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Structural Determinants of TRP Channel Assembly

Pamela Tsuruda

Transient Receptor Potential (TRP) channels mediate numerous sensory

transduction processes and are thought to function as tetrameric complexes.

Much is known about TRP channel physiology; however, comparatively little is

understood regarding how these channels assemble. Here, we identify an

autonomously folded assembly domain from the cold and menthol gated channel

TRPM8, and address the importance of several putative assembly motifs of the

capsaicin receptor, TRPV1. Several regions are identified for homomeric

interaction within the N-terminus of TRPV1, and we detect two cytoplasmic

proteins that may also interact with this domain. Additionally, we use

electrophysiology and cell biology to identify N- and C-terminal coiled-coils that

may play a role in TRPV1 channel stability or trafficking. We show that the

TRPM8 cytoplasmic C-terminal domain contains a coiled-coil that is necessary

for directing channel assembly and sufficient for mediating tetramer formation

using a combination of biochemical, electrophysiological, and cell biological

techniques. These data define the first authentic TRP family modular assembly

domain, delineate a new tool that should be of general use in dissecting TRPM

channel function, and establish a clear role for coiled-coil structures in ion

channel assembly. ºyº –
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INTRODUCTION

Transient Receptor Potential (TRP) channels comprise a large family of

non-selective cation channels that act as environmental stimulus detectors in a

range of sensory processes that include thermosensation, phototransduction,

chemosensation, and nociception (Clapham, 2003; Julius and Basbaum, 2001;

Montell et al., 2002). In parallel with the rich variety of TRP channel functions,

diverse stimuli activate different TRP channels. These include direct gating by

temperature, exogenous chemical agonists such as capsaicin and menthol, or

activation of phospholipase C signaling by metabotropic receptors (Clapham et

al., 2003). A number of TRP channels respond to combinations of these stimuli

and function as polymodal signal detectors that assess changes in the chemical

and physical environment of the cell. While the sphere of TRP channel function

and physiology has received much recent intensive study, little is known about

the details of TRP Channel structure.

The definition of TRP channel primary structure by molecular cloning revealed

that TRP channels are members of the cation channel superfamily that includes

voltage-gated channels permeable to calcium, potassium, or sodium, as well as

cyclic nucleotide gated channels (Hille, 2001). In common with other superfamily

members, TRP channels are complexes of four pore-forming subunits

(Hoenderop et al., 2003; Kedei et al., 2001). Each subunit is thought to contain



six transmembrane regions (S1-S6) in which the loop between transmembrane

segments S5 and S6 forms the selectivity filter that interacts with the permeant

ions. The N- and C-terminal domains of each subunit are thought to be

intracellular, where they may engage in subunit-subunit interactions, associate

with other cellular proteins, or interact with cytoplasmic factors.

Although TRP channels appear to share a common transmembrane scaffold,

individual family members display varied mechanisms of activation and ion

selectivity (Clapham et al., 2001). In accordance with these varied functions and

mechanisms of activation, TRP channel protein sequences are diverse and have

sequence identities that run as low as 20% across the different subfamilies

(Clapham, 2003). This molecular variegation is particularly manifest within the

cytoplasmic domains. TRP channels from the TRPA, TRPC, TRPN, and TRPV

subfamilies contain varied numbers of ankyrin repeats within their N-terminal

cytoplasmic domains (Clapham, 2003; Montell, 2005). A second domain found

just C-terminal to the S6 transmembrane segment, known as the TRP domain',

is also common among TRPC, TRPM, and TRPN channels (Montell, 2005).

Both the ankyrin repeats and TRP domains have been proposed to interact with

components of the cytoskeleton or lipid bilayer (Howard and Bechstedt, 2004;

Liedtke et al., 2000; Rohacs et al., 2005; Sotomayor et al., 2005), but the precise

physiological roles for these elements remain enigmatic. Specific TRPM and

TRPN Subunits contain domains that are not seen in other TRP channels. For



example, TRPM2 has a C-terminal Nudix hydrolase-like domain (Perraud et al.,

2001) and both TRPN6 and TRPN7 have C-terminal kinase domains (Runnels et

al., 2001; Yamaguchi et al., 2001). Finally, some members of the TRPC, TRPM,

and TRPV subfamilies have been suggested to contain cytoplasmic coiled-coil

domains (Jenke et al., 2003; Montell, 2005).

Coiled-coils are the most common and best understood protein-protein

interaction domain known (Lupas and Gruber, 2005; Woolfson, 2005). Several

prior studies have suggested a role for TRP channel coiled-coils in

subunit-subunit interactions. Yeast-two-hybrid experiments show that the

putative N-terminal coiled-coil domain from Drosophila TRPY is sufficient to

mediate interactions with the N-terminus of TRPL, a channel subunit with which

TRPY forms a heteromeric channels in vivo (Xu et al., 2000). Other work has

shown that deletions in TRPM4 and TRPV1 that eliminate predicted C-terminal

coiled-coil domains impair the ability of these subunits to form homomeric

interactions (Garcia-Sanz et al., 2004; Launay et al., 2004). While these

observations are consistent with a role for these putative coiled-coil domains in

assembly of functional TRP channels, direct evidence that any of these domains

adopt a coiled-coil structure and form a quaternary complex is lacking (Garcia

Sanz et al., 2004). Thus, whether TRP channels have authentic coiled-coils has

remained a matter of conjecture.



The possibility that some TRP channels bear coiled-coil domains raises a

potential solution to a general problem faced by TRP channels and other

members of the voltage-gated ion channel superfamily in which the channel gene

encodes only a single subunit. Namely, how are the specific determinants that

direct channel assembly and specificity encoded by the protein sequence?

Coiled-coils are found within >5% of all protein sequences (Hu, 2000; Newman et

al., 2000). The hallmark primary structure feature is a heptad repeat, denoted

(abode■ g). Hydrophobic amino acids at the 'a' and 'd' positions form a non-polar

stripe along the helical surface that is used for multimerization (Crick, 1953)

(Figure 1). The identities of the 'a' and ‘d' position amino acids provide the

dominant feature that determines whether a given coiled-coil helix will associate

into a two, three, four, or five stranded bundle (Harbury et al., 1994; Harbury et

al., 1993; Malashkevich et al., 1996). Recent studies have shown that coiled-coil

motifs also contribute to mechanisms of ion channel subunit-subunit assembly

(Jenke et al., 2003; Kanki et al., 2004; Zhong et al., 2002). (Reba J Howard and

Daniel L. Minor, unpublished observations). Given the potential for the coil-coiled

domain to mediate specific protein-protein interactions, it seemed likely that TRP

channel coiled-coils might function as modular assembly domains.

Ankyrin repeats are common protein-protein interaction motifs, which are

identified by a 33 amino acid region recurring several times in the primary

polypeptide sequence. Each repeat forms a helix-loop-helix structure such that



the loop extends away from the helices at a 90° angle, and the repeats stack

together to form a higher order assembly resembling a cupped hand (Jacobs and

Harrison, 1998). Similar to coiled-coils, ankyrin repeats are found in proteins with

a variety of functions, ranging from cytoskeletal organization to transcription

initiation (Sedgwick and Smerdon, 1999). Additionally, the ankyrin repeat motifs

are not completely conserved at the primary amino acid level. Both coiled-coils

and ankyrin repeats contain a few required positions within the consensus

sequences yet the majority of the domain sequence is not well conserved. The

essential residues within these domains may serve as major influences to the

domain folding and structure, allowing for non-conservation at the other

positions. The diversity at these sites may give rise to the variety of functions

associated with these motifs. Specifically, within the TRP channel superfamily,

the role of the ankyrin repeat has not been well defined. While many TRP

channels contain these domains, the number of individual repeats is highly

variable, ranging from 3 to 29 repeats in the cytoplasmic N-termini. The TRPA

subfamily was so named due to the presence of many ankyrin repeats in its

founding member, TRPA1, which is suggested to be a mechanosensitive or

thermosensitive channel, although these have remained controversial

hypotheses (Corey et al., 2004; Jordt et al., 2004; Story et al., 2003). The TRPN

channels are also proposed to be mechanically-gated ion channels, and contain

29 ankyrin repeats in their N-terminus (Montell, 2005). The large number of

ankyrin repeats present in TRPA and TRPN channels have led to suggestions



that these domains comprise the gating spring responsible for mechanical

activation, although direct evidence for this role is lacking. Additionally, since

ankyrin repeats are found in the TRPC and TRPV families, which are not

mechanically sensitive, their involvement as a gating spring would not be

conserved throughout the superfamily. Alternatively, the large number of

repeats found in the TRPA and TRPN channels may result in a unique function

that is not seen in channels containing only a few repeats. Another role that has

been suggested for the TRP channel ankryin repeats is involvement in channel

assembly. A specific repeat present in TRPV6 has been shown to be required

for proper subunit association and promotes interaction when fused to the Y1

calcium channel subunit (Erler et al., 2004). Thus, contribution to TRP channel

subunit assembly is potentially a more universal role that could pertain to the

large number of subfamily members that contain ankyrin repeats.

In addition to roles in channel subunit interactions, coiled-coils, ankyrin repeats,

and other structural elements may contribute to associations of TRP channels

with other cellular factors and proteins. The founding member of the TRP

channel superfamily, Drosophila TRP, forms a large macromolecular complex at

the plasma membrane via the scaffolding protein Inad. InaD contains five PDZ

domains that link TRP and TRPL channels to signaling molecules such as

calmodulin, phospholipase C-3 (PLC-3), and protein kinase C (PKC) (Tsunoda

and Zuker, 1999; Xu et al., 1998). This close physical proximity has been



suggested to be responsible for the rapid signal transduction cascade seen upon

activation of photoreceptor cells, and it is likely that mammalian TRP channels

are involved in similar complexes. Many TRP channels are expressed in

neurons, where channel activation leads to generation of an action potential, and

modulation of TRP channel activity must be properly regulated. In fact, there are

several reports linking signaling molecules such as CaMKII, calcineurin, and PIP2

to TRPV1 function (Bonnington and McNaughton, 2003; Docherty et al., 1996;

Mohapatra and Nau, 2005; Prescott and Julius, 2003; Wu et al., 2005). In order

to examine associations between these proteins a combination of biochemical

assays and functional studies are required.

To address the importance of coiled-coils in TRP channel subunit assembly, we

have focused our studies on the cold and menthol-sensitive channel, TRPM8

(McKemy et al., 2002; Story et al., 2003). TRPM8 is the only member of its

subfamily for which extracellular stimuli have been identified, a feature that

facilitates functional analysis in heterologous systems. TRPM8 also has the

shortest C-terminal domain (120 amino acids) of all TRPM subfamily members

and contains no other predicted enzymatic motifs or structural elements. These

sequence features reduce the likelihood for disrupting other channel-associated

activities in the course of targeted deletion studies. Here, we use biochemical

methods to show that the last fifty residues of the C-terminal cytoplasmic domain

of TRPM8 form a coiled-coil that is capable of tetrameric self-assembly and



demonstrate that this domain is required for the expression of functional

channels at the plasma membrane.

