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P E R S P E C T I V E

    Understanding how proteins facilitate signaling and sub-

strate transport across biological membranes is an im-

portant frontier of structural biology. Membrane proteins 

are the doors and windows of cells: many membrane 

proteins are gates of entry into or exit from cells or cel-

lular compartments, and others allow cells to sense their 

environment. One important multifunctional family of 

membrane proteins is the transient receptor potential 

(TRP) family of ion channels. TRP channels have re-

cently been the subject of multiple structural analyses, 

both low resolution electron microscopy studies (re-

viewed by Moiseenkova-Bell and Wensel in this issue 

[p.  239 ]) and the divide and conquer approach of de-

termining high resolution crystal structures of channel 

fragments, reviewed here. 

 Introduction 
 TRP channels form a large family of cation channels 

that can be activated by diverse signals, including chemi-

cal ligands and/or temperature or mechanical stimuli 

( Ramsey et al., 2006 ;  Venkatachalam and Montell, 2007 ). 

Most TRP channels are also modulated by various intra-

cellular signals, including calcium, phosphoinositides, 

and other lipid metabolites. TRP channels are mostly 

found in the animal kingdom (organisms with a nervous 

system), consistent with their prominent role in sensory 

perception. They are distributed into seven subfamilies 

according to sequence and function ( Montell, 2005 ): 

TRPA (ankyrin), TRPC (canonical), TRPM (melastatin), 

TRPML (mucolipin), TRPN (NOMPC), TRPP (polycys-

tin), and TRPV (vanilloid). Of note, TRPN channels are 

found in most animal genomes but excluded from mam-

malian ones. 

 The structural biology of ion channels is an impor-

tant and expanding research endeavor. Mechanistic 

understanding of ion channel function is central to 

our understanding of neurobiology and many other 

physiological processes. Furthermore, ion channels 

are important targets for drug development. With the 

rapidly increasing number of structures of ion chan-

nels and their fragments ( Minor, 2007 ), including 
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structural studies of TRP channels ( Gaudet, 2008b ), 

there is an opportunity to leverage this structural in-

formation in studies of TRP channel function and 

physiology. TRP channel biologists and physiologists 

may want to brush up on structural biology approaches, 

and an excellent starting point is a recent primer on 

structural biology for neurobiologists ( Minor, 2007 ). 

Conversely, structural biologists benefi t from integrat-

ing knowledge on TRP channels and general channel 

physiology in planning their experiments. TRP chan-

nels are challenging structural biology targets, and the 

more that is known about their molecular properties, 

the more likely we will be to succeed in obtaining valu-

able three-dimensional structures. 

 In structural biology, the aim is to understand proteins 

at several levels: What are their structural and functional 

modules? How is the modular architecture integrated to 

drive their molecular mechanisms? How are these pro-

teins incorporated into larger assemblies? How do these 

assemblies regulate protein function in a cellular context? 

Furthermore, the integration of structural and physi-

ological approaches enables us to advance from static 

three-dimensional structures to the description of dy-

namic processes like conformational changes and li-

gand interactions. 

 Determining the high resolution structure of complete 

TRP channels remains a major challenge. One alterna-

tive and complementary strategy is to divide and con-

quer: determine crystal structures of isolated domains 

of TRP channels. The resulting information can then be 

pieced together and integrated with biochemical and 

physiological data to advance our understanding of TRP 

channel function. Below, I describe how the divide and 

conquer approach can be implemented, illustrate some 

recent results obtained with fragments of TRPV and 

TRPM channels, and pinpoint some challenges that lie 

ahead in moving from this piecemeal approach to the 

ultimate goal of obtaining a full molecular-level descrip-

tion of TRP channel function. 
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232  TRP Channel Structural Biology at High Resolution 

region of interest, it can then be isolated for structural 

studies. Furthermore, a protein domain is a self-contained 

unit that can interact with other molecules or other parts 

of the protein. In a divide and conquer approach, one 

can therefore still obtain information about relevant reg-

ulatory interactions by determining structures of domains 

with their respective ligands. From a genomics perspec-

tive, a domain can also evolve new functionalities and be 

swapped in and out of genes during evolution by duplica-

tion or deletions ( Moore et al., 2008 ). 

