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Abstract

Most proteins have multiple functions. Obviously, conventional methods of manipulating the level 

of the protein of interest in the cell, such as over-expression, knockout or knockdown, affect all of 

its functions simultaneously. The key advantage of these methods is that over-expression, 

knockout or knockdown does not require any knowledge of the molecular mechanisms of the 

function(s) of the protein of interest. The disadvantage is that these approaches are inadequate to 

elucidate the role of an individual function of the protein in a particular cellular process. An 

alternative is the use of re-engineered proteins, in which a single function is eliminated or 

enhanced. The use of mono-functional elements of a multi-functional protein can also yield 

cleaner answers. This approach requires detailed knowledge of the structural basis of each 

function of the protein in question. Thus, a lot of preliminary structure-function work is necessary 

to make it possible. However, when this information is available, replacing the protein of interest 

with a mutant in which individual functions are modified can shed light on the biological role of 

those particular functions. Here we illustrate this point using the example of protein kinases, most 

of which have additional non-enzymatic functions, as well as arrestins, known multi-functional 

signaling regulators in the cell.
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1. Introduction

In the world of proteins, multi-functionality is the rule rather than the exception. It is hard to 

name a mono-functional protein: only extremely specialized ones, like casein in milk, come 

to mind. Virtually every protein in the cell interacts with numerous partners and plays a role 

in a number of biological processes. Although signaling regulators, such as scaffolding 

proteins, are the prime example, close examination shows that even something as basic as 

cytochrome C is not a “one-trick-pony” but simultaneously participates in such disparate 

processes as mitochondrial energy production (Sun et al., 2013) and apoptotic cell death 

(Danial and Korsmeyer, 2004; Hüttemann et al., 2011).
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To determine the role of a particular protein in cell biology, it is customary to manipulate its 

expression level. However, this approach is rather crude. It should be obvious that when the 

protein is knocked out or knocked down, all of its functions are suppressed, whereas over-

expression augments every function it has. Here we discuss the advantages and limitations of 

conventional methods of studying protein functions, as well as less conventional approaches 

that make it possible to sort out exactly how the protein works and what role it plays in a 

particular signaling circuit.

We would like to emphasize upfront that the approach we discuss is very different from the 

one taken when disease-causing mutations are discovered in a protein. A good example of 

the latter is parkin, an E3 ubiquitin ligase with dozens of known mutations that have been 

shown to cause Parkinson’s disease (Kitada et al., 1998). In cases like this, it is not known 

what function(s) a particular mutation affects and in what way: Does it affect one protein 

function or several? Does it suppress or enhance any of them? Since the research objective is 

to uncover the mechanism of the disease pathogenesis, these disease-associated mutations 

are examined for their functional characteristics in order to gain insight into the role of that 

particular protein in the disease. In contrast, the mutations we discuss below are introduced 

on the basis of a molecular understanding of the protein’s functions. Since these are 

specially designed mutations, it is known what is affected and in which way, and the aim is 

to select the mutation(s) affecting only one function out of many. Naturally occurring 

mutants can be used for mechanistic and/or therapeutic purposes only after the functional 

consequences of the mutations are unambiguously elucidated.

To illustrate these points and make the discussion more substantive, we use protein kinases 

and non-visual arrestins as examples of multi-functional proteins. In both cases, simple 

manipulation of expression, whether up or down, is too crude to elucidate their role in 

particular cellular functions and can yield misleading results. We believe that the 

considerations discussed below are applicable to the majority of cellular proteins.