Additionally, we have used the polymodal signal detector, TRPV1 to address the

importance of several proposed assembly and interaction motifs. TRPV1 is

activated by heat, acid, and capsaicin and was the founding member of the

TRPV class of channels. Like TRPM8, heterologous expression and activation in

these systems has been established for TRPV1. The presence of putative

Structural elements within this Channel has received some attention, but

conclusive evidence for the requirements for these regions remains weak. We

have used a combination of biochemistry and electrophysiology to gain further

information about the contributions of the cytoplasmic termini of TRPV1 to

channel assembly and function.
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Figure Legends

Figure 1 The coiled-coil motif. (A) Coiled-coils are characterized by a heptad

repeat. The repeated sequence (abodefg) is shown at the top, with an example

coil (GCN4-LI) shown below. The hydrophobic core residues, ‘a’ and 'd', are

shown in green and purple, respectively. (B) Coiled-coil residues plotted on a

helical wheel. The GCN4-Ll sequence in (A) is plotted around the wheel,

illustrating the hydrophobic stripe that is formed by the core positions.
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Colled-coils direct assembly of a cold-activated TRP channel

A conserved C-terminal domain is required for TRPM8 function

By using a coiled-coil prediction algorithm (Lupas et al., 1991), we identified a

domain with a high coiled-coil probability at the extreme C-terminus (residues

1064-1104) of TRPM8. Display of this sequence on a coiled-coil helical wheel

diagram shows that the predicted ‘a’ and ‘d’ core positions correspond

predominantly to hydrophobic residues. In striking contrast, the other positions

(‘b’, ‘c’, ‘e’, ‘f' and 'g') are occupied almost entirely by polar or charged amino

acids (Figure 1A). Comparison with other members of the TRPM subfamily

indicates that all family members posses a similar C-terminal coiled-coil at a

conserved location in the primary sequence that is 88-120 residues C-terminal to

the last putative transmembrane domain, S6 (Figure 1B). We also identified a

second a potential coiled-coil within the N-terminal cytoplasmic domain of

TRPM8. Both N-and C-terminal coiled-coils are found in several TRPM8

Orthologues, including the rat, mouse, chick, and human channels. However, the

N-terminal coil had a much weaker coiled-coil score compared to the C-terminal

domain (40% probability vs. 96% probability for the C-terminal coil) and, unlike

the C-terminal coil, was not well conserved among other TRPM family members.

Thus, we focused our attention on the C-terminal coil.
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To investigate the functional significance of the putative C-terminal coiled-coil, we

expressed a TRPM8 mutant lacking this region (TRPM8Acc) in Xenopus oocytes

and examined its sensitivity to thermal and chemical stimuli. Voltage-clamped

oocytes expressing TRPM8Acc did not respond to the TRPM8 agonists cold

(6°C) or menthol (500 pm), whereas, cells expressing wild-type channels showed

robust inward currents to either stimulus (Figure 2A). Similar results were

obtained with transfected mammalian (HEK293T) cells using calcium imaging to

assay for channel function (Figure 2A - C). To control for possible differences in

channel expression, we compared TRPM8 levels by Western blots against the

total protein from injected oocytes or transfected HEK293T cells. These

experiments showed that the coiled-coil deletion construct TRPM8Acc was not

expressed in either cell type and provide a clear explanation for the lack of

functional responses (Figure 2D). The absence of TRPM8Acc protein indicates

that the predicted C-terminal coiled-coil region is required for stable channel

expression.

The putative colled-coll region is sufficient for tetrameric self-assembly

Coiled-coil domains often mediate homomeric protein interactions (Lupas and

Gruber, 2005). Therefore, we asked whether the putative TRPM8 coiled-coil

could function as an autonomously folded assembly domain. We expressed and

purified a fusion protein in which this domain formed the C-terminal domain of a
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protein that contained in sequence, Hiss, Maltose Binding Protein, and a specific

protease site (termed ‘HMT’, see Methods), to make the protein HMT-1055cc.

Purified HMT-1055cc eluted from a gel filtration column with an apparent

molecular weight of ~250 kDa. This observed molecular weight is significantly

larger than the size predicted for a monomer (50.5 kDa) (Figure 3A) and

indicates that the coiled-coil domain can self-assemble into a complex of discrete

size. Gel filtration experiments with the purified coiled-coil (1055cc) (monomer

molecular weight, 6.1 kDa) gave a peak that migrated as a ~22kDa protein and

suggest that the coiled-coil domain is tetrameric (Figure 3B).

The relationship between molecular weight and elution volume in gel filtration

experiments relies on a good correspondence between the hydrodynamic

properties of the protein standards and the test protein. Because our gel filtration

experiments were calibrated with globular protein standards, the resulting

standard curve might not provide the appropriate metric for determining the

accurate molecular weight of a protein with an elongated structure such as a

coiled-coil complex. Therefore, we used equilibrium sedimentation experiments,

which are not susceptible to the features of protein shape (Laue, 1995), to make

a precise measurement of the multimerization state of the purified 1055cc

peptide. The equilibrium sedimentation behavior of 1055cc was similar over a

range of test protein concentrations, rotor speeds, salt concentrations, and

wavelengths of detection. The data could be described accurately by a single

species fit that had random residuals (Figure 3C) and show that the molecular
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weight of 1055cc is 24.6 kDa. This value is four-times the expected mass of a

1055cc monomer (Table 1). These data provide definitive proof that the putative

TRMP8 coiled-coil self-assembles into tetramers that mirrors the expected

stoichiometry of TRP channels.

To examine the secondary structure of 1055cc, we used circular dichroism (CD)

experiments. The CD spectrum of 1055cc displays prominent double minima at

208 and 222 nm. These are the characteristic features of an O-helix and are

consistent with formation of a coiled-coil (Figure 3D). Examination of the CD

signal at 222 nm over a range of temperatures (between 4°C and 80°C) showed

that the peptide is quite stable (Trn -60°C). Moreover, the thermal denaturation

was completely reversible (Figure 3D, inset), consistent with the ability of this

domain to fold autonomously. Together with the equilibrium sedimentation

experiments, these data strongly suggest that the C-terminal cytoplasmic domain

(residue numbers 1055-1104) folds as a four-stranded coiled-coil.

A membrane-tethered colled-coil domain efficiently inhibits channel

function and assembly

The only other well-characterized assembly domain for the voltage-gated ion

channel superfamily is the N-terminal T1 domain of Kv potassium channels

(Deutsch, 2002). These isolated domains are capable of causing a dominant
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negative effect on the expression Kv channel currents when co-expressed with

full length Kv channels (Babila et al., 1994; Li et al., 1992; Shen and Pfaffinger,

1995). As our biochemical experiments demonstrated that the TRPM8 coiled-coil

domain folds autonomously, we asked whether it could disrupt TRPM8 function

through a similar dominant negative mechanism. We measured menthol-evoked

currents from Xenopus oocytes injected with TRPM8 RNA and RNA encoding

HMT, HMT-1055cc, or an HMT coiled-coil fusion that included seven additional

N-terminal residues (HMT-1048cc). Responses to menthol in both HMT-1055cc

and HMT-1048cc injected oocytes varied greatly from cell to cell (not shown).

We also found that expression of a coiled-coil construct tagged with the FLAG

epitope (Hopp et al., 1988) (FLAG-1048cc) had little effect on menthol-evoked

responses in transfected HEK293T as measured by calcium imaging (Figure 4A).

We reasoned that the inability of HMT- and FLAG-tagged constructs to interfere

with TRPM8 activity might be due to a low local concentration of these soluble

fusion proteins in the vicinity of the membrane. Consistent with this hypothesis,

HEK293T cells transfected with a higher ratio of FLAG-1048cc to TRPM8

plasmid DNA (10:1) showed a slight, but significant (p = 6 x 10°) decrease in

menthol-evoked responses (not shown).

To raise the effective concentration (Jencks, 1987) of 1048cc in the proximity of

TRPM8 channels, we constructed a transmembrane-tethered coiled-coil fusion

protein in which the TRPM8 coiled-coil was located C-terminal to the

transmembrane domain of CD8 (1048 CD8) (Figure 4B). Co-expression of 1048
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CD8 with TRPM8 decreased the average TRPM8 response by 35+ 6% (n = 120

140 cells) (Figure 4C and D). Furthermore, inhibition was dose-dependent, as

changing the amount of transfected 1048 CD8 affected the TRPM8 responses in

the expected manner (Figure 4E). To evaluate specificity further, cells were also

co-transfected with plasmid encoding the capsaicin receptor, TRPV1.

Expression of 1048 CD8 had no effect on capsaicin-evoked responses and

demonstrates that the dominant-negative action of the TRPM8 coiled-coil is

specific for TRPM8 channels. We also examined the effects of an unrelated

coiled-coil (GCN4-LI) on TRPM8 responses. This coiled-coil forms parallel

tetramers (Harbury et al., 1993), and when expressed as a transmembrane

fusion (LZ CD8) produced no decrement in menthol-evoked responses. Similar

results were obtained in Xenopus oocytes (Figure 4F and G). These data

suggest that inhibition of TRPM8 by 1048 CD8 is not due to the presence of a

coiled-coil sequence per se, but rather, relies on a specific interaction with

TRPM8.

In addition to anchoring the TRPM8 coiled-coil to cell membranes via a

transmembrane tether, FLAG-1048cc was modified with a 15-residue sequence

derived from the N-terminus of Goi2 containing myristoylation and palmitoylation

sites that target Goi2 to the plasma membrane (Thiyagarajan et al., 2002). Using

two-electrode voltage clamp analysis in Xenopus oocytes, we found that oi

anchored coils behave identically to the transmembrane tethered coiled-coils.

Specifically, co-expression of this construct (oi-1048cc) with TRPM8 resulted in a
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substantial decrease (57 + 6%, n= 9-12 cells) in the average TRPM8 menthol

evoked responses (Figure 5A and B). In contrast, inclusion of the coil of

unrelated sequence (oi-LZ) led to currents similar to the control oocytes (13 +

14% increase, n = 7-9 cells) (Figure 5A and B). To test whether the dominant

negative effects depended on the particularities of the cell type, we performed

similar experiments in transfected HEK293T cells. Averaged responses to

menthol were decreased by 44 + 7% (n = 100-120 cells) when oi-1048cc was

co-transfected with TRPM8, and oi-LZ had no significant effect (3 + 6% increase,

n=120-190 cells) on either TRPM8 or TRPV1 function (Figure 5C). Thus, the

dominant-negative effects appear to arise from the specific action of the TRPM8

coiled-coil assembly domain.

Western blots of lysates from TRPM8 transfected HEK293T cells show that the

TRPM8 protein runs as two distinct species. In cells co-expressing oi-1048cc

and TRPM8, there was a noticeable and preferential decrease in the higher

molecular weight species (Figure 4D). We asked whether this change was due

to loss of a differentially glycosylated species. Treatment of lysates with PNGase

to remove N-linked glycosylation selectively reduced the amount of the higher

molecular weight species, indicating that the lower band corresponds to

unglycosylated TRPM8. Cells co-expressing oi-1048cc produced only the

unglycosylated species, consistent with inhibition of channel assembly at a stage

in the secretory transport preceding the Golgi (Nagaya and Papazian, 1997).

2.
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Colled-coil interface positions are required for channel function

A key feature of coiled-coils is a hydrophobic core formed by the 'a' and ‘d'

positions of each strand. To address the importance of these predicted core

residues in mediating TRPM8 subunit-subunit interactions, we generated alanine

point mutations at two sets of 'a' and 'd' pairs (Figure 6A). Introduction of these

mutations into full-length TRPM8 (TRPM8 ccFL and TRPM8 ccLI), resulted in

non-functional channels as deduced by lack of menthol responses in transfected

HEK293T cells (Figure 6B). In contrast to the C-terminal deletion mutant

(TRPM8Acc), these mutants could be detected by Western blotting, albeit only in

the unglycosylated form (data not shown). These results suggest that the mutant

protein is produced and is stable, but is retained within the endoplasmic

reticulum. This behavior parallels that observed in dominant-negative inhibition

by the membrane tethered coiled-coil.

