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ABSTRACT 

This review focuses on rapid and reversible noncovalent interactions for symmetric oligomers of 

signalling proteins. Symmetry mismatch, transient symmetry breaking and asymmetric 

perturbations via chemical (ligand binding) and physical (electric or mechanic) effects can initiate 

the signalling events. Advanced biophysical methods can reveal not only structural symmetries of 

stable membrane-bound signalling proteins but also asymmetric functional transition states. 

Relevant techniques amenable to distinguish between symmetric and asymmetric architectures are 

discussed including those with the capability of capturing low-populated transient conformational 

states. Typical examples of signalling proteins are overviewed for symmetry breaking in dimers 

(GPCRs, growth factor receptors, transcription factors); trimers (acid-sensing ion channels); 

tetramers (voltage-gated cation channels, ionotropic glutamate receptor, CNG and CHN channels); 

pentameric ligand-gated and mechanosensitive channels; higher order oligomers (gap junction 

channel, chaperonins, proteasome, virus capsid); as well as primary and secondary transporters. In 

conclusion, asymmetric perturbations seem to play important functional roles in a broad range of 

communicating networks. 
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1. Introduction 

 

What is so special in symmetry? Human perception of symmetric objects and structures has 

subjective and holistic characteristics. Symmetry can be associated with harmony, pleasure, stability 

(Blundell and Srinivasan, 1996; Goodsell and Olson, 2000; Kojić-Prodić and Štefanić, 2010; 

Thompson, 1952). In contrast, symmetry violation and asymmetry might seem disharmonic, 

transient and instable. It reflects some kind of motion or change: (bio)chemical reactions, transition 

states, function, metamorphosis, development, even revolution. These associations might seem 

trivial, but they are far from evident, especially if the motions and changes are very short, slight and 

invisible. The contrast between symmetry and asymmetry is present throughout the Universe, from 

Big Bang down to particle physics (e.g. Higgs boson). How is this contrast manifested in life 

sciences? 

 The maintenance of living organisms and adaptation to environmental challenges involve 

signalling processes. Chemical communication, the interaction of chemical signals with signalling 

proteins elicit physiological responses. Recent biophysical methods have revealed that these 

physiological processes involve several weak, rapid, reversible, non-covalent interactions. The 

structural secret of life is thus wrapped in a versatile network of physico-chemical interactions 

(Gong et al., 2009; Zhou and Gilson, 2009). This review is focused on non-covalent interactions of 

signalling proteins with a few coupled covalent biochemical changes.  

 Most signalling proteins have oligomeric quaternary structures. These proteins have 

presumably evolved via gene duplication, repetition and fusion of ancient peptide modules into 

homooligomers (Broom et al., 2012; Dayhoff et al., 2010; Kurian and Eisenberg, 2007). This is 

obviously a source of emerging structural symmetry (André et al., 2008; Lee and Blaber, 2011; 

Schulz, 2009). Some of the benefits of symmetric oligomers are greater biosynthetic and folding 
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efficiency; amenability to cooperativity, allosteric regulation and adaptation; stability and reduced 

aggregation (André et al., 2008; Broom et al., 2012; Goodsell and Olson, 2000). 

How do oligomeric proteins function concerning symmetry? Monod, Wyman and Changeux 

(Monod et al., 1965) introduced a concerted, symmetric model of allostery to interpret regulatory 

mechanisms of oligomeric enzymes. According to the MWC model, ligand-free homooligomers 

exist in equilibrium of different states; oligomeric structures are symmetric; protomer 

conformations change in a concerted way; ligand binding maintains the symmetric arrangement of 

protomers whereas it shifts the equilibrium of pre-existing oligomeric conformations. The MWC 

model was extended to the acetylcholine receptor and other signalling proteins (Changeux et al., 

1984; Karlin, 1967). In contrast to the MWC model, Koshland, Némethy and Filmer (Koshland et 

al., 1966) introduced a sequential model. According to the KNF model, conformational changes of 

protomers are consecutive and asymmetric. Ligands bind sequentially with increasing affinity when 

the structure of a ligand and its binding site are accommodated to each other via induced fit. It 

should be noted that symmetry maintenance was a contradicting issue in the MWC and KNF 

models. The demonstration of rapid dynamics of conformational ensembles of proteins has then led 

to the reconciliation of MWC and KNF models. According to the recent dynamic model, ligands 

select from pre-existing conformational states of proteins and binding to the most suitable one shifts 

the equilibrium (Boehr et al., 2009; Smock and Gierasch, 2009; Tsai et al., 1999). However, the 

side chains of individual protomers are accommodated to ligand binding (KNF model). Thus, both 

conformational selection and induced fit play important roles in molecular recognition. These 

principles can gradually gain application not only in biotechnology but also in the pharmacological 

fine-tuning of signalling (Maksay, 2011). 

Structural symmetry is also important in protein dynamics (Matsunaga et al., 2012; Swapna 

et al., 2012). Global symmetry is often associated with local binding asymmetry (Goodsell and 

Olson, 2000). Some specific requirements of signalling oligomers such as rapid and reversible 



5 

 

action cannot be reconciled with high stability. They need dynamic flexibility; a trade-off between 

stability and evolvability; interface mutations for diversification and signalling selectivity (Tokuriki 

and Tawfik, 2009). Some symmetric signalling oligomers have been recently shown to function via 

asymmetric perturbation, transiently breaking symmetry (Mowrey et al., 2013; Maksay, 2013). 

Asymmetric transition states can be hopefully exploited in structure-based drug design (Brown, 

2006; Lee and Craik, 2009). 

The term symmetry will be primarily used here in a structural sense. However, there is a 

universal definition: symmetry means invariance to transformations. This maintenance of properties 

is similar to thermodynamic stability. Indeed, the oligomeric symmetries of signalling proteins 

contribute to structural stability. 

The structural asymmetries discussed here should be distinguished from the functional and 

operational asymmetries of proteins. Functional asymmetry can be observed when identical 

domains perform distinct tasks: i) the zinc fingers of the Egr-1 transcription factor perform rapid 

scanning and stable recognition (Zandarashvili et al., 2012) and ii) histidine kinase receptor dimers 

possess either kinase or phosphatase activities (Moore and Hendrickson, 2012). Operational 

asymmetry arises when the symmetry of enzyme reaction cycles is broken, which can lead to 

evolutionary consequences (García-Bellido, 1996). 

In the first part of the review we summarize some of the advanced biophysical 

methodologies which can be instrumental in revealing transient structural asymmetry in oligomeric 

proteins. In the second part, the structural (a)symmetry of signalling proteins will be overviewed 

according to the oligomerization state, structural family and function. 
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2. Methods to reveal structural symmetry and asymmetry of oligomeric proteins 

 

2a. X-ray crystallography 

X-ray crystallography (XRC) has become the major method for high-resolution structure 

elucidation of proteins. Due to the obstacles of crystallization, the XRC structures of just the 

extracellular (EC) ligand-binding or intracellular (IC) functional coupling domains have been 

determined at first for several membrane-bound signalling proteins (Alvarado et al., 2010; 

Kunishima et al., 2000). To overcome the difficulties posed by the relatively small polar surface of 

membrane proteins, shorter-chain detergents in combination with amphiphile additives, less 

hydrophobic point mutations, protein fusion, complexation with an antibody fragment or with a 

crystallization ‘chaperone’ have been introduced into conventional mixed micelle crystallization 

techniques (Caffrey et al., 2012). Additional difficulties, such as conformational heterogeneity and 

inherent protein flexibility can be reduced by inhibitors or antibodies rigidifying the structure of the 

target protein. These methodological advances have contributed to the crystallization of a broad 

range of membrane-bound signalling proteins (Rasmussen et al., 2011a; Uysal et al., 2009; 

Krishnamurthy and Gouaux, 2012). 

Alternative strategies for the crystallization of membrane proteins involve the formation of 

an extended bilayer of lipid, detergent, and target protein (Caffrey et al., 2012). Among these 

techniques, the lipidic mesophase and specifically the cubic phase method has been used 

successfully for GPCRs. The main advantage of the technique is that crystallization takes places 

within a soft lipid bilayer, which helps maintaining functionally relevant states such as observed for 

G-protein- and agonist-bound ß2-adrenergic receptors (β2AR) (Rasmussen et al., 2011b). 

While a crystal structure is likely the lowest energy state in the crystal lattice, it is not 

necessarily the lowest energy state in solution. Also, crystallization is often accompanied by 

symmetric contacts existing only in the crystal. Thus it is important to distinguish between 
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crystallographic and non-crystallographic symmetries, that is, artefacts and functionally relevant 

structures, as well as to cross-validate the interpretation of structural results (Fabiola et al., 2006). 

X-ray free-electron lasers and serial femtosecond crystallography offer a great promise for room-

temperature high-resolution data for crystals of sub-micrometer size and appears to be a more 

accurate representation of the native structure for membrane receptors (Liu et al., 2013). 

In conclusion, large and asymmetric macromolecular assemblies are challenging and require 

special strategies for the measurement of diffraction intensities and phase determination (Mueller et 

al., 2007). XRC studies should ideally be combined with complementary techniques in solution 

such as cryo electron microscopy and small-angle scattering (Abrahams and Ban, 2003). 

 

2b. Fluorescence spectroscopy 

The sensitivity of the spectroscopic characteristics of fluorophores to the physico-chemical 

properties of their molecular environment makes fluorescence spectroscopy a powerful biophysical 

tool for the study of the thermodynamics and kinetics of receptor-ligand interactions and ligand-

induced conformational changes leading to signal transduction (Hovius et al., 2000; Lohse et al., 

2008; Böhme and Beck-Sickinger, 2009). 