2. Conventional approaches to study protein function: pros and cons

The most common approaches to establishing the function of an individual protein involve 

manipulation of its expression level. These include knockout, the results of which can be 

studied in intact animals, when they are viable, or in mouse embryonic fibroblasts (MEFs) 

lacking a particular protein, when the knockout is lethal. The key advantage of genetic 

knockout is that the protein is eliminated completely. The downside is that it is missing from 

the very beginning, so that animals developing in its absence usually compensate in various 

ways, some of which are hard to detect. Thus, functional changes could be the result either 

of the knockout per se or of compensational processes, and in many cases it is impossible to 

determine which effect is prevalent. Furthermore, constitutive general knockout eliminates 

the protein from all cells in the organism, making it hard to determine the site of action. The 

advent of inducible and cell-specific knockout technologies has largely circumvented these 

problems (Feil, Valtcheva, and R., 2009; Lewandoski, 2001). These techniques have their 

own limitations, such as possible side effects of the inducer when applied chronically, 

incomplete recombination, which to some extent negates the advantage of knockout, and the 

“leaky” system, which may result in undesired knockouts. A relatively easy and inexpensive 
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way to obtain definitive data with constitutive knockout animals is the rescue approach that 

utilizes virus-mediated expression of the missing protein in a particular cell type or organ. 

When the rescue is successful, one can be certain that the phenotype is the result of the 

knockout per se, rather than the compensational changes it induces. Furthermore, the rescue 

could be limited to a specific cell type in the body as well as timed to a specific functional 

condition, thereby demonstrating that the absence of the protein in question in these cells at 

this time is critical for the function under investigation. Similar logic applies to cells: 

without the demonstration of successful rescue by exogenous expression of the missing 

protein, the phenotype cannot be unambiguously ascribed to the absence of the protein of 

interest. Unfortunately, rescue by restoration of the missing protein at a particular place and 

time has rarely been demonstrated, which makes many conclusions based on the constitutive 

whole body knockout ambiguous.

Although the total absence of the protein of interest following the knockout is generally 

perceived as an advantage of this technique and does indeed make for a “cleaner” 

experimental condition, the situation itself is hardly physiological. When a functionally 

important protein is missing, the cell might switch into an emergency mode, functioning 

completely out of the normal “box” and overcompensating in a way that it would not 

normally do. If compensation cannot be achieved, at least in some cells, then the knockout is 

lethal, which is hardly informative. These considerations might explain why so many 

knockout lines have a remarkably mild phenotype or no detectable phenotype at all, even 

when there is every reason to believe that the knocked out protein is highly functionally 

important and does not seem to have obvious backups. The knockout is often used to 

recapitulate the effects of the loss-of-function mutations associated with diseases. Indeed, in 

some cases, the protein is simply lost due to, for example, a genomic rearrangement, as is 

often the case with parkin, the protein associated with autosomal recessive juvenile 

parkinsonism (Kitada et al., 1998). However, many mutations, particularly missense 

mutations, cause alterations in the protein functions or only partial loss of some function(s) 

but not of others. Parkin is again a case in point, with a large number of missense mutations 

associated with familial as well as sporadic early onset parkinsonism (Farrer et al., 2001; 

Khan et al., 2005; Lücking et al., 2000; Pramstaller et al., 2005). Many of these mutations 

result in the loss of E3 ligase activity, whereas others yield normal or even enhanced 

enzymatic activity accompanied by an increased propensity to aggregate and/or an altered 

subcellular distribution (Sriram et al., 2005; Wang et al., 2005).

Knockdown works similarly to knockout in cultured cells (Caplen, 2003) or even in vivo 
(Ahmed et al., 2010; Gurevich, Ahmed, and Carl, 2014). The advantage of knockdown is 

that animals/cells develop in the presence of the protein of interest and are therefore less 

likely to turn on compensational mechanisms, since the protein is only eliminated for a 

limited period of time. There are several drawbacks, though. First, in contrast to knockout, 

the knockdown is never complete, so that a certain proportion (up to ~20%) of the targeted 

protein still remains. Second, all the tools used for knockdown- morpholinos, siRNA, 

shRNA, or miRNA (the latter three tools are discussed in detail in (Gurevich, Ahmed, and 

Carl, 2014)) - target the mRNA of the protein of interest. Thus, knockdown is fairly effective 

in the case of proteins with a relatively short half-life, in the range of minutes to hours, but 

very ineffective in the case of proteins that live for many hours or days. Finally, despite all 
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controls (usually oligos and RNAs with a scrambled sequence), there is always a chance that 

the knockdown construct affects other proteins. For example, recently siRNA knockdown of 

the arrestin domain-containing protein ARRDC3 suggested that this protein recruits 

ubiquitin ligase Nedd4 to activated β2AR (Nabhan, Pan, and Lu). However, the group that 

originally proposed that arrestin-3 plays this role (Shenoy et al., 2008) found that the siRNA 

used in that study also knocks down both non-visual arrestins (Han, Kommaddi, and Shenoy, 