Based on the presumption that the coiled-coil core mutations disrupt channel

function by preventing tetrameric assembly, we asked whether HMT fusion

proteins of these two mutated coils (HMT 1048FL and HMT 1048LI) were

similarly defective in their ability to assemble. Gel filtration analysis showed

lower apparent molecular weights for these mutants (68 kDa and 72 kDa,

respectively) in comparison to the HMT1048 wild-type control (~260 kDa

species)(Figure 6C). The marked difference is consistent with the mutated coils
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behaving as monomeric species and supports the idea that the mutations

prevent coiled-coil assembly.

We next asked whether the FL and Ll mutations are sufficient to prevent the

dominant-negative effect of the isolated coiled-coil on TRPM8. To carry out

these experiments, 1048FL and 1048Ll mutations were expressed in the context

of membrane-anchored (oi-1048FL and oi-1048LI) or integral membrane

(1048FL CD8 and 1048Ll CD8) fusions. As expected, neither oi-1048FL,

oi-1048Ll, or 1048FL CD8 acted as dominant-negative inhibitors of the functional

expression of TRPM8 in HEK293T cells (Figure 6D and E). Similarly, oi-1048FL

had no effect on menthol-evoked currents in TRPM8-expressing Xenopus

oocytes (Figure 6F and G). Interestingly, 1048Ll CD8 did inhibit menthol-evoked

responses in TRPM8-expressing HEK293T cells (Figure 6D and E). This

difference may reflect the relative position of the Ll mutations within the

coiled-coil. These two residues are located at the end of the predicted coil where

substitution may be more easily tolerated. In addition, the greater efficiency of

the CD8 transmembrane domain as a membrane anchor may facilitate weak

binding to support the observed dominant-negative activity.

Identification of a TRPM8-interacting protein

To search for potential cytoplasmic proteins that interact with the TRPM8 N- and

C-termini, we performed a yeast-two-hybrid selection screen. Previously in the

lab, a cDNA library was constructed from rat dorsal root ganglia (DRG) tissue,
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using the LexA system. In this system, amplified cDNA clones are fused to an

activation domain, and an interaction between these clones with a LexA fusion

results in transcription of two different selection markers, LEU2 and lacz. LexA

fusions with both of the TRPM8 cytoplasmic domains were constructed and

transformed with the DRG cDNA library into the EGY38 strain containing a lacz

reporter plasmid. One of the clones that we isolated for positive interaction with

the C-terminus of TRPM8 (C-M8) was identified as BLOS2 (Starcevic and

Dell'Angelica, 2004), which we refer to as Small Little Protein (SLP). To

investigate the physiological importance of this interaction, we looked for

alteration of TRPM8 responses when SLP was co-expressed with the channel in

HEK293T cells. Unfortunately, we have been unable to detect any significant

difference in TRPM8 response properties, including activation by menthol, cold

buffer, and icilin. Interestingly, the C-terminus of SLP appears to contain a

Coiled-coil and we wondered whether the SLP Coil binds to the Coil of TRPM8. A

directed two-hybrid experiment was done with multiple combinations of LexA and

activation domain fusions, and growth was monitored under selective pressure.

We observed interactions between C-M8 with the TRPM8 coiled-coil (C-M8b)

and with both halves of SLP (SLPa and SLPb) (Figure 8). Additionally, the SLPb

appears to homomultimerize, presumably via a coiled-coil interaction. Currently,

we have not characterized the association of SLP with TRPM8 further and have

not confirmed this interaction by other biochemical methods.
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Structural studies of the TRPM8 coiled coil

We have shown that the coiled coil domain in the C-terminus of TRPM8 is

required for proper channel assembly and function. To further investigate the

protein-protein interactions involved in the tetramerization of this domain, we

attempted to solve the structure of the coiled-coil using x-ray crystallography.

Additionally, a three-dimensional structure would allow us to confirm that the

domain does assemble as a coiled-coil. We screened through several sets of

crystallization conditions with 1055cc but were unable to detect formation of

reproducible protein crystals. 96 well trays of sitting drops were set with 1055cc,

using various crystal screens from Hampton, Emerald BioSystems, and Fluidigm.

The inability to find crystallization conditions for 1055cc led us to consider

whether this construct was appropriate for crystallographic studies. In order to

achieve formation of useful protein crystals, 1055cc must form an ordered

structural unit that can be repeated throughout the crystal. Regions within the

peptide that are not involved in stabilized contacts may disrupt crystal formation

due to excessive movement in solution. As an alternative to x-ray

crystallography, we attempted to acquire further structural information about

1055cc using nuclear magnetic resonance (NMR) spectroscopy. This method

does not require formation of crystals, as measurements are made with a peptide
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in an aqueous solution. We produced "N-labeled 1055cc ("N-1055cc) by growth

in minimal media supplemented with "N-ammonium sulfate (Studier, 2005). In

collaboration with Mark Kelly, we gathered an HSQC spectrum from "N-1055cc

(Figures 9 and 10). From this it appeared that the peptide was predominantly

helical, but specific amino acid assignments cannot be made from this spectrum

alone. We next attempted to identify interacting residues in a TOCSY

experiment, but the signal-to-noise with "N-1055cc was not very good and was

not pursued further.

Discussion

All voltage-gated cation channel superfamily pore-forming subunits, with the

exceptions of voltage-gated sodium and calcium channel o-subunits, assemble

into multimeric complexes to form the ion conduction pathway (Hille, 2001). In

order for the protein chains to associate following polypeptide synthesis, the

primary sequence must encode determinants that direct subunit assembly and

specify whether the subunits assemble as homomeric or heteromeric channel

complexes. Despite the generality of this problem, the mechanisms that govern

channel assembly are well understood in only one case, that of Kv channels.

These voltage-gated potassium channels bear an N-terminal domain, known as

T1, that functions as an autonomously folded assembly and specificity domain
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(Bixby et al., 1999; Kreusch et al., 1998; Li et al., 1992; Shen and Pfaffinger,

1995). Eukaryotic proteins are commonly composed of modular protein domains

with distinct functions (Copley et al., 2002). The T1 example suggests that ion

channel proteins exploit such modularity as one solution to the channel assembly

problem.

Although the T1 domain provides a modular assembly unit that is compatible with

the transmembrane architecture shared by voltage-gated ion channel superfamily

members, no other channels have T1 domain (Hille, 2001). Distinct domains that

are critical for channel assembly and that bear features of coiled-coil motifs

(Jenke et al., 2003; Kanki et al., 2004; Zhong et al., 2003) have been identified in

the C-terminal cytoplasmic tails of a number of voltage-gate cation channel

superfamily members including: KCNO (Kv7) channels (Schmitt et al., 2000;

Schwake et al., 2003), cyclic nucleotide gated channels (Zhong et al., 2003;

Zhong et al., 2002), and Eag potassium channels (Jenke et al., 2003; Ludwig et

al., 1997). The exact details of how such domains might direct assembly and

determine subunit assembly preferences remain unclear.

TRP channels are the largest, most diverse channel family in the voltage-gated

cation channel superfamily (Clapham, 2003). Biochemical and physiological

studies suggest that TRP channel family members form homomeric (Hoenderop

et al., 2003; Kedei et al., 2001) or heteromeric complexes depending on the

subunit types (Gillo et al., 1996; Hellwig et al., 2005; Schaefer, 2005; Strubing et

al., 2001; Strubing et al., 2003; Xu et al., 2000). To date, the mechanisms that

.
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direct TRP channel assembly and determine the specificity of TRP subunit

interactions are not clearly elucidated. A number of cytoplasmic domains have

been suggested to play a role in assembly, including ankyrin repeats (Erler et al.,

2004) and coiled-coil regions (Engelke et al., 2002). However, evidence

supporting the involvement of any single motif in TRP channel biogenesis has

rested largely on mutational studies that abrogate channel assembly without

direct characterization of the relevant biochemical properties of these domains.

Our identification and characterization of an autonomously folded C-terminal

coiled-coil in TRPM8 that functions as an authentic tetramerization domain

establishes a mechanism by which channels use coiled-coils to direct assembly.

The presence of similar domains in other superfamily members suggests that

coiled-coils are likely to direct channel assembly in other cases and are likely to

particularly important for TRPMs where the C-terminal coiled-coil is conserved

among all members of this subclass (Figure 1).

TRPM8 is thought to function as a homomeric complex. The tetrameric

stoichiometry of the coiled-coil motif indicates that, similar to other superfamily

members (Hille, 2001), TRPM channels are tetramers. While it is clear that the

TRPM8 coiled-coil is an assembly domain, we do not yet know whether this

domain fosters formation of homomers by excluding interactions with other

TRPM subtypes or if additional determinants within the channel sequence are

required.

Coiled-coils are among the best-understood protein architectural motifs (Cohen

and Parry, 1990; Crick, 1953; Lupas, 1996) and are found throughout biology in
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diverse types of proteins that include structural proteins, motor proteins,

transcription factors, membrane fusion proteins, G-proteins, and G-protein

coupled receptors (Lupas and Gruber, 2005). The coiled-coil architecture

consists of bundles of two or more o-helices in which each helix is wrapped

around a central superhelical axis. The superhelical twist maximizes the contact

surface area between the helices within the bundle and results in a change in the

standard helical pitch from 3.6 to 3.5 residues per turn. Consequently, coiled-coil

sequences contain a characteristic heptad repeat, designated (abcdefg)n, that

spans two full helical turns. Amino acids at the 'a' and ‘d' positions are

predominantly hydrophobic and comprise the main, buried interfacial positions of

the structure. The remaining positions are generally charged or polar and

solvent exposed (Cohen and Parry, 1990; Lupas, 1996; Lupas and Gruber,

2005).

Examination of TRPM coiled-coil sequences shows substantial variability at both

the core, ‘a’ and 'd' positions and the flanking ‘e’ and 'g' positions. Studies of

designed coiled-coils have demonstrated the importance of amino acid identity at

'a' and 'd' positions for specifying the number of strands in the coil (Harbury et

al., 1993); but how natural variation at these positions might affect homomeric or

heteromeric preferences among tetramer strands is unknown. The ‘e’ and ‘g'

positions can be buried substantially in the four-stranded coil (Harbury et al.,

1993). In dimeric and trimeric coiled-coils there is good evidence that charge

pairing between ‘e’ and 'g' positions of adjacent strands plays important roles in

assembly, specificity, and stabilty (Lupas and Gruber, 2005; Woolfson, 2005).
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The observation that ‘b’ and ‘c’ positions can make interstrand contacts in

coiled-coil tetramers demonstrates that other heptad positions can make

interactions between bundle protomers as the number of strands increases

(Harbury et al., 1993). Presently, no systematic studies been done to examine

how interactions among these other heptad positions might contribute to

specificity in tetramers. It seems plausilbe that the determinants that encode

homotetramer or heterotetramer preferences for a given strand might lie in a

combination of central (‘a’ and ‘d') and peripheral amino acids (‘e’, ‘g’, ‘b’, ‘c’).

