraction data were 
collected at Beamline 8.3.1 (Advanced Light Source, Lawrence Berkeley National 
Laboratory).  

All data were indexed, integrated and scaled with HKL2000 (Otwinowski and 
Minor, 1997). The structure was solved by molecular replacement using PHASER 
(Storoni et al, 2004) using a full-length CaM (A form of Ca2+/CaM–CaV1.2 IQ domain 
structure (Van Petegem et al, 2005)) and N-lobe as a search model. On the basis of 
clearly visible electron density corresponding to Ca2+ ions, 12 Ca2+ ions (for two CaM 
and two N-lobes) were assigned manually. After one round of refinement, clear density 
for the PreIQ helix and IQ helix appeared and the corresponding alanine backbone was 
built. Peptide register was established during repetitive rounds of refinement. Due to 
poor electron density, C-lobe bound to the C-region was partially modeled with only a 
few side chains defined. Solvent molecules were added manually. Model building was 
done in COOT (Emsley and Cowtan, 2004). Structures were refined to 2.55Å using 
REFMAC5 (Murshudov et al, 1997). TLS and NCS parameters were included 
throughout the refinement. The final model consists of four CaM molecules (chain A): 
residues 3–147; (chain B): residues 3–76, 82–91, 100–110, and 115–146; (chain C): 
residues 3–147; (chain D): residues 3–76, 82–91, 101–109, and 115–146; and two 
PreIQ–IQ molecules (chain E): residues 1560–1602 and 1614–1634; (chain F): residues 
1560–1602 and 1614–1634.  
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Analytical ultracentrifugation analysis  
For sedimentation equilibrium experiments, 110 μl of Ca2+/CaM–CaV1.2 C-

terminus complexes at different concentrations ranging from 5 to 205 μM were loaded in 
a six-chamber analytical ultracentrifuge cuvette. As a blank, 120 μl of protein buffer 
(10mM HEPES (pH 7.4), 250mM KCl, and 1mM CaCl2) was also loaded in the adjacent 
chamber. All experiments were performed at 4°C in a Beckman Optima XL-A analytical 
ultracentrifuge (Beckman Coulter). The molecular mass was calculated from a single-
species exponential fit (Microsoft Excel) to the distribution of concentration over the 
radius of the chamber: M = ( 2RT / [(1−νρ) · ω2] ) · (d [ ln(c) ] / d(r2)), where M is the 
molecular weight in g mol−1, R is the gas constant (8.314 J (mol K)−1), T is the 
temperature in K, ν is the partial specific volume of the protein in ml g−1, ρ is the density 
of the solvent in g ml−1, ω is the angular velocity of centrifugation in rad s−1, and r is the 
distance in cm from the center of the rotor to a given position in the cell. Partial specific 
volume was calculated from the sum of the volumes of individual residues in the protein. 
Solvent density was calculated from the components of the buffer. Residuals were 
calculated as the difference between the measured absorbance value and the predicted 
value extrapolated from the calculated molecular mass.  
 
Isothermal titration calorimetry  

All ITC measurements were performed on a VP-ITC MicroCalorimeter (MicroCal) 
in 10mM HEPES/KOH (pH 7.4), 5mM KCl, and 1mM CaCl2 at 15°C. Purified Ca2+/CaM–
CaV1.2 C–IQ (1:1) complex, HMT-tagged A-region, and individual CaM lobes were 
dialysed against 2 l buffer overnight at 4°C. After centrifugation at 40 000 r.p.m. for 30 
min at 4°C, protein concentrations were determined by absorbance at 280 nm. For C-
region interaction measurements, degassed CaM C-lobe (100 μM) or CaM N-lobe (300 
μM) was titrated into 10 or 30 μM of Ca2+/CaM–CaV1.2 C–IQ (1:1) complex, 
respectively. For apo-lobe measurements, 100 μM of CaM12 N-lobe or CaM34 C-lobe 
was titrated into 10 μM Ca2+/CaM–CaV1.2 C–IQ (1:1) complex. For A-region 
measurements, 100 μM of CaM N-lobe, CaM C-lobe, CaM12 N-lobe, or CaM34 C-lobe 
was titrated into 10 μM of HMT-fused A-region under the same conditions described 
above. Heat of dilution from titrations of protein into buffer was subtracted to correct the 
baseline. Data were fitted in Origin version 7.0 (MicroCal) assuming a single binding 
mode. Resulting binding constants were average of at least two independent 
measurements.  
 
Pulldown experiments  

Purified wild type or mutants of HMT-tagged A-region were mixed with N-lobe at 
a final concentration of 20 and 100 μM, respectively, and incubated on ice for 1–2 h. 
HMT alone was also used for a negative control. Binding was done in Buffer A (250mM 
KCl, 1mM CaCl2, and 10mM HEPES (pH 7.4)) with a total volume of 100 μl. Protein 
mixtures were incubated with 80 μl (net volume) amylose beads on ice for 30 min. After 
unbound proteins were washed out three times with 500 μl Buffer A, proteins bound to 
amylose resin were eluted with Buffer A plus 10mM maltose and analysed by Tricine–
SDS–PAGE (Schagger, 2006).  
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Electrophysiology  
Human CaV1.2 (CaVα1C77; accession number CAA84346) in pcDNA3.1(+)/hygro 

(Invitrogen), CaVβ2a in pGEM-HE (Promega), and CaVα2δ-1 in pcDNA3 were used for 
two-electrode voltage-clamp experiments as described previously (Van Petegem et al, 
2005). Structure-guided alanine mutants of CaV1.2 were generated using QuikChange 
(Stratagene). RNAs of CaV1.2, CaVβ2a, and CaVα2δ-1 were transcribed in vitro using a 
T7 mMessage mMachine kit (Ambion) according to manufacturer’s instructions. 
Xenopus oocytes were injected with 50 nl RNA mixture of CaV1.2 (33–167nM wild type 
or mutants), CaVβ2a (33 nM), and CaVα2δ-1 (33 nM) using Nanoject II auto-nanoliter 
injector (Drummond Scientific) and kept at 18°C in ND96 medium containing penicillin 
and streptomycin. Recordings were carried out 2–5 days after RNA injection. To 
minimize Ca2+-activated Cl− current, 47 nl of 0.1M BAPTA was microinjected into 
oocytes before recording. Two-electrode voltage-clamp experiments were preformed 
with either a Ba2+ (40mM Ba(OH)2, 1mM KOH, 50mM NaOH, and 10mM HEPES (pH 
7.4) with HNO3) or a Ca2+ (40mM Ca(NO3)2, 1mM KOH, 50mM NaOH, and 10mM 
HEPES (pH 7.4) with HNO3) as a charge carrier using a perfusion system with a 
Valvelink 16 controller (Automate Scientific). CDI recordings were carried out with a 
450-ms pulse protocol from −90 to +20mV. For CDF, Ca2+ currents were measured by 
applying 40 times of 50-ms pulses to +20mV at a frequency of 3 Hz. Currents were 
recorded using CLAMPEX 8.2.0.224 program (Axon Instruments) with GeneClamp 
500B amplifier (Axon Instruments) controlled by a computer with a 1200MHz processor 
(Gateway) and digitized at 1 kHz with a Digidata1332A (Axon Instruments). Resistance 
of electrodes ranges from 0.3 to 2.0MΩ and leak currents were subtracted using a P/4 
protocol. All data were produced from more than one oocyte batch and analysed with 
Clampfit 9.2 (Axon Instruments).  

For functional studies of CaV1.2–GFP, Human CaV1.2 (CaVα1C77) was subcloned 
into pGEMHE-mEGFP plasmid (Yu et al, 2009) using BamHI/XbaI restriction sites. 
CaV1.2–GFP and CaVβ2a were expressed in Xenopus oocytes, and recordings of 
CaV1.2–GFP were measured as described above.  
 
Subunit-counting experiments  

Full-length human CaV1.2 (splice variant α1C77) bearing a C-terminal linker, 
(GGSGGSRGSGGSGG) connected to EGFP, and rat CaVβ2a in pGEMHE were used for 
RNA preparation and expressed in Xenopus laevis oocytes. RNAs were transcribed in 
vitro using a T7 mMessage mMachine kit (Ambion). Oocytes were injected with 50 nl of 
a 1:1 mixture of 500 ng ml−1 CaV1.2–EGFP and 100 ng ml−1 CaVβ2a cRNA. At 20–24 h 
after cRNA injection, oocytes were enzymatically treated with 1:1 mixture of 
neuraminidase (1U ml−1, Sigma) and hyaluronidase (1mg ml−1, Sigma), devitellinized by 
hand and put into an imaging chamber with high refractive index glass (n=1.78) to 
match the microscope objective (Olympus 100X NA 1.65). EGFP was excited by a 488-
nm argon laser and fluorescence (525/50 nm band pass filter, Chroma) was acquired by 
an EMCCD camera (Andor iXon DV-897 BV). Total internal reflection microscopy was 
used to image single molecules without background fluorescence from the interior of the 
cell (Ulbrich and Isacoff, 2007). Immobile diffraction limited spots with discrete bleaching 
steps were manually counted; spots with irregular emissions and mobile spots were 
excluded.  
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Homology modeling of the CaV1.2 EF-hand motif  

EF-hand domain sequences of human NaV1.2 (residues 1777–1882) and NaV1.5 
(residues 1773–1865) were aligned with a corresponding sequence of human CaV1.2 C-
terminus using a web-based ClustalW2 program (http://www.ebi.ac.uk/Tools/clustalw2). 
Using this sequence alignment, a homology model of CaV1.2 EF-hand motif was 
automatically generated by SWISS-MODEL (http://swissmodel.expasy.org/) (Arnold et 
al, 2006) based on the NMR structure of either NaV1.2 (2KAV) or NaV1.5 (2KBI) EF-
hand motif.  
 
Addendum 
 
Introduction 

High-voltage activated voltage-gated calcium channels (CaV1s and CaV2s) 
couple membrane depolarization dependent calcium entry to many physiological 
processes (Catterall, 2000; Hille, 2001). These channels are multisubunit complexes 
that include a CaVα1 pore-forming subunit, the auxiliary proteins CaVβ, CaVα2δ and 
calmodulin (CaM) (Catterall, 2000; Findeisen and Minor, 2010; Van Petegem and Minor, 
2006). Calcium-calmodulin (Ca2+/CaM) has a central role in two distinct CaV feedback 
mechanisms, calcium-dependent inactivation (CDI) and calcium-dependent facilitation 
(CDF) (Dunlap, 2007), that involve direct interactions with the CaVα1 C-terminal 
cytoplasmic tail IQ domain (DeMaria et al., 2001; Kim et al., 2008; Kim et al., 2010; Lee 
et al., 2003; Mori et al., 2008; Peterson et al., 1999). Understanding the molecular basis 
for CaM-CaV interactions and how these interactions affect channel function remains an 
important challenge that requires structural definition and biochemical analysis of key 
regulatory CaM binding sites. 
 
Results and Discussion 

We recently reported the structure of a complex of Ca2+/CaM and a segment of 
the CaV1.2 C-terminal tail that encompasses the PreIQ and IQ domains (residues 
1,561–1,637) (Kim et al., 2010). Ca2+/CaM has two lobes, N-lobe and C-lobe, which can 
each engage target-binding partners. Consequently, a number of diverse Ca2+/CaM-
target binding modes have been reported (Hoeflich and Ikura, 2002; Ikura and Ames, 
2006). The Ca2+/CaM:CaV1.2 C-terminal tail complex defines two Ca2+/CaM binding 
sites that are occupied by two separate Ca2+/CaMs. Each interacts with the channel in 
distinct ways (Figure 4.9A). One Ca2+/CaM engages the IQ domain using both lobes in 
a manner identical to prior structures of Ca2+/CaM-CaV1.2 IQ domain complex (Van 
Petegem et al., 2005; Fallon et al., 2005). In contrast, the second Ca2+/CaM binds the 
C-terminal segment of the long PreIQ helix using only Ca2+/C-lobe. Notably, the 
association of CaM with the PreIQ-IQ segment creates a number of electronegative 
patches (Figure 4.9B and C). These patches raise the possibility that positively charged 
residues elsewhere in the channel form key interactions with this segment.  