The advantages of fluorescence-based techniques include low sample concentrations (~nM-

μM) and near physiological experimental conditions (i.e. membrane proteins reconstituted in lipid 

bilayers, living cells). Fluorescent markers can be introduced into ligands and proteins by covalent 

modifications of specific functional groups (thiols, amines) engineered by site-directed mutagenesis 

allowing selective, single-site labelling. Recombinant protein expression techniques using 

auxotroph E. coli (Ross et al., 1992) and suppressor tRNA technology can be used for site-specific 

introduction of unnatural fluorescent amino acids (Mendel et al., 1995) allowing selective 

monitoring of conformational changes in homodimers (Damian et al., 2006). Semisynthetic 

techniques allowing the engineering of proteins with chemically defined site-specific modification 
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have also been increasingly used (Focke and Valiyaveetil, 2010). Finally, the green fluorescent 

protein and its mutated derivatives can be used to monitor and localize gene expression, proteins, 

and molecular interactions in living cells (Tsien et al., 1998). 

By monitoring the fluorescence of the ligand or that of the target protein, fluorescence 

spectroscopy is well suited to reveal phenomena such as binding cooperativity (Alvarado, 2010) and 

by the application of special labelling techniques, distinguish between cis and trans activation in 

GPCR dimers (Damian et al., 2006, 2008). Site-directed fluorescence spectroscopy can also be used 

to identify different structural domains associated with asymmetric ligand binding (Sommer et al., 

2012). Additionally, quenching experiments can be exploited in the study of membrane channels 

and transporters to monitor gating (Birkner, 2012) and characterize translocation pathways (Smriti 

et al., 2009) and conformational heterogeneity (Siarheyeva, 2010) in general. 

The interaction of two different fluorophores via a distance-dependent dipole-dipole 

mechanism in a Förster (fluorescence) resonance energy transfer (FRET) experiment can be 

exploited in structural studies. Due to its capability of measuring long distances (up to ~80 Å) 

FRET is particularly suitable to distinguish between different subunit orientations of oligomeric 

proteins and can serve as evidence for asymmetric intersubunit rearrangement accompanying 

activation (Matsushita et al., 2010). Along with FRET, fluctuations in fluorescence intensity 

induced by a particular molecular process can be exploited in mechanistic studies of signalling 

molecules as shown recently in a fluorescence cross-correlation spectroscopy (FCCS) study of 

EGFR (Endres et al., 2013). 

Yet another advantage of fluorescence spectroscopy is that bulk measurements can be 

complemented with single-molecule analysis (Joo et al., 2013). An elegant example of this is a 

study of the homodimeric multidrug efflux protein EmrE, where bulk and single-molecule FRET 

measurements were used as additional evidence for an asymmetric antiparallel arrangement of the 

two subunits (Morrison et al., 2012). Single-molecule FRET in general has proven to be a highly 
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valuable biophysical tool for distinguishing between asymmetric and symmetric protein complexes 

(Takei et al., 2012) and revealing directionality in macromolecular interactions (Cristóvao et al., 

2012). Additional single-molecule optical techniques such as fluorescent-molecule video imaging 

have been used in recent years with great success to obtain a dynamic insight into receptor 

oligomerization and mobility on the surface of intact cells (Kasai and Kusumi, 2014). 

While in steady-state experiments the signals of all fluorophore populations are averaged, 

time-resolved fluorescence spectroscopy provides additional information on the lifetime of the 

excited states of fluorophores allowing independent observation of their different populations (e.g. 

free vs. receptor-bound ligands). For instance, with labelled antibodies raised against each subunit 

(Goudet et al., 2005; Hlavackova et al., 2005) or with selective fluorescent ligands (Albizu et al., 

2010), time-resolved FRET could be employed to demonstrate the asymmetric activation of various 

GPCR dimers at the surface of living cells and correlate local structural changes with functional 

states of ion channels (Kusch et al., 2012). 

Along with fluorescence, luminescence-based techniques allow structural and kinetic 

characterization of protein-ligand and protein-protein interactions in signalling processes. In an 

illustrative example, bioluminescence resonance energy transfer (BRET) and electrophysiology 

have been used to characterize the complex of melatonin MT1 receptor, RGS20, and Gi proteins in 

its basal and agonist-activated state to reveal functional asymmetry of RGS20 and Gi coupling to 

MT1 (Maurice, 2010). 

 

2c. Electron microscopy 

For larger and complicated molecular assembly, flexible components, small amount of 

sample, less purity, that is, when crystallization fails, especially for membrane proteins, chaperones 

and viruses, electron microscopy (EM) is the optimal method of choice (Rossmann et al., 2005). 

The most powerful approach to reduce the detrimental effect of electrons on chemical bonds in EM 
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is to perform the imaging experiment at cryogenic temperatures (Saibil 2000). Among the general 

approaches in cryo-EM for addressing biological systems of different levels of complexity (Milne et 

al., 2013), single-particle analysis (Zhou, 2008) is a commonly used strategy for structure 

elucidation of membrane protein complexes at subnanometer resolution (Ludtke et al., 2011; Lau 

and Rubinstein, 2012). Another powerful approach with the capability of providing atomic 

resolution structural information on membrane proteins is cryo-electron crystallography (cryo-EC) 

(Ubarretxena-Belandia and Stokes, 2012). The main advantage of the method is that 2D crystals of 

proteins are formed in a lipid bilayer, where the surrounding lipids allow conformational changes 

upon binding interactions without destroying the crystal lattice. Thus, unlike in XRC, where 

proteins need to be complexed with their binding partners before crystallization, cryo-EC provides a 

way to compare structures before and after adding a ligand to pre-existing crystals (Unwin, 1995). 

We note that by utilizing a camera to decrease the noise of electron detection and a statistical 

approach to estimate particle orientations, the side-chain resolution barrier for membrane proteins 

without crystallization has recently been broken in a cryo-EM study of a transient receptor potential 

ion channel, TRPV1 (Liao et al., 2013).  

Inherent in its nature, EM is a powerful experimental technique for distinguishing between 

structural symmetry and asymmetry in macromolecular complexes (Mi et al., 2011; Cerritelli et al., 

2003; Hafenstein et al., 2007; Oshima et al., 2011; Cong et al., 2012; Matyskiela et al., 2013). It is 

important to note though that averaging and symmetry constraints used in EM often eliminate the 

chance of detecting oligomeric and small local asymmetries. Complementary information (XRC) 

and cross-validation can improve the evaluation of low-resolution cryo-EM data and prevent 

overfitting (Abrahams and Ban, 2003; Falkner and Schröder, 2013). 
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2d. Nuclear magnetic resonance (NMR) spectroscopy 

NMR spectroscopy provides structural information on the atomic scale in combination with 

dynamic insights of protein function (Cavanagh et al., 2006). Instrumental and methodological 

advances in the past decades (Pervushin et al., 1997; Gardner and Kay, 1998; Tjandra and Bax, 

1997; Orekhov et al., 2001) opened the possibilities for the investigation of proteins up to 100 kDa 

in the solution state (Tugarinov and Kay, 2003; Tugarinov et al., 2005), including the study of 

membrane proteins reconstituted in detergent micelles and bicelles (Sanders and Landis, 1995; 

Opella and Marassi, 2004). The most illustrative recent examples include the structure 

determination of a voltage-dependent anion channel from mitochondria, VDAC-1 (Hiller et al., 

2008) and a GPCR-like seven-helical transmembrane receptor sensory rhodopsin II (Gautier et al., 

2010). 

Structure elucidation of dimers or higher oligomers by NMR is aided by special 

methodologies. In general, NMR spectroscopy in solution relies on the measurement of the nuclear 

overhauser effect (NOE), a phenomenon whose strength is proportional to the internuclear distance 

(~r
-6

) between nuclear spins, conveniently between pairs of protons. For homooligomers, where it is 

often difficult to distinguish between intra- and intermolecular NOEs, special techniques such as 

isotope-filtered nuclear overhauser enhanced spectroscopy (NOESY) on mixtures of labelled and 

unlabelled proteins (Walters et al., 1997) or more recently methyl-NOESY pulse sequences in 

conjunction with methyl labelling techniques (Tugarinov et al., 2006) have been developed. Such 

methodologies have been used successfully to analyse the structure of the transmembrane (TM) and 

juxtamembrane segments of the epidermal growth factor receptor (EGFR) in lipid bilayers 

establishing a structural model for the asymmetric EGFR dimer (Endres et al., 2013) and to provide 

evidence for symmetry in a number of ligand-free homodimeric proteins that are either asymmetric 

functionally or according to XRC analysis, adopt different conformations of the two subunits 

(Godoy-Ruiz et al., 2011). Asymmetric methyl labelling can further improve the resolution of 
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overlapping resonances in such studies as it has been demonstrated recently for the homopentameric 

membrane protein phospholamban (Traaseth et al., 2008). Structure determination of 

homooligomers can be additionally aided by the incorporation of paramagnetic probes into one of 

the monomers (Gaponenko et al., 2002). We note that problems arising from insufficient number of 

NOEs can also be overcome by the application of residual dipolar coupling-based molecular 

fragment replacement algorithms as demonstrated elegantly for a mitochondrial uncoupling protein 

(Berardi et al., 2011). 

In addition to structure elucidation, NMR spectroscopy can be extremely valuable in the 

study of protein interactions in general. This is well exemplified by a recent study of the β2-

adrenergic receptor (β2AR), where the high sensitivity of 
19

F nucleus to conformational changes has 

been exploited to prove the existence of parallel pathways for G-protein and β-arrestin signalling 

(Liu et al., 2012b). 