The sequence diversity among the TRPM coiled-coils may provide an opportunity

to address this question.

It is interesting that the majority of putative voltage-gated superfamily channel

assembly domains are C-terminal rather than N-terminal. In the Kv channel

case, synthesis of the T1 assembly module precedes that of the pore-forming

components. Tetramers of nascent channels assemble before the entire

polypeptide chain is made and incorporated into the membrane (Deutsch, 2002;

Lu et al., 2001; Robinson and Deutsch, 2005; Schulteis et al., 1998). In the case

of a C-terminally located assembly domain the temporal order of assembly must

be very different. There is presently little information with regard to how this

process might proceed. Modifications of the coiled-coil assembly domain or

expression of the dominant-negative assembly module may prove useful for

dissecting this question.
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Structural studies have shown that ion channel subunits engage in extensive

protein-protein contacts over a large surface area (Long et al., 2005). Although a

single assembly domain may contribute significantly to assembly, it will comprise

only a portion of the final total interaction surface between channel monomers.

One mechanistic possibility for the utility of distinct assembly domains is that they

serve as the critical point of contact that directs specificity and stoichiometry.

Once subunits are brought together during early stages of secretory transport

subsequent interactions in the remainder of the complex lead to maturation of the

final channel structure. In support of this idea, studies of Kv voltage-gated

potassium channel have shown that tetramerization directed by the N-terminal T1

domain is a distinct and early event that occurs in the endoplasmic reticulum

before other inter-subunit associations are initiated (Nagaya and Papazian, 1997;

Schulteis et al., 1998). In the case of very high levels of expression, deletion of

T1 does not completely prevent Kv channel formation (Kobertz and Miller, 1999;

Zerangue et al., 2000) and demonstrates that under some conditions other

interaction surfaces can support formation of channels, albeit less efficiently.

We found that point mutations in core residues of the TRPM8 coiled-coil lead to

accumulation of underglycosylated channel protein. This block in channel

maturation is consistent with a failure to move out of the endoplasmic reticulum

and reach the late Golgi (Nagaya and Papazian, 1997). Thus, even though it is

the final part of the protein that is made by the ribosome, the coiled-coil domain

appears required at the initiation of subunit-subunit interactions (Figure 7) in a

:
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way that is similar to the role of T1 in Kv channel biogenesis. However, unlike

the Kv channel case, deletion of the TRPM8 assembly domain completely

abrogated channel formation. Similar effects of C-terminal coiled-coil deletions

have been reported for Eag channels (Jenke et al., 2003). Furthermore, when

we attempted to replace the TRPM8 coiled-coil with a designed tetrameric

coiled-coil (GCN4-pll), we were unable to restore channel function. This result

also differs from Kv channel protein engineering experiments in which the same

designed tetrameric coiled-coil could replace the role of the T1 domain in

promoting channel assembly (Minor et al., 2000; Zerangue et al., 2000). The

observation that the TRPM8 coiled-coil cannot be swapped with a designed

tetrameric coiled-coil that should have very similar dimensions and overall

architecture suggests that the TRPM8 coiled-coil participates in other subunit

subunit interactions that are critical for channel folding and maturation.

lon channels associate with a wide range of cellular proteins that act as

modulatory factors and that couple channel activity to cellular signaling

networks (Hille, 2001). There is increasing evidence that pre-organized

complexes of the components of such networks form dedicated signaling

supramolecular entities (Davare et al., 2001; Hille, 2001). The scaffolding

platforms that organize these complexes and keep the components in close

proximity are just beginning to be defined for channels in the voltage-gated cation

channel superfamily. Drosophila TRP exists in a large 'signalplex' or

‘transducisome' at the plasma membrane that includes close association with

º

*

*

º

º
º l

*
* -

*-

36



calmodulin and PLCB. This complex is organized by the direct binding of the

scaffolding protein Inad to TRP via a dedicated PDZ binding domain on the

channel (Chevesich et al., 1997; Li and Montell, 2000; Tsunoda and Zuker,

1999). The protein complex that controls B adrenergic receptor modulation of

cardiac lºs channels provides a second example of the importance of

supramolecular complexes for channel regulation. Here, the C-terminal

coiled-coil domain of KCNO1 that is also implicated in subunit-subunit assembly

(Jenke et al., 2003) interacts with the scaffolding protein yotiao to recruit both

protein kinase A and protein phosphatase 1 to the channel (Marx et al., 2002).

This example suggests that coiled-coils may play multiple roles in formation of

functional channel complexes. It seems likely that there could be a similar case

for TRPM8, where the coiled-coil tetramer could form a site for interaction with

other proteins required for regulation of channel activity.

Our data identify an autonomously folded assembly domain that is conserved

throughout the TRPM subfamily and that appears related to other C-terminal

voltage-gated ion channel assembly domains. Structural analysis of this region

will better define the atomic interactions that are required for proper channel

assembly.
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METHODS

Plasmid Construction

cDNA sequences for the coiled-coil of rat TRPM8 (aa 1055-1104 or 1048-1104)

were amplified by PCR and ligated into the Narl/Xhol sites of a pBT27(Novagen)

derived vector (pSV272) denoted ‘HMT’ (Van Petegem et al., 2004) that contains

in sequence, a Hiss-tag, maltose binding protein (MBP), and a cleavage site for

the Tobacco Etch Virus protease (TEV) to produce HMT fusion proteins or into

BamhI/Xhol sites of pcDNA3-based vectors (Invitrogen) for expression in

Xenopus oocytes and HEK 293T cells. CD8 fusions contain a FLAG epitope and

thrombin receptor (PAR-1) ECD on the N-terminal side of the CD8

transmembrane domain, with coiled-coils at the C-terminal (intracellular) end of

the TM. Lipid modified coiled-coil constructs were made by insertion of annealed

oligos representing two repeats of amino acids 1-15 of G.I. LZ coiled-coils were

amplified by PCR from a template containing the artificial plgene (Kv1.2 LZ)

(Minor et al., 2000). Point mutations were made using mutated oligo extension

from wildtype templates. Primers containing alanine mutations were extended

from template plasmid with Pfu Turbo Polymerase (Stratagene). Wildtype DNA

was digested with Dpnl (New England Biolabs) and intact plasmids were

transformed into XL1 Blue cells. The full-length TRPM8 sequence was

subcloned into pcDNA3 with a hemaglutinin (HA) epitope tage on the N-terminus.
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Protein expression and purification

HMT fusion proteins were expressed in BL21(DE3) RIL grown in LB media at

37°C and induced with 1mM IPTG for 3hr. Cells were harvested by

centrifugation at 5,000 x g for 15 minutes at 4°C and cell pellets were frozen at

-20°C. Thawed cell pellets were lysed by sonication in 300 mM NaCl, 10 mM

imidazole, 50 mM NaPO, pH 8.0. Insoluble material precipitated by

centrifugation for 20 minutes at 12,000xg at 4°C. The resulting soluble fraction,

which contained the Hiss-tagged protein, was applied to a Ni-NTA column

(Qiagen), washed with 300mM NaCl, 50mM imidazole, 50mM NaPO, pH 8.0,

and eluted in 300 mM NaCl, 400 mM imidazole, 50mM NaPO, pH 8.0. Protein

was dialyzed in 15,000 MWCO tubing (Spectrapor) against a low ionic strength

buffer (10 mM NaCl 20 mM NaPO, pH 8.0), followed by purification on a

SOURCE Q column (Amersham Biosciences) using a linear gradient elution to

500mM NaCl in the same buffer. For experiments using purified coiled-coil

peptide, protein was dialyzed with Hiss-TEV protease (Van Petegem et al., 2004)

at room temperature for 2 hours. After digestion, the reaction was passed over

Fast Flow Q resin (Amersham Biosciences) to remove bound MBP and the flow

through was run over Ni-NTA resin. The column was washed with 300mM NaCl,

50mM NaPO, pH 8.0, and the coiled-coil was purified from the Hiss-TEV by

elution in 300 mM NaCl, 20 mM imidazole, 50 mM NaPO, pH 8.0. Resulting

purified peptide was dialyzed into 100 mM or 200 mM NaCl, 10 mM NaAcetate,

pH 5.0.
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Size Exclusion Chromatography

Gel filtration with HMT fusion proteins was performed at 4°C using a Superdex

200 HR 10/30 column (Amersham Biosciences) in a buffer containing 200 mM

NaCl, 20 mM Tris, pH 8.0. Gel filtration experiments on purified TRPM8 coiled

coils used a Superdex 75 HR 10/30 column run in a buffer containing 200 mM

NaCl, 10mM MES, pH 5.5, at 4°C. Gel Filtration calibration standards

(Amersham Biosciences) were used to generate a standard curve for each

column. The linear equation fit to these standards was used to calculate the

experimental molecular weight of the samples based on the elution volumes.

Sedimentation Equilibrium Centrifugation

Analytical ultracentrifugation were performed using an XL-A ultracentrifuge

(Beckman Coulter). Protein samples in 100 mM or 200 mM NaCl, 10mM

NaAcetate, pH 5.0 were concentrated in 3,000 MWCO Amicon centrifugal

filtration devices (Millipore) and diluted to 200 pm, 100 puM, and 50 p.m. Peptide

concentration was determined by absorbance (Edelhoch, 1967). Data sets were

collected at 4°C using rotor speeds of 15000, 20000, and 27000 rpm.

Equilibrium was determined by absorbance scans at 280 nm every 2 hours until

3 sequential scans overlapped. Data were fit (ProFit) to the exponential equation

describing a single species:
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y = exp(InAo + ((1- Vp)(2no)*)/(2RT))-M" (xº-X,*)),

where Ao is the absorbance at Xo, V is the partial specific volume, p is the solvent

density, o is the angular velocity of the rotor, R is the universal gas constant, T is

the sample temperature, M is the calculated molecular mass, and Xo is the value

of the initial x position.

Circular Dichroism

Circular dichroism spectra were acquired with an Aviv Model 215

spectrapolarimter equipped with a peltier device. Preparation of peptide sample

was the same as for sedimentation equilibrium centrifugation. Wavelength scans

from 300 nm to 190 nm were taken in a 0.1 cm cuvette at 4°C. The thermal melt

was done with 2C* step sizes from 4°C to 80°C. After acquisition of a

wavelength scan at 80°C, the melt was reversed with 4C° step sizes back to 4°C.

Equilibration time at each temperature was 60s.

Calcium Imaging

HEK 293T cells were transfected with HA-tagged TRPM8, TRPV1, and indicated

coiled-coil constructs using Lipofectamine 2000 (Invitrogen). Unless noted

otherwise, plasmids were transfected at a ratio of 1:0.1:5 of TRPM8: TRPV1:

coiled-coil construct, with 0.4 pg TRPM8. One day after transfection, cells were

plated into chambered coverglass coated with poly-D-lysine and incubated at
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37°C, 5% CO2 for 3-5 hours. Cells were loaded with 10pm. Fura 2-AM (Molecular

Probes), 0.02% pluronic F-127 (Molecular Probes) in a 2 mM Ca” Ringer's

solution for one hour at room temperature, washed with 2 mM Ca” Ringer's, and

equilibrated in 200 pl. Agonist application was as follows: 200 pil of 200-500 pm

menthol (100-250 pm final) was added at the indicated timepoint followed by

200 plof 1pm capsaicin (0.33 pum final). Ratio data was logged from all

capsaicin-sensitive cells in the field (100-200 cells), averaged, and normalized to

the capsaicin response.