Biochemical studies revealed that the two Ca2+/CaMs have very different 
properties. The Ca2+/CaM molecule bound to the PreIQ segment is labile and could be 
removed by passage over a phenylsepharose column in conditions of high-calcium (2 
mM). In contrast, the Ca2+/CaM on the IQ domain remained bound. Further, functional 
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Figure 4.9 Structure of the 2:1 Ca2+/CaM:CaV1.2 C-terminal tail complex. (A) 
Cartoon diagram of the Ca2+/CaM:CaV1.2 C-terminal tail complex. The CaV1.2 C-
terminal tail is shown in red. Ca2+/CaM molecules bound to the PreIQ and domains are 
indicated. In both cases Ca2+/CaM is shown using a surface representation and the 
Ca2+/N-lobes and Ca2+/C-lobes of the PreIQ bound and IQ bound Ca2+/CaMs are 
colored forest and dark blue, and green and marine, respectively. (B) Cartoon diagram 
as in ‘(A)’ but lacking the Ca2+/N-lobe from the PreIQ Ca2+/CaM. Colors as in (A). (C) 
Surface charge representation of the 2:1 Ca2+/CaM:CaV C-terminal tail shown in the 
same orientation as ‘(B)’. Colors indicate a scale from −10 kT/e (red) to +10kT/e (blue). 
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studies indicated that the PreIQ site has a role in calcium-dependent facilitation (CDF) 
(Kim et al., 2010). Extensive biophysical characterization showed that the complex 
maintains a 2:1 Ca2+/CaM:C-terminal tail stoichiometry even at protein concentrations 
that match those found in the most densely packed native CaV environment (≥100 μM). 
Together, these studies demonstrate that the CaV1.2 C-terminal tail can bind two 
Ca2+/CaMs simultaneously and suggest that the Ca2+/CaM occupying the PreIQ binding 
site is poised to make interactions with other elements of the channel by virtue of the 
free Ca2+/N-lobe.  

A curious feature of the asymmetric unit of the Ca2+/CaM:PreIQ-IQ complex was 
that it contained two Ca2+/CaM:PreIQ-IQ complexes that interacted through a portion of 
the PreIQ domain and was bridged by the PreIQ-Ca2+/CaMs. A similar X-ray structure 
led to the proposal that CaV1.2 channels dimerize via this sort of interaction and that this 
interaction is functionally relevant (Fallon et al., 2009). It is not straightforward to discern 
the relevance of protein-protein interactions from crystal lattice contacts alone as such 
interactions are a necessary requirement for forming a crystal lattice (Janin et al., 2008; 
Ponstingl et al., 2000). Further, there are numerous examples in which crystallographic 
dimers do not represent biologically relevant interactions (Bahadur et al., 2004).  

Our biophysical data on the isolated CaV1.2 channel tail complex clearly 
indicated a 2:1 stoichiometry. Although it has not been generally thought that CaV 
channels function as dimers, electron microscopy studies of full-length CaV1.2 (Wang et 
al., 2002; Wang et al., 2004) and the observation of infrequent multiple concerted 
CaV1.2 openings (Navedo et al., 2010) have suggested that under some conditions the 
full-length channel may form higher order assemblies. To address the question of 
CaV1.2 oligomerization state in live cell membranes directly, we used total internal 
reflection fluorescence microscopy (TIRFM) (Ulbrich and Isacoff, 2007) and CaV1.2 
bearing a C-terminal green fluorescent protein (GFP) tag for single-molecule subunit 
counting. Our studies showed unambiguously that the CaV1.2 channels are monomeric 
(Kim et al., 2010). Importantly, the Navedo et al. study showed that deletion of a large 
section of the C-terminal tail (D1670X), which removes all of the C-terminal tail after the 
IQ domain, eliminates all measurable multichannel coupling. Thus, unlike what has 
been proposed by Fallon et al. the CaV1.2 4:2 complex observed in the crystal structure 
is non-physiological and is not relevant for channel function. Further, whatever coupling 
mechanism underlies the observations of Navedo et al. it does not involve the PreIQ-IQ 
domain.  

A key assumption of both our functional and subunit counting experiments is that 
the Xenopus oocytes that are used to overexpress CaV1.2 have sufficient endogenous 
CaM to make functional channels. Previous studies have shown that multiple alanine 
mutations on the channel that weaken CaM affinity for the IQ domain and reduce CDI 
can be overcome, at least in part, by CaM co-expression (Liang et al., 2003; Erickson et 
al., 2003). Because the PreIQ-bound CaM is responsible for crossbridging interactions 
in the asymmetric unit and is labile, we tested whether CaM overexpression would 
affect CaV1.2 function or oligomerization state. Injection of Xenopus oocytes with fixed 
amounts of CaV1.2 mRNA and either a 10-fold or 60-fold excess of CaM mRNA gave 
CaV1.2 channels in which both CDI and a second form of inactivation, voltage-
dependent inactivation (VDI), were indistinguishable from CaV1.2 relying on 
endogenous CaM (Figure 4.10A and Table 4.5).  
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Figure 4.10 Effect of CaM overexpression on CaV1.2 function and stoichiometry. 
(A) Comparison of CaV1.2 CDI and VDI as a function of CaM overexpression. 
Normalized Ca2+ and Ba2+ currents for channels relying on endogenous CaM (black and 
gray, respectively) or with excess CaM mRNA at the indicated ratios (dark blue and light 
blue, respectively). (B) Normalized Ca2+ and Ba2+ currents recorded from CaV1.2-GFP 
co-expressed with CaM-mCherry at a mRNA ratio of 1:10 (dark blue and light blue, 
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respectively) are compared to wild type (black and gray, respectively). Experimental 
details are the same as in Kim et al., 2010. (C) Western blot detection of whole-cell 
lyates and immunoprecipitation of Flag-tagged CaV1.2 from Xenopus oocytes. Detection 
was with an antibody against Flag or mCherry as indicated. (D) Subunit counting of 
CaV1.2 in live cell membranes. A representative TIRF image showing the CaV1.2-GFP 
fluorescent spots at the cell surface of X. laevis oocytes. Bright spots are CaV1.2-GFP 
single-molecules when the shutter is first opened at the beginning of the bleaching 
experiment. Blue circles mark the selected molecules for subunit counting. (E) TIRF 
image showing CaM-mCherry spots in the cell surface of X. laevis oocytes. (F) Time 
courses of photobleaching from single GFP fluorescent spots. Two examples are 
shown. (G) Distribution of fluorescent spots that bleach in one or more steps. Percentile 
of each bleaching step is indicated.  
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To examine whether the overexpressed CaM associated with CaV1.2, we 
coinjected mRNA for Flag-tagged CaV1.2 and mCherry-labeled CaM at a ratio of 1:10. 
This combination has identical functional properties to the untagged components 
(Figure 4.10B and Table 4.5). Both components are clearly overexpressed (Figure 
4.10C). Immunoprecipitation using anti-Flag M2 agarose to capture the CaV1.2 subunit 
did not detect any interaction between CaV1.2 and CaM in the absence of Ca2+ (Figure 
4.10C). Importantly, similar to prior reports with untagged subunits (Wang et al., 2007), 
in the presence 500 μM Ca2+ the CaM-mCherry-CaV1.2 interaction was readily 
observed and directly demonstrated that overexpressed CaM binds the channel (Figure 
4.10C). These data, together with the absence of functional effects of CaM 
overexpression, strongly suggest that the endogenous levels of CaM present in 
Xenopus oocytes are sufficient to account for all CaV1.2 functional effects.  

We also examined by single molecule subunit counting whether excess CaM 
expression influenced CaV1.2 oligomerization (Figure 4.10D–G). TIRF images indicated 
that CaM-mCherry was present at the membrane. Examination of spots in which both 
CaV1.2-GFP and CaM-mCherry were present showed that the vast majority (95%) of 
CaV1.2-GFP fluorescent spots bleached in a single step (Figure 4.10F and G). These 
data provide strong indication that the channels remain monomers even when excess 
CaM is present at the membrane and further support our interpretation that the structure 
of CaM bridging two PreIQ helices is not relevant for full-length channels.  

Our studies demonstrate that the CaV1.2 PreIQ-IQ segment is capable of binding 
multiple Ca2+/CaMs simultaneously and that the PreIQ site is involved in channel 
function (Kim et al., 2010). The organization of multiple Ca2+/CaMs along a largely 
helical segment is reminiscent of how CaM and CaM-like proteins are organized on 
myosin (Houdusse et al., 2006) and raises the intriguing possibility that there are 
previously unrecognized connections between these systems. How the 
Ca2+/CaM:CaV1.2 C-terminal tail complex interacts with other channel elements in both 
the calcium-bound and calcium-free states remains a major open question. The 
presence of large patches of electronegative surface on the Ca2+/CaM:CaV1.2 C-
terminal tail complex raises the possibility that there may be positively charged residues 
elsewhere in the channel that form key interactions with this segment. Defining such 
interactions and their state-dependence remains an important goal for the field. 
 
Methods 
Two-electrode voltage clamp recordings  

Homo sapiens CaM (GenBank NM_006888) was subcloned into pGEMHE-
mCherry plasmid (Yu et al., 2009) using SacII/HindIII restriction sites. All other DNA 
constructs were the same as in reference (Kim et al., 2010). Generation of mRNA and 
electrophysiological protocols were as described previously (Kim et al., 2010; Van 
Petegem et al., 2005), except where noted. In brief, Xenopus oocytes were injected with 
50 nl RNA mixture of CaV1.2 (or CaV1.2-mEGFP), CaVβ2a, CaVα2δ-1 and CaM (or CaM-
mCherry) at a molar ratio of 1:1:1:10 unless indicated otherwise and recorded 2–4 days 
after injection. All data were produced from more than one oocyte batch and analyzed 
with Clampfit 9.2 (Axon Instruments).  
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Table 4.5 CaV1.2 inactivation parameters 

 
All experiments correspond to the mean of at least two separate oocyte batches. ‘±’ 
values are standard deviation.  
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Western blot of whole-cell lysates and immunoprecipitation of flag-tagged CaV1.2 from 
Xenopus oocytes  

In each case, nineteen oocytes were injected with CaV1.2-3xFlag, CaVβ2a, 
CaVα2δ and CaM-mCherry at a molar ratio of 1:1:1:10 or water. After two days, oocytes 
were collected and homogenized in immunoprecipitation (IP) buffer 150 mM NaCl, 0.5% 
CHAPS, 50 mM Hepes/NaOH pH 7.4 and Complete protease inhibitors (Roche), with or 
without 500 μM CaCl2 (IP+Ca2+ or IP−Ca2+ respectively). Lysates were cleared by 
centrifugation at 13,000 rpm for 30 min and 600 μg of protein was incubated with 35 μl 
anti-Flag M2 agarose beads (Sigma-Aldrich) overnight at 4°C. Beads were washed four 
times with IP buffer and bound proteins were released by heating at 70°C for 10 min in 
NuPAGE sample buffer (Invitrogen). Samples were separated on a 4–12% NuPAGE 
Bis-Tris gel, transferred on nitrocellulose and reacted with either anti-FLAG monoclonal 
antibody (1:5,000, Sigma-Aldrich) or Living Colors DsRed polyclonal antibody (1:1,000, 
Clontech).  
 