An additional strength of NMR spectroscopy is that besides providing structural information 

at the atomic level, it can be used for the characterization of internal motions on a wide range of 

time scales (Jardetzky, 1996; Mittermaier and Kay, 2009). In particular, relaxation dispersion (Rex) 

NMR measurements (Loria et al., 1999) provide a way to capture transiently formed low-populated 

excited states in proteins not amenable by traditional structural approaches. This is well exemplified 

by a Rex analysis of the homopentameric B subunit of an E. coli toxin revealing an interconversion 

between an axially symmetric form and a low-abundance higher energy form (Yung et al., 2003). 

The advantage of Rex experiments is providing not only kinetic, but also thermodynamic, and 

structural information on transient states, which in turn can serve as new targets for allosteric 

inhibition and open new possibilities in drug design (Piana et al., 2002; Tzeng and Kalodimos, 

2013). Another extensively investigated time regime in proteins is the ps-ns time scale (Farrow et 

al., 1994). The typically small-amplitude local fluctuations have a strong effect on entropy therefore 

on the thermodynamic stability of proteins and as shown by recent studies can be the source of 
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negative cooperativity in protein-ligand interactions (Popovych et al., 2006). Additional NMR 

techniques are available to address motions in the intermediate and slow motional regime (Kleckner 

and Foster, 2011). Among them, ZZ-exchange has played a key role recently in a structural and 

dynamic investigation of the multidrug efflux transporter, EmrE, confirming an asymmetric 

antiparallel arrangement with two exchanging subunits (Morrison, 2012). 

Despite the technological advances, due to slow molecular tumbling or restricted motion, 

structure elucidation of large multimeric complexes and membrane proteins in the solution state is 

still challenging. Solid-state NMR is a promising alternative for the investigation of these systems 

(Thompson, 2002; Opella and Marassi, 2004; Tapaneeyakorn et al., 2011; Weingarth and Baldus, 

2013). For membrane proteins it has the additional advantage of allowing their investigation near-

native conditions in lipid bilayers or membrane extracts. As full structure determination still poses 

numerous challenges, solid-state NMR so far appears to be the most successful in addressing 

specific structural questions in complex biological systems. According to one approach, 

magnetically active spin labels (e.g. 
13

C, 
15

N, 
19

F) are incorporated into peptides/proteins and their 

interaction partners at strategically chosen positions, and by the measurement of homo- and 

heteronuclear dipolar couplings intra- and/or intermolecular distance restraints are established 

between the labelled positions (Thompson, 2002). Such distance measurements have yielded crucial 

structural information in the investigation of ligand induced conformational changes in receptors 

(Murphy et al., 2001; Isaac et al., 2002) and channels (Cady et al., 2011), elucidation of receptor-

bound ligand conformations (Williamson et al., 2007), determination of the depth of insertion 

(Doherty et al., 2010) and interhelical distance restraints (Smith et al., 2002) for membrane-

embedded channel-segments. Another approach involves the correlation of 
15

N-
1
H dipolar coupling 

with the 
15

N chemical shift anisotropy of uniaxially aligned 
15

N-labeled peptides/proteins allowing 

the determination of the tilt and rotational angle with respect to the membrane normal as shown for 

example for the voltage-sensor S4 helix of a potassium channel (Doherty et al., 2010). Additional 
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solid-state NMR experiments, involving the characterization of site-specific 
2
H relaxation of 

GPCR-bound ligands, have proven to be valuable in providing dynamic information on receptor 

activation in a membrane environment (Struts et al., 2011ab). 

 

2e. Electron paramagnetic resonance spectroscopy 

The high sensitivity of electron spins makes electron paramagnetic resonance (EPR) 

spectroscopy a popular tool for structural and dynamic investigations of large macromolecular 

complexes (Lakshmi and Brudvig, 2001). A further advantage of the technique is that experiments 

can be performed on non-crystallizable samples, making EPR particularly suitable for the study of 

membrane-bound signalling proteins. A limitation of EPR is its need for a selectively introduced 

paramagnetic spin label, which is typically achieved by site-directed nitroxide spin labelling 

(SDSL) (Hubbel et al., 2013). Multi-frequency EPR techniques in combination with lineshape 

analysis have been used extensively for structural and dynamic characterization of secondary 

structure elements (Borbat et al., 2001; Meirovitch et al., 2010) including a distinction between 

symmetric and asymmetric packing of TM helices in membrane proteins (Amadi et al., 2010). A 

drawback of pulsed EPR is that experiments need to be performed in the frozen state (typically 

around 70 K) prompting an interest in the development and investigation of different freezing 

protocols on spin-label and protein conformation (Georgieva et al., 2012). 

By taking advantage of the distance dependence of dipole-dipole interactions between two 

proximate paramagnetic spins, a number of single- and double-resonance EPR techniques have 

been developed for distance measurements (Berliner et al., 2000; Prisner et al., 2001). Among them, 

double site-directed spin labelling (DSDL) EPR techniques such as double electron-electron 

resonance (ELDOR) and its variants (Stehlik and Möbius, 1997) with the capability of the 

determination of intermediate and long-range distance restraints (10-70 Å) between specific sites in 

proteins, are the most extensively used EPR methodologies to obtain information on the extent and 
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directionality of conformational changes in large biomolecular complexes including homooligomers 

(Focke et al., 2011; Rice et al., 2013). 

To complement long-range distance measurements, electron-nuclear double resonance 

(ENDOR) EPR techniques can be employed for inferring short-range distance restraints (~4-5 Å) 

(Prisner et al., 2001) with a potential to reveal asymmetries in binding geometry in protein-ligand 

interactions (Cohen et al., 2004). 

 

2f. Small angle X-ray and neutron scatterings 

Small angle X-ray scattering (SAXS) is a widely used experimental technique with a 

capability of providing low-resolution (10-50 Å) structural information on macromolecular systems 

in solutions (Graewert and Svergun, 2013). Besides the near physiological experimental conditions, 

advantages of SAXS are: no size limitation, small amount of material (~5-300 μg), and rapid 

measurements (within minutes). SAXS provides information on molecular shape, conformation, 

assembly state, aggregation, flexibility, and can be used predominantly as a complementary tool to 

high resolution techniques and single-molecule studies (Petoukhov and Svergun, 2007; Rambo and 

Tainer, 2013). For instance, SAXS in solution can verify physiologically relevant interfaces 

indicated by XRC, aid the evaluation of weak assemblies observed in crystals, and distinguish 

between alternative assemblies in different XRC structures (Putnam et al., 2007). Additionally, 

when high-resolution structures of individual subunits are available, it can be used to determine the 

relative orientation and position of subunits (Wall et al., 2000). 

Studies of the transcription regulator CooA (Akiyama et al., 2004) and the response 

regulator (PrrA)–sensor kinase (PrrB) system from Mycobacterium tuberculosis (Nowak et al., 

2006ab) illustrate that SAXS can also provide information on transient, ligand-induced 

conformational changes. Proteins with multiple conformations or with high flexibility are also well 

suited to analysis by SAXS. For instance, the complex of a pentameric histone chaperone with its 
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heterodimeric carrier protein, importin α/β, has been shown by SAXS to assume an architecture 

characterized with asymmetrically positioned importin dimers on the flexible tails of the pentamer 

(Falces et al., 2010). SAXS has also provided key structural evidence recently on the role of flexible 

hinge domains of nuclear hormone receptor heterodimers in establishing and maintaining an 

extended asymmetric shape for the receptor dimer upon coactivator binding (Rochel et al., 2011). 

Similarly to neutron diffraction in crystallography, neutrons can also be used in solution 

scattering experiments. Small-angle neutron scattering (SANS) (Gutberlet et al., 2001) can be 

particularly useful in the study of detergent-solubilized membrane proteins as due to the difference 

in the interaction of neutrons with hydrogen and deuterium, the contribution of detergent molecules 

can be eliminated (Johs et al., 2006). Deuterium-assisted SANS has also proven to be valuable for a 

real-time exploration of exchange processes in oligomeric systems (Sugiyama et al., 2011). 

 

2f. Mass spectroscopy 

Advances in electrospray ionization (ESI) and matrix-assisted laser desorption/ionization 

(MALDI) has made mass spectroscopy (MS) a powerful tool to assess the architecture, 

connectivity, evolution, asymmetry of even large multidomain complexes (Bich and Zenobi, 2009; 

Levy et al., 2008; Kirshenbaum et al., 2010; Sharon, 2013). No requirement for crystals, low sample 

need (pmol) and short measurement time (min) allowing high-throughput processing are considered 

to be the main strengths of MS. As it has been shown recently, nanoflow ESI-MS studies can 

distinguish coexisting protein populations with different number of bound ligands (nucleotides for 

ATPases) and determine the rank order of binding affinities and the role of transient asymmetries of 

higher-order ring systems in the function of chaperonins and transcription activators (Dyachenko et 

al., 2013; Zhang et al., 2014). 

Among the numerous applications of ESI, monitoring hydrogen/deuterium (H/D) exchange 

is a frequently used approach for the characterization of solvent exposure and conformational 
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changes in signalling proteins. For instance, in an investigation of the type-I insulin-like growth 

factor receptor, analysis of H/D exchange rates of proteolytically derived peptides has shown two 

distinct populations of active state conformations confirming the structural asymmetry of the 

homodimeric receptor (Houde and Demarest, 2011). MS-based footprinting via H/D exchange or 

side chain labelling can also detect interface asymmetries as shown for EGF receptor dimers 

(Collier et al., 2013) 

Ion mobility spectrometry coupled with MS (Ruotolo et al., 2008) extends the information 

content of MS analyses e.g. for intrinsically disordered regions of signalling proteins (Jurneczko et 

al., 2012). Furthermore, by allowing the investigation of collision cross-sections, it provides not 

only mass-to-charge ratios and the stoichiometry of subunits, but also the size and shape of 

macromolecular assemblies (Ruotolo et al., 2005). 