Oocyte Recording

Isolated Xenopus oocytes were microinjected with cFNA transcribed using the

Mmessage Mmachine kit (Ambion) from HA-tagged TRPM8, TRPV1, and

indicated coiled-coil templates. After surgical removal and defolliculation by

collagenase I (Worthington), cells were maintained at 17°C in ND96 (96 mM

NaCl, 2mm KCI, 1.8 mM CaCl, 1 mM MgCl2, 5 mM HEPES, pH 7.5). CRNA

concentration was determined by absorbance at 260nm, and was injected at a

ratio of 1:1:5 of HATRPM8: TRPV1: coiled-coil construct, with 5 ng HATRPM8,

unless indicated otherwise. Two-electrode voltage clamp recordings were done

in calcium-free ND96 (supplemented with 0.1 mM BaCl2) with oocytes held at

–60mV. Agonist solutions were prepared in calcium-free ND96 and perfused into

the bath at the indicated times. Recordings were made using a Geneclamp 500

amplifier (Axon Instruments) controlled by a PC and digitized with a Digidata
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1322A (Axon Instruments). Electrodes were filled with 3 M KCl and had

resistances between 0.5-1.0 MQ.

Western Blotting

HA TRPM8 was detected by western blotting by standard methods. Briefly, cell

lysates were separated by SDS-PAGE on 10% acrylamide gels and transferred

to Immobilon membrane (Millipore) on a semi-dry transfer apparatus (Bio-Rad).

Blots were blocked in 3% bovine serum albumin (BSA) in PBS + 0.05% Tween

20 (PBST) followed by incubation with an anti-HA antibody (Covance) in 3% BSA

in PBST. An HRP-coupled anti-mouse IgG antibody (Jackson ImmunoResearch)

was applied after washing in PBST. After secondary antibody incubation, blots

were washed in PBST followed by visualization with the Western Lightening

Chemiluminescence kit (PerkinElmer). For deglycosylation experiments, cell

lysates were incubated with PNGase F (New England Biolabs) at 37°C for one

hour before analysis by SDS-PAGE.

Yeast-Two-Hybrid

A DRG cDNA library was constructed previously in the lab by oligo-dT primed

cDNA sythesis followed by ligation in the activation domain vector, pB42AD

(Clontech). Prey vectors were constructed by PCR amplification of either the N

terminus or C-terminus of TRPM8, followed by restriction digest and ligation into

the LexA fusion vector, plexA (Clontech). plexA constructs were transformed
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into a yeast strain containing a lacz reporter, EGY48■ p8op-lacz), and were

subsequently transformed with the DRG library to represent 1.5 x 10°

independent clones. These colonies were replated onto selective media (CSM

His/Trp/Ura/Leu) and positive clones were isolated by transformation into the

KC8 bacterial strain as described by the manufacturer (Clontech).

Nuclear Magnetic Resonance

*N labeled 1055cc peptide was generated by bacterial growth in auto-inducing

minimal media supplemented with "N-ammonium sulfate as previously described

(Studier, 2005). Briefly, HMT-1055cc expressing BL21 (DE3)RIL cells were

grown at 37°C in P-5052 (50 mM Na2HPO, 50 mM KH,PO, 25 mM (*NH,),SO,

2 mM MgSO, 0.5% glycerol, 0.05% glucose, 0.2% lactose, 0.2x trace metals).

Cultures were harvested at an A600 of 4-5. Purification of "N-1055cc was

Carried out as described above.
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Figure Legends

Figure 1 TRPM channels contain a predicted coiled coil domain. (A) rat TRPM8

coiled coil diagramed on a helical wheel with positions ‘a’ through 'g' as

indicated. Amino acids are colored as follows: hydrophobic- black, basic- blue,

acidic- red, and polar- green. (B) Alignment of conserved mouse TRPM family

coiled coils. ‘a’ and 'd' coiled-coil positions are indicated.

Figure 2 C-terminal coiled coil is required for TRPM8 channel function and

expression. (A) Oocytes expressing TRPM8 (left) were subjected to a

temperature ramp (indicated in grey) and a saturating dose of menthol (500pm)

(indicated by the black bar). Responses to 500pm menthol and 1pm capsaicin in

TRPM8/TRPV1-expressing HEK293T cells (right) were measured by Fura-2AM

calcium imaging. (B) Treatments as in (A), but with cells expressing TRPM8Acc

(left) and TRPM8Acc/TRPV1 (right). (C) Calcium imaging traces normalized to

the maximal capsaicin response. Each trace is an average of all capsaicin

responsive cells in the field. (D) Western blots of the cell lysates of transfected

HEK293T cells (left) and injected Xenopus oocytes (right). Channels are

HA-tagged and the Westerns are immunoblotted with an anti-HA antibody.

Figure 3 The TRPM8 coiled-coil peptide forms tetramers. Gel filtration

chromatography of the HMT coiled-coil fusion (HMT 1055cc)(A) and the purified

coiled-coil peptide (1055cc) in (B) (green squares). Size standards are shown as
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grey circles, predicted monomers as open black circles, and predicted tetramers

as open black squares. (C) Analytical ultracentrifugation of the 1055cc peptide.

Data are shown for 100 pm 1055cc at 27000 rpm measured at 277 nm. Top

panel shows the collected data (black points), fitted data (black line), and curves

for predicted monomeric (red), dimeric (orange), trimeric (green), and tetrameric

(blue) single-species solutions. Residual errors of the data points from the fit are

shown in the bottom panel. (D) Circular dichroism spectra of 100 pm 1055cc

peptide at 4°C (black), at 80°C (blue), and at 4°C post-melt (grey). Inset shows

signal at 222 nm during the forward (black) and reverse (blue) temperature

denaturation experiments.

Figure 4 Transmembrane tethered TRPM8 coiled-coils act as dominant negative

inhibitors that specifically disrupt TRPM8 channel function. (A) Normalized

calcium imaging traces of TRPM8 (black) and TRPM8 + FLAG 1048cc (blue)

transfected HEK293T cells. (B) Schematic diagram of TRPM8 subunit

interaction with the membrane-tethered coiled coil (1048 CD8). TRPM8 coiled

coil (green) is C-terminal to the CD8 transmembrane domain (blue). This

construct also expresses a thrombin receptor ECD and a FLAG epitope (black)

on the extracellular side. (C) Rationmetric calcium imaging of TRPM8, TRPV1,

and indicated coiled-coils in HEK 293T cells. Menthol (500 pm) was applied

followed by capsaicin (1 pm). (D) Average ratios from cells in (C) normalized to

the maximal capsaicin response. Each trace is an average of all capsaicin
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responsive cells in multiple fields. (E) Normalized calcium imaging traces from

different ratios of transfected plasmids. +1x, +5x, and +10x represent a 1:1, 1:5,

and 1:10 ratio of TRPM8:1048 CD8, respectively. (F) Current traces from

injected oocytes with applications of menthol (500 pm) and capsaicin (1 pm). All

oocytes were co-injected with TRPM8 and TRPV. 4-1048 CD8 and +LZ CD8

injected oocytes also contain the indicated coiled-coil. 45x and +1x correspond

to a 1:5 and 1:1 ratio of TRPM8:1048 CD8 cFNA. (G) Maximal menthol currents

normalized to maximal capsaicin currents for increasing ratios of TRPM8:1048

CD8 CRNA.

Figure 5 Lipid-modified coiled-coil can functionally disrupt TRPM8 channel

assembly. (A) Oocyte traces from cells expressing TRPM8, TRPV1, and the

indicated oi-modified coiled-coil. Applications of menthol (500 pm) and capsaicin

(1 pm) are shown as black and grey bars, respectively. (B) Average responses

from oocytes in (A). Maximal menthol-evoked current were normalized to the

maximal capsaicin responses. The p-value for the difference between TRPM8

and +oi-1048 was 8.9 x 10°. (C) Normalized calcium imaging traces of TRPM8

(black), TRPM8 + o-i-LZ (grey), and TRPM8 + oi-1048 (green) transfected

HEK293T cells. Each trace is an average of all capsaicin sensitive cells in

multiple fields. (D) Western blot from cells in (C). HA-TRPM8 was detected with

an anti-HA antibody in both untreated cell lysates and lysates deglycosylated

with PNGase.
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Figure 6 Mutations in the core of the coiled-coil alter oligomerization and TRPM8

channel function. (A) TRPM8 coiled-coil sequence. Positions of ‘a’ and ‘d'

mutations are indicated, FL->AA (orange) and Ll-PAA (purple). (B) Normalized

calcium imaging traces from 250-300 capsaicin-sensitive cells. TRPM8-ccFL

and TRPM8-ccLI have the point mutations shown in (A). (C) Gel filtration of HMT

fusion proteins of the FL and Ll mutants. Wild-type coiled-coil (HMT-1048) is

shown in green for comparison. HMT-1048FL (orange) and HMT-1048Ll (purple)

both elute as monomers. (D) Normalized calcium imaging traces from HEK293T

cells co-transfected with CD8 fusions. Addition of 1048 CD8 (green) and 1048Ll

CD8TM (purple) both inhibit TRPM8, but 1048FL CD8TM (orange) has no effect

on TRPM8 function. (E) Normalized calcium imaging traces cells co-transfected

with oi fusions. Both mutants, oi-1048FL (orange) and oi-1048Ll (purple), are

ineffective at disrupting TRPM8 channels. (F) Oocyte current traces from

representative cells expressing TRPM8, TRPV1, and indicated oi fusions.

500 pm menthol and 1 pm capsaicin were perfused into the bath at the indicated

times. (G) Average maximal menthol responses normalized to maximal

capsaicin responses for oocytes in (F), p<0.001.
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Figure 7 Model of the steps in the assembly of functional TRPM8 channels.

Initially, TRPM8 monomer subunits are translated and inserted within the ER

membrane. Transmembrane segments are shown in purple, N-terminus in

orange, and the coiled-coil in green. 1. Assembly. The C-terminal coiled-coil

mediates subunit tetramerization of wild-type subunits. 2. Maturation and

trafficking. Properly assembled tetramers progress via the Golgi apparatus for

presentation on the plasma membrane. 3. Activation. Functional channels are

activated by appropriate agonists, leading to cation influx. When the coiled-coil is

mutated (shown in pink), TRPM8 monomers are unable to co-assemble, and

remain as under-glycosylated species in the ER. When lipid-modified (yellow)

TRPM8 coiled coils are co-expressed with the channel, they associate with

wildtype subunits, creating heteromeric assemblies that cannot progress out of

the ER.

Figure 8 Yeast-Two-Hybrid screen with the TRPM8 cytoplasmic domains. (A)

The constructs used in a directed two-hybrid screen are shown in a schematic

diagram. C-M8 represents the original “bait" construct used in the cDNA library

Screen, and SLP is the clone that was identified for interaction with C-M8. The

regions containing a coiled-coil motif are indicated with a sketched coil above.

(B) Growth of yeast containing positively interacting proteins on selective plates.

LexA fusions (shown on the horizonal axis) were co-transformed with the

activation domain fusions (shown on the vertical axis) and growth was monitored
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on selective media (CSM –His/Ura/Trp/Leu). Some interactions were robust and

growth occurred quickly (several days) and others were weaker (colonies after 1

2 weeks).

Figure 9 HSQC NMR spectra of "N-labeled 1055cc. An HSQC spectra taken

with "N-1055cc is consistent with a helical peptide.