Subunit-counting experiments  

DNA constructs for CaV1.2-mEGFP and CaM-mCherry were the same as 
described above and in reference 8. RNA transcription and experimental details are as 
described previously (Kim et al., 2010), except where noted below. Oocytes were 
injected with 50 nl of a 1:1 mixture of 500 ng/μl CaV1.2-EGFP and 100 ng/μl CaVβ2a 
cRNA and 150 ng/μl CaM-mCherry cRNA. 
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Future Directions 
 
 From experiments in Xenopus laevis oocytes, we have concluded that CaV1.2 
assembles as a monomeric protein; however, it is possible that other stoichiometries 
exist under different physiological conditions. For example, perhaps increased Ca2+ 
concentration in the intracellular space near the CaV1.2 Pre-IQ domain induces an 
interaction with neighboring CaV1.2 Pre-IQ domains, and thus dimerizing the channel 
during Ca2+ influx. Experiments that examine if there is a dynamic assembly 
stoichiometry of the CaV channels upon Ca2+ entry could uncover previously 
unappreciated calcium channel dynamics. 

Alternatively, perhaps other proteins are necessary to help scaffold the full length 
calcium channels to one another. AKAPs are one such protein class which are known to 
coimmunoprecipitate with CaV channels from cardiac cells or neurons and they are 
known to interact with the distal C-terminus of CaV1.2 or CaV1.3 . Additionally, whole-
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cell recordings of neurons dissociated from mice with truncated CaV1.2 C-terminus 
show decreased CaV1.2 current (Marshall et al., 2011). Future experiments that address 
the role of protein-protein interactions between AKAPs or other proteins that interact 
with the CaV channels may reveal interesting new mechanisms for the regulation of 
intracellular Ca2+ entry, which is regulated at the level of macromolecular protein 
complexes. 
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Supplementary Information 
 

 

Supplementary Figure 4.1 (A) Superposition of the isolated Ca2+/CaM-CaV1.2 IQ 
domain complexes from 2BE6 (Van Petegem et al., 2005) (conformation A, yellow) and 
2F3Y(Fallon et al., 2005) (white) with the corresponding complex from Ca2+/CaM-
CaV1.2 PreIQ-IQ domain structure from Figure 4.1a. (B) Superposition of the Ca2+/CaM-
CaV1.2 PreIQ-IQ domain complexes presented here (colored as in Figure 4.1a) and 
from Fallon et al. (Fallon et al., 2009) (white). CaM N-lobe and C-lobe, PreIQ-IQ domain 
N-terminus, PreIQ, and IQ domains are indicated. 
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Supplementary Figure 4.2 Superdex 200 size exclusion chromatography of (A) 
Ca2+/CaM-CaV1.2 PreIQ-IQ complex and (B) Ca2+/CaM-CaV1.2 C-IQ complex. Elution 
volumes of molecular weight standards are indicated. 
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Supplementary Figure 4.3 The 1:1 Ca2+/CaM-CaV1.2 PreIQ-IQ complex contains 
Ca2+/CaMIQ. (A) Reapplication of the 1:1 Ca2+/CaM-CaV1.2 PreIQ-IQ complex (Figure 
4.4a, Peak 1) onto phenylsepharose. No further CaM was eluted upon addition of 10 
mM EGTA. (B) Phenylsepharose chromatography of the isolated Ca2+/CaM-CaV1.2 IQ 
complex. No CaM was detected in the 10 mM EGTA elution. Absorbance and 
conductivity are shown in blue and green, respectively. 
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Supplementary Figure 4.4 Comparison of the circular dichroism spectra of (A) N-lobe 
in EGTA (open circles), Ca2+/N-lobe (black circles), and Apo/N-lobe12 (green circles), 
and (B) C-lobe in EGTA (open circles), Ca2+/C-lobe (black circles), and Apo/C-lobe34 
(blue circles). Spectra were recorded at 20 mM protein and 15°C. Spectra for N-lobe 
and C-lobe were collected in 5 mM KCl, 10 mM EGTA, 10 mM K+-HEPES, pH 7.4. 
Spectra for Ca2+/N-lobe, Apo/N-lobe12, Ca2+/C-lobe, and Apo/C-lobe34 were collected in 
5 mM KCl, 1 mM CaCl2, 10 mM K+-HEPES, pH 7.4. 
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Supplementary Figure 4.5 Relative current amplitude increase from the first to the 
fortieth pulses for CaV1.2 with mutations in the Ca2+/CaMAC-PreIQ binding sites and the 
coiled-coil interface. To unmask CDF, all mutants were measured on the background of 
Ile1624Ala mutation. Results of unpaired t test are indicated as follows: N.S., not 
significant, P > 0.05; ‘*’, 0.01 < P < 0.05; ‘**’, 0.001 < P < 0.01; ‘***’, P < 0.001. Error 
bars indicate S.D. 
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Supplementary figure 4.6 Comparison of CaV1.2 and NaV1 EF-hand regions. (A) 
Sequence alignments of human NaV1.2 (2KAV) (Miloushev et al., 2009), human NaV1.5 
(2KBI) (Chagot et al., 2009), and human CaV1.2 (Cavα1C77, Accession number 
CAA84346) EF-hand regions. Secondary structures indicated above the alignment are 
based on the NaV1.2 NMR structure (2KAV) (Miloushev et al., 2009). Identical residues 
and type-conserved residues are shaded in orange and light orange, respectively. 
Orange and cyan filled circles below the alignments correspond the residues in the EF-
hand domain hydrophobic core displayed in ‘C’. EF hand positions are indicated in grey 
along with the most common amino acid at each position (Gifford et al., 2007). (B) 
Model of the CaV1.2 EF-hand (orange) based on NaV1.2 (2KAV) (white). CaV1.2 A-
region is highlighted in cyan. Helix I, Helix IV, and N- and C-termini are indicated. 
(C) Close-up view of the hydrophobic core sidechains of the CaV1.2 EF-hand homology 
model (orange and cyan) and NaV1.2 (2KAV) (white). CaV1.2 residue numbers are in 
orange and cyan. NaV1.2 residue numbers are in black. Model suggests that CaV1.2 
L1565 interacts extensively with surrounding hydrophobic residues. Color-code is as in 
‘B’. 
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Chapter 5 
 
Calcium store-operated cAMP activation by a bacterial biofilm quorum-sensing 
molecule, 3O-C12, which leads to CFTR-dependent chloride secretion 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
This appendix was published as Pseudomonas aeruginosa Homoserine Lactone 
Activates Store-operated cAMP and Cystic Fibrosis Transmembrane Regulator-
dependent Cl− Secretion by Human Airway Epithelia in the Journal of Biological 
Chemistry, Volume 285, Issue 45 in November 2010. This paper was a collaborative 
effort between me and the Terry Machen lab; I was responsible for Figure 5.8 and for all 
aspects referred to under STIM1 Activation Measured with TIRF Microscopy in the 
Materials and Methods section. I also contributed to the final model presented in Figure 
5.14.   
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Summary 
 
 The ubiquitous bacterium Pseudomonas aeruginosa frequently causes hospital-
acquired infections. P. aeruginosa also infects the lungs of cystic fibrosis (CF) patients 
and secretes N-(3-oxo-dodecanoyl)-S-homoserine lactone (3O-C12) to regulate 
bacterial gene expression critical for P. aeruginosa persistence. In addition to its effects 
as a quorum-sensing gene regulator in P. aeruginosa, 3O-C12 elicits cross-kingdom 
effects on host cell signaling leading to both pro- or anti-inflammatory effects. We find 
that in addition to these slow effects mediated through changes in gene expression, 3O-
C12 also rapidly increases Cl− and fluid secretion in the cystic fibrosis transmembrane 
regulator (CFTR)-expressing airway epithelia. 3O-C12 does not stimulate Cl− secretion 
in CF cells, suggesting that lactone activates the CFTR. 3O-C12 also appears to directly 
activate the inositol trisphosphate receptor and release Ca2+ from the endoplasmic 
reticulum (ER), lowering [Ca2+] in the ER and thereby activating the Ca2+-sensitive ER 
signaling protein STIM1. 3O-C12 increases cytosolic [Ca2+] and, strikingly, also cytosolic 
[cAMP], the known activator of CFTR. Activation of Cl− current by 3O-C12 was inhibited 
by a cAMP antagonist and increased by a phosphodiesterase inhibitor. Finally, a Ca2+ 
buffer that lowers [Ca2+] in the ER similar to the effect of 3O-C12 also increased cAMP 
and ICl. The results suggest that 3O-C12 stimulates CFTR-dependent Cl− and fluid 
secretion in airway epithelial cells by activating the inositol trisphosphate receptor, thus 
lowering [Ca2+] in the ER and activating STIM1 and store-operated cAMP production. In 
CF airways, where CFTR is absent, the adaptive ability to rapidly flush the bacteria 
away is compromised because the lactone cannot affect Cl− and fluid secretion. 
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Introduction 
 

The Gram-negative, opportunistic bacterium Pseudomonas aeruginosa 
commonly infects lungs of cystic fibrosis (CF) patients and triggers innate immune 
responses of airway epithelial cells, including activation of NF-κB and p38 signaling and 
increased secretion of cytokines and chemokines that recruit white cells, primarily 
neutrophils, to the infected region. When CF patients become colonized with P. 
aeruginosa, the bacteria secrete quorum-sensing molecules, including N-(3-oxo-
dodecanoyl)-S-homoserine lactone (3O-C12) and butyryl homoserine lactone, to signal 
each other and to regulate their own gene expression, including genes involved in 
formation of biofilms (1–6). Concentrations of 3O-C12 in CF sputum are thought to be in 
the nanomolar range (7) but reach 5 μm in P. aeruginosa supernatants and may reach 
>100 μm in regions adjacent to biofilms (8, 9). 

In addition to its effects as a quorum-sensing gene regulator in P. aeruginosa, 
3O-C12 elicits cross-kingdom effects to alter signaling and responses of multiple cell 
types, including human cells. 3O-C12 operates through TLR- and Nod/Ipaf/caterpillar-
independent signaling to activate multiple proinflammatory genes that are associated 
with NF-κB signaling, including IL8, Cox2, and MUC5AC in both epithelial and other cell 
types (7–12). Some of these proinflammatory effects may be mediated through 
activation of MAPKs (8, 9) or Ca2+ (7, 13) or inhibition of peroxisome proliferator-
activated receptor γ (14). However, 3O-C12 also inhibits NF-κB signaling and 
expression of proinflammatory cytokines in macrophages and primary human bronchial 
airway epithelial cells (9) when cells are treated with both 3O-C12 and another agonist 
like LPS or TNFα that activates NF-κB on its own. Thus, 3O-C12 appears to stimulate 
proinflammatory responses on its own but inhibit responses when present with other 
proinflammatory agonists. 

The goals of this study were to determine the effects of 3O-C12 on Cl− secretion 
by airway epithelia, the role for CFTR in this secretion, and whether Ca2+ and cAMP 
signaling were involved. 3O-C12 increases cytosolic [Ca2+] (Cacyto) in fibroblasts (7) and 
mast cells (13), and at least at high [3O-C12] (250–1000 μm), this resulted from Ca2+ 
release from an internal store, possibly the endoplasmic reticulum (ER). If 3O-C12 
elicited similar effects in airway epithelia, 3O-C12 might also raise cAMP by an ER 
store-operated cAMP mechanism recently described for colonic epithelial cells; 
Lefkimmiatis (15) discovered that thapsigargin (inhibitor of the Ca2+-ATPase of the ER) 
activated cAMP production by releasing Ca2+ from the ER, lowering [Ca2+] in the ER 
(CaER), and activating the ER-resident protein STIM1 (stromal interacting molecule 1; 
Ref 16) and adenylate cyclase. 