2013). Thus, the effect of that siRNA could be ascribed to the intended knockdown of 

ARRDC3 as well as the unintended reduction of arrestin-2/3 (Han, Kommaddi, and Shenoy, 

2013). Upon knockdown, the expression of closely related proteins is usually tested, but as 

most cell types express >10,000 different proteins (Manteniotis et al., 2013; Pronin et al., 

2014; Yu et al., 2010), comprehensive testing for off-target effects of knockdown constructs 

is simply impossible. Thus, only successful rescue with a knockdown-resistant version of the 

protein (e.g., from a different species or carrying silent mutations that make knockdown 

ineffective) constitutes proof that the observed phenotype is caused by knockdown of the 

targeted protein, rather than off-target effects of the tools used (Jonchere and Bennett, 2013).

Unlike knockout or knockdown, over-expression of a particular protein has not been 

reported to affect the levels of other proteins. However, this possibility cannot be discounted, 

particularly when the protein in question is a modifying enzyme, such as a protein kinase, 

phosphatase, ubiquitin ligase, etc. Thus, although the phenotype observed upon over-

expression of a particular protein is more likely to be associated with an increase in the 

intracellular level of this protein, other mechanisms cannot be excluded. Besides, in many 

cases it is easy to express a protein at a level many times higher than physiological. These 

supra-physiological intracellular concentrations can force its interactions with partners that it 

would not bind at normal expression levels, producing artifacts.

Thus, the main dangers of methods designed to affect the levels of proteins of interest are 

different. In the case of knockout and knockdown, these lie in compensational changes or 

off-target effects due to unanticipated changes in the expression of other proteins. 

Additionally, complete removal of the protein by knockout could bring about a significant 

rearrangement of the cellular molecular network in a non-physiological manner. In the case 

of over-expression, off-target effects are less likely, whereas artifacts produced by supra-

physiological levels of a protein come to the fore. However, even when off-target effects or 

non-physiological interactions can be excluded, in both cases there is a problem that is rarely 

appreciated: changes of expression level, whether up or down, simultaneously affect every 

function of the protein in question. Since most proteins can do many things, and each aspect 

of cellular functions is regulated by numerous inputs, this creates ambiguity in the 

interpretation of the data to a degree that is often unacceptable.

3. Investigation of multi-functional proteins: changing one function at a 

time

The great majority of proteins have more than one function. To define the biological role of 

an individual function, it would be beneficial to selectively eliminate this particular one, 

leaving all other functions, known and unknown, intact. Ideally, the expression of a 
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separated domain of a multi-functional protein that has only one function would yield 

complementary evidence, allowing the identification of the biological role of that particular 

function. Below we discuss attempts to do just that, all of which require a deep 

understanding of the molecular mechanisms involved.

3.1. Enzymes with well-defined activity: protein kinases

Most kinases, in addition to their ability to phosphorylate target proteins, bind numerous 

partners. Protein-protein interactions not only change kinase localization in the cell, but 

often play additional roles. The kinase often serves as a scaffold and/or allosteric modulator 

of other kinases, and these functions do not require catalytic activity, as evidenced by the 

abundance of pseudokinases (i.e., proteins with a recognizable kinase domain but no 

catalytic function) in the genome (Shaw et al., 2014). In most cases, the catalytic activity of 

the kinase can be blocked via two distinct mechanisms. First, a kinase-dead version can be 

generated by the very conservative replacement of a lysine in the active center by an arginine 