 The divide and conquer approach to TRP channel 

structural biology has thus far yielded structures of two 

different types of domains, ankyrin repeats from TRPV 

channels and a coiled-coil from a TRPM channel. Both 

types of domains are found not just in TRP channels, 

but also in many other protein families. At fi rst glance, 

that might lead one to think that the resulting structures 

are old news; after all, there are many published struc-

tures of ankyrin repeats and coiled-coils (for recent re-

views see  Gaudet, 2008a  and  Grigoryan and Keating, 

2008 ). But in both cases, structures of some of their rep-

resentatives in TRP channels have yielded surprises. The 

next two sections describe the lessons we have thus far 

learned from structures of TRP channel ankyrin repeats 

and coiled-coils. 

 Lessons from Ankyrin Repeats 
 Mammalian TRPV channels are divided into two sub-

groups: TRPV1 through TRPV4 mediate responses to 

many sensory stimuli, including heat, low pH, neuropep-

tides and chemical ligands, whereas TRPV5 and TRPV6 

are expressed in the kidney and gut, respectively, and are 

involved in calcium homeostasis ( Venkatachalam and 

Montell, 2007 ). Several TRPV channels are polymodal de-

tectors. For example, TRPV1 is activated not only by nox-

ious heat, but also by capsaicin and low extracellular pH. 

The intracellular N-terminal region of TRPV proteins 

contains six ankyrin repeats, short sequence motifs often 

involved in protein – protein interactions ( Gaudet, 2008a ). 

The isolated TRPV ankyrin repeat domains (ARDs) do 

not oligomerize, suggesting that the ARDs interact with 

regulatory factors instead ( Phelps et al., 2008 ). 

 Ankyrin repeat sequences span  � 33 residues and fold 

into a structural motif consisting of two  � -helices folding 

back onto each other to form a helical hairpin, followed 

by a long hairpin loop that extends roughly perpendicu-

lar to the helical axes. Multiple such structural motifs 

are stacked side by side with their helices nearly parallel 

to each other to form an ARD, with the number of re-

peats ranging from 3 to  > 30 ( Gaudet, 2008a ). The struc-

tures of several TRPV ARDs have now been published: 

rat TRPV1 ( Lishko et al., 2007 ), both rat ( Jin et al., 2006 ) 

and human TRPV2 ( McCleverty et al., 2006 ), and mouse 

TRPV6 ( Phelps et al., 2008 ), and their folds are very 

similar to each other, consistent with their sequence ho-

mology. The TRPV ARDs have six ankyrin repeat motifs, 

 TRP Channels as Modular Proteins 
 TRP channel subunits are rather large, ranging from 

 � 700 to more than 2,000 amino acid residues, and have 

six membrane – spanning segments with an extended pore 

loop between the fi fth and sixth segment. This transmem-

brane domain arrangement is homologous to that of 

other ion channels in a large superfamily that includes 

voltage-gated calcium channels and Shaker potassium 

channels ( Venkatachalam and Montell, 2007 ). All mem-

bers of this superfamily are believed to assemble as tetra-

mers of the six-segment transmembrane domain, with a 

central ion permeation path. Most if not all TRP proteins 

can homotetramerize to form functional channels, and 

several also have the ability to heterotetramerize, thus 

increasing the permutations of possible functional units 

(for a recent review see  Schaefer, 2005 ). 

 The transmembrane domain of TRP proteins spans 

 � 300 residues and is connected at the N and C termini to 

large intracellular regions containing protein-interaction 

and regulatory motifs with distinctive features for each 

TRP subfamily (for a recent review see  Gaudet, 2006 ). 

For instance, ankyrin repeats are ubiquitous ligand-

interaction motifs that are found in the N-terminal cyto-

solic region of TRPC, TRPV, TRPA, and TRPN channels. 

As an example,  Fig. 1  illustrates the relationship between 

the ankyrin repeats and other regions of TRPV channels.  

As a contrasting example, the overall domain structure of 

a TRPM channel is depicted in  Fig. 2 .  TRPM channels do 

not have ankyrin repeats but instead have a large,  � 700-

residue N-terminal intracellular region homologous only 

to other TRPM channels. C-terminal to the transmem-

brane domain, TRPM channels have a coiled-coil domain. 

In some TRPM channels, an enzymatic domain then fol-

lows the coiled-coil domain: TRPM6 and TRPM7 have an 

 � -kinase domain ( Nadler et al., 2001 ;  Runnels et al., 2001 ), 

and TRPM2 has a NUDIX domain that interacts with ADP-

ribose nucleotides ( Perraud et al., 2001 ). 