For macromolecules, which are difficult to ionize, the application of MALDI may provide 

an alternative for ESI (Bolbach, 2005). Besides its high salt tolerance, the main advantage of 

MALDI is that it predominantly produces single-charged ions leading to simplified spectra. The 

combination of MALDI-MS with chemical cross-linking to achieve higher stabilization and the 

availability of high-mass detectors enable the structural, thermodynamic, and kinetic investigations 

of receptors (Riek et al., 2008). 

 

2h. Methodical comparison of biophysical techniques 

Networks of weak and reversible noncovalent interactions dominate the fine structures and 

conformational changes of signalling proteins. The biophysical methods discussed above and 

compared in Table 1, in combination with complementary methods of biochemistry, molecular 

biology and electrophysiology, can elucidate the mechanistic details of these interactions. Cryo-EM 

and XRC offer static pictures of shape and low-energy conformations of macromolecules. XRC has 

maintained a dominant role in providing atomic-level structural information, especially with the 
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introduction of lipidic meso phase crystallization, which can capture membrane-embedded 

signalling proteins in functionally relevant states. With the increasing resolution of XRC and cryo-

EM structures, symmetry constraints can be presumably omitted so that local asymmetries can be 

detected. Although under specific conditions XRC may reveal transient states of functional 

relevance, by its very nature tend not to reveal the flexibility of proteins. EPR and in particular 

NMR have the capability of assessing dynamic information on a wide range of time scales, with the 

latter being able to provide structural, thermodynamic, and kinetic information on functionally 

relevant, low-populated, excited states. An additional advantage of both techniques for membrane 

proteins is that they can be investigated in near-native conditions (i.e. bicelles, lipid bilayers). 

Unfortunately, size-limitation and expression of isotope-labelled proteins in quantities suitable for 

NMR experiments can still pose a challenge. FRET/BRET has an enormous advantage of low 

sample need and high sensitivity allowing the characterization of protein interactions both under in 

vitro and in vivo conditions and despite its limitations, it appears currently the most versatile and 

promising technique for uncovering symmetry violation and asymmetric perturbations in signalling 

proteins. Additionally, based on the pioneering achievements of Karplus, Levitt, Warshel, and 

others, a combination of classical and quantum physics has led to MD simulations of chemical 

interactions for macromolecules including signalling proteins (Levitt, 2001). Protein databases have 

become richer and offer a better choice of proper starting structures for MD simulations. With rapid 

progress in computation, MD simulations are approaching the s timescale of signalling events. 

Consequently, they can elucidate asymmetric transition states with increasing reliability. These 

virtual asymmetries should be confirmed by a suitable combination of biophysical methods. 



19 

 

3. Structural symmetry and transient asymmetry of signalling proteins 

 

3a. Dimeric GPCRs, growth factor receptors and transcription factors 

Dimers are the most prevalent oligomers (Goodsell and Olson, 2000). Although most 

homodimers are symmetric, 1:2 ligand binding (to half of the sites) is usually a source of 

asymmetry (Miguez, 2010; Swapna et al., 2012). Binding to either of two identical sites results in 

negative cooperativity and decreased affinity to the second site (see Kd in Fig. 1). 

 The family of G protein-coupled receptors (GPCRs) include several signalling proteins 

such as receptors of crucial neurotransmitters (acetylcholine, adrenalin, dopamine, -aminobutyric 

acid, glutamate, histamine), secondary transmitters (cyclic nucleotides, phosphatidylinositol), 

hormones (glucagon, melatonin, prostaglandins, neuropeptides, growth factors and lipids). Further, 

they mediate the perception of pain, light, odour, and taste. GPCRs form symmetric homodimers 

and pseudosymmetric heterodimers. Selective labelling and FRET enable us to distinguish between 

the roles of individual subunits. Moreover, XRC has revealed the structures of several class A 

(rhodopsin-like) GPCRs in functional complex with G proteins and ligands of different efficacies 

(Rasmussen et al., 2011a). Ligands bind in-between the transmembrane (TM) helices of class A and 

B, while in a large Venus flytrap EC domain of class C GPCRs, respectively. GPCR dimers exhibit 

asymmetry at different levels as summarized below (i-iv) (Fig. 1) (Maurice et al., 2011). i) Agonists 

bind to either of the two subunits and with different affinities. As shown by XRC of a ligand-

binding EC domain, agonist binding closes the Venus flytrap domain of class C metabotropic 

glutamate receptor subunits with asymmetric rearrangements as revealed by XRC of the ligand-

binding EC domain (Kunishima et al., 2000). ii) Several reports have concluded that ligand binding 

can elicit not only cis but also trans activation via the TM helices. However, fluorescence labelling 

and radioligand binding have revealed only cis activation for chimeric heterodimers of rhodopsin-

like leukotriene B4 receptors (Damian et al., 2008). Asymmetric activation was reported for G 
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protein-fused dopamine D2 receptor homodimers via functional complementation experiments (Han 

et al., 2009). Agonist binding to a single protomer induced full activation. An inverse agonist 

enhanced signalling, whereas another agonist inhibited it together with symmetry restoration. iii) G 

protein binding to the IC side of only one subunit of GPCRs also results in asymmetric functioning 

as detected by fluorescence for a leukotriene B4 receptor dimer with a single tryptophan-labelled 

protomer (Damian et al., 2006). The other subunit can bind other GPCR-interacting proteins, 

arrestins or regulators leading to further differences in down-stream signalling (Rovira et al., 2009). 

This was observed for melatonin MT1 receptor homodimers coupled to Gi proteins and to a 

regulator of G protein signalling via radioligand binding and BRET measurements (Maurice et al., 

2010). Arrestin, a mediator of GPCR desensitization, binds to phosphorylated opsin and induces 

asymmetric binding of the agonist trans-retinal to these class A GPCR subunits in 1:2:1 ratio 

(Sommer et al., 2012). iv) Finally, pseudosymmetric heteromeric GPCRs create further asymmetry. 

Different functional states of the subunits were concluded a) from the XRC of the EC domain of 

GBR2 subunits, mutational analysis, and radioligand binding of class C GABAB receptors (Geng et 

al., 2012); and b) from the different roles of T1R subunit domains in ligand recognition and G 

protein coupling of taste receptors (Xu et al., 2004). Also, allosteric modulators of heterodimeric 

metabotropic glutamate receptors exert different efficacies depending on which subunit they bind to 

(Goudet et al., 2005). Asymmetric activation of 5-HT2C-type seronin and oxytocin class A GPCRs 

was also demonstrated with disulphide-trapping and radioligand binding as well as with time-

resolved FRET and living cells, respectively (Albizu et al., 2010; Mancia et al., 2008) 

 The growth factor receptor family belongs to tyrosine kinases activated by ligand-induced 

dimerization. The asymmetric dimerization of epidermal growth factor receptors (EGFRs) has been 

thoroughly studied via XRC and mutational analysis. The XRC of EC and IC domains revealed that 

i) the C-lobe of the donor kinase domain asymmetrically interacts with the N-lobe of the acceptor 

domain (Zhang et al., 2006) and ii) an IC juxtamembrane segment (latch) is crucial for dimerization 
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of the kinase domains and activation (Jura et al., 2009). Fluorescent ligand-binding assays 

demonstrated that the first EGF binding promotes an asymmetric dimerization interface (Alvarado 

et al., 2010). As a result of EGF binding to a luciferase-labelled heterodimer the cis-kinase adopted 

the acceptor position in the asymmetric dimer and was activated first (Macdonald-Obermann et al., 

2012). It was concluded from 
125

I-EGF binding studies that the membrane-proximal IC domain is 

responsible for the negative cooperativity of ligand binding to the second site, which reorients the 

asymmetric dimer from the initial to reciprocal conformation (Adak et al., 2011). Inactive 

symmetric kinase dimers were also demonstrated by cryo-EM (Mi et al., 2011). Furthermore, MD 

simulations show that in ligand-bound EGFR dimers, the N- and the C-terminal TM dimers 

represent an active and an inactive conformation, respectively, in which the N-terminal portions of 

the juxtamembrane segments form antiparallel helix dimers leading to an asymmetric transition 

state (Arkhipov et al., 2013). Comparative XRC structures can explain why the mono-liganded 

asymmetric form may be more common to Drosophila than to the human EGFRs (Liu et al., 2012a; 

Perilla et al., 2013). Importantly, asymmetric kinase dimer formation is essential for activation of 

wild-type and oncogenic mutant EGFRs but not for kinase phosphorylation (Zhang et al., 2006; 

Kancha et al., 2013). 

The dimerization of other kinase receptors has been found similarly asymmetric. XRC of the 

heparin-bound ectodomain of fibroblast growth factor (FGF) receptor kinase FGFR2 showed that 

heparin elicits asymmetric homodimerization of the FGF1/FGFR2 complex (Pellegrini et al., 2000). 