(Gibbs and Zoller, 1991; Kong, Penn, and Benovic, 1994; Ohno et al., 1990). The resulting 

protein folds normally and can engage its partners, but cannot transfer phosphate. Second, 

changing a conserved alanine into phenylalanine, which likely fills the cavity where the 

adenine ring would normally bind, precludes ATP binding and therefore abolishes kinase 

activity (Taylor et al., 2013). Such mutants are widely used in cell culture studies to 

determine the role of kinase activity in cellular functions. Using kinase-dead mutants, it was 

shown that in some cases the kinase can effectively fulfill its scaffolding/allosteric function 

without enzymatic activity. For example, kinase-dead B-Raf binds WT B-Raf and C-Raf, 

and its dimerization with WT Raf family members leads to the activation of the downstream 

MEK-ERK cascade independently of Ras (Taylor et al., 2013). A scaffolding function has 

also been suggested for leucine-rich repeat kinase 2 (LRRK2), a large protein kinase 

containing, in addition to the kinase and GTPase domains, multiple protein-protein 

interaction domains (reviewed in (Cookson, 2010)).

G protein-coupled receptor kinases (GRKs) represent another example of multidomain 

kinases, with different domains having distinct well-defined functions (Fig. 1). GRKs are 

key players in homologous (activation-dependent) desensitization of G protein-coupled 

receptors (GPCRs) (Carman and Benovic, 1998). The widely accepted model of 

homologous desensitization posits that it is a two-step process. First, agonist-activated 

receptors are selectively phosphorylated by GRKs (Gurevich et al., 2012). This reduces, but 

does not completely stop, G protein coupling. Second, arrestins specifically recognize active, 

phosphorylated receptors (Gurevich and Gurevich, 2004) and bind them with high affinity, 

precluding further G protein activation by competing for overlapping receptor sites 

(Gurevich and Gurevich, 2006). Vertebrates express hundreds of different GPCRs (Bockaert 

and Pin, 1999), but only seven GRKs (Gurevich et al., 2012) and four arrestin subtypes 

(Gurevich and Gurevich, 2006), suggesting that each GRK and arrestin participates in the 

regulation of multiple GPCRs.

GRKs have a RGS-homology (RH) domain in the N-terminus, followed by a kinase domain, 

whereas their C-termini are quite diverse and carry a variety of membrane-targeting 

sequences (Gurevich et al., 2012). In particular, GRK2/3 have a pleckstrin homology (PH) 
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domain that binds lipids in the bilayer and Gβγ (Fig. 1). The PH domain is critical for the 

recruitment of GRK2/3 to the plasma membrane, and thus for GRK2/3-dependent 

phosphorylation of GPCRs (Daaka et al., 1997). This has been proven conclusively using the 

isolated PH domain of GRK2, βARKct (C-terminus of the β-adrenergic receptor kinase, the 

historic name of GRK2 (Benovic et al., 1989)), that inhibits GRK2-dependent receptor 

phosphorylation by competing with GRK2 for Gβγ and thus preventing GRK2 recruitment 

to the membrane. Separately expressed βARKct has been successfully used to elucidate the 

contribution of the elevated expression of GRK2 in the heart to congestive heart failure. It 

has been shown that excessive phosphorylation by GRK2 and desensitization of β-adrenergic 

receptors reduces heart responsiveness to catecholamines, underlying congestive heart 

failure (Akhter et al., 1999). Heart-specific over-expression of WT GRK2 reduces heart 

sensitivity to catecholamines (Akhter et al., 1999). In contrast, expression of βARKct, which 

is the separated GRK2 PH domain that serves as a Gβγ scavenger, inhibits GRK2 

recruitment to the receptor, and therefore its phosphorylation, protecting the heart (Akhter et 

al., 1999; Salazar et al., 2013). This is one of relatively few examples of the use of mutant 

proteins or their individual domains with a defined function in living animals to elucidate the 

mechanism of the protein function or to achieve a therapeutically relevant effect. Since the 

PH domain in the C-terminus of GRK2/3 binds Gβγ, it can sequester it away from its 

effectors, suppressing every Gβγ-dependent function, known and unknown. Via this 

mechanism, GRK2, independently of its kinase activity, rapidly suppresses the opening of 

GPCR-activated potassium channels in cultured cells (Raveh et al., 2010).