 How can this modular domain structure of TRP chan-

nels be leveraged in structural biology? A fundamental 

element of a successful divide and conquer approach to 

protein structure determination is to properly identify 

the boundaries of TRP channel domains to enable the 

expression and purifi cation of these domains in isolation. 

The word  “ domain ”  is often used rather loosely by non-

structural biologists (and sometimes even structural biol-

ogists) to describe any fragment a protein — often, the 

terms  “ segment, ”   “ region, ”  or  “ motif ”  would be more ap-

propriate. The structural biology defi nition of a domain 

is a compact globular structure that can fold autono-

mously and originates from early structural studies of im-

munoglobulins ( Wetlaufer, 1973 ). This defi nition implies 

that (1) a domain is large enough to have a unique three-

dimensional fold, and (2) a domain can often fold on its 

own in isolation from the rest of the protein. This second 

point is the key to a divide and conquer approach be-

cause by identifying the proper domain boundaries of a 
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ulin bind to this same binding surface in a competitive 

manner — the binding of one excludes the binding of the 

other. Another clue that the TRPV1-ARD interaction 

with ATP is physiologically relevant is that it is conserved 

in the chicken homologue ( Phelps et al., 2007 ), indicat-

ing that it is better conserved than capsaicin sensitivity 

because chicken TRPV1 is insensitive to capsaicin ( Jordt 

and Julius, 2002 ). In electrophysiology experiments, in-

tracellular ATP prevented desensitization to repeated ap-

plications of capsaicin, whereas calcium calmodulin plays 

an opposing role and was required for desensitization 

( Lishko et al., 2007 ). The accumulated data lead to a 

model for the calcium-dependent regulation of TRPV1 

via the competitive interactions of ATP and calmodulin 

at the N-terminal binding site. In summary, the crystallo-

graphic determination of the TRPV1-ARD structure has 

lead to the fortuitous discovery of a regulation mecha-

nism for TRPV1. It will be interesting to see whether this 

mechanism is conserved in other TRPV ion channels. 

 Ankyrin repeats are also found in other TRP channels, 

including TRPA, TRPN, and TRPC channels. The TRPC 

and TRPV channels have few repeats and irregular se-

quences ( Phelps et al., 2007, 2008 ), whereas TRPA and 

TRPN channels have many regular repeats (for a recent 

review see  Gaudet, 2008a ). As was done in the case of 

TRPV channels, the abundant information on ankyrin 

repeats from both natural and designed proteins can be 

with atypical long fi nger loops and a pronounced twist 

between the fourth and fi fth repeat, such that the heli-

ces of repeats 1 – 4 and 5 – 6 are no longer nearly parallel 

to each other ( Fig. 1 ). Both the long loops and the un-

usual twist break the regularity of the repeats, giving the 

TRPV ARDs a unique shape. Because both the long 

loops and the inter-repeat twist are caused by residues 

that diverge from the ankyrin repeat sequence consen-

sus but are conserved in TRPV proteins, it is expected 

that this unique shape will be observed in all TRPVs 

( Phelps et al., 2008 ). 

 The unique shape of the TRPV ARDs, while of interest 

to structural biologists investigating repeat proteins and 

protein folding and design, is not particularly infor-

mative about the role of the ARD in TRPV channel 

function. However, when hundreds of chemicals were 

screened to optimize the TRPV1-ARD crystallization con-

ditions, it was observed that the presence of ATP altered 

the crystal shape, likely by changing the packing interac-

tions between protein molecules. This new crystal form 

diffracted to higher resolution, allowing structure deter-

mination and refi nement. The resulting electron density 

map indicated that an ATP molecule was indeed bound 

to the TRPV1-ARD ( Fig. 1 ) ( Lishko et al., 2007 ) on the 

concave surface that is typically occupied by ligand in 

ARD – ligand complexes ( Gaudet, 2008a ). Biochemical 

assays demonstrated that both ATP and calcium calmod-

 Figure 1.   The ankyrin repeats of TRPV channels. 
Diagram shows the topology of TRPV channels 
with the relative position of the ankyrin repeats 
illustrated with the structure of the TRPV1 ARD. 
Only two of the four subunits are shown for clarity 
in yellow and green, respectively; the subunits in 
front and in back of the plane of the page are omit-
ted. The transmembrane domains are illustrated 
using the homologous structure of the Shaker 
potassium channel ( Long et al., 2005 ). The N- 
and C-terminal segments of unknown structure 
are depicted with shapes that approximate their 
relative size. ATP and ATP-interacting side chains 
are shown as sticks and colored according to atom 
type, and a transparent surface representation 
highlights the surface complementarity of the 
ATP and its binding site. The approximate size of 
those protein segments in numbers of amino acid 
(aa) residues is indicated for the green subunit. 
The transmembrane and ARDs of TRPV channels 
are each  � 250 amino acid residues. TRPV sub-
units typically are  � 800-residues long.   
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tures have been observed that contain anywhere between 