Figure 10 HSQC NMR spectra of "N-105cc, full scale. Same experiment as in

Figure 9, but with axes at full scale.
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[1055cc] (uM) Observed molecular weight (kDa) Oligomeric state

50 25.9 + 1.5

100 24.9 + 0.3 4.1

200 23.0 + 0.3 3.8

Average: | 24.6 + 1.5 4.1

Table 1 Equilibrium Sedimentation of 1055cc. Several peptide concentrations,

detection wavelengths, and centrifugation speeds show that 1055cc is a

tetramer. Errors indicate standard deviations.
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Protein-protein interactions with the capsaicin receptor, TRPV1

Homomeric association of the cytoplasmic regions of TRPV1

In order to address the question of homomeric assembly of TRPV1, we

attempted to define a minimal region responsible for self-association. Since the

transmembrane domains of TRPV1 are both difficult to maintain in aqueous

solution and likely to form inter-subunit contacts within the hydrophobic plasma

membrane, we chose to focus our efforts on the cytoplasmic N- and C-termini of

the channel. Previously in the lab, the N-terminus of TRPV1 (residues 1 through

432) was used as the “bait" in a yeast-two-hybrid assay, and several clones were

identified as positive “preys", including a portion of the TRPV1 N-terminus. This

suggested that indeed, there were homomeric interactions within this cytoplasmic

region of the channel, and we chose to use a glutathione-S-transferase (GST)

pull-down assay (Frangioni and Neel, 1993) to define minimal regions for these

associations. We constructed several GST fusions representing regions of the

TRPV1 cytoplasmic domains (Figure 1A). Bacterially expressed GST fusion

proteins were incubated with TRPV1-expressing HEK293T cell lysates and

complexes were purified on glutathione agarose resin. TRPV1 channels that co

purified with the GST fusions were detected by Western blotting. We confirmed

that the GST fusion of the N-terminus of TRPV1 (GST N-TRPV1) was sufficient

to pull down full length TRPV1 specifically, with no significant amount of TRPV1

~
-
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bound to GST alone (Figure 1B). While the first 50 amino acids (GST (1-50))

were unable to pull down the channel, residues 50 to 200 (GST (50-200)) were

sufficient for interaction with TRPV1, and the region was narrowed down further

to residues 100 to 200 (GST (100-200)) (Figure 1B). We divided this 100 amino

acid region into two separate GST fusions, GST (100-150) and GST (150-200),

and assayed for TRPV1 binding to these proteins. Both of these smaller fusions

were capable of binding to the full length channel (not shown), suggesting that

there are multiple contacts between subunits in this region. While it is not

surprising to find that associations of TRPV1 subunits are spread over many

resides, this assay does not allow for straightforward identification of a minimal

binding domain.

In addition to the homomeric N-terminal interaction within TRPV1, we also asked

if there were interactions between the N-terminus and the C-terminus of the

channel. A GST fusion protein of the TRPV1 C-terminus (GST C TRPV1) was

sufficient for detection of a specific interaction with Hiss-N TRPV1 (FIG 1c). This

result further supports the notion that the cytoplasmic termini of TRPV1 associate

with one another to form a larger complex beneath the plasma membrane. While

the interaction between N-termini implies inter-subunit contacts, we are unable to

differentiate between inter- and intra-molecular interactions of the N-terminus and

C-terminus and further work would be required to explore these possibilities.
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Putative TRPV1 structural elements—ankyrin repeats and colled coils

Within TRPV1, there are several putative ankyrin repeats comprising a significant

portion of the cytoplasmic N-terminus. To address the importance of ankyrin

repeats in TRPV1 channel function, we attempted to express the repeats for use

in pulldown assays and co-immunoprecipitations. Previously, three ankyrin

repeats were identified in TRPV1 by predictive algorithms, located at amino acids

200-232, 246-279, and 331-364 (Caterina et al., 1997). Upon closer

investigation, it appears that two additional ankyrin repeats may be present in the

N-terminus of the channel at positions 151-183 and 281-322 (Figure 2A),

although none of these regions form proven ankyrin repeat structures. We

noticed that in the 4" repeat, residues 281-322, there appears to be a 9 amino

acid insertion that is conserved among all TRPV subfamily members. How this

insertion affects the formation and folding of the ankyrin repeat and/or the binding

of this region to other proteins remains to be determined.

Initially, we attempted to use bacterial systems to express the ankyrin repeats.

Constructs of various lengths and boundaries were designed and expressed with

various epitope tags (Hiss-, GST-, and untagged) and in several bacterial strains

(BL21 (DE3)RIL, C41(DE3)RIL, and C43(DE3)RIL). When cell lysates were

analyzed by SDS-PAGE, we found that all of the ankyrin repeat constructs

remained in the insoluble fraction when subjected to centrifugation at 10,000xg.

In one case, six ankyrin repeat constructs were made with N-terminal Hiss
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epitopes (Figure 2B) and while all were expressed, they remained in the

insoluble pellet (Figure 2C). The insolubility of these constructs suggests that the

recombinantly expressed proteins form inclusion bodies, which are indicative of

unfolded or misfolded proteins. To circumvent the problems associated with

bacterial expression of eukaryotic gene products, we chose to co-express larger

ankyrin repeat-containing constructs (Figure 3A) with full length TRPV1 in

HEK293 cells and assay for interaction by co-immunoprecipitation. Lysates

were immunoprecipitated with an antibody against the HA epitope to pull out

ankyrin repeat constructs, and co-precipitated TRPV1 was detected by Western

blotting. Of the seven constructs, only two (HA 121-393 and HA 121-432) did

not efficiently pull down TRPV1, while the remaining five (HA 1-180, HA 108-393,

HA 108-432, HA 190-393, and HA 190-432) were capable of co

immunoprecipitating the full length channel (Figure 3B). Similar to the previous

GST pull down assays, these experiments further support the proposal of

multiple inter-subunit contacts, although co-immunoprecipitations will not allow

for confirmation of direct interactions between these ankyrin repeats. In light of

our success using HMT fusions to express small portions of TRPM8 in bacteria,

we may find HMT fusions to the TRPV1 ankyrin repeats that will allow for large

scale expression and purification of these domains for additional pulldowns and

Structural Studies.
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In addition to the ankyrin repeats, both the N- and C-terminal cytoplasmic regions

of TRPV1 are also predicted to contain a coiled coil. Predictive algorithms scored

two regions of TRPV1 with high probability for coiled coil formation: one in the N

terminus from residues 122 to 150, and the other in the C-terminus from residues

685 to 713 (Lupas et al., 1991). These are both rather short sequences, as they

would only form 3-4 helical turns each, but algorithms can not determine the

precise boundaries of the domain, nor can they predict how the coiled coil may

be stabilized by additional protein-protein interactions. Because we have

already shown that a coiled coil is required for TRPM8 subunit association, we

used mutational analysis to address the function of these domains in TRPV1

channel expression and function. We constructed both a deletion construct

(TRPV1 NAcc) and point mutants (TRPV1 Ncc1 and TRPV1 NCC2) in order to

examine the role of the N-terminal coiled coil in TRPV1 function (Figure 4A).

Transcribed cFNA encoding these mutated channels was injected into Xenopus

oocytes and agonist sensitivity was examined by two-electrode voltage clamp

recording. While oocytes expressing wild type TRPV1 showed inward currents in

response to 10p1N■ capsaicin and warm temperature, all three mutant channels

exhibited significantly reduced responses to these agonists (Figure 4B). A major

possibility for the effect seen here is that mutation of this coiled coil affects

expression of functional TRPV1 channels on the cell surface. To address this

question we used surface biotinylation and Western blot analysis to detect only

the population of TRPV1 channels present on the plasma membrane of the
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oocytes. While the TRPV1 coiled coil mutants were expressed (by detection of

the channel in whole cell lysates), their surface expression was somewhat

decreased in comparison to full length TRPV1 (Figure 4C). This suggests that

the predicted coiled coil may play a role in a processing step that is required for

channel subunits to be properly trafficked to the cell membrane. We also

constructed the C-terminal coiled coil deletion mutant (TRPV1 CAcc) (Figure 4A),

which displayed no detectable responses to heat or capsaicin (not shown), yet

maintained cell surface expression similar to that of TRPV1 NAcc (Figure 4C).

One possibility for the difference in the response properties of the two mutants is

that the C-terminal coiled coil plays a more central role in the production of

functional TRPV1 subunits as compared to the N-terminal coil, acting to mediate

channel assembly as in the case of TRPM8. Alternatively, the juxtamembrane

position of the C-terminal coiled coil may be more sensitive to mutations, where it

is unclear if disruption of the coiled coil may also have an effect on the

immediately upstream transmembrane segment (S6). Experiments addressing

these concerns have not been done, leaving the possibilities open for further

investigation.

Interactions of TRPV1 with modulatory proteins

We expect that in addition to homomeric interactions within subunits, there are

likely to be other cellular proteins that associate with TRPV1 to modulate channel
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activity. To identify potential interaction partners we again used the pull-down

assay with GST N TRPV1 and GST C TRPV1, but rather than using cell lysates

expressing a specific target, rat brain homogenate was provided as the protein

source. This approach has proved to be successful for other channels, such as

the cystic fibrosis transmembrane conductance regulator (CFTR) chloride

channel, where an accessory protein (CAP70) was identified from mouse kidney

lysates by the GST pulldown assay (Wang et al., 2000). A Coomassie-stained

protein gel initially revealed a positive binding partner that represented a major

portion of the total brain lysates, and bound to both the N- and C-terminal

fusions. We speculated upon the identity of this protein, considering peptides of

this approximate molecular weight that are also highly expressed in brain.

Tubulin was a reasonable consideration for these Criteria, and we used Western

blot analysis to confirm that the gel band was indeed immunoreactive for o

tubulin (Figure 5A). The binding to tubulin by both cytoplasmic termini of TRPV1

was concerning due to the lack of specificity seen with this interaction. While we

have shown earlier that the N- and C-termini of the channel associate, and it is

possible that the binding surface for tubulin contains an interface between the

two regions, determination of specificity becomes difficult. No further

experiments have been done, but recently another group has shown an

interaction between tubulin and the C-terminus of TRPV1 (Goswami et al., 2004).

In this study, an MBP fusion of the TRPV1 C-terminus was shown to bind to

tubulin and polymerized microtubules in a Caº-dependent manner. Interestingly,
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the N-terminus of TRPV1 did not bind to tubulin in their assay, while we saw

significant binding with our GST N-TRPV1 fusion. Although the functional

significance of an interaction between TRPV1 and microtubules has not been

established, Goswami et al. suggests that cytoskeleton could be modulated by

activation of TRPV1.