The N-terminal RH domain of GRKs 2 and 3, which in contrast to most RGS proteins does 

not act as a GTPase activator, was shown to bind active (GTP-liganded) α-subunits of the 

Gq/11 subfamily of G proteins, sequestering them away from their effectors (Carman et al., 

1999) (Fig. 1). Using kinase-dead GRK2 as well as the isolated RH domain and RH-dead 

constructs with key Gαq binding residues inactivated, it has been demonstrated that GRK2 

suppresses signaling of mGluR1/5 in cultured cells via its RH domain (Day et al., 2003; 

Day, Wedegaertner, and Benovic, 2004; Sterne-Marr et al., 2004; Sterne-Marr et al., 2003). 

A similar strategy was recently employed to tease apart the mechanism of GRK3 action in 
vivo (Ahmed et al., 2015). However, some background information is needed to appreciate 

those results. Parkinson’s disease (PD), the second most common neurodegenerative 

disorder after Alzheimer’s, is caused by the death of dopamine-producing neurons in the 

substantia nigra and the consequent deficit of dopamine in the striatum. The most effective 

treatment of PD is dopamine replacement therapy with the dopamine precursor L-DOPA. 

Problems begin within a few years of L-DOPA therapy: loss of effectiveness necessitates 

increasing doses, which eventually lead to L-DOPA-induced dyskinesia (LID), i.e. 

uncontrolled involuntary movements, greatly reducing the quality of life of PD patients. 

Although the exact pathophysiology of LID remains poorly understood, supersensitivity of 

the striatal dopamine receptors to dopamine is believed to be a contributing factor (Gurevich 

and Gurevich, 2010). All five dopamine receptors are G protein-coupled receptors (GPCRs). 

GRKs play a key role in the signaling termination process for most GPCRs: GRK-dependent 

receptor phosphorylation is a prerequisite for high-affinity arrestin binding, which blocks 

further G protein activation (Gurevich and Gurevich, 2004). Thus, it seemed reasonable to 

hypothesize that the normal desensitization machinery does not have enough capacity to 
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handle the supra-physiological increase in dopamine concentrations upon each L-DOPA 

dose. Since GRKs tend to be rate-limiting in this process (Violin et al., 2008), the ability of 

over-expression of GRK6 and GRK3 in the striatum to suppress LID was tested (Ahmed et 

al., 2010; Ahmed et al., 2015). Both reduced LID in vivo, but in a different manner. Whereas 

the enzymatic activity of GRK6 was critical for its anti-LID action, it was found to be 

dispensable in the case of GRK3, as was determined using kinase-dead versions of both 

GRK isoforms (Ahmed et al., 2015). In contrast, the ability of its RH domain to bind 

Gαq/11 was found to be critical for the anti-LID activity of GRK3, since a GRK3 mutant 

with the Gαq/11 binding disabled was ineffective, whereas kinase-dead GRK3 was fully 

functional (Ahmed et al., 2015). Furthermore, the separated GRK3 RH domain was just as 

effective in suppressing LID as full-length GRK3 (Ahmed et al., 2015), indicating that only 

sequestration of Gαq/11 and the resulting suppression of this branch of signaling was 

necessary. This example demonstrates that the strategy of employing functionally defined 

mutants can be successfully used in living animals and can yield unambiguous results.

Thus, elimination of certain capabilities of multi-functional proteins by targeted mutations 

enables identification of their biological role. Moreover, the expression of mono-functional 

protein elements, such as the PH domain of GRK2 or the RH domain of GRK3, 

demonstrates what is physiologically important. It should be noted that mono-functionality 

of the Gβγ-binding PH domain or the Gαq/11-binding RH domain does not mean that each 

of these elements affects only one signaling event in the cell. In fact, by scavenging Gβγ, the 