H/D exchange and peptide mass mapping have revealed asymmetric dimerization of type-I insulin-

like growth factor receptors (IGF-1R) by IGF (Houde and Demarest, 2011). Neurotrophins 

including nerve growth factors (NGFs) participate in the development of the vertebrate nervous 

system. They induce homodimerization of glycosylated p75 neurotrophin receptors (p75
NTR

) with 

controversial symmetry. Asymmetric 2:1 complexes of NGF/p75
NTR

 were demonstrated first via 

XRC of the ectodomain of p75 (He and Garcia, 2004). However, symmetric 2:2 complexes of 
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NT3/p75
NTR

 were reported later (Gong et al., 2008). NGF is synthesized from its precursor, 

proNGF. XRC of the proNGF/p75
NTR

 complex and multi-angle light scattering in solution 

demonstrated a 2:2 symmetry which was attributed to conformational changes of the pro regions of 

proNGF (Feng et al., 2010). Mature NGF and proNGF are known to initiate opposing responses. 

Consequently, different NT-induced conformational changes result in different p75
NTR

 symmetries 

and mediate distinct signalling activities. It should be emphasized that all these asymmetric 

noncovalent interactions serve as prerequisites of the first covalent interaction of tyrosine 

autophosphorylation (Bae et al., 2010). NGF-like cytokine Spätzle dimers bind to the Drosophila 

immunoreceptor Toll with similar asymmetric arrangement and same stoichiometry as NGF/p75
NTR 

(Lewis et al., 2013). 

There are various families of bacterial transcription factors that link sensor function to gene 

expression modulation. Histidine sensor kinase receptors participate in bacterial quorum sensing. 

The autoinducer Al-2 binds to the periplasmic binding protein LuxP of Vibrio harveyi, elicits 

domain closure, asymmetric dimerization of LuxPQ complexes, and represses the kinase activity of 

LuxQ as concluded from XRC of Al-2-bound LuxPQP and luciferase bioassays (Neiditsch et al., 

2006). Interestingly, kinase and phosphatase activities of the dimeric complexes of receptor sensor 

domains have been correlated with symmetry switches (Moore and Hendrickson, 2012). Fig. 2 

shows that kinase activity is associated with symmetric, whereas phosphatase activity with 

asymmetric dimers. 

Catabolite activator protein (CAP) is a further classic example of an allosteric 

transcriptional regulator of several metabolic operons in E. coli. The CAP homodimer is activated 

by IC cAMP. Each subunit contains a cAMP-binding domain (CBD) mediating dimerization and a 

DNA-binding domain (DBD). cAMP elicits a coil-to-helix transition in CAP positioning the 

recognition helices in the DBDs in the appropriate orientation interacting with the successive major 

groves of DNA (Popovych et al., 2009). The symmetric CAP dimer binds two molecules of cAMP 
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with strong negative cooperativity. As revealed by NMR chemical shift analysis of the three 

complexes: apo CBD2, cAMP1-CBD2, and cAMP2-CBD2, the mono-liganded species corresponds 

to an asymmetric intermediate in which the conformation of the nonliganded subunit matches the 

conformation of the apo protein, whereas the conformation of the liganded subunit matches that of 

the di-liganded state (Popovych et al., 2006). Intriguingly, while there are no long-range structural 

effects of the binding of the first cAMP, its presence induces a conformational exchange on the ms 

time scale through the entire dimer, a motion which ceases upon binding of the second cAMP. In 

contrast to the ms motions, changes in the ps-ns flexibility of the protein backbone upon the first 

binding step are small and confined to the binding site of the liganded subunit. However, binding of 

the second cAMP results in a widespread rigidification of the protein backbone on the ps-ns 

timescale in both subunits (Popovych et al., 2006). This corresponds to unfavourable backbone 

conformational entropy, a predominant source of negative cooperativity of the cAMP-CBD 

interaction as shown by NMR relaxation and calorimetric measurements. Conformational entropy 

appears to play a key role in CAP-DNA interaction as well. NMR dynamic study of a CAP-cAMP2 

mutant exhibiting an inactive conformation in its effector-bound state shows that its strong affinity 

for DNA arises from enhanced protein motions induced by DNA binding (Tzeng and Kalodimos, 

2009). 

In summary, most dimeric proteins including the signalling ones discussed above have 

closed (face-to-face) C2 symmetries (Levy et al., 2008). Ligand binding to one subunit can trigger 

conformational changes of the dimer affecting asymmetrically the binding affinity of the two 

subunits. Alternatively, binding in the interface of subunits can result in an asymmetric 

reorganization of the dimer. Both of these perturbations elicit various functional consequences of 

signal transduction. 
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3b. Trimeric acid-sensing ion channels and tetrameric voltage-gated cation channels, 

ionotropic glutamate receptors, viral proton channels, CNG and CHN channels. 

 Closed, face-to-back oligomerization can lead to channels with rotational symmetry. 

Chemical (ligand) and physical (electric and mechanic) signals open the membrane channels for 

passive ion transport along the ion concentration gradients. Acid-sensing ion channels (ASICs) are 

symmetric homotrimers as shown via XRC of ASIC1A-psalmotoxin complexes (Baconguis and 

Gouaux, 2012). In contrast, XRC at low pH demonstrated rearranged TM helices and asymmetric 

opening of a Na
+
-selective channel. 

The follicle-stimulating hormone (FSH), a prototype of glycoprotein hormones, binds to 

class A GPCRs. The FSH receptor exists as a trimer. FSH binding activates one protomer. This 

seems to lead to an asymmetric switch of the trimer to active state and G-protein binding (Jiang et 

al., 2014). The three-fold symmetry of transporters will be discussed later. 

 Four protomers offer greater variability. Tetrameric voltage-gated sodium channels initiate 

action potentials. The bacterial NaChBac family is a useful model of vertebrate voltage-gated ion 

channels. NaChBac channels are homotetramers of subunits containing six TM segments (S1-S6). 

A comparison of the XRC structures of bacterial NavRh and NavAb showed structural asymmetry 

for the activated voltage-sensing domains (S1-S4) and the EC entrance of the selectivity filter 

(Payandeh et al., 2011; Zhang et al., 2012). Based on XRC snapshots of two inactivated states of 

NavAb, the S6 segments seem to collapse asymmetrically into a dimer-of-dimers conformation at 

the activation gate (Payandeh et al., 2012). Single channel electrophysiology of an inactivation-

deficient eukaryotic Nav1.4 channel has recently supported the asynchronous activation movements 

of voltage sensors and the pore domain (Goldschen-Ohm et al., 2013). 

 Ionotropic glutamate receptors (iGluRs) mediate excitatory neurotransmission. Various 

skew, Y-like shapes of AMPA-type iGluRs by cryo-EM have been attributed to different 

conformational states (Nakagawa et al., 2005). Pioneering XRC, mutational, cross-linking, and 
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binding studies revealed a complex symmetry mismatch of the homotetrameric rat GluA2 receptor: 

two-fold symmetry of the N-terminal and ligand-binding EC domains and four-fold rotational 

symmetry of the channel domain (Sobolevsky et al., 2009). Consequently, the two pairs of subunits 

are coupled to the channel gate with distinct stereochemistry. 

 Cyclic nucleotide-gated (CNG) ion channels mediate sensory signal transduction in 

photoreceptors and olfactory cells. Binding of a fluorescent cGMP analogue to olfactory-type 

homotetrameric CNGA2 channels showed that the second ligand binds with strong negative 

cooperativity, leads to asymmetry and elicits full opening (Biskup et al., 2007). In heterotetrameric, 

thus asymmetric native CNG channels, odorants could elicit stronger effects than in homomeric 

CNGA2 channels (Chen et al., 2006). Hyperpolarization-activated, cyclic nucleotide-modulated 

(HCN) channels with pacemaker activity are primarily voltage-activated and additionally facilitated 

by cAMP binding at the cyclic NB IC domain. It was concluded from a confocal patch-clamp 

fluorometric study that zero and four cAMP (thus symmetric) bindings result in greater stability of 

homotetrameric HCN2 channels than one- and three-liganded channels (Kusch et al., 2012). It 

should be noted that for cyclic homotetramers and dimers of dimers, symmetry mismatch can lead 

to lower-degree symmetry. 

 In another example, a subtle pH-dependent symmetry breaking is observed via XRC in 

homotetrameric M2 proton channels of the influenza A virus (Stouffer et al., 2008). At low pH all 

four helices stand straight near the C-terminal gate of the channel forming a wide, symmetric exit 

funnel, whereas at neutral pH one of the helices bends and forms a salt bridge and aromatic 

interactions with a neighbouring helix leading to pore occlusion. Low pH results in electrostatic 

repulsion between protonated histidines shifting the equilibrium toward the open state. The bend 

near Gly34 and the aromatic interactions between neighbouring helices involving His37 and Trp41 

were previously predicted by solid-state NMR experiments (Nishimura et al., 2002). 
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3c. Pentameric ligand-gated and mechanosensitive channels 

 Five-fold rotational symmetry with an odd number of participating protomers might seem 

less symmetric. In fact, it is the least abundant among symmetric proteins (Levy et al., 2008). Still, 

this symmetry is overrepresented among physiologically and pharmacologically important 

signalling proteins including the superfamily of pentameric ligand-gated ion channels (pLGICs) 

with a characteristic Cys-loop. Evolutionary diversification of pLGICs has led to distinct families 

activated by important neurotransmitters of excitatory (acetylcholine and serotonin) and inhibitory 

types (–aminobutyric acid and glycine). Neuromuscular nicotinic acetylcholine receptors served as 

a lead to reveal pseudo-symmetric pentamers via cryo-EC and then agonist-elicited differences in 

the conformations of subunits via fast-freezing and electrospray techniques on the ms time scale 

(Unwin, 1995, 2005). Great varieties of the homologous subunits and their pentameric assemblies 

have resulted in great structural and functional heterogeneities within most families of 

(pseudo)symmetric pLGICs. Therefore it is a huge challenge to design subtype-selective allosteric 

agents for pLGICs, e.g. anaesthetic alcohols as well as anxiolytic, sedative, and hypnotic 

compounds acting via the benzodiazepine binding sites of A-type GABA receptors (GABAARs). 