The present experiments used electrophysiological and imaging methods to test 
whether the store-operated cyclase model (15) could explain the stimulatory effects of 
3O-C12 on Cl− secretion by airway epithelia. Transepithelial electrophysiology was used 
in combination with CFTR-expressing and genetically matched airway epithelial cell 
lines to test whether 3O-C12 increased CFTR-dependent Cl− secretion. Fluid secretion 
by submucosal glands in intact pig tracheas was measured to determine whether 3O-
C12-stimulated Cl− secretion also contributed to fluid secretion in intact tissues. Cacyto 
(fura-2 imaging) and CaER (FRET imaging of ER-targeted cameleon) were measured 
during treatments with 3O-C12 and thapsigargin (selective blocker of Ca2+-ATPase in 
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the ER) to test whether increases in Cacyto resulted from release of Ca2+ from the ER or 
from some other organelle. Patch clamp electrophysiology of inositol trisphosphate 
receptor 1 (IP3R1) expressed in the nuclei isolated from chicken B cells (DT40) tested 
whether decreases in CaER resulted from direct 3O-C12 activation of the IP3R or some 
other release or uptake mechanism. Total internal reflection fluorescence (TIRF) 
imaging was used to measure activation of STIM1, the key ER protein that has been 
proposed to mediate reductions in CaER to activation of cAMP production (15). The role 
of cAMP in the Cl− secretory response was tested by measuring cAMP with Epac H30 
FRET imaging and then by testing inhibitors that increase [cAMP] (phosphodiesterase 
blocker) and inhibit protein kinase A (Rp)-cAMP. Finally, cAMP and Cl− secretion were 
measured in cells treated with the membrane-permeant ER Ca2+ buffer TPEN to 
determine whether specific reductions in CaER (i.e. without altering Cacyto) would 
increase cAMP and activate Cl− secretion. 

  
Materials and Methods 
 
Reagents  

Unless otherwise specified, all reagents and chemicals were obtained from 
Sigma. 3O-C12 (Cayman Chemical, Ann Arbor MI) was dissolved in ethanol and frozen 
in separate vials and then thawed for single experiments. Preliminary experiments 
showed that 3O-C12 lost potency with repeated thaw-freeze-thaw cycles. The cAMP-
elevating agonist forskolin (Calbiochem) was prepared as a 20 mm stock solution in 
dimethyl sulfoxide (DMSO), and an aliquot was added at final concentrations of 2–50 
μm. CFTR blocker glibenclamide (17) was prepared as a 300 mm stock solution in 
DMSO and added to solutions at 1 mm. GLYH101 (18) and CFTRinh172 (19) were 
provided by Dr. Alan Verkman (University of California, San Francisco), prepared as a 
20 mm stock solution in DMSO, and added to solutions at concentrations noted in the 
text. The Ca2+-ATPase blocker thapsigargin (20) was prepared as a 1 mm stock in 
DMSO and used at 5 μm. TPEN was added to Ca2+-free Ringer's containing 100 μm 
EGTA or Cl−-free + Ca2+-free Ringer's at 1 mm and dissolved by continuous stirring for 1 
h. TPEN was then used at either 1 or 0.5 mm as mentioned specifically in the text. 
 
Tissue Culture  

CaLu-3 cells, a normal human airway epithelial cell line expressing high levels of 
CFTR (21), were cultured in either Dulbecco's modified Eagle's (DMEM) or Eagle's 
minimum essential media supplemented with 10% FBS, 2 mm l-glutamine, and 1% 
penicillin/streptomycin. Cystic fibrosis airway cells JME (also called CF15), a continuous 
SV40 large T antigen-transformed human nasal epithelial cell line homozygous for 
∆F508 CFTR, were cultured in Dulbecco's modified Eagle's medium/F-12 media 
supplemented with 10% FBS, 2 mm l-glutamine, 1% penicillin/streptomycin, 10 ng/ml 
EGF, 1 μm hydrocortisone, 5 μg/ml insulin, 5 μg/ml transferrin, 30 nm triiodothyronine, 
180 μm adenine, and 5.5 μm epinephrine. For some experiments, cells were passaged 
at a 1:2–1:5 dilution, and the remaining cell suspension was seeded directly onto 24-
well plates or 30-mm diameter dishes for cyclic AMP assays. For electrophysiological 
experiments, CaLu-3 cells were passaged onto 1.12-cm2 permeable polycarbonate 
supports (0.4 μm pore size, Snapwell, Corning Costar, Lowell, MA) and grown until cells 
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formed confluent monolayers. Cultures were maintained at 37 °C in a humidified 
atmosphere of 5% CO2 and 95% air. CaLu-3 cells routinely had transepithelial 
resistance greater than 400 watts·cm2 and exhibited polarized responses consistent 
with previous studies (21, 22). 

The role of CFTR in Cl− secretory responses to 3O-C12 was determined by 
comparing CF and CFTR-corrected CF bronchial cell lines. The parent human bronchial 
CF (CFBE41o−, ∆F508/∆F508) and CFTR-corrected (CFTR-CFBE41o−) cell lines were 
generated and cultured on permeable supports as described previously (23, 24). Both 
the parental CFBE41o− and the CFTR-corrected CFBE41o− cell lines consistently 
maintained an epithelial phenotype and expressed Ca2+-activated Cl− currents but no 
amiloride-sensitive Na+ absorption. The CFTR-CFBE41o− clone maintained a high level 
of transgene expression over all observed passages (23) and exhibited forskolin-
stimulated Cl− secretion. 

 
Transepithelial Electrophysiology  

For measurements of transepithelial Cl− current, CaLu-3 cell monolayers were 
grown on permeable supports, washed in PBS, mounted into water-jacketed (37 °C) 
Ussing chambers (Physiologic Instruments, San Diego), and used for 
electrophysiological studies (22–24). Transepithelial voltage (Vt), resistance (Rt), and 
short circuit current (ISC) were measured using typical four-electrode voltage clamp with 
Ag/AgCl electrodes (World Precision Instruments, Sarasota, FL) connected to the 
solutions through agar bridges containing 1 m KCl. Positive currents were defined as 
cation movement from mucosa to serosa or anion movements in the opposite direction. 
Chamber compartments were separately perfused with 5 ml of Krebs-Henseleit 
solutions. A serosal-to-mucosal Cl− gradient was used to increase the electrochemical 
driving force for Cl− secretion across the apical membrane. The basolateral solution 
contained (in mm) the following: 120 NaCl, 25 NaHCO3, 5 KCl, 1.2 NaH2PO4, 5.6 
glucose, 2.5 CaCl2, and 1.2 MgCl2. The mucosal Cl−-free solution contained (in mm) the 
following: 120 sodium gluconate, 20 NaHCO3, 5 KHCO3, 1.2 NaH2PO4, 5.6 glucose, 2.5 
Ca(gluconate)2, and 1.2 MgSO4. Solutions were gassed with 95% O2 and 5% CO2 
resulting in pH 7.4. Cl−-free + Ca2+-free Ringer's had the same composition as the Cl−-
free Ringer's but omitted Ca2+. Transepithelial ISC measured under these conditions was 
termed ICl. 

 
Optical Measurement of Mucous Fluid Secretion from Pig Tracheal Submucosal 
Glands  

Methods for isolating and preparing tracheas for measurements of fluid secretion 
were similar to those published previously (25–28). Briefly, trachea and lungs were 
obtained from carcasses of 6–9-week-old Yorkshire pigs used for acute experiments. 
No pigs were sacrificed for the present experiments. Procedures for care and 
euthanization of pigs were approved by the Animal Research Ethics Board at the 
University of Saskatchewan. Pieces of trachea or bronchus (∼0.5 cm2) were pinned 
mucosal side up, and the mucosa with underlying glands was dissected from the 
cartilage and mounted in a Sylgard-lined Petri dish, with the serosa in the bath (∼1 ml 
volume), the mucosa in air, and maintained at 35–37 °C and high humidity, using a TC-
324 single channel heater and DH-35i dish incubator (Harvard Apparatus, Saint-
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Laurent, Quebec, Canada). Cotton swabs and air-drying were used to clean and dry the 
tissue surface, and 20–30 μl of water-saturated mineral oil were placed on the surface. 
The tissue was superfused with warmed, humidified 95% O2, 5% CO2. 3O-C12 was 
diluted to final concentration with warmed, gassed bath solution and added to the 
serosal side by complete bath replacement; the maximal DMSO concentration in the 
preparation was <0.1%. 

Droplets of fluid + mucus within the oil layer were visualized by transillumination, 
and images were captured using a digital camera (MiniVid USB, LWScientific, 
Lawrenceville, GA) mated to a 1× ocular of a stereomicroscope. Each image contained 
an internal reference grid to compensate for minor adjustments in magnification during 
the experiment. Secretion volumes were calculated as described previously using the 
formula: V = 4/3(π r3), where r is radius (26). 

To be included in the analysis, each droplet had to meet the following criteria: (a) 
circular outline so that a spherical shape could be assumed; (b) clear edges to allow 
accurate measurement of the radius; and (c) no fusion with neighboring droplets. 
Viability was tested at the end of each experiment by measuring the response to 
carbachol (1 μm); glands that did not respond to carbachol were excluded from the 
analysis. Although the majority of the submucosal glands was quiescent before 
stimulation, some produced fluid spontaneously as they were warmed from room 
temperature and then became quiescent again by the time they reached 37 °C. 
Consequently, the initial fluid volume observed at 37 °C was subtracted from those 
measured during the last 10 min, and the net (subtracted) volumes were plotted and 
used to calculate secretion rates. The secretion rate was calculated by fitting the volume 
versus time plots with straight lines using linear regression, and slopes were taken as 
the secretion rates expressed in nl min−1. Linear regressions were performed using at 
least four points, and the r2 value was>0.8. 

 
Patch Clamp Measurements of IP3 Receptor Activity in Nuclei Isolated from DT40 
Cells  

DT40 cells with all three InsP3R isoforms genetically deleted (DT40-InsP3R-KO) 
(29) stably expressing the rat type-3 InsP3R channel (DT40-KO-r-InsP3R-3 cells) were 
washed twice with PBS and suspended in a nuclear isolation solution containing 150 
mm KCl, 250 mm sucrose, 1.5 mm 2-mercaptoethanol, 10 mm Tris·HCl, 0.05 mm 
PMSF, and protease inhibitor mixture (Roche Applied Science), pH 7.3. Preparation of 
isolated nuclei from cells was performed as described (30–32). Nuclei were studied in 
standard bath solution (in mm) as follows: 140 KCl, 10 HEPES, 0.5 1,2-bis(2-
aminophenoxy)ethane-N,N,N′,N′-tetraacetic acid, and 0.192 CaCl2 (free [Ca2+] = 90 nm). 
The pipette solution contained (in mm) the following: 140 KCl, 10 HEPES, 0.5 ATP, 0.5 
dibromo-,2-bis(2-aminophenoxy)ethane-N,N,N′,N′-tetraacetic acid, and 2 μm free Ca2+, 
pH 7.3. Free [Ca2+] in solutions was adjusted by Ca2+ chelators with appropriate 
affinities and confirmed by fluorometry as described previously (31). Data were 
recorded at room temperature and acquired using an Axopatch 200A amplifier (Axon 
Instruments) under voltage clamp (Vm = −40 mV), filtered at 1 kHz, and digitized at 5 
kHz with an ITC-16 interface (Instrutech) and Pulse software (HEKA Electronik). Single-
channel Po analysis was performed using the QuB software (State University of New 
York, Buffalo). 
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Measuring Cacyto Using Fura-2 Imaging Microscopy  
Cells grown on cover glasses were incubated with growth media containing 2 μm 

fura-2/AM for 40–60 min at room temperature and then washed three times with 
Ringer's solution to remove the extra dye. The Ringer's solution had the following 
composition (in mm): 145 NaCl, 5 KCl, 1.2 NaH2PO4, 5.6 glucose, 1.0 CaCl2, 1.2 MgCl2 
and 10 mm HEPES, pH 7.4. Ca2+-free Ringer's omitted CaCl2 and included 100 μm 
EGTA. 