two and seven helical strands, and strands can associate in 

either parallel or antiparallel orientations. The number 

and orientation of the strands in a coiled-coil assembly 

cannot be predicted. Small variations in coiled-coil se-

quences, as little as one residue, can change the observed 

assembly mode ( Grigoryan and Keating, 2008 ). Further-

more, some strands preferentially form homo-oligomers, 

whereas others form specifi c hetero-oligomers. Repeat 

residues  e  and  g  play important roles in dictating specifi c-

ity, but in ways that cannot yet be predicted easily. In sum-

mary, the identifi cation of coiled-coil repeats can enable 

the prediction of which residues are most likely to medi-

ate affi nity ( a  and  d ) and specifi city ( e  and  g ), and which 

residues may have little infl uence on assembly ( b ,  c , and  f ). 

But the nature of the resulting assembly cannot be pre-

dicted with certainty. 

 TRPM6 and TRPM7 are two closely related TRPM family 

members that are important in magnesium uptake and 

homeostasis ( Schlingmann et al., 2007 ). The crystal struc-

ture of the TRPM7 coiled-coil was recently determined to 

high resolution ( Fujiwara and Minor, 2008 ). It forms a ho-

motetrameric coiled-coil, consistent with the predicted 

tetrameric functional channel. But surprisingly, it is an 

antiparallel tetrameric coiled-coil, with two strands going 

in one direction and two strands going in the opposite di-

rection ( Fig. 2 C ). This is striking because it breaks the 

fourfold rotational symmetry that is expected for the trans-

membrane domain of the TRPM7 channel, with the four 

subunits related by 90 °  rotations around an axis perpen-

dicular to the plane of the membrane. The antiparallel 

topology was confi rmed in solution using cross-linking 

experiments ( Fujiwara and Minor, 2008 ). It will be impor-

tant to further confi rm that the antiparallel topology ob-

served for the isolated coiled-coil domain is also present in 

intact TRPM7 channels, although sequence analyses do 

strongly support an antiparallel topology for the TRPM7 

coiled-coil and closely related TRPM channels ( Fujiwara 

and Minor, 2008 ). 

 The TRPM7 coiled-coil is followed by an atypical 

 � -kinase domain. The structure of that kinase domain, 

determined in 2001 ( Yamaguchi et al., 2001 ), showed a 

domain-swapped dimer where the two subunits are 

held together by an exchange of their N-terminal heli-

ces ( Fig. 2 C ). The  � 80- Å  distance between the C ter-

mini of two antiparallel strands of the TRPM7 coiled-coil 

structure matches well the  � 90- Å  distance between the 

N termini of one kinase dimer. Therefore, by breaking 

the fourfold symmetry of the transmembrane domain, 

the antiparallel coiled-coil may allow two kinase dimers 

to exist side by side. This observation lends further sup-

port to the physiological relevance of the unexpected 

oligomer symmetry observed in both structures. It also 

prompts a word of caution regarding electron micro s-

copy analyses of TRP channel structures. Symmetry 

averaging is routinely used to improve the signal to 

leveraged to study the role of ankyrin repeats in other 

TRP channels. Of particular interest is TRPA1, which 

transduces pain signals in response to irritants like mus-

tard oil ( Bandell et al., 2004 ). Irritants covalently attach 

to the thiol group of several cysteines in TRPA1 ’ s 17 an-

kyrin repeats to activate the channel ( Hinman et al., 

2006 ;  Macpherson et al., 2007 ), and structures of the an-

kyrin repeats will be useful to decipher how this chemi-

cal modifi cation can lead to channel opening. Allicin, a 

compound found in garlic, activates TRPV1 through the 

chemical modifi cation of a single cysteine, C157, in the 

ARD of TRPV1 ( Salazar et al., 2008 ). Cysteine 157 is bur-

ied in the protein core between repeats 1 and 2, imply-

ing that its chemical modifi cation requires a fairly large 

conformational change ( Gaudet, 2008b ;  Salazar et al., 

2008 ). Similarly to the TRPA channels, TRPN channels 

have large numbers of ankyrin repeats with sequences 

very close to ankyrin repeat motif consensus, although 

little is known about the biological roles of these repeats. 