Low (nM-M) concentrations of these allosteric agents potentiate agonists to open GABAAR 

channels, whereas mM concentrations of agonists and these allosters desensitize and block the 

channels. Enormous efforts to put this pharmacological challenge on a structural basis have resulted 

in the XRC structures of three pLGICs: the prokaryotic ion channels ELIC and GLIC as well as the 

eukaryotic glutamate-gated chloride channel GluCl (see in Fig. 3 and a recent review of Nys et al., 

2013). Even though these homopentamers have proven to be good pLGIC models (Spurny et al., 

2012), crystallization in the presence of saturating ligand concentrations has resulted in XRC 

structures with open or closed pore states not compatible with the functional effects of co-

crystallized ligands (Gonzalez-Gutierrez et al., 2012). Furthermore, the XRC structures have 

revealed a perplexing heterogeneity of inter- and intra-subunit binding cavities both for anaesthetics 
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in the TM domain and for benzodiazepines in the EC domain (Spurny et al., 2012; Spurny et al., 

2013). For ELIC, a pharmacologically relevant model of GABAAR potentiation, in the presence of 

potentiating, low benzodiazepine concentrations, XRC has yielded a structure with occupancy of 

only one intrasubunit EC binding site adjacent to a GABA-binding interface (Spurny et al., 2012). 

The asymmetric ligand perturbations in Fig. 3 match the pattern of agonist occupancies in three 

nonconsecutive EC interfaces of a chimeric pLGIC homopentamer resulting in maximal channel 

opening (Rayes et al., 2009). MD simulations of GLIC with only asymmetric patterns of the 

anaesthetic propofol bound at identical TM sites elicited asymmetric state transitions for channel 

closure (Mowrey et al., 2013). In addition to anaesthetic binding, flexibility of TM binding regions 

also seems to be required for functional transitions. Both anaesthetics, halothane and ketamine bind 

in a TM cavity of the 7 nicotinic acetylcholine receptor, another functional pLGIC homopentamer, 

but only ketamine inhibits its function. Solution NMR spectroscopy has recently revealed that only 

ketamine induces dynamic changes of the TM region of the 7 channel and perturbed a gate residue 

(Bondarenko et al., 2014). Thus, the selective effects of ketamine can be attributed to distinctive 

entropic gains of the heterogeneous TM transition states. In summary, unbalanced forces of ligand 

perturbation of pLGICs with rotational asymmetry facilitate state transitions in channel gating 

(Maksay, 2013). 

 Mechanosensitive (MS) channels act to signal touch, hearing, proprioception, plant turgor 

and bacterial osmoregulation. Ions, metabolites and water can cross these channels opened by local 

and global lateral membrane pressures, transbilayer asymmetries (e.g. curvatures) and protein-

bilayer hydrophobic mismatches. Homopentameric large conductance MS channels of Escherichia 

coli (MscL) are the best studied models (Perozo et al., 2002ab). It was demonstrated via EPR that 

asymmetric incorporation of lysophosphatidylcholine into phosphatidylcholine vesicles resulted in 

iris-like rotation and tilt of the TM helices of MscL channels. By changing the hydrophobicity of a 

pore-lining TM1 moiety at the hydrophobic gate and using fluorescence labelling, it was elegantly 
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demonstrated that the hydrophobicity of a single TM1 domain initiates MscL gating, and the 

contribution of other TM helices is asymmetric (Birkner et al., 2012). This type of asymmetric 

perturbation of membrane lipids and MscL by phospholipase A2 has been recently exploited to 

engineer signalling networks (Charalambous et al., 2012). 

Bacterial CorA is an important model system for eukaryotic Mg
2+

 channels. The XRC 

structure of Mg
2+

-bound CorA revealed a transport-incompetent symmetric homopentamer, with 

Mg
2+ 

asymmetrically coordinated in the pore (Pfoh et al., 2012). On the other hand, in the absence 

of Mg
2+

, “bell-bending”, lateral, and radial TM motions increased the asymmetry and unlocked the 

channel. 

In summary, various oligomeric channels have rotational, closed symmetry (C3-C5) where 

all interfaces are face-to-back. Physical or chemical signals trigger symmetry breaking and facilitate 

channel gating, which enable passive membrane transport and further processes of transduction. 

 

3d. Higher order oligomers: hexameric gap junction channel, chaperonins, proteasome and 

virus capsid. 

Gap junctions are multifunctional, voltage-dependent channels for the intercellular exchange 

of metabolites. Symmetry-constrained XRC structures disclosed two symmetric hemichannels 

formed by four TM helices of six protomers of connexin 26 (Maeda et al., 2009). In contrast, cryo-

EC has shown asymmetric hexamers with radial outward tilting of TM helices and inside bending 

of the N-terminal plug of the pore (Oshima et al., 2011). 

Chaperonins are nanomachines facilitating protein folding driven by ATP hydrolysis. They 

form a barrel of two rings containing 7-9 subunits. The model system of group I chaperonins, 

GroEL of E. coli is a symmetric double-ring 14-mer and the co-chaperonin heptamer GroES is the 

lid of this barrel. SAXS could distinguish between the biological relevance of symmetric and 

asymmetric configurations of the GroEL-GroES complex (Inobe et al., 2008). A recent comparative 
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XRC and cryo-EM study has revealed that functional transition of GroEL into a relaxed state is 

associated with breaking of two salt bridges and transient asymmetry of the apical domains (Fei et 

al., 2013). Asymmetries can be also revealed in the octameric rings of TRiC, an eukaryotic group II 

chaperonin; in its ATP-binding hierarchy; and even in its transition states (Cong et al., 2012; 

Reissmann et al., 2012). 

The 26S proteasome is the major eukaryotic ATP-dependent protease for the degradation of 

ubiquitin-tagged proteins. Its barrel-shaped 20S peptidase is capped by a 19S regulator, a 

heterohexamer of Rpt subunits. Complex chemical modification and MS studies revealed that 

binding of 19S is mediated by the C-termini of only two Rpt subunits to dedicated sites on the 

proteasome and play nonequivalent roles in the asymmetric assembly and activation of the 26S 

proteasome (Gillette et al., 2008). Cryo-EM has shown that substrate-induced rearrangement of the 

ATPase subunits results in seven-fold symmetry of the peptidase barrel (Matyskiela et al., 2013). 

Deuteration-assisted SANS was applied to the tetradecamer of the proteasome 7 subunits and 

showed kinetic asymmetry in the exchange of only two subunits (Sugiyama et al., 2011). 

Symmetry breaking in capsid assembly of viruses with cubic symmetry and in viral infection 

has been revealed by cry-EM long ago (Steven et al., 1997). Symmetry mismatch at the portal 

vertex of bacteriophage T7 facilitates rotation and ring separation in capsid maturation and DNA 

packaging (Cerritelli et al., 2003). The cellular harbour of parvovirus, the dimeric transferrin 

receptor can bind to only a few of the 60 icosahedrally equivalent sites on capsids (Hafenstein et al., 

2007). MD simulations have confirmed the asymmetric transition states of maturation of the tubular 

and spherical arrangements of hexameric and pentameric oligomers of bacteriophage HK97 and 

HIV-1 capsids (May et al., 2012; Zhao et al., 2013). 

 

 

 



30 

 

3e. Primary and secondary transporters 

Intake of nutrients and removal of toxic wastes are regulated by a complex network of 

sensing and signalling mechanisms in cells and have a key role in cellular adaptation to 

environmental conditions. The intimate relation of transport and signalling processes is further 

suggested by a discovery that some of the membrane transporters also act as receptors (Holsbeeks et 

al., 2004; Popova 2010; Kriel et al., 2011). Unlike channels, transporters translocate their substrates 

against a concentration gradient. While primary active transporters use chemical energy (ATP 

hydrolysis, redox reaction) or light to drive the thermodynamically unfavourable transport of their 

substrates, secondary active transporters are driven by the electrochemical gradients of the 

transported species by symport or antiport mechanisms. Although transporters mediate the 

trafficking of a broad range of substrates and can be classified into distinct structural families, they 

appear to share a common mechanistic scheme of alternating access (AA). According to this, the 

substrate-binding cavity is shuttled along the membrane normal and is alternatively exposed to the 

EC and IC side of the lipid bilayer, corresponding to outward-facing (OFS) and inward-facing states 

(IFS) of the transporter, respectively (Fig. 4). While in ATP-binding cassette (ABC) transporters, a 

ubiquitous family of primary transporters, AA is achieved by the motion of the two TM domains 

coupled to the association and dissociation of the two NB domains (Davidson & Maloney, 2007; 

Hollenstein et al., 2007; Sonne et al., 2007; Chen, 2013), in secondary transporters such as 

neurotransmitter transporters, isomerisation between an inward- and outward facing state is thought 

to occur by swapping the conformations of symmetry-related structural domains (Forrest et al, 

2008). 