PH domain suppresses all of its effects. Similarly, by preventing GTP-liganded Gαq/11 from 

interacting with other effectors, the RH domain of GRK2/3 suppresses every branch of 

signaling initiated by active Gαq/11. However, as far as GRK3 is concerned, this is a way to 

clarify which function/functional domain is involved, since full-length GRK2/3 has all the 

functions of these separated domains plus kinase activity towards GPCRs and other 

substrates (Gurevich et al., 2012). Therefore, this approach helps to elucidate the molecular 

mechanisms of physiological or pathological processes more precisely. The findings that the 

expression of βARKct protects against congestive heart failure (Akhter et al., 1999; Salazar 

et al., 2013), whereas the RH domain of GRK3 has anti-LID activity (Ahmed et al., 2015) 

suggest that gene therapy based on the expression of these molecular tools is more 

promising than that based on the expression of full-length GRK2/3. Thus, mutant proteins 

and/or their mono-functional domains can produce desired changes in cell signaling without 

affecting most other aspects of the functions of the targeted protein, reducing the chances of 

unwanted side effects (Gurevich and Gurevich, 2012).

3.2. The ultimate scaffolds: non-visual arrestins

The two non-visual arrestins expressed in virtually every cell in all mammals, arrestin-2 and 

-31, appear to bind hundreds of different GPCR subtypes (Gurevich and Gurevich, 2006) as 

well as dozens of non-receptor partners (Xiao et al., 2007), regulating various aspects of cell 

signaling (DeWire et al., 2007). Since arrestins are such versatile scaffolds, it is particularly 

important to use mutants designed to enhance or suppress individual functions and/or mono-

functional elements of the protein both for mechanistic studies and possible therapeutic 

applications..
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3.2.1. Arrestin functions—The first member of the arrestin family, arrestin-1, was 

discovered as a protein that selectively binds light-activated, phosphorylated rhodopsin 

(Kuhn, Hall, and Wilden, 1984), reducing rhodopsin-induced signaling (Wilden, Hall, and 

Kühn, 1986), apparently by directly blocking the coupling of the cognate G protein, 

transducin, to rhodopsin via simple competition for overlapping binding sites (Krupnick, 

Gurevich, and Benovic, 1997; Wilden, 1995). The first non-visual subtype, β-arrestin, was 

discovered as a protein that plays the same role in the case of the β2-adrenergic receptor 

(β2AR), clearly preferring this receptor over rhodopsin (Lohse et al., 1992; Lohse et al., 

1990). Soon it became apparent that “β-arrestin” is a misnomer, as this non-visual arrestin 

was shown to interact with a variety of GPCRs in addition to β2AR (Gurevich et al., 1995; 

Gurevich et al., 1993). Nonetheless, the name is still in use, although the original β-arrestin 

was retroactively renamed β-arrestin1 after the discovery of another non-visual subtype, 

which was named β-arrestin2 (Attramadal et al., 1992). More systematic names, arrestin-1 

through -4, where the number after the dash indicates the order of cloning, have also been 

proposed (Sterne-Marr et al., 1993), and are used in parallel with the historic nomenclature. 

In this system, which we are using here, β-arrestin1 is called arrestin-2 and β-arrestin2 – 

arrestin-3 (Sterne-Marr et al., 1993).

For a few years, it appeared that binding to the active phosphorylated forms of GPCRs, 

which induces homologous desensitization, was the only function of arrestin proteins. 

However, fairly soon evidence emerged that both non-visual subtypes, arrestin-2 and -3, 

directly interact with non-GPCR partners. The first of these, clathrin, was reported in 1996 

(Goodman et al., 1996), followed by the second, the clathrin adaptor AP2 (Laporte et al., 

1999), with many others following in rapid succession (reviewed in (DeWire et al., 2007; 

Gurevich and Gurevich, 2006)). Several years ago, over 150 proteins were reported to bind 

arrestin-2 and more than 200 interacted with arrestin-3 (Xiao et al., 2007). New partners that 

were not on these extensive lists continue to be reported (Ahmed et al., 2011; Bhandari et 

al., 2007; Kook et al., 2013; Zhan et al., 2013). Even an over-simplified picture looks pretty 

complicated: non-visual arrestins bind the trafficking proteins clathrin, AP2, NSF (Goodman 

et al., 1996; Laporte et al., 1999; McDonald et al., 1999), as well as Src family kinases 