TRPC channels have few repeats (likely four or fi ve), 

which have weak similarity to ankyrin repeat consensus. 

The structure of TRPC channel ankyrin repeats is there-

fore likely to have some unusual kinks and loops, as was 

observed in TRPV channels. 

 Lessons from Coiled-Coils 
 The TRPM channels have coiled-coil domains in their 

C-terminal cytosolic region. Biophysical studies ( Tsuruda 

et al., 2006 ) have validated the existence of these coiled-

coils in all but one of the eight mammalian TRPM 

channels (TRPM1 was not validated in this study) and 

demonstrated that these coiled-coils can form homotet-

rameric assemblies, which is consistent with the expected 

tetrameric state of functional TRPM channels. 

 Coiled-coils are protein interaction and assembly mo-

tifs forming  � -helices that zip up together in a helical coil 

conformation (for a recent review see  Grigoryan and 

Keating, 2008 ). Coiled-coils are found in many protein 

families, including transcription factors, cellular and vi-

ral membrane fusion proteins, and ion channels. Coiled-

coil motifs are identifi ed in protein sequences by their 

characteristic recurring pattern of aliphatic residues al-

ternating every third then fourth residue to form seven-

residue repeats. The sequence patterns are a refl ection 

of the regularity of three-dimensional coiled-coil struc-

tures ( Fig. 2 A ). Within each repeat of seven amino acids, 

routinely labeled  a  through  g , residues  a  and  d  are usu-

ally aliphatic and form the internal core of the coiled-

coil. Residues  e  and  g  are generally polar or charged and 

interact with each other across strands, often dictating 

the specifi city of assembly through electrostatic interac-

tions. Residues  b ,  c , and  f  tend to lie on the outside sur-

face and have less infl uence on coiled-coil interactions. 

 Although the above description may suggest that 

coiled-coil structures are predictable, this is currently not 

the case ( Grigoryan and Keating, 2008 ). Coiled-coil struc-
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on the structural studies of the two TRPM7 C-terminal 

domains with structural and/or biochemical studies to 

investigate whether the TRPM6 and TRPM7 coiled-coils 

can form heterotetramers, and whether the TRPM6 and 

TRPM7 kinase domains can form heterodimers. The re-

sults could suggest possible stoichiometries and topolo-

gies available to TRPM6/TRPM7 heterotetramers. 

 The observation that the TRPM7 coiled-coil is antipar-

allel also brings up the interesting question of whether 

all TRPMs will have antiparallel coiled-coils or whether 

noise when analyzing electron microscopy images. How-

ever, one can no longer assume that a TRP channel 

obeys fourfold rotation symmetry throughout the tetra-

meric assembly. 

 TRPM6 is the closest TRPM7 homologue that also has 

a C-terminal  � -kinase domain, with a sequence identity of 

53% at the protein level overall and 69% in the coiled-

coil domain. TRPM6 and TRPM7 have been reported to 

form heterotetramers when coexpressed in the same cells 

( Chubanov et al., 2004 ). It will be interesting to follow up 

 Figure 2.   The coiled-coils of TRPM chan-
nels. (A) Helical wheel representation of 
parallel (left) and antiparallel (right) tetra-
meric coiled-coils. The  “ N ”  or  “ C ”  in each 
wheel indicates whether the N or C termi-
nus, respectively, of the  � -helix points to-
ward the viewer. Darker lines are in front 
and lighter ones are in the back. In both 
coiled-coils, the  a  and  d  residues of the hep-
tad repeats form the core, whereas the  e  and 
 g  residues form peripheral interactions. 
However, the details of the interactions 
are different. In a parallel coiled-coil, each 
layer of hydrophobic interactions consists 
of either four  a  or four  d  residues. In con-
trast, each antiparallel layer consists of two 
 d  and two  a  residues. (B) Sequence align-
ment of the predicted coiled-coil sequences 
of human TRPM channels. The sequence 
of the rat TRPM7 coiled-coil, for which the 
structure is available, is also included at the 
top.  a  and  d  position residues are shaded. 
The dendrogram was generated by ClustalW 
using an alignment of whole TRPM se-
quences. (C) Diagram of TRPM7 displaying 
the available structural information. Simi-
larly to  Fig. 1 , only two of the four channel 
subunits are illustrated for clarity (green 
and blue, respectively), except for the 
coiled-coil structure where all four strands 
are shown. Note that the transmembrane 
domain would have fourfold rotational 
symmetry perpendicular to the membrane 
(gray shading), whereas the coiled-coil and 
 � -kinase domains only have twofold symme-
try. Shape sizes approximate the number 
of residues in each region, and the size (in 
number of amino acid residues [aa]) is in-
dicated for the blue subunit. The approxi-
mate boundaries, in residue numbers, of 
different domains are also indicated.   
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baculovirus-infected insect cells ( Jasti et al., 2007 ). A 