Association and dissociation of the NB domains in the ABC-carrier family of primary 

transporters is brought about by the binding and hydrolysis of ATP. While in prokaryotic ABC-

transporters the two TM and two NB domains usually come from the same gene resulting in mostly 

identical homodimers, in eukaryotic cells the respective domains are coded by different genes 
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forming a heterodimer (Biemans-Oldehinkel et al., 2006). The genetically encoded asymmetry in 

eukaryotic ABC-transporters is manifested in two non-equivalent ATPase sites. While in one of the 

NB domains the ATPase site is formed by consensus residues, in the other NB domain it contains 

non-consensus substitutions in one or more conserved motifs (Procko et al., 2009). However, the 

asymmetry of NB domains is not limited to heterodimeric eukaryotic ABC-transporters. XRC 

analysis of haemolysin HlyB, a key element of the Type I secretion machinery in E. coli, has shown 

evidence of asymmetric monomer-monomer interactions in the ATP-bound form of the NB-HlyB 

homodimer, resulting in one closed and one open phosphate exit tunnel within the dimer (Zaitseva 

et al., 2006). Asymmetry of bacterial ABC-transporters is also evidenced by interaction with 

designed ankyrin repeat proteins (DARPin) as shown for MsbA, an ABC exporter responsible for 

lipid A transport in E. coli (Mittal et al., 2012). Interestingly, the DARPin binding sites have been 

mapped to the TM domain of MsbA, suggesting that the asymmetries in the NB and TM domains 

are conformationally linked. MD simulations of Sav1866, another homodimeric bacterial ABC-

transporter, supports the occurrence of asymmetric NB domain transitions in the prehydrolytic state 

(Aittoniemi et al., 2010; Gyimesi et al., 2011). Intriguingly, many of the charged residues involved 

in asymmetric conformational switching in Sav1866 (Aittonieni et al., 2010) correspond to residues 

located in degenerate motifs in heterodimeric eukaryotic ABC-transporters (Procko et al., 2009). 

MD simulations also indicate an asymmetric post-hydrolysis state manifested in one open and one 

occluded active site in the NB homodimer (George and Jones, 2013). These studies indicate a 

sequential rather than concerted mechanism of ATP hydrolysis for prokaryotic ABC-transporters 

(George and Jones, 2012). Hydrolysis at the first site is thought to bring about a conformational 

change allowing the subsequent hydrolysis of the second ATP at the other site (Campbell and 

Sansom, 2005). Unlike in higher organisms, where the question of which site goes first is 

determined by genetically encoded asymmetry, in prokaryotes the order appears to be stochastic at 

each transport cycle (Procko et al., 2009). 
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While in exporters ATP-hydrolysis is initiated by a direct interaction between the substrate 

and the TM domains, in importers ATPase activity is stimulated by a substrate-loaded binding 

protein. It is under debate whether interaction with the latter may be a source of symmetry loss in 

homodimeric ABC-importers. BtuC2D2 is an ABC-carrier that transports B12 vitamin from the 

periplasmic binding protein BtuF into the cytoplasm of E. coli (Reynolds et al., 1980). The interface 

between BtuF and the two TM domains of the transport protein (BtuC2) involves two nonidentical 

lobes of BtuF, each contacting primarily one BtuC subunit. While in the structure of BtuC2D2 the 

two TM domains are related by a two-fold rotational symmetry (Locher et al., 2002), BtuC2D2F is 

characterized by a marked asymmetry involving several TM helices (Hvorup et al., 2007). As a 

result of the movement of the TM helices, the translocation pathway becomes inaccessible to both 

sides of the membrane suggesting an asymmetrically occluded posttranslocation intermediate. In a 

recent XRC analysis of a hydrolysis-deficient BtuC2D2 mutant in complex with BtuF, the 

orientation of BtuF relative to the BtuC2 dimer has been found to be rotated by 180° indicating that 

the TM domains may adopt either of the two asymmetric conformations in nucleotide-free 

BtuC2D2F (Korkhov et al., 2012a). While the role of BtuF in the observed asymmetry remains to be 

uncertain, the posttranslocation intermediate with the closed cytoplasmic gate has been suggested to 

have a biological implication of preventing the leakage of small molecules at the end of the 

transport cycle (Korkhov et al., 2012b). 

Despite the differences in amino acid sequence and functionality, many of the subfamilies of 

secondary active transporters appear to be evolutionarily and structurally related (Lolkema and 

Slotboom, 2003; Theobald and Miller, 2010). A common characteristic of secondary transporters is 

the presence of structural repeats comprised of several TM segments assuming a specific three-

dimensional fold (Boudker and Verdon, 2010). Structural repeats may assemble in either parallel or 

antiparallel orientations giving rise to pseudo-symmetry axis parallel or perpendicular to the 

membrane normal, respectively. Transition from the OFS to the IFS is thought to be accomplished 
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via a combination of rocking movements of symmetry-related protein domains and local motions of 

EC and IC gates (Krishnamoorthy et al., 2009). High-resolution structure elucidation of secondary 

transporters comprised of multiple identical subunits in a growing number of cases leads to 

capturing snapshots of different physiological states of the same protein corresponding to 

intermediate conformations of the translocation process, indicating that transition between the OFS 

and the IFS is not a two-state process. These transporter intermediates can often be described as 

asymmetric homooligomers with their protomers being in different conformational states. This is 

well exemplified by a recent XRC analysis of a functional double mutant of GltPh, a glutamate 

transporter from Pyrococcus horikoshii (Verdon and Boudker, 2012). While previous structure 

determinations captured GltPh (Yernool et al, 2004; Boudker et al. 2007) and its analogue (Reyes et 

al., 2009) as symmetric trimers with all their protomers facing either outward or inward, the 

structure of the GltPh-V198CA380CHg double mutant is an asymmetric trimer with two protomers in 

IFS and one in an intermediate outward-facing state (iOFS) (Fig. 4A). The transition from the OFS 

to the iOFS has been shown to involve conformational changes in both the core and the scaffold of 

the transporter, consequently in both the transport and the trimerisation domains, including a 

translation and rotation of the first and concerted tilting of several α-helices in the latter (Fig. 4B-

4C). The independent nature of individual subunits in glutamate transporters is also supported by 

electrophysiological and FRET measurements (Grewer et al., 2005; Koch and Larsson, 2005; Leary 

et al., 2007; Erkens et al., 2013) as well as chemical cross-linking studies of substrate transport 

(Groeneveld and Slotboom, 2007). Intriguingly, the binding of co-substrate sodium shows positive 

cooperativity between individual protomers (Koch et al., 2007). Also, conformational changes 

accompanying glutamate and sodium binding and/or translocation are transmitted to distant regions 

of the transporter located in the vicinity of the subunit interface (Koch et al., 2007). As it has been 

indicated, the corresponding TM3-TM4 EC loop plays a vital role in the transport process in GltPh, 

specifically, in the opening of the EC gate (Compton et al., 2010). Computational modelling of the 
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substrate translocation path further supports the involvement of the distant loop in the transport 

process (Stolzenberg, 2012) and demonstrates that upon transition from the OFS to the IFS, the 

symmetry of the trimer can deteriorate with asymmetry arising in the transport domains of the 

intermediate states. 

Asymmetric structures with individual protomers being in different conformational states 

have also been observed for AcrB, a trimeric multidrug efflux transporter in E. coli driven by 

‘proton motive force’ (Murakami et al., 2006; Nakashami et al., 2013) and for the osmotically 

regulated homotrimer BetP responsible for betaine and sodium symport in Corynebacterium 

glutamicum (Perez et al., 2012). Similarly to sodium-coupled neurotransmitter transporters 

(Krishnamoorthy et al., 2009; Focke et al., 2013), BetP possesses protomers with a conserved 

LeuT-like fold with two inverted-topology structural repeats (Yamashita et al., 2005) and in 

agreement with an AA mechanism proposed for the monomeric sodium-dependent amino acid 

symporter LeuT (Krishnamoorthy et al., 2009), betaine translocation is thought to be mediated by 

the combination of rigid-body movements and individual flexing of symmetry-related helices 

(Perez et al., 2012). 

The captured intermediate states associated with symmetry-breaking in homooligomeric 

transporters uncover previously unknown mechanistic details of the corresponding transport 

process. In GltPh-V198CA380CHg, the movement of the TM helices results in widening of a crevice 

between the transport and trimerisation domains and formation of an amphipathic cavity at the 

domain interface with a possible role in substrate- and sodium-gated permeability of glutamate 

transporters to anions (Verdon and Boudker, 2012). In AcrB, the identified intermediate state 

corresponds to a conformation between the substrate-bound state and a state immediately after the 

extrusion of the substrates, serving a basis for the proposed three-step functionally rotating ordered 

export mechanism (Murakami et al., 2006). Finally, the captured intermediate conformation 
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characterized with a partly unfolded region in one of the TM helices in BetP is thought to play a 

role in the transient coordination of Na
+
 during AA (Perez et al., 2012). 

Last but not least, an interesting form of asymmetry is encountered in EmrE, a multidrug 

efflux transporter from E. coli. The structure and topology of the homodimeric carrier protein 

remained controversial (Ninio et al., 2004; McHaourab et al., 2008; Steiner-Mordoch et al., 2008; 

Korkhov et al., 2009; Henzler-Wildman, 2012) until a joint NMR and single-molecule FRET 

investigation has recently revealed an asymmetric antiparallel arrangement with inward- and 

outward-facing subunits related by a pseudo-twofold symmetry axis parallel to the membrane plane 

(Morrison et al., 2012). Furthermore, solid state NMR and cryo-EM have demonstrated asymmetry 

at the ligand-binding pocket (Lehner et al., 2008), whereas spin labelling and EPR have revealed 

asymmetry in the TM helices (Amadi et al., 2010). NMR experiments have also shown evidence of 

a global exchange process occurring on the ms time scale interconverting between the two 

oppositely oriented states of the homodimer, which together with the different water accessibility of 

the two monomers confirmed the single-site AA model proposed earlier based on cryo-EM data 

(Fleishman et al., 2006). 