Fura-2-loaded cells were mounted onto a chamber on the stage of the imaging 
microscope and maintained at room temperature. Treatments with agonists were made 
by diluting stock solutions into Ringer's solution at the concentrations stated in the text. 
Fluorescence ratio imaging measurements of cytosolic Ca2+ (Cacyto) were performed 
using equipment and methods that have been reported previously (33–35). Briefly, a 
Nikon Diaphot inverted microscope was used with a 40× NeoFluar objective (1.4 NA). A 
CCD camera collected emission (>510 nm) images during alternate excitation at 350 ± 
5 and 380 ± 5 nm using a filter wheel (Lambda-10, Sutter Instruments, Novato, CA). 
Axon Imaging Workbench 4.0 (Axon Instruments, Foster City, CA) controlled both filters 
and collection of data. Images were corrected for background (region without cells). 
Data have been reported as 380:350 ratio, a measure of Cacyto (36). 

 
Measuring cAMPcyto and CaER Using Genetically Targeted FRET Imaging 
Microscopy  

A genetically encoded cAMP sensor was used for single cell imaging of cAMP 
(15, 37, 38). This sensor (CFP-Epac(∂ DEP-CD)-YFP; called “Epac H30”) is a 
monomeric construct that relies on FRET between YFP- and CFP-labeled portions of 
the cAMP-binding protein, Epac1 (38). Upon cAMP binding, the Epac probe undergoes 
a conformational change that alters the intermolecular distance between the 
fluorophores, reflected by a change in FRET. Epac H30 has been modified to be 
catalytically inactive against its normal target, repressor activator protein (Rap1), and is 
also missing domains required for membrane association, rendering it an inert, soluble 
probe for cytosolic cAMP. The methods used for measuring cAMP have been described 
previously (15, 37). Subconfluent cultures of CaLu-3 epithelial cells were grown on 
glass coverslips and transfected with Epac H30 using Effectene (Qiagen, Valencia, CA). 
After 24–48 h, coverslips were mounted in a perfusion chamber on the stage of a Nikon 
TE2000 inverted microscope. Fluorescence images of cells expressing the sensor were 
acquired using Metafluor (Universal Imaging). Excitation pulses (440 nm) were 
generated using a microprocessor controlled filter wheel (Sutter Instruments, Novato, 
CA) and mercury light source. Pairs of fluorescence images collected alternately at 480- 
and 535-nm wavelengths were captured (Hamamatsu ORCA ER CCD camera) every 4 
s and converted to a ratio image using the Metafluor software. FRET was expressed as 
ratio of CFP to YFP signals (480:535 nm). Cells were treated at the end of each 
experiment with 50 μm forskolin + 1 mm isobutylmethylxanthine (IBMX) to yield maximal 
[cAMP], and 480:535 ratios were compared with these maxima to yield relative 
increases in [cAMP] during treatments with 3O-C12 and forskolin. 

ER luminal Ca2+ (CaER) was measured using the FRET-based D1ER cameleon 
(39). This probe has Kd(Ca2+) = 60 μm, suitable for measurements of CaER (39, 40). 
Subconfluent cultures of CaLu-3 epithelial cells were grown on glass coverslips and 
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transfected with a plasmid coding for D1ER as described above. After 24–72 h, 
coverslips were mounted onto a chamber on the stage of a Nikon Diaphot microscope 
as described for fura-2 measurements above. The CCD camera collected alternate 
emission 530:470 nm images during excitation at 430 nm (S430/25×, S470/30-m and 
S535/30-m filters from Chroma Technology, Bellows Falls, VT), controlled by Axon 
Imaging Workbench 4.0. All images were corrected for background (region without 
cells). Changes in CaER were expressed as the YFP-to-CFP emission ratio (530:470 
nm). 

 
STIM1 Activation Measured with TIRF Microscopy  

JME cells were plated on cover glasses and incubated in growth media for 24 h 
before co-transfection with STIM1-GFP and CD8-tagRFP. Cells were allowed to 
express for 48 h before experiments were performed. Total internal reflection 
fluorescence measurements were made to exclude fluorescence from the ER, and 
CD8-tagRFP was utilized to focus exclusively on the cell plasma membrane and ensure 
that the focal plane did not change during the course of the experiment. EGFP and 
tagRFP were alternately excited at 0.1 Hz by a 488-nm argon laser and 532-nm DPSS 
laser, respectively. Fluorescence emissions of GFP (525/50-nm bandpass filter, 
Chroma) and tagRFP (592/50-nm bandpass filter, Chroma) were acquired by an 
EMCCD camera (Andor iXon DV-897 BV) with 500-ms exposure per frame. Base-line 
images were acquired in standard Ringer's solution for 5 min before 10 μm 3O-C12 
(final concentration) was pipetted into the imaging chamber. 20 min after adding 3O-
C12, 2 μm thapsigargin (final concentration) was added, and images were taken for an 
additional 10 min. Fluorescence intensities were analyzed offline with ImageJ. 

 
Statistics  

Unpaired or paired t tests, Mann-Whitney test, and nonparametric repeated 
measurements, ANOVA and Dunn's multiple comparison test, were used to compare 
groups and effects, depending on the experiments; p < 0.05 was considered significant. 
Data have been presented as values from individual experiments or as averages ± S.D. 
unless otherwise stated; n refers to the number of experiments. 
 
Results 
 
3O-C12 Stimulates CFTR-dependent Cl− Secretion in Airway Epithelial Cell 
Monolayers  
 3O-C12 was tested for effects on Cl− secretion by adding it to the apical side of 
CaLu-3 cells grown on filter inserts in Ussing chambers. Concentrations of 3O-C12 
between 1 and 100 μm were tested. To normalize the responses, cells were also 
treated with the adenylate cyclase activator forskolin to increase cytosolic cAMP and 
activate maximal rates of Cl− secretion. 10 μm 3O-C12 caused, after a variable delay, 
slow increases in ICl over the course of 45 min (Fig. 5.1A). These increases in ICl were 
accompanied by decreases in Rt, as shown by the increases in size of current pulses 
required to clamp transepithelial voltage from 0 mV (short circuit) to 1 mV, consistent 
with activation of Cl− channels (and Cl− secretion) in the cells. As also shown in Fig. 
5.1A, subsequent treatment with a maximal dose of the adenylate cyclase activator  
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Figure 5.1. 3O-C12 stimulates ICl in CaLu-3 cell monolayers. A, typical experiment 
(of >10 experiments) showing effects on ICl (µA/cm2) by adding 10 µM 3O-C12, 10 µM 
forskolin, and CFTR blockers CFTRinh172 (50 µM) and glibenclamide (Glib) (1mM) to 
the apical solution of Calu-3 cells in Ussing chambers with Cl−-containing basolateral 
solution and Cl−-free apical solution. The small pulsed increases in ICl show changes 
resulting from transiently clamping Vt to -1 mV to calculate Rt. 3O-C12 caused ICl to 
increase from 6 to 14 µA/cm2 over 45 min. Forskolin caused a further rapid increase to 
25 µA/cm2. CFTRinh172 reduced ICl, and glibenclamide caused a further reduction. 
B,summary showing average (± S.D.) normalized ICl responses (compared with maximal 
ICl measured in presence of 10–20 µM forskolin) to different [3O-C12], n = 2–14 
experiments at each [3O-C12]. *, p < 0.05 versus control. 
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forskolin (10 μm) caused a further increase in ICl. ICl stimulated by 3O-C12 was largely 
blocked by the CFTR-specific inhibitor CFTRinh172 (Fig. 5.1A), indicating that the 3O-
C12-stimulated ICl was likely dependent on the activity of CFTR. Further addition of the 
less selective CFTR blocker glibenclamide (or GLYH101, not shown) caused ICl to 
decrease nearly to the initial value (Fig. 5.1A), indicating that there may have been 
another channel besides CFTR contributing to the ICl response. These results also 
showed that these responses resulted from Cl− movements through the cells and not 
through tight junctions. 

Concentrations of 3O-C12 between 10 and 50 μm caused significant increases in 
ICl that amounted to 50–75% of ICl stimulated by forskolin (Fig. 5.1B). However, 
responses to these concentrations had large standard deviations, and although there 
was a trend to larger ICl at higher [3O-C12], there were no significant differences in ICl 
activated by 10, 15, 25, or 50 μm 3O-C12. There were no effects of 1 μm 3O-C12 on ICl 
or Rt. Experiments testing different [3O-C12] in single experiments were unsuccessful 
because responses to 3O-C12 were so slow that it was impossible to obtain traditional 
dose-response characteristics. 

The specific role of CFTR in ICl responses was tested using the CF cell line 
CFBE41o− and the stable CFTR-complemented CFBE41o− cell lines. 3O-C12 (Fig. 5.2, 
A–C) stimulated ICl that was blocked by the CFTRinh172 in CFTR-corrected CFBE41o− 
cells, but there was only a small or nonexistent stimulation of ICl in the CF cells 
(CFBE41o−). Results of experiments using the CFTR inhibitors and the CF versus 
CFTR-corrected airway epithelial cells showed that CFTR was mediating almost all of 
the Cl− secretion triggered by 3O-C12. 