second technical challenge is obtaining crystals of TRP 

channels suitable for structure determination by x-ray 

crystallography. Crystallization is still based on trial-and-

error methods screening thousands of conditions. Aside 

from the typical crystallization solution components (buff-

ering and precipitating agents, salts, and other chemical 

additives), membrane proteins require additional screen-

ing with different detergents and/or lipids. Further vari-

ables that may prove useful for TRP channels are the 

addition of chemical and protein ligands, including ago-

nists, antagonists, blockers, and other modulators. These 

ligands have functional effects on the proteins by chang-

ing their conformation, which can in turn infl uence their 

crystal-packing interactions to improve crystal growth. 

 Detailed mechanistic understanding of TRP channel 

function will be attained by iterating structures and func-

tional experiments using physiological assays. Signifi cant 

advances have been achieved through studies of channel 

fragments. But this divide and conquer approach is ulti-

mately conservative in nature: the long-term goal is to 

view the channel as a whole, and although it is perhaps a 

more risky approach, tackling the structure of assembled 

TRP channels will yield information not attainable from 

the accumulation of fragmented structures. That is be-

cause the divide and conquer approach does not directly 

answer the question of how the local information — the 

conformational state of the particular fragment under 

study — is integrated in the context of the whole tetra-

meric channel to effect changes in TRP channel function. 

We can expect that structural information on TRP chan-

nels will continue to emerge, both in fragments and, 

hopefully, whole channel structures in the near future. 

Continued collaboration between physiology and struc-

tural biology will be needed to fully appreciate how com-

plex and elegant TRP channels truly are. 
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the observed sequence divergence also encodes struc-

tural divergence. The signature pattern of a coiled-coil is 

identifi able in all mammalian TRPM proteins ( Fig. 2 B ) 

( Fujiwara and Minor, 2008 ), but as described above, the 

topology of a coiled-coil is not readily predicted and 

would be worth testing experimentally for each TRPM 

family member. Because small changes in a coiled-coil 

sequence can tilt the balance to favor parallel versus 

antiparallel assembly or alter partnering specificity 

( Grigoryan and Keating, 2008 ), the presence of coiled-

coil assembly domains might promote rapid evolution 

and divergence of subunit assembly and topology in pro-

tein families like the TRPM channels. 

 Inhibitors of coiled-coil assembly have been selected or 

designed by optimizing affi nity and specifi city to compete 

effectively against the native interactions ( Grigoryan and 

Keating, 2008 ). One example is an HIV inhibitor that 

prevents fusion of the virus with the cell membrane ( Frey 

et al., 2006 ). Therefore, the structure of the TRPM7 

coiled-coil, and any future TRPM coiled-coil structure, 

could be used to design inhibitors of channel assembly 

and function. Although the isolated TRPM8 coiled-coil 

had no effect on TRPM8 function, when it was attached 

to an accessory TM helix to pre-localize it to the plasma 

membrane, it inhibited channel assembly and function 

( Tsuruda et al., 2006 ). This suggests that a molecule that 

interacts strongly enough to overcome the high local con-

centration of the native coiled-coil to disrupt its assembly 

could be an effective inhibitor of TRPM8. 

 Coiled-coils are also predicted in TRPC channels at ei-

ther or both the N-terminal intracellular linker between 

the ankyrin repeats and the transmembrane channel do-

main and the C-terminal domain ( Lepage and Boulay, 

2007 ;  Schindl and Romanin, 2007 ). These TRPC coiled-

coil regions have yet to be confi rmed through biochemi-

cal and/or structural experiments. It will be interesting to 

see whether future studies of TRPC coiled-coils will also 

yield new surprises, considering the interesting recent de-

velopments in the TRPM coiled-coil structural studies. 