In addition to tubulin, a protein phosphatase, calcineurin, was also identified by

Western blot (Figure 5A). Calcineurin has been proposed to be involved in

desensitization of capsaicin-evoked responses, and unlike tubulin, this positive

association was specific for GST N-TRPV1. Older studies revealed Caº

dependent desensitization of capsaicin-evoked currents in dorsal root ganglion

(DRG) neurons (Docherty et al., 1996), and this inactivation is not seen in

TRPV1-injected oocytes. We wondered if this phenomenon is due to an absence

of calcineurin in Xenopus oocytes. To address this possibility, we isolated

calcineurin subunits from a trigeminal ganglion (TG) neuron cDNA library, and

recorded responses to capsaicin in oocytes co-expressing calcineurin and

TRPV1. Short applications (10 seconds) and prolonged exposure (1 minute) of

capsaicin evoked similar currents to those in cells injected with TRPV1 alone

(Figure 5B). Additionally, when TRPV1, calcineurin, and calmodulin were co

expressed in oocytes, no difference was detected in capsaicin-evoked responses

(not shown). While no obvious differences were seen in the capsaicin currents

due to calcineurin expression, we do not know if the enzymatic activity or the

.



localization of the phosphatase is properly regulated when overexpressed in

oocytes. Interestingly, a recent study has shown that a calcineurin inhibitor

complex (cyclosporin A- cyclophilin A) decreases desensitization of TRPV1 in

HEK293 cells (Jung et al., 2004). While this group has used a pharmacological

approach to address the significance of calcineurin on TRPV1 currents, we have

biochemical data that suggests a physical interaction between these two

proteins. Although we observed positive interactions of TRPV1 with both tubulin

and calcineurin, this assay does not provide evidence of the functional

consequence of these associations. Further use of a combination of

biochemistry to address a physical interaction between the proteins and

electrophysiology to investigate the functional relevance of these associations

may result in a more complete understanding of native TRPV1 responses

observed in sensory neurons.

DISCUSSION

The question of subunit assembly is important in the understanding of the

biogenesis of ion channels. Specifically, not much is known about the

mechanism of oligomerization within the TRP channel superfamily. We have

demonstrated that a coiled-coil domain is required for assembly of functional

TRPM8 channels and have also investigated protein-protein interactions within

the cytoplasmic domains of TRPV1. The cytoplasmic regions of TRPV1 differ
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from those of TRPM8 in that predictive algorithms have found multiple structural

elements in the N-terminus of the channel and one in the C-terminus, whereas

no known domains have been predicted in the large N-terminal region of TRPM8.

Although TRPV1 protein domains are predicted, and some are conserved

throughout the larger TRPV subfamily, it has remained unclear how these

elements affect channel assembly and function.

In addition to TRPV1, several other TRP channels contain ankyrin repeats in

their N-termini. The number of repeats is varied greatly, from 3 repeats in

channels in the TRPC subfamily to 29 repeats in the TRPN1 protein (Montell,

2005). The role of these structures in channel function has not been established,

although several possibilities have been proposed. The ankyrin repeats in

TRPN1 have been suggested to be responsible for channel gating in

mechanoreceptors (Howard and Bechstedt, 2004), yet this is not likely to be a

conserved function in the other TRP channels since not all ankyrin repeat

containing channels are mechanosensitive. Alternatively, a previous study has

proposed a role for the repeats in TRPV channel assembly, as one specific

repeat appears to be required for N-terminal association of TRPV6 subunits

(Erler et al., 2004). Is a role in initiation of assembly conserved in all TRPV

channels containing ankyrin repeats? If this is true, what functions do the coiled

coils serve in channel assembly?
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Recently, a tetramerization domain was identified in the C-terminus of TRPV1,

representing residues 684 to 721. This region is slightly larger than the C- *-

terminal coiled-coil that we have identified (aa 685-713), and deletion of this

domain appears to abolish channel activity, just as we have shown here (Garcia
". s

Sanz et al., 2004). One problem with deletion studies is that removal of a region Aº

can lead to nonfunctional channels for several reasons other than disruption of

subunit assembly. Without further characterization, it will remain unclear if these .
º *-

regions are in fact responsible for directing steps in function channel formation. -
: ".

*
If these predicted domains are not the molecular determinants of channel * * *

* -
*assembly, they may serve as interaction surfaces for other cellular proteins and

modulatory factors. Ankyrin repeats have been suggested to bind to the
º s

cytoskeleton (Mosavi et al., 2004), and could link TRP channels to this network. :
Coiled-coils may serve as a docking surface for other protein-protein interactions,

such as the interaction of KCNO channels with the scaffold yotiao (Marx et al., '* .

2002).

In addition to formation of homomultimeric TRPV1 channels, it has been

suggested that TRPV1 subunits may form heteromers with other members of the

TRPV family. Evidence of TRPV1 and TRPV2 association has come from co

immunoprecipitations and FRET data (Hellwig et al., 2005; Liapi and Wood, *

80 l



2005) and TRPV1 has been shown to co-precipitate with TRPV3 (Smith et al.,

2002). While these results are suggestive of heteromultimer formation, most of

this work was done using heterologously expressed channels, which may not

accurately represent the expression levels and subcellular localizations seen in

vivo. If these heteromultimers do in fact exist, it will be informative to determine

how these channels are formed.

Are the molecular determinants of heteromeric assembly the same as those for

homo-oligomerization? One possibility is that assembly of homomeric TRPV1

channels is directed by the same structural element as TRPV1/2 heteromers, but

that the binding affinities for these interactions differ so that the correct proportion

species are formed when both subunits are present. Alternatively, distinct

regions of TRPV1 may be responsible for homotetramerization and formation of

heterotetramers. To address these possibilities a minimal binding region needs

to be defined for these interactions and further biochemical characterization is

required. Additionally, the functional consequence of an interaction of either

TRPV2 or TRPV3 with TRPV1 is lacking. In so far as we know, there is not a

observed current that could be described by the presence of a TRPV1

heteromultimer, although this species could behave in a distinct manner that

would not be expected from a TRPV1 subunit.
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The issue of heteromultimerization is also of interest when considering how TRP

channels prevent improper assembly of subunits. We know that several different

TRP channels are coexpressed in sensory neurons but respond to unique

chemical or physical stimuli in these cells (Moran et al., 2004). Clearly, assembly

of TRP channels subunits must be tightly regulated so that the appropriate

channels are formed. Since there are currently very few studies of TRP channel

assembly, we do not know if there are universal rules governing subunit

composition within this superfamily. This also means that we do not understand

how certain heteromultimers are excluded when two or more TRP channels are

expressed in the same cell. For example, the expression profile of TRPV1 and

the mustard oil receptor, TRPA1 are extensively overlapped (Jordt et al., 2004)

yet there is no evidence for heteromerization of these subunits. While these two

channels are members of different TRP subfamilies, they retain some similar

structural motifs. The transmembrane segments of TRP channels are likely to be

important in maintenance of intersubunit contacts, as they are retained within the

plasma membrane to form the channel pore. In addition, both TRPV1 and

TRPA1 contain N-terminal ankyrin repeats, which may help direct assembly

specificity. One difference between the two channels is the presence of two

Coiled-coils in TRPV1 and the lack of these domains in TRPA1. The relative

contributions of the ankyrin repeats and coiled-coils to homomeric tetramer

formation will become more clear as further studies address the direction of TRP

channel formation.
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METHODS

Plasmid construction

Cytoplasmic regions of rat TRPV1 were amplified by PCR and cloned into

specific vectors for bacterial or HEK293T cell expression. For bacterial

expression, Glutathione-S-transferase (GST) fusions were made using the

pGEX4T-1 vector (Amersham Biosciences), Hiss constructs were made in PBH4

derived vectors (Hillier et al., 1999), and untagged proteins were made in the

pAED4 vector. All mammalian cell expression vectors were based on pcDNA3

(Invitrogen) and the HA epitope tag was inserted by PCR. Coiled-coil constructs

were made using mutated oligo extension from wildtype templates. Primers

containing alanine mutations or deletions were extended from template plasmid

with Pfu Turbo Polymerase (Stratagene). Wildtype DNA was digested with Dpnl

(New England Biolabs) and intact plasmids were transformed into XL1 Blue cells.

GST co-precipitations

BL21(DE3) RIL bacterial transformants were grown 37°C to a density of ~0.5-0.7

Aeso. Cells were transferred to 25°C and induced with 1 mM IPTG (Denville) for

3-5 hours. Cells were harvested by centrifugation at 5,000 x g for 15 minutes at

4°C and cell pellets were frozen at -20°C. Thawed cell pellets were sonicated in

83



STE (100 mM NaCl, 1 mM EDTA, 10 mM Tris, pH 8.0) or PBS (137 mM NaCl,

2.7 mM KCI, 4.3 mM Na2HPO, 1.4 mM KH,PO, pH 7.4) + 1.5% sarkosyl.

Whole cell lysates were spun at 10,000 x g, for 10 minutes at 4°C. Supernatants

were removed and supplemented with 2% Triton-X 100. GST fusion proteins

were purified from the lysates by incubation with glutathione agarose (Sigma) for

30 minutes at 4°C. Resin was washed 5-6 times with PBS.

For pulldowns from HEK293T cell lysates, transfected HEK293T cells were lysed

by trituration or dounce homogenation in PBS + 1% CHAPS (Sigma) on ice.

Lysates were cleared by centrifugation at 10,000 x g for 10 minutes at 4°C.

Supernatants were incubated with washed, resin-bound GST fusions at 4°C,

overnight. Pulldowns were washed with PBS and resuspended in sample buffer

in preparation for gel loading.

For Hiss-tagged proteins, transformed bacteria were grown and expression was

induced as for GST fusions. Cells were lysed in 300 mM NaCl, 10 mM

imidazole, 1.5% sarkosyl, 50 mM NaPO4 pH 8.0 and centrifuged as above.

Pulldowns were performed as for HEK293T cell lysates.

Co-immunoprecipitations

HEK293T cells were transfected using the calcium-phosphate method (REF) with

equal ratios of the HA-tagged construct and TRPV1 (or pcDNA3 control). Cells

were lysed by trituration in PBS + 1% CHAPS and spun at 10,000 x g for 10

minutes at 4°C. Supernatants were incubated with TRPV1-specific antibody
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(Julius lab) at 4°C overnight. Protein A Agarose (Sigma) was added to the

immunoprecipitations at 4°C and incubated overnight. Resin was washed five

times with PBS before resuspension in sample buffer. HA-tagged proteins were

detected by Western blotting with an anti-HA epitope antibody (Covance).

Pulldowns From Rat Brain Homogenate

Neonatal rat brains were dissected and homogenized in HNT buffer (120 mM

NaCl, 1% Triton-X 100, 5 mM EDTA, 0.5 mM DTT, 20 mM HEPES pH 7.5) at a

ratio of 5 ml buffer per 1 g (wet weight) brain tissue. The tissue lysate was spun

at 27,000 x g for 15 minutes at 4°C. The supernatant was incubated with

washed, resin-bound GST fusions at 4°C for 1 hour. Resin was washed with

HNT buffer once, HNT + 500 mM NaCl twice, and HNT without Triton-X 100

three times, before resuspension in sample buffer. Proteins were detected by

Western blotting with antibodies directed against o-tubulin (Sigma) and

calcineurin (BD Biosciences).

Western Blotting

Western blots were prepared by standard methods. Briefly, cell lysates were

separated by SDS-PAGE on 10% acrylamide gels and transferred to Immobilon

membrane (Millipore) on a semi-dry transfer apparatus (Bio-Rad). Blots were

blocked in 3% bovine serum albumin (BSA) in PBS + 0.05% Tween-20 (PBST)

followed by incubation with the indicated primary antibody in 3% BSA in PBST.
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An HRP-coupled anti-mouse or anti-rabbit IgG antibody (Jackson

ImmunoResearch) was applied after washing in PBST. After secondary antibody

incubation, blots were washed in PBST followed by visualization with the

Western Lightening Chemiluminescence kit (PerkinElmer).