 
3O-C12 Increases Fluid Secretion by Pig Tracheal Glands  

The effect of 3O-C12 on native tissue was tested on pig airway submucosal 
glands. Preliminary experiments showed that submucosal glands did not respond 
consistently to 50 μm 3O-C12, whereas 100 μm 3O-C12 caused consistent stimulation. 
Experiments on intact airway submucosal glands therefore used 100 μm 3O-C12. Fluid 
secretion was measured from images of surface droplets (Fig. 5.3A, inset). Typical time 
courses of fluid accumulation at the surfaces of nine glands from one piece of trachea 
are shown in Fig. 5.3A. There was no fluid secretion from any of these glands during 10 
min of control measurements. 3O-C12 increased volume of bubbles with variable size 
(2–13 nl) during the first 10–15 min, after which there were no further increases. 
Subsequent addition of carbachol (1 μm) to the bath caused a further rapid increase in 
fluid accumulation in the bubbles, showing that the response to 3O-C12 was less than 
maximal as induced by this potent secretagogue. On average, the secretion rate during 
10 min of control incubation was 0.04 ± 0.01 nl min−1; 3O-C12 increased this rate to 
0.37 ± 0.09 nl min−1 (mean ± S.E., 35 glands, 10 trachea preparations, p < 0.05 for 
comparison of 3O-C12 with control, Mann-Whitney Test), a rate that was 10 and 25% of 
the maximal secretion rates reported for the secretagogues carbachol and vasoactive 
intestinal peptide, respectively (28). Average results from 10 different preparations from 
four pigs are summarized in Fig. 5.3B. Because there was considerable scatter in the 
volumes of individual droplets, the average increase in volume did not reach statistical 
significance until 12 min following 3O-C12 addition. 
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Figure 5.2. 3O-C12 stimulation of ICl in CFBE41o- cell monolayers requires CFTR 
expression. A and B, typical experiments showing ICl of CFTR-corrected CFBE41o− 
and CFBE41o− cells during control conditions and during treatment with 3O-C12 (10 
µM, apical side) and then with CFTRinh172. C, averages ± S.E. (n = 6–10) of ICl 
measured during steady state control, 3O-C12, and 3O-C12 + CFTRinh172 for CFTR-
CFBE41o− and CFBE41o−. *, p <0.05 for comparison of 3O-C12 with control; #, p < 0.05 
for comparison of CFTR-corrected CFBE41o− versus CFBE41o−. 
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Figure 5.3. 3O-C12stimulates fluid secretion by pig tracheal glands. A, fluid 
secretion versus time by 9 glands in one piece of trachea treated with 3O-C12 (100 µM) 
and then carbachol (1 µM) to ensure responsiveness. 3O-C12 increased fluid secretion 
during the first 10–15 min following application. Carbachol increased fluid accumulation 
further. Inset, typical images showing four droplets on the surface of the same airway 
region just before and then 18 min after adding 3O-C12 (100 µM) to the bath. B, volume 
accumulation before and after stimulation with 3O-C12 (mean ± S.E., 35 glands, 10 
trachea preparations). *, significant difference from time 0 (p < 0.05). 
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3O-C12 and Thapsigargin Increase ICl and Cacyto in CaLu-3 Cells  
The role of Cacyto in mediating increases in Cl− secretion was tested by 

measuring ICl during treatments with 3O-C12 and also with thapsigargin (inhibits ER 
Ca2+ pump) to induce maximal release of Ca2+ from the ER. By comparing responses to 
3O-C12 and thapsigargin, we also tested the role of ER Ca2+ in contributing to the 3O-
C12-induced Cacyto response. We tested 10 and 50 μm 3O-C12; 10 μm was the lowest 
[3O-C12] that elicited increases in ICl, and 50 μm was expected to elicit a larger effect. 
Results from experiments measuring Cacyto in CaLu-3 cells grown on cover glasses and 
ICl responses of CaLu-3 cells grown on filters to 10 or 50 μm 3O-C12 and 5 μm 
thapsigargin are shown in Fig. 5.4. 10 μm 3O-C12 caused a small, slow increase in 
fura-2 ratio, and thapsigargin caused a faster, larger increase (Fig. 5.4A). 50 μm 3O-
C12 caused a larger but still slow increase in fura-2 ratio; following 50 μm 3O-C12, 
there was only a small response to thapsigargin (Fig. 5.4B). When cells were treated 
first with thapsigargin, there were rapid, large, and transient increases in Cacyto, and 50 
μm 3O-C12 had no further effect on Cacyto (Fig. 5.3C). An implication of these results 
was that 10 μm 3O-C12 released a portion of the ER Ca2+ store, 50 μm 3O-C12 
released most of the store, and thapsigargin released all of the Ca2+ store. 

Effects of 3O-C12 and thapsigargin on ICl were similar to the effects on Cacyto. 10 
and 50 μm 3O-C12 both caused small, slow increases in ICl (Fig. 5.4, D and E). 
Subsequent addition of thapsigargin caused a further increase in ICl in cells treated with 
10 μm 3O-C12 (Fig. 5.4D) but had almost no effect on cells that had been treated with 
50 μm 3O-C12 (Fig. 5.4E). When cells were treated first with thapsigargin, there were 
rapid, large, and transient increases in ICl (Fig. 5.4F), but 25 μm 3O-C12 caused a 
further activation of ICl (by average of 16.7 ± 3.2 μA/cm2, n = 3) in thapsigargin-treated 
monolayers, indicating a Ca2+-independent component. Overall, these results indicated 
that 3O-C12 increased Cacyto in CaLu-3 cells by releasing Ca2+ from the thapsigargin-
releasable pool of Ca2+ in the ER, consistent with previous measurements in fibroblasts 
(7) and macrophages (13). 

 
3O-C12 Lowers CaER in CaLu-3 Cells  

Previous experiments on fibroblasts showed that 250–1000 μm 3O-C12 caused 
equivalent increases in Cacyto in both Ca2+-containing and Ca2+-free solutions, indicating 
that 3O-C12 was releasing Ca2+ from internal stores (7). Similar results were obtained 
here for CaLu-3 cells grown on cover glasses as follows: 50 μm 3O-C12 caused small, 
slow increases in Cacyto in both Ca2+-containing (Fig. 5.4) and Ca2+-free solutions (data 
not shown). This 3O-C12-induced increase of Cacyto could have resulted from the Ca2+ 
release from the ER or from the mitochondria or other organelles. The role of the ER in 
the Cacyto response was tested by measuring CaER in CaLu-3 cells that were grown on 
cover glasses, transfected with ER-targeted cameleon D1 (39–41), and imaged during 
treatment with 3O-C12 and thapsigargin. As shown in Fig. 5.5A, cameleon D1 appeared 
to be localized to the ER throughout the cell. As shown in Fig. 5.5B, cameleon FRET 
530:470 ratio (proportional to CaER) was reduced in a dose-dependent manner by 3O-
C12, with a small effect at 10 μm and a larger effect at 50 μm. Subsequent addition of a 
maximal concentration of thapsigargin (10 μm) caused a further small reduction of CaER. 
As shown in Fig. 5.5C, when cells were treated first with thapsigargin, there was a large 
drop in CaER, and subsequent addition of 50 μm 3O-C12 had no further effect. A 
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Figure 5.4. Effects of 3O-C12 and thapsigargin Cacyto and ICl in CaLu-3 cells. Cacyto 
responses (excitation ratio, 350:385 nm) of fura-2-loaded cells in the imaging 
microscope (A–C) and ICl responses (Ussing chambers) (D–F) were measured during 
treatment with 10 µM 3O-C12, then 5 µM thapsigargin (A andD) and 50 µM 3O-C12 
followed by 5 µM thapsigargin (B and E) or thapsigargin followed by 50 µM 3O-C12 (C 
and F). Results are typical of 3–6 experiments each. 
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Figure 5.5. 3O-C12 lowers CaER and measurements in CaLu-3 cells using ER-
targeted cameleon D1. A, typical confocal image (excitation 514 nm, emission 525–
565 nm) of cameleon D1ER expressed in CaLu-3 cells B, typical measurement of 
530:470 FRET ratio (excitation 430 nm) in cells treated (arrows) with 10 and then 50 µM 
3O-C12 followed by 10 µM thapsigargin (Tg) and finally with ionomycin + Ca2+-free 
solution to elicit maximal reduction in CaER. C, cells were treated with thapsigargin, 50 
µM 3O-C12, 10 µM thapsigargin and ionomycin + Ca2+-free solution. D, average 
changes (± S.E.) in steady state 530:470 cameleon FRET ratio responses to 10 and 50 
µM 3O-C12, 10 µM thapsigargin, and ionomycin-Ca2+-free solutions. *, p < 0.05 for 
comparisons to control (n _ 6). 
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summary of the effects of 3O-C12 and thapsigargin on CaER is shown in Fig. 5.5D. 
Similar results were obtained in the CF nasal cell line JME/CF15, and in these 
experiments 50 and 100 μm had similar effects on CaER, indicating that 50 μm gave a 
maximal response (data not shown). These experiments showed that 3O-C12 released 
Ca2+ from the thapsigargin-releasable pool of Ca2+ in the ER in a dose-dependent 
fashion. Maximal release of Ca2+ by 50 μm 3O-C12 was slightly less than that released 
by 10 μm thapsigargin. 

3O-C12 Activates the IP3 Receptor in the ER Nuclear Membrane of DT40 Cells  
The 3O-C12-induced release of Ca2+ from the ER could have resulted from an effect to 
inhibit the Ca2+ pump/ATPase and/or from an effect to activate Ca2+ release through the 
IP3 receptor or other leak pathways in the ER. The functional consequences of 3O-C12 
were explored by recording single IP3R channels in native ER membranes by patch-
clamp electrophysiology of outer membranes of nuclei isolated from DT40-KO-r-IP3R-3 
cells, as described previously (32, 42). The pipette solution, to which the cytoplasmic 
face of the channels faced, contained 1 μm IP3, 2 μm Ca2+, and 0.5 mm ATP, 
suboptimal conditions that result in channel open probability (Po) ≈0.05 (typical traces in 
Fig. 5.6A, summary in Fig. 5.6B). Addition of 10 μm C12 to the pipette solution 
enhanced channel activity by ∼5-fold (Po = 0.27 ± 0.05). Channel activity was further 
enhanced by 100 μm C12 (Po = 0.36 ± 0.05), comparable with that activated by 1 μm 
Bcl-xL (Po = 0.47 ± 0.04), a potent activator of the IP3R (32). In contrast, 100 μm C12 
was without effect in the absence of IP3 (Fig. 5.6B). These data suggest that C12 
activates IP3R channel gating by enhancing sensitivity of the channel to low levels of 
IP3. 
 
3O-C12 Activates STIM1 in JME/CF15 Cells  

Based on experiments in intestinal cells, Lefkimmiatis (15) proposed that 
reductions in CaER activate the ER resident protein STIM1, which associates with the 
plasma membrane and activates adenylate cyclase and production of cAMP. We tested 
whether the 3O-C12-induced release of Ca2+ from the ER resulted in activation of 
STIM1 and activation of cAMP production in airway epithelial cells. We used JME/CF15 
cells for most of these studies because transfections with plasmids yielded more 
consistent expression in these cells. Similar results were obtained with CaLu-3 cells 
(data not shown). 

JME/CF15 cells grown on cover glasses and transfected with STIM1-GFP 
showed ER-like expression throughout the cell (Fig. 5.7). STIM1-GFP migration to the 
plasma membrane was then measured using TIRF microscopy to assess STIM1 
activation. Control cells showed only a few bright STIM1 puncta at the plasma 
membrane (Fig. 5.8A). 10 μm 3O-C12 caused an increase in bright membrane-localized 
STIM1 puncta over the course of 10–15 min (Fig. 5.8B). A further addition of 2 μm 
thapsigargin caused a further increase in bright STIM1 puncta at the cell membrane 
(Fig. 5.8C). Quantitation of the time courses of these responses was performed by 
measuring total TIRF fluorescence during the treatments (Fig. 5.8D); 3O-C12 caused an 
increase in steady state TIRF-measured STIM1 fluorescence, and this was further 
increased by thapsigargin. The transient increases followed by reductions in TIRF 
fluorescence after each change of condition likely resulted at least in part from 
bleaching  of  the  GFP  associated  with  exposure  to  the  laser  excitation.  Control  
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Figure 5.6. 3O-C12 activates IP3R channel and patch clamping IP3R1 in isolated 
nuclei of IP3R1-transfected DT40 cells. Nuclei from DT40 cells expressing only IP3R1 
were isolated into a chamber for patch clamping (see “Materials and Methods”). Patch 
pipette was voltage-clamped to -40 mV; IP3R1 channel openings are shown by 
downward deflections of current records (closed channel, zero current shown by 
arrows). A, typical record from untreated, control IP3R is shown in the top panel and 
from IP3R with patch pipette containing 100 µM 3O-C12 is shown in the bottom panel. 
B, average (± S.E.) of Po for IP3R1 in the presence of the indicated concentrations of 
3O-C12 or Bcl-xL. Note the Po for pipette containing 3O-C12 but no IP3 was near zero. 
Numbers adjacent to the bars are the number of different measurements for each 
treatment. *, p < 0.05 for comparisons to control. 
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Figure 5.7. STIM1 localizes to the ER of JME/CF15 cells. JME/CF15 cells grown on 
cover glasses were transfected with a STIM1-GFP chimera plasmid and then examined 
2 days later in the fluorescence microscope (excitation 490 nm, emission 520 –560 nm). 
Focus in the middle of the nucleus showed STIM1 expressed throughout the ER. Image 
typical of >10 similar transfections. 
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Figure 5.8. 3O-C12 activates STIM1 migration to the plasma membrane, and TIRF 
microscopy in stim1-GFP-expressing JME/CF15 cells. TIRF images of STIM1-GFP 
in two cells under control conditions (A), after 10 min treatment with 10 µM 3O-C12 (B), 
and after a further addition of 2 µM thapsigargin and 10 min (C). Time course of TIRF 
fluorescence during these treatments (D) showed that 3O-C12 caused slow increase in 
STIM1 migration to the membrane, and this was further increased by thapsigargin. 
Results typical of seven similar experiments. a.f.u., arbitrary fluorescent units. 
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experiments showed that these transients did not result from changes in fluid volume 
resulting from additions to the chamber. 