 Future Outlook 
 To fully understand the molecular basis of TRP channel 

gating and regulation, high resolution structures of 

whole TRP channels will be great assets, whether by elec-

tron microscopy techniques or x-ray crystallography. TRP 

channel structures will generate a framework for inter-

preting biochemical and electrophysiological informa-

tion accumulated on these channels. X-ray crystallography 

of membrane proteins like TRP channels poses several 

technical challenges. One technical challenge is to pro-

duce large amounts of detergent-solubilized, biochemi-

cally pure TRP channel tetramers. Recent progress 

in membrane protein crystallography is encouraging, in-

cluding structures of vertebrate ion channels including 

Shaker channels produced in the yeast  Pichia pastoris  
( Long et al., 2005 ) and an ASIC channel produced in 

D
ow

nloaded from
 http://rupress.org/jgp/article-pdf/133/3/231/1913928/jgp_200810137.pdf by guest on 07 February 2026



  Gaudet 237

   Nadler ,  M.J. ,  M.C.   Hermosura ,  K.   Inabe ,  A.L.   Perraud ,  Q.   Zhu ,  A.J.  

 Stokes ,  T.   Kurosaki ,  J.P.   Kinet ,  R.   Penner ,  A.M.   Scharenberg , and 

 A.   Fleig .  2001 .  LTRPC7 is a Mg.ATP-regulated divalent cation 

channel required for cell viability.    Nature   .   411 : 590  –  595 .   

   Perraud ,  A.L. ,  A.   Fleig ,  C.A.   Dunn ,  L.A.   Bagley ,  P.   Launay ,  C.  

 Schmitz ,  A.J.   Stokes ,  Q.   Zhu ,  M.J.   Bessman ,  R.   Penner ,  et al .  2001 . 

 ADP-ribose gating of the calcium-permeable LTRPC2 channel re-

vealed by Nudix motif homology.    Nature   .   411 : 595  –  599 .   

   Phelps ,  C.B. ,  E.   Procko ,  P.V.   Lishko ,  R.R.   Wang , and  R.   Gaudet .  2007 . 

 Insights into the roles of conserved and divergent residues in the 

ankyrin repeats of TRPV ion channels.    Channels   .   1 : 148  –  151 .  

   Phelps ,  C.B. ,  R.J.   Huang ,  P.V.   Lishko ,  R.R.   Wang , and  R.   Gaudet . 

 2008 .  Structural analyses of the ankyrin repeat domain of TRPV6 

and related TRPV ion channels.    Biochemistry   .   47 : 2476  –  2484 .   

   Ramsey ,  I.S. ,  M.   Delling , and  D.E.   Clapham .  2006 .  An introduction 

to TRP channels.    Annu. Rev. Physiol.    68 : 619  –  647 .   

   Runnels ,  L.W. ,  L.   Yue , and  D.E.   Clapham .  2001 .  TRP-PLIK, a bi-

functional protein with kinase and ion channel activities.    Science   .  
 291 : 1043  –  1047 .   

   Salazar ,  H. ,  I.   Llorente ,  A.   Jara-Oseguera ,  R.   Garcia-Villegas ,  M.  

 Munari ,  S.E.   Gordon ,  L.D.   Islas , and  T.   Rosenbaum .  2008 .  A single 

N-terminal cysteine in TRPV1 determines activation by pungent 

compounds from onion and garlic.    Nat. Neurosci.    11 : 255  –  261 .   

   Schaefer ,  M.   2005 .  Homo- and heteromeric assembly of TRP chan-

nel subunits.    Pfl  ü gers Arch   .   451 : 35  –  42 .   

   Schindl ,  R. , and  C.   Romanin .  2007 .  Assembly domains in TRP chan-

nels.    Biochem. Soc. Trans.    035 : 84  –  85 .   

   Schlingmann ,  K.P. ,  S.   Waldegger ,  M.   Konrad ,  V.   Chubanov , and  T.  

 Gudermann .  2007 .  TRPM6 and TRPM7 – gatekeepers of human 

magnesium metabolism.    Biochim. Biophys. Acta   .   1772 : 813  –  821 .   

   Tsuruda ,  P.R. ,  D.   Julius , and  D.L.   Minor   Jr .  2006 .  Coiled coils direct 

assembly of a cold-activated TRP channel.    Neuron   .   51 : 201  –  212 .   

   Venkatachalam ,  K. , and  C.   Montell .  2007 .  TRP Channels.    Annu. 
Rev. Biochem.    76 : 387  –  417 .   