Oocyte Recording

Isolated Xenopus oocytes were microinjected with cFNA transcribed using the

Mmessage Mmachine kit (Ambion) or Ampliscribe T7 kit (Epicentre) from the

indicated templates. After surgical removal and defolliculation by collagenase I

(Worthington), cells were maintained at 17°C in MBSS (88 mM NaCl, 1 mM KCI,

2.4 mM NaHCO2, 0.8 mM MgSO, 0.1% Ficoll, 2.5 mM Na-pyruvate, 0.33 mM

Ca(NO3)2, 7.5 mM Tris pH 7.6). Two-electrode voltage clamp recordings were

done in calcium-free ND96 (96 mM NaCl, 2mm KCI, 1.8 mM CaCl2, 1 mM MgCl2,

5 mM HEPES, pH 7.5) supplemented with 0.1 mM BaCl2, with oocytes held at

–60m.V. Agonist solutions were prepared in calcium-free ND96 and perfused into

the bath at the indicated times. Recordings were made using a Geneclamp 500

amplifier (Axon Instruments) controlled by a PC and digitized with a Digidata

1322A (Axon Instruments). Electrodes were filled with 3 M KCl and had

resistances between 0.5-1.0 MQ.
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Surface Biotinlyation

Oocytes expressing the indicated channels were incubated with 0.5 mg/ml Sulfo

NHS-LC-Biotin (Pierce) in ND96 buffer for 30 minutes at 17°C. Cells were

washed several times in ND96 before trituration in lysis buffer (100 mM NaCl, 5

mM 3-mercaptoethanol, 1% Triton X-100, 20 mM Tris pH 7.5). Lysates were

spun at 16,000xg, 5 minutes, 4°C, and the supernatants were incubated with

streptavidin agarose (Novagen) overnight at 4°C. The resin was washed with

lysis buffer four times before resuspension and boiling in sample buffer. Protein

was detected by Western blotting with an anti-TRPV1 antibody (Julius lab).
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Figure Legends

Figure 1 The cytoplasmic N- and C-termini of TRPV1 are capable of self

association. (A) Schematic diagram of the GST fusion constructs. TRPV1 gene

is shown at the top in grey, with transmembrane segments in purple, putative

ankyrin repeats in green, and predicted coiled-coils in blue. Regions represented

by black bars were constructed as GST fusion proteins for bacterial expression.

(B) Portions of the N-terminus are sufficient for interaction with full length TRPV1

channel. Indicated GST fusions were used in a pulldown assay with TRPV1

containing HEK293T cell lysates, and full length channel was detected by

Western blotting with an antibody directed against the C-terminus of TRPV1.

The minimal region capable of co-precipitating the full length channel represents

residues 100 to 200. (C) The N-terminus interacts with both cytoplasmic termini

of TRPV1. Hiss-tagged N-TRPV1 co-precipiates with both GST N-TRPV1 and

GST C-TRPV1, but not with GST alone.

Figure 2 Five putative ankyrin repeats are present in the N-terminus of TRPV1.

(A) Alignment of the TRPV1 ankyrin repeats. The ankyrin repeat consensus

sequence is shown in bold with an alignment of the five TRPV1 repeats. Most

highly conserved residues within the ankyrin repeat family are shown in blue.

The insertion in the fourth repeat is shown at the bottom. (B) Schematic of

ankyrin repeat constructs used for bacterial expression. The five repeats are

shown in green and regions used for construction of Hiss fusions are labeled
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ank1 through ank6. (C) All Hiss-tagged constructs remain in the insoluble

fraction of bacterial lysates. A coomassie-stained gel of the clarified lysate

supernatants and pellets from ankyrin repeat expressing bacterial cultures. All

six constructs remain in the insoluble pellets.

Figure 3 Co-immunoprecipitations of ankyrin repeat-containing constructs in

HEK293T cells. (A) Schematic diagram of the HA-tagged ankyrin repeat

constructs used for co-expression with TRPV1 in HEK293T cells. TRPV1 N

terminus is shown at the top, with the predicted ankyrin repeats in green.

Selected regions, shown as black bars, were constructed as HA-tagged proteins.

(B) Co-immunoprecipitations of HA-tagged ankyrin repeats with TRPV1.

Antibody directed against the C-terminus of TRPV1 was used to pull down

complexes and an o-HA antibody was used for detection by Western blotting.

Figure 4 Disruption of TRPV1 coiled-coils diminishes responses to heat and

capsaicin. (A) Coiled-coil sequences and diagrams of TRPV1 mutants. The two

putative coiled-coils are shown in the protein sequence in blue and the mutations

are shown as black bars below. Both deletions and alanine point mutations were

made in the context of TRPV1. (B) Representative oocyte current traces from

TRPV1 and coiled-coil mutant constructs. Inward currents from oocytes voltage

clamped to —60 mV are shown as black lines. Bath temperatures are shown as

red lines and application of 1p,M capsaicin is shown as black bars. All coiled-coil

92



mutant constructs show significant reduction in agonist-evoked responses. (C)

Protein expression of coiled-coil mutants in oocytes. Cellular expression of all

constructs is comparable as detected by an o-TRPV1 antibody in lysates (top

panel). To visualize surface expression of the constructs, oocytes were treated

with NHS-LC-Biotin and labeled proteins were pulled down with streptavidin

agarose. Surface expression of the TRPV1 mutant constructs was slightly lower

than wildtype TRPV1 as detected with the o-TRPV1 antibody.

Figure 5 Identification of TRPV1-interacting cellular proteins. (A) Tubulin and

calcineurin specifically bind to TRPV1. Rat brain lysates were incubated with the

indicated GST fusions and co-precipitating proteins were detected by Western

blotting. Calcineurin binds specifically to the N-terminus of TRPV1, while

o-tubulin appears to interact with both cytoplasmic domains of the channel. (B)

Representative oocyte current traces from cells co-expressing calcineurin and

TRPV1. Effects of calcineurin expression on TRPV1 actute desensitization (top)

and tachyphylaxis (bottom) were not seen in oocytes. Application of 1p,M

capsaicin is shown as black bars.
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Discussion

The TRP ion channel superfamily is comprised of a large variety of proteins with

diverse expression profiles (Montell, 2005). Many of these channels serve as the

molecular detectors of familiar compounds, such as capsaicin, menthol, mustard

oil, and garlic extract (Bautista et al., 2005; Caterina et al., 1997; Jordt et al.,

2004; McKemy et al., 2002). Other members of the TRP family have been

classified due to sequence homology, but with little known about their activation.

Together, this considerable group of ion channels contributes to sensory

processes in a range of organisms and cell types.

TRP channels subunits contain seven transmembrane domains between their

two cytoplasmic termini, and functional channels are presumably comprised of

four subunits. The channels are topologically similar to the voltage-gated

potassium channel family, for which much is known about channel formation.

Unlike this family of ion channels, the mechanisms and molecular requirements

for TRP channel assembly remain unclear. We have chosen to address the

question of channel assembly for two members of the TRP superfamily, TRPV1

and TRPM8. These channels are of special interest due to their ability to be

activated by both chemical agonists and temperature (Caterina et al., 1997;

McKemy et al., 2002). Interestingly, there is not much homology between these
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two channels at the protein sequence level, as TRPV1 is the founding member of

the TRPV subfamily and TRPM8 is in the TRPM subclass of channels. The

cytoplasmic termini of TRP channels display remarkable divergence, even

between members of the same subfamily, containing various enzymatic domains

and binding motifs. We have limited our investigation to the cytoplasmic domains

of TRPV1 and TRPM8 to identify regions required for channel assembly and to

address the importance of domains previously implicated in this process.

We have found it difficult to identify a short, linear sequence responsible for TRP

channel assembly, as there are several possible inter- and intra-subunit contacts

that we have detected using standard biochemical techniques. It is not

surprising to find that there are several contact surfaces within the cytoplasmic

termini since these domains are likely to be entwined in the context of the folded

channel tetramer, but this makes isolation of a single assembly domain

complicated. In these studies we chose to focus on the role of binding motifs that

are easily recognized by predictive algorithms, which also appear to be

conserved between TRP subfamily members. The TRPM8 coiled-coil that we

identified is required for channel biogenesis and was exceptional in its modular

nature, permitting us to perform mutagenesis on this region of the channel as

well as biochemical and biophysical analysis on the purified coiled-coil domain.

Unlike TRPM8, our studies with TRPV1 did not lead to identification of a unique

binding domain for other TRPV1 subunits or for other cellular proteins. While we
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did reproducibly find that there are protein-protein interactions within and/or

between subunits, refining these interactions to a minimal binding domain was

not accomplished.

One possibility for the difficulty in identification of a single assembly domain for

TRP channels is that binding interactions between multiple domains act

cooperatively to bring channel subunits together. For example, the presence of

two coiled-coil domains, one in each cytoplasmic terminus, in TRPV1 may

combine to form a higher order molecular complex or simply provide two

tetramerizing units that assemble individually to strengthen overall protein

associations. In addition to TRPV1, nearly all members of the TRPC subfamily

and some TRPM channels contain putative coiled-coils in both their N- and C

termini. If the two coils act independently, the N-terminal coil could direct

subunit-subunit interactions at an early stage of channel biogenesis. As we have

previously discussed, Kv channel assembly is mediated by the N-terminal T1

domain, which associates in the initial step of channel formation (Deutsch, 2002;

Lu et al., 2001; Schulteis et al., 1998). The mechanism by which assembly

domains in the C-terminus of the channel guide subunit interactions is unclear,

but addressing the role of the N-terminal coiled-coils in these TRP channels

could provide insight to this problem.
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These structural motifs may play a part in protein-protein interactions with

modulatory cytoplasmic factors in addition to, or instead of, functioning in subunit

assembly. For example, it has previously been demonstrated that TRPV1

contains a PI(4,5)P2-binding motif in the C-terminus which is involved in the

inhibition of channel gating (Prescott and Julius, 2003). Here we have shown

evidence for interactions between both tubulin and calcineurin with the

cytoplasmic termini of TRPV1, yet the functional significance for these

interactions remains unknown. Unlike the case for PI(4,5)P2, we have not

delineated a minimal domain for these binding interactions so it is not clear

whether either the ankyrin repeats or coiled-coils are involved. Protein

associations involving TRPM8 are engimatic, as no protein domains other than

the C-terminal coiled-coil have been predicted in the cytoplasmic termini. We

have preliminary evidence for an interaction of the TRPM8 C-terminus with a

small, cytoplasmic, coiled-coil containing protein that was identified in a yeast

two-hybrid screen from dorsal root ganglion tissue, which we call SLP. This

sequence has recently been identified as RSEP1, a protein involved in

neuropathic pain (Wang et al., 2005). Interestingly, RSEP1 contains a C-terminal

coiled-coil which homo-oligomerizes in our two-hybrid assay. While we did not

observe any effect on TRPM8 of SLP over-expression, we cannot rule out the

possibility that RSEP1 homologues are expressed in HEK293T cells and that

endogenous RSEP1 is involved in maintaining the characteristic TRPM8
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responses that are seen in sensory neurons and heterologous expression

systems.

The size of the TRP channel cytoplasmic regions are considerable, usually

representing more than 50 percent of the protein, and correspond to the regions

of most sequence diversity among family members. This diversity makes the N

and C-terminal domains of great interest to study both conserved sequences

within a subgroup of TRP channels and the domains that are specific to only one

channel. Emphasis on these regions will likely provide insight as to the

mechanisms of TRP channel assembly, trafficking, and modulation.
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