 
3O-C12 Increases cAMPcyto in CaLu-3 Cells  

3O-C12-induced increases in CFTR-dependent Cl− secretion were consistent 
with 3O-C12 stimulating cAMP/PKA-activating CFTR (43, 44). ELISA-based assays 
were used in initial studies to measure cAMPcyto. Although low [forskolin] (100–200 nm) 
rapidly stimulated small increases in ICl (similar in magnitude to those activated by 3O-
C12), there were no detectable changes in cAMP content using this method. We 
reasoned that the ELISA method was insufficiently sensitive to measure small changes 
of cAMPcyto that may occur with 3O-C12. We therefore performed single cell 
measurements of cAMPcyto using the FRET-based cytosolic sensor for cAMP, Epac 
H30. Expressed Epac H30 was distributed throughout the cytosol of CaLu-3 cells grown 
on cover glasses (Fig. 5.9A). 3O-C12 (33 μm; n = 19) produced a slow but significant (p 
< 0.001) increase in the Epac H30 480:535 nm emission ratio (a measure of cytosolic 
[cAMP]). As shown in Fig. 5.9B, this effect of 3O-C12 was smaller than that elicited by a 
submaximal concentration of forskolin (2 μm; ratio change following 3O-C12 was 32.2 ± 
4.8% of forskolin, n = 12; p < 0.0001) and much less (22.9 ± 3.6%) than that produced 
by a supramaximal stimulation with forskolin (50 μm) + IBMX (1 mm; n = 16; p < 
0.0001). The average changes in ratio (absolute value) for the treatments (±S.E.) are 
summarized in Fig. 5.9C. Overall, these experiments showed that 3O-C12 increased 
cytosolic [cAMP], but these increases were slightly smaller than those elicited by 2 μm 
forskolin and much smaller than those elicited by forskolin + IBMX. 

A further test of the role of cAMP in mediating 3O-C12-stimulated ICl was to 
incubate CaLu-3 cell monolayers grown on filters with reagents to either decrease or 
increase 3O-C12-triggered cAMPcyto. ICl responses to 3O-C12 were first measured in 
the presence of the selective cAMP antagonist (Rp)-Br-cAMPS. CaLu-3 cells were left 
untreated (control) or treated with (Rp)-Br-cAMPS (50 μm) for 12 h prior to treatment 
with 3O-C12 (10 μm). 3O-C12 (Fig. 5.10A) alone triggered typically small, slow 
increases in ICl. Subsequent treatment with forskolin caused rapid increases followed by 
a reduction to a secondary, elevated plateau. Treatment with (Rp)-Br-cAMPS reduced 
responses to 3O-C12 and 3O-C12 + forskolin (Fig. 5.10B; summary in Fig. 5.10C). 

We also treated CaLu-3 cells with 100 μm IBMX to block phosphodiesterase and 
potentially augment any 3O-C12-induced stimulations of cAMP production. Cells were 
treated with 3O-C12 (10 μm) before or after IBMX. As shown in Fig. 5.11A, 3O-C12 
caused typically slow increases in ICl, and addition of IBMX caused a further rapid 
increase in ICl. When IBMX was added first (Fig. 5.11B), there was a rapid increase in ICl 
followed by a decrease to plateau. In the presence of IBMX, 3O-C12 caused a faster 
and larger response than occurred in the absence of IBMX. In the presence of both 3O-
C12 and IBMX, forskolin (10 μm) caused only a small increase in ICl, consistent with the 
idea that 3O-C12 + IBMX had elicited near maximal effects. A summary of the 
stimulatory effects of IBMX on 3O-C12-induced rate of increase of ICl in control versus 
IBMX-treated cells is summarized in Fig. 5.11C. The more rapid stimulatory effect of 
3O-C12 on ICl in the presence of IBMX was consistent with the idea that IBMX was 
facilitating the stimulatory effect of 3O-C12. As summarized in Fig. 5.11D, there was no 
significant synergism in magnitudes of steady state responses between IBMX and 3O- 
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Figure 5.9. 3O-C12 increases cAMPcyto in CaLu-3 cells and measurements using 
Epac H30 FRET imaging. A, confocal image of Epac-transfected Calu-3 cell (excitation 
514 nm, emission 525–565 nm) showed uniform distribution of the sensor throughout 
the cytoplasm and apparent exclusion from the nucleus. B, typical results (of 16 similar) 
showing 3O-C12 (33 µM) caused a small, slow increase in 480:535 emission ratio 
(indicating increased [cAMP]), and subsequent addition of forskolin (Fsk) (2 µM; a 
submaximal dose) and forskolin (50 µM) + IBMX (1 mM) caused further increases. C, 
summary of average changes in Epac 480:535 nm emission ratio (± S.E., n = 7–19) 
during treatments with 3O-C12 or 2 _M forskolin compared with maximal stimulation 
using 50 µM forskolin + 1mM IBMX. *, p < 0.01 compared with control. 
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Figure 5.10. (Rp)-Br-cAMPS inhibits ICl in CaLu-3 cell monolayers stimulated by 
3O-C12 and forskolin. A and B, typical experiments show ICl during treatment with 3O-
C12 (10 µM) followed by forskolin (Fsk) (10 µM) (A) or similar treatments following 
treatment with 50 µM (Rp)-Br-cAMPS (B). C, average ICl measured in control and (Rp)-
Br-cAMPS-treated cells in the presence of 3O-C12 or 3O-C12 + forskolin. Averages (± 
S.D.) of n = 3–4 experiments for all comparisons. *, p < 0.05 compared with controls; #, 
p < 0.05 (Rp)-Br-cAMPS compared with no (Rp)-Br-cAMPS. Glib, glibenclamide. 
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Figure 5.11. Effects of IBMX on 3O-C12-stimulated ICl of CaLu-3 cell monolayers. 
Cells were treated with 3O-C12 (10 µM) before or after adding IBMX (100 µM). These 
treatments were followed by forskolin (Fsk) (10 µM). A, 3O-C12 was added before IBMX 
(typical of six experiments). B, IBMX was added before 3O-C12 (typical of six 
experiments). C, summary of effects of 3O-C12 on rate of increase of ICl in control (as in 
A) versus IBMX-treated (as in B) condition. Slope of ICl versus time (µA/cm2/min) was 
measured during the first 5 min of 3O-C12 treatment in control (3O-C12 alone) versus 
IBMX pretreatment (3O-C12 + IBMX) following initial 3O-C12-induced transients that 
occurred in some cases (see B) in the two conditions. Data are averages (± S.D., n = 6). 
*, p < 0.05 for comparison with control; #, p < 0.05 for comparison with IBMX + 3O-C12. 
D, summary of effects of 3O-C12 versus 3O-C12 + IBMX and of IBMX versus IBMX + 
3O-C12. Averages (± S.D., n = 6) of ∆ICl expressed as percent of change from control 
measured during 3O-C12 + IBMX + forskolin. ∆ICl (% forskolin) = (ICl (condition) − ICl 
(control))/(ICl(3O-C12 + IBMX + forskolin) − ICl(control)) x 100. *, p < 0.05 for comparison 
to 3O-C12; #, p < 0.05 for comparison to IBMX. 
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C12, i.e. sum of the steady state ICl responses to 3O-C12 (50%) + IBMX (42%) were 
approximately equal to ICl stimulated by 3O-C12 + IBMX (92%) or by IBMX + 3O-C12 
(93%), indicating that 3O-C12 may have been eliciting its effects on ICl mostly through 
effects on cAMP. 

 
TPEN Increases cAMPcyto and ICl in CaLu-3 Cells  

Previous experiments on intestinal cells showed that the high Kd Ca2+ chelator 
TPEN (Kd(Ca2+) = 130 μm) lowered CaER and stimulated cAMP production without 
altering Cacyto (15). Similar tests were used in airway epithelial cells. Epac H30-
transfected CaLu-3 cells grown on cover glasses were incubated in Ca2+-free solution 
and treated with 1 mm TPEN. TPEN caused a slow increase in cAMPcyto that was ∼40% 
of the maximum triggered by forskolin + IBMX (Fig. 5.12A). A summary of the effects of 
1 mm TPEN on cAMPcyto is shown in Fig. 5.12B. Further experiments showed that 
treatment of CaLu-3 cells with ionomycin in Ca2+-free solution, which also lowers CaER 
(Fig. 5.5), caused slow increases in cAMPcyto similar to those activated by TPEN (1 
mm).† 

Because lowering CaER with 3O-C12, TPEN, or ionomycin increased cAMPcyto, it 
was predicted that TPEN would also stimulate ICl. CaLu-3 monolayers grown on filters 
were mounted in chambers with normal Ringer's in the basolateral solution and Ca2+-
free and Cl−-free apical solution so that TPEN could be added apically. As shown in Fig. 
5.13A, 0.5 mm TPEN in the apical solution caused a slow increase in ICl similar to that 
triggered by 3O-C12. Subsequent addition of 50 μm 3O-C12 and then forskolin caused 
further small increases. The activated ICl was blocked by CFTRinh172, indicating a CFTR 
requirement. When 3O-C12 was added first (Fig. 5.13B), there was a typically slow 
increase in ICl, and further addition of TPEN and forskolin caused further small 
increases. The rapid increase in ICl when TPEN was added after 3O-C12 was consistent 
but unexplained. A summary of average steady state ICl in the different conditions is 
shown in Fig. 5.13C. TPEN and 3O-C12 elicited similar increases in ICl, and effects of 
TPEN + 3O-C12 were less than additive of the effects of adding TPEN or 3O-C12 
individually. 

 
Discussion 
 
3O-C12-activated Cl− and Fluid Secretion Requires CFTR Expression  

A major conclusion of these experiments is that 3O-C12 stimulated CFTR-
dependent Cl− secretion in airway epithelia. Consistent with this finding in the serous-
like CaLu3 cell line, 3O-C12 also stimulated fluid secretion by pig tracheal submucosal 
glands. The results indicated that 3O-C12-stimulated Cl− secretion was accompanied by 
osmotically obliged fluid secretion from the glands, sites of a major fraction of the airway 
surface liquid in the upper airways (25, 27, 28). The secretion assay used for the 
present experiments does not test the role of tracheal surface cells in the response to 
3O-C12, and further experiments will be needed to test this hypothesis. 