In conclusion, compared with channels, transporters have more complex domain 

organization and a larger number of distinct functional states. Shuttling of substrates between the 

two sides of the lipid bilayer involves multiple isomerisation steps and requires higher energies of 

activation. While for primary transporters such as ABC-carriers the perturbing signal is the 

substrate (exporters) or the substrate-binding protein (importers), for secondary transporters it 

appears to be the ion (co-substrate) that also supplies the electrochemical driving force of the 

transport. In both cases, the perturbation elicits asymmetric conformational transitions enabling an 

AA of the substrate binding site to the two sides of the membrane (Fig. 4D). 
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4. Conclusions 

The previous chapter overviewed several examples of signalling proteins with symmetric 

oligomeric structures which become transiently less symmetric when perturbed by their signals. 

This is a rather monotonous list of observations of asymmetric structural changes because several 

relevant studies are restricted to the structural findings answering the simple question of 

phenomenology: what? Recent biophysical methods can elucidate how do these structural changes 

take place? Nevertheless, it is difficult to establish causal correlations between asymmetric 

perturbations and the function of a signalling protein. One of the strongest correlations is the 

essential role of asymmetric dimer formation in tyrosine kinase activation. Such correlations lead to 

the most difficult question: Why do structural and functional changes happen, what is the driving 

force? Speculative answers can be based on thermodynamic considerations. 

According to the universal definition of symmetry, if signalling proteins are symmetric, their 

functional transitions can be associated with signal-elicited transient asymmetric perturbations. 

Sophisticated biophysical methods have recently revealed more and more such transient 

asymmetries. Asymmetry appears to be functionally distinctive such as the kinase versus 

phosphatase activities of sensor histidine kinases (Fig. 2). Transient asymmetries might have 

remained undetectable for these kinases with the methods applied. Further, a major thermodynamic 

component of the driving force of subsequent phosphorylation can mask slight asymmetric 

perturbations. However, transient structural asymmetries seem to be associated with functional 

changes in most cases. 

It is tempting to draw some further speculative conclusions from the overview of symmetry 

of signalling proteins. The evolutionary diversification of signalling has been associated with 

protein oligomerization, therefore with symmetry. However, evolution “cannot afford to develop 

too stable” symmetric signalling oligomers because they would lose the ability for rapid functional 
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and slower adaptive changes. Slight differences in the free energies of stable symmetric versus 

transient asymmetric states assure rapid and reversible signalling. 

Symmetry breaking and asymmetric perturbations can be interpreted as transient decreases 

in symmetry. Symmetry mismatch can also trigger functional transitions (Goodsell and Olson, 

2000). Tiny physical (electric or mechanic) effects on various ‘hot spots’ of proteins are sufficient 

to elicit asymmetric perturbations and signalling events. Alternatively, chemical signals such as 

ligands can bind to one of identical regulatory sites with degenerate (identical) energy levels. These 

multiple asymmetric perturbations can result in entropic gains. Ligand saturation at all sites points 

towards symmetry restoration and lead to desensitization and termination of signalling. 

This review has focussed on rapid and reversible noncovalent interactions for symmetric 

signalling proteins. Even if subsequent covalent reactions counteract reversibility, the triggering 

roles of asymmetric perturbations seem to be present in a broad range of communicating networks 

from signalling proteins up to whole organisms. 
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Table 1. Comparative summary of the strengths and limitations of biophysical techniques 

aiming the distinction between symmetric and asymmetric architectures. 

 

 
 

STRENGTHS 
 

LIMITATIONS 

 

XRC 

 atomic scale structural information 

 large macromolecular complexes can 

be investigated 

 requirement for single crystals 

 conformational heterogeneity and flexibility 

are poorly tolerated 

 limited to low energy conformations 

 lattice forces may give rise to distortions/ 

artefacts  

FS 

 structural, thermodynamic and kinetic 

information on protein interactions 

 high sensitivity 

 in vitro and in vivo conditions 

 single molecule details are possible 

 need for fluorescent label(s) 

 differential labelling required for FRET 

 residue level structural information 

EM 

EC 

 information on shape and assembly 

state of macromolecular complexes 

 

 EC: high resolution  

 membrane-embedded proteins                    

 negative-staining may give rise to artefacts 

 cryogenic conditions to achieve good signal-

to-noise ratio 

 except for EC: low resolution 

 EC: cumbersome sample preparation and 

screening 

NMR 

 atomic level structural and dynamic 

information 

 dynamic studies on a wide range of 

time scales 

 monitorization of ligand binding and 

ligand induced conformational changes 

 solid-state NMR: heterogeneous 

samples, membrane-embedded 

proteins, no molecular weight limit 

 requirement for (
2
H) 

13
C, 

15
N stable isotope 

labelling 

 size limitation in solution 

 100 μM – 1mM sample concentration (~1 mL) 

 solid-state NMR: site-specific labelling might 

be required   

EPR 

 both structural and dynamic 

information 

 membrane-embedded proteins 

 <1.5 nm distance measurements in 

solution 

 solution state structure and dynamics 

(ns-μs) 

 need for paramagnetic label(s) 

 residue level structural/dynamic information 

 2-8 nm distance measurements are performed 

in the frozen state (~70 K) 

 

SAXS 

SANS 

 information on shape, assembly state, 

aggregation, flexibility 

 ideal complementary tool for XRC in 

the solution state 

 no size limitation 

 low resolution 

 deuteration may be necessary for SANS 

 

 

MS 

 structural, thermodynamic and kinetic 

information on molecular assemblies 

 small sample size 

 rapid measurements 

 ionization conditions can be detrimental 

 no direct structural information 

 

Abbreviations - XRC: X-ray crystallization; FS: fluorescence spectroscopy; EM: electron 

microscopy; EC: electron crystallography; NMR: nuclear magnetic resonance spectroscopy; EPR: 

electron paramagnetic resonance; SAXS: small-angle X-ray scattering; SANS: small-angle neutron 

scattering; MS: mass spectroscopy
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Legends to the Figures: 

 

Fig. 1. The signalling role of structural asymmetry for GPCR dimers. Agonists and/or allosteric 

agents (A) bind to EC sites on either R1 or R2 each with different affinities (Kd). The figure shows 

class C GPCRs with a Venus flytrap EC domain. Agonists close this flytrap (right tilt of the EC 

domain). In class A receptors lacking this EC domain agonists bind in a cavity close to the top of 

the TM region. In class B glucagon receptors (not shown) an extending EC region (‘stalk’) seems to 

facilitate the TM insertion of peptide agonists (Siu et al., 2013). Ligand binding elicits asymmetric 

rearrangements of subunit interfaces and conformational changes in the TM helices of the same or 

other subunit (cis or trans activation, respectively). This leads to differences in down-stream 

signalling via G proteins, arrestins, and various GPCR-interacting proteins bound to IC sites. Based 

on Maurice et al., 2011. 

 

Fig. 2. Sensor domains of histidine kinase receptor dimers: correlations of ligand binding, dimer 

(a)symmetry, and enzyme activity. 

TMAO: trimethylamine-N-oxide, Al-2: a furanosyl borate diester. 

Based on Moore and Hendrickson, 2012. References for the XRC structures of unliganded and 

liganded sensors. 

 

Fig. 3. Top view of the XRC structure of GLIC, a prokaryotic pLGIC homopentamer co-

crystallized with propofol (purple) bound in all five TM cavities in symmetric arrangement. ELIC is 

a pharmacologically relevant homopentameric pLGIC model: Activation via an asymmetric binding 

pattern of GABA in nonadjacent EC interfaces (blue arrows) and of a benzodiazepine to an adjacent 

EC site (red circle). Based on Spurny et al., 2012, by Maksay, 2013. Courtesy of Prof. P. Tang and 

Trends Pharm. Sci., Elsevier. 

 

Fig. 4. Secondary transporters. A) Left: Extracellular view of the crystal structure of the asymmetric 

GltPh-V198CA380CHg trimer (PDB entry: 3V8G) with two protomers in the IFS (light) and one in 
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the intermediate iOFS (dark). Right: The iOFS and one IFS protomer viewed within the membrane 

plane. B) Membrane topology of a single GltPh protomer showing the sequential order of inverted 

repeat elements. TM segments comprising the scaffold region (TM1-TM6) are blue and green for 

the two inverted repeats. The C-terminal core region contains two re-entrant helical hairpins (HP1, 

HP2, pink), and TM7-TM8 (yellow). The trimerisation domain is built from the two V-motifs 

(TM1, TM2, TM4, TM5), whereas the transport domain contains two arms (TM3, TM6) and the 

core domain. HP1 and HP2 act as IC and EC gates, respectively. C) Conformational changes in a 

single protomer upon transition from the IFS (left) to the OFS (right, PDB: 1XFH). The iOFS of 

GltPh-V198CA380CHg is shown in the middle. Colour coding as in B). Bound L-aspartate (black) 

and sodium ions (red) are shown as spheres. D) Cartoon representation of alternating access for 

substrate and ion symport showing a single protomer. Binding of substrate and co-substrate is 

coupled to EC gate closure, followed by conformational transition into IFS, and opening of the IC 

gate. Substrate and ion release into the cytoplasm and closure of the IC gate leave the transporter in 

an empty IFS. Isomerisation back to the OFS resets the starting state. The EC and IC gates are 

shown in pink. 
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