   Wetlaufer ,  D.B.   1973 .  Nucleation, rapid folding, and globular 

intrachain regions in proteins.    Proc. Natl. Acad. Sci. USA   .   70 : 

697  –  701 .   

   Yamaguchi ,  H. ,  M.   Matsushita ,  A.C.   Nairn , and  J.   Kuriyan .  2001 . 

 Crystal structure of the atypical protein kinase domain of a TRP 

channel with phosphotransferase activity.    Mol. Cell   .   7 : 1047  –  1057 .     

   Gaudet ,  R.   2008a .  A primer on ankyrin repeat function in TRP 

channels and beyond.    Mol. Biosyst.   4:372 – 379.  

   Gaudet ,  R.   2008b .  TRP channels entering the structural era.    J. Physiol.   
 586 : 3565  –  3575 .   

   Grigoryan ,  G. , and  A.E.   Keating .  2008 .  Structural specifi city in 

coiled-coil interactions.    Curr. Opin. Struct. Biol.    18 : 477  –  483 .   

   Hinman ,  A. ,  H.-h.   Chuang ,  D.M.   Bautista , and  D.   Julius .  2006 .  TRP 

channel activation by reversible covalent modifi cation.    Proc. Natl. 
Acad. Sci. USA   .   103 : 19564  –  19568 .   

   Jasti ,  J. ,  H.   Furukawa ,  E.B.   Gonzales , and  E.   Gouaux .  2007 .  Structure 

of acid-sensing ion channel 1 at 1.9 A resolution and low pH.    Nature   .  
 449 : 316  –  323 .   

   Jin ,  X. ,  J.   Touhey , and  R.   Gaudet .  2006 .  Structure of the N-terminal 

ankyrin repeat domain of the TRPV2 ion channel.    J. Biol. Chem.   
 281 : 25006  –  25010 .   

   Jordt ,  S.E. , and  D.   Julius .  2002 .  Molecular basis for species-specifi c 

sensitivity to  “ hot ”  chili peppers.    Cell   .   108 : 421  –  430 .   

   Lepage ,  P.K. , and  G.   Boulay .  2007 .  Molecular determinants of TRP 

channel assembly.    Biochem. Soc. Trans.    035 : 81  –  83 .   

   Lishko ,  P.V. ,  E.   Procko ,  X.   Jin ,  C.B.   Phelps , and  R.   Gaudet .  2007 . 

 The ankyrin repeats of TRPV1 bind multiple ligands and modu-

late channel sensitivity.    Neuron   .   54 : 905  –  918 .   

   Long ,  S.B. ,  E.B.   Campbell , and  R.   Mackinnon .  2005 .  Crystal struc-

ture of a mammalian voltage-dependent Shaker family K+ chan-

nel.    Science   .   309 : 897  –  903 .   

   Macpherson ,  L.J. ,  A.E.   Dubin ,  M.J.   Evans ,  F.   Marr ,  P.G.   Schultz ,  B.F.  

 Cravatt , and  A.   Patapoutian .  2007 .  Noxious compounds activate 

TRPA1 ion channels through covalent modifi cation of cysteines.  

  Nature   .   445 : 541  –  545 .   

   McCleverty ,  C.J. ,  E.   Koesema ,  A.   Patapoutian ,  S.A.   Lesley , and  A.  

 Kreusch .  2006 .  Crystal structure of the human TRPV2 channel 

ankyrin repeat domain.    Protein Sci.    15 : 2201  –  2206 .   

   Minor ,  D.L.   Jr .  2007 .  The neurobiologist ’ s guide to structural biol-

ogy: a primer on why macromolecular structure matters and how 

to evaluate structural data.    Neuron   .   54 : 511  –  533 .   

   Montell ,  C.   2005 .  The TRP superfamily of cation channels.    Sci. 
STKE   .   2005 : re3 .   

   Moore ,  A.D. ,   Å .K.   Bj ö rklund ,  D.   Ekman ,  E.   Bornberg-Bauer , and  A.  

 Elofsson .  2008 .  Arrangements in the modular evolution of pro-

teins.    Trends Biochem. Sci.    33 : 444  –  451 .   

D
ow

nloaded from
 http://rupress.org/jgp/article-pdf/133/3/231/1913928/jgp_200810137.pdf by guest on 07 February 2026



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /UseDeviceIndependentColor
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings true
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue true
  /ColorSettingsFile (U.S. Prepress Defaults)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 299
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 299
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