Rates of fluid secretion measured optically in intact tissues in response to 100 
μm 3O-C12 were ∼10–25% of maximal rates, consistent with the electrophysiological 
measurements showing that 3O-C12-stimulated currents were also less than (50–75%) 
of maximal rates (Fig. 5.1A). The need to use 100 μm 3O-C12 to generate a fluid  
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Figure 5.12. TPEN increases cAMPcyto in CaLu-3 cells. A, Epac H30-transfected 
CaLu-3 cells were used for measurements of cAMPcyto. Typical experiment showing 
cAMPcyto when cells were incubated in Ca2+-free solution, then Ca2+-free + 1mM TPEN, 
and finally with forskolin (Fsk) + IBMX. B, effects of TPEN on cAMPcyto, expressed as 
percent of the maximal 480:535 emission ratio measured in the presence of forskolin + 
IBMX at the end of the experiments (average ± S.D. n = 4). *, p < 0.05 compared with 
control; #, p < 0.05 compared with TPEN. 
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Figure 5.13. TPEN and 3O-C12 elicit similar stimulation of ICl in CaLu-3 cell 
monolayers. CaLu-3 cells in Ussing chambers had Cl−-containing Ringer’s on the 
basolateral side and Cl−-free + Ca2+-free Ringer’s on the apical side. A, cells were 
treated with 0.5 mM TPEN followed by 10 µM 3O-C12, 20 µM forskolin (Fsk), and 10 
µM CFTRinh172. B, cells were treated with 3O-C12, TPEN, forskolin, and CFTRinh172. 
C, average ICl (± S.D., n = 3–6 for each condition) measured in control conditions and 
then in the presence of TPEN, 3O-C12, TPEN + 3O-C12, TPEN + 3O-C12 + forskolin, 
and TPEN + 3O-C12 + forskolin + CFTRinh172. *, p < 0.05 for comparison to control; #, 
p < 0.05 for comparison with 3O-C12 or TPEN. 
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secretion response in the tracheal preparation indicated that intact tissue was less 
sensitive to 3O-C12 compared with tissue culture cells, which responded to [3O-C12] as 
low as 10 μm. Although the precise [3O-C12] found in vivo remains unknown, the high 
lipid solubility of this molecule may ensure its equilibration into and action on cells 
throughout the epithelial surface in intact lungs that have been infected with P. 
aeruginosa. 

3O-C12-stimulated Cl− secretion was inhibited by CFTR blockers in CaLu-3 cells 
and occurred in CFTR-corrected CFBE41o− but not CFBE41o− cells. 3O-C12-stimulated 
ICl values were smaller than those elicited by high [forskolin] (2–10 μm), often used to 
maximally stimulate CFTR in airway epithelia. These data indicated that 3O-C12 was 
activating CFTR-dependent Cl− secretion in airway epithelia. It has been argued (22) 
that airway epithelial Cl− secretion stimulated by bacterial products is an important 
aspect of the innate immune response in the lung airways. Fluid accumulation on the 
airway surface in response to 3O-C12 and other bacterial products should facilitate 
flushing of bacteria on the mucociliary escalator. This bacterial flushing would be largely 
absent in CF, but effects on other secretions, e.g. mucus (45) and IL8 (10), would be 
retained (34). This condition could lead to both decreased bacterial clearance and also 
increased white cell influx, thereby contributing to the apparent hyperinflammatory 
phenotype observed in CF (46). 

 
3O-C12 Activates IP3R, Lowers CaER, and Increases Cacyto  

A second major conclusion from our experiments is that 3O-C12 activated the 
IP3R, decreased CaER, and increased Cacyto, showing that 3O-C12-stimulated increases 
in Cacyto resulted largely from IP3R-mediated release of Ca2+ from the ER. Patch clamp 
measurements showed that 3O-C12 increased open times of IP3R3 in nuclear 
membranes of DT40 cells. DT40 cell nuclei were an appropriate model for these 
experiments because responses could then be attributed to IP3R3. Because channel 
activity was measured in isolated nuclei where local activation of IP3 was unlikely, the 
results indicated a direct stimulatory effect of 3O-C12 on the IP3R, perhaps through an 
allosteric activation. If 3O-C12 increased the sensitivity of the IP3R to IP3, this would 
enable the IP3R to become more active under conditions of low [IP3] (0.2 μm) that may 
exist constitutively in unstimulated cells. It was notable that the stimulatory effect of 3O-
C12 was large as follows: 10 μm 3O-C12 increased Po to ∼0.3 (5–6-fold over resting 
level) and 100 μm increased Po to ∼0.4, although maximal [IP3] increased Po of IP3R3 to 
∼0.75 (31). 

3O-C12 activation of IP3R in DT40 cell nuclei was consistent with cameleon 
D1ER FRET measurements in CaLu-3 cells showing that 10 μm 3O-C12 released 
∼20% and 50 μm 3O-C12 ∼85% of ER Ca2+ that was released by thapsigargin. These 
results indicated that in CaLu-3 cells 3O-C12 opened IP3R, increasing Ca2+ leak from 
the ER and reducing CaER, even though the Ca2+-ATPase of the ER was still operating. 
When cells were treated with thapsigargin prior to 3O-C12, CaER was reduced to a low 
level (and Cacyto was increased) so that 3O-C12 had little or no further effect on either 
CaER (or Cacyto). 3O-C12-induced reductions in CaER explain why 3O-C12 elicited Cacyto 
responses in Ca2+-free solutions. 

Previous experiments on fibroblasts showed that an inhibitor of phospholipase C 
blocked effects of 3O-C12 to elevate Cacyto, indicating that 3O-C12 was releasing Ca2+ 
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from the ER by activating a G-protein-coupled receptor-phospholipase C complex that 
increased [IP3] (7). One way to reconcile present and previous (7) results is to propose 
that the phospholipase C inhibitor reduced [IP3] to low levels, so that the allosteric effect 
of 3O-C12 on IP3R was prevented. Further experiments will be required to determine 
the molecular details of 3O-C12 activation of IP3R and also whether other Ca2+ 
regulators were being affected. 

 
3O-C12 Activates STIM1 and Increases cAMPcyto  

Two other important findings of these studies were that 3O-C12 both activated 
STIM1 (as seen from increases in TIRF fluorescence in the plasma membrane) and 
triggered increases in cAMPcyto that were critical in mediating CFTR-dependent Cl− and 
fluid secretion by airway epithelia. The 3O-C12-triggered increases in cAMPcyto (Epac 
H30 FRET ratio) and ICl were modest, comparable with the effects of low concentrations 
of forskolin. The effects of (Rp)-Br-cAMPS to reduce and IBMX to increase ICl responses 
to 3O-C12 were those expected if 3O-C12 were operating through cAMP/PKA. 

Previous experiments in intestinal cells showed that complete emptying of the ER 
Ca2+ store by thapsigargin activated STIM1 and cAMP (15). The present data extend 
these observations by showing that partial (∼20%) reduction of CaER by 10 μm 3O-C12 
also activated 3O-C12-triggered increases in STIM1 activity, adenylate cyclase, cAMP, 
PKA, and activation of CFTR. The conclusion that STIM1 activated adenylate cyclase 
rather than inhibiting phosphodiesterase is based on the observation that the 
phosphodiesterase inhibitor IBMX increased rather than decreased 3O-C12-stimulated 
ICl. 3O-C12-induced increases in Cacyto may also activate K+ channels, leading to 
hyperpolarization of the cells and increased electrical driving force for Cl− exit through 
CFTR across the apical membrane. Activation of STIM1 is also expected to stimulate 
opening of the plasma membrane Ca2+ channel orai (47), which would cause sustained 
increases in Cacyto. Although 3O-C12 caused similar increases in Cacyto in Ca2+-
containing and Ca2+-free solutions indicating that there was minimal activation of orai by 
3O-C12 (7), further experiments are needed to test directly the role of orai activation in 
responses of airway epithelial cells to 3O-C12. 

 
Store-operated cAMP Model Explains 3O-C12 Stimulation of CFTR-dependent Cl− 
and Fluid Secretion by Airway Epithelia  

A modification of the previously proposed store-operated adenylate cyclase-
cAMP model (15) can explain the stimulatory effects of 3O-C12 on cAMPcyto and ICl by 
airway epithelial cells (Fig. 5.14). In control conditions, ICl is small because cAMPcyto and 
PKA activity are low, and CFTR is closed. As shown by the stimulatory effect of IBMX 
on ICl in the absence of other stimulation, cAMPcyto is maintained low by 
phosphodiesterase(s) that cleaves cAMP produced constitutively. CaER is maintained at 
a normally high level (likely >300 μm; see Refs. 40, 48) by the Ca2+-ATPase that 
counters the continual loss of Ca2+ through the IP3R or other Ca2+ leak (shown by 
effects of thapsigargin to reduce CaER in otherwise untreated cells). 3O-C12 directly 
activates the IP3R, leading to loss of Ca2+ from the ER and reduction of CaER. Based on 
ICl, IP3R patch clamp, and CaER measurements, it appears that the threshold 
concentration for 3O-C12-induced effects on cultured cells occurred at 10 μm with 
maximal effects at 50 μm. 3O-C12-induced reduction of CaER activates STIM1, which  
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Figure 5.14. Stimulation of store-operated cAMP production and CFTR-dependent 
Cl− secretion by 3O-C12 in airway epithelia. According to this model, 3O-C12 
activates IP3R, reduces CaER, elevates Cacyto, and activates STIM1, cAMP production, 
PKA, CFTR, and Cl− secretion by airway epithelia. See text for details. 
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then migrates to the plasma membrane where it likely stimulates a still-to-be identified 
adenylate cyclase leading to accumulation of cAMP and activation of PKA and CFTR. 
The stimulatory effects of the high Kd Ca2+ chelator TPEN were also consistent with the 
model. As shown previously in intestinal cells, TPEN lowers CaER and increases 
cAMPcyto without affecting Cacyto (15). In CaLu-3 cells TPEN increased both cAMPcyto 
and ICl. Furthermore, TPEN and 3O-C12 appeared to modulate the same pool of Ca2+. 
Thus, TPEN, and 3O-C12 both increased ICl on their own, and effects of TPEN + 3O-
C12 were less than additive compared with the effects of adding TPEN or 3O-C12 
individually. 

One apparent inconsistency between our results and the model was that 3O-C12 
increased ICl in thapsigargin-treated cells (Fig. 5.4F), which should have produced 
maximal activation of STIM1 and adenylate cyclase. One possible explanation is that 
thapsigargin may not have released all the Ca2+ from the ER, and 3O-C12 caused a 
further small Ca2+ leak from the ER that then caused small reductions in CaER (Fig. 
5.5C), increases in Cacyto (Fig. 5.4C), and activation of adenylate cyclase, cAMP, and 
Cl− secretion (Fig. 5.4F). 3O-C12 may also have IP3R-Ca2+-independent effects to 
stimulate ICl. Further experiments will be required to resolve this issue. 

In addition to effects on Cl− secretion, 3O-C12-triggered decreases of CaER and 
increases in Cacyto and cAMPcyto could also contribute to multiple “downstream” effects 
of 3O-C12 in P. aeruginosa-infected patients, e.g. ER stress resulting from reduction in 
CaER (34, 49), IL8 secretion resulting from increases in Cacyto (33), mucous secretion 
resulting from increased Cacyto and cAMPcyto (45), and apoptosis (7) resulting from Ca2+ 
overload of mitochondria (50, 51). In CF airways, the effects of 3O-C12 on IP3R, CaER, 
Cacyto, STIM1, and cAMPcyto will lead not to increased Cl− and fluid secretion to clear the 
bacterial product but instead to ER stress, secretions of IL8 and mucus, and apoptosis. 
Thus, the cross-kingdom effects of 3O-C12 on airway epithelial cell signaling could 
contribute to airway clearance in non-CF individuals and to pathogenesis in P. 
aeruginosa-infected CF patients. 
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