(Imamura et al., 2001; Luttrell et al., 1999), MAP kinases belonging to the cascades leading 

to the activation of JNK3 (McDonald et al., 2000; Song et al., 2009; Zhan et al., 2013), 

JNK1/2 (Kook et al., 2013), ERK1/2 (Coffa et al., 2011; Coffa et al., 2011; DeFea et al., 

2000; Luttrell et al., 2001; Meng et al., 2009; Song et al., 2009), and p38 (Bruchas et al., 

2006), the second messenger-eliminating enzymes cAMP phosphodiesterase (Baillie et al., 

2007; Perry et al., 2002) and diacylglycerol kinase (Nelson et al., 2007), several E3 ubiquitin 

ligases, including Mdm2 (Shenoy et al., 2001), AIP (Bhandari et al., 2007), and parkin 

(Ahmed et al., 2011), deubiquitinating enzymes (Shenoy et al., 2009), and many others 

(reviewed in (DeWire et al., 2007; Gurevich and Gurevich, 2006). The biological importance 

of arrestins is underscored by the fact that the absence of visual arrestin-1 leads to night 

blindness in humans (Fuchs et al., 1995) and retinal degeneration in mice (Xu et al., 1997), 

simultaneous knockout of the two non-visual subtypes is embryonic lethal in mice (Kohout 

et al., 2001), which is also the case for knockout of the only non-visual subtype Drosophila 

has, the product of the gene kurtz (Roman, He, and Davis, 2000). Thus, many functions of 
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arrestins appear to be critical, which makes it harder to establish the role of individual ones 

in particular cellular processes.

Functionally defined “single function” arrestin mutants could be quite helpful in elucidating 

the role of arrestins in cellular processes. It is important to note, however, that “single 

function” is defined in the context of a specific protein and it does not follow that in the cell 

only one function will be affected, which is obviously not the case. In the case of arrestins, it 

could mean that an arrestin mutant is competent to mediate receptor desensitization via 

biding to GPCRs but is unable to support arrestin-mediated signaling. There have been 

successful attempts to create “biased” receptor agonists that engage only one pathway, either 

G protein or arrestin-dependent (Violin et al., 2014). Alternatively, GPCR mutants capable 

of supporting only one line of signaling, G protein or arrestin-dependent, are also being 

produced (Nakajima and Wess, 2012; Peterson et al., 2015). It is quite obvious, however, 

that initiation of either pathway will bring about multiple signaling events in the cell. 

Nevertheless, such an approach would allow assignment of a specific physiological effect to 

arrestin’s role in receptor desensitization or to its signaling function. Further analysis 

employing arrestin mutants deficient in particular signaling functions might uncover which 

of numerous signaling pathways regulated via arrestin-dependent scaffolding is involved, as 

the examples below illustrate.

3.2.2.Structural elements mediating arrestin functions—Ideally, to investigate an 

individual function of a protein, one needs to replace it with a mutant where this particular 

function is disabled, whereas all others remain normal. Comparing the results of 

replacement of the knocked out protein with the WT form, which should completely rescue 

the phenotype, and this mutant with a single disabled function would clearly show the role 

of that particular function. The results would be definitive: if the mutant does not rescue, the 

function in question is critical for the phenotype; if it rescues like WT, this function does not 

contribute to the observed changes. The interpretation even of partial rescue with the mutant, 

compared to full rescue with WT, is fairly straightforward: the function affected by the 

mutation contributes to the knockout phenotype, but is not the only one doing so.

Although this level of perfection has not been achieved so far, it appears feasible if two 

conditions can be met. First, we need to know the molecular mechanisms involved in the 

function of a particular protein in sufficient detail to be able to generate such a mutant. 

Second, there should be a way of selectively disabling a single function by mutagenesis 

without significantly affecting others. This approach is best described using as an example a 

type of protein known to do many things, where we know enough about the structural basis 

of at least some functions. Arrestins fit the bill: they are versatile signaling regulators that 

organize multi-protein complexes and target them to particular sub-cellular compartments 

(Gurevich and Gurevich, 2006; Gurevich and Gurevich, 2014). Structure-function studies of 

arrestins have generated a lot of information about the elements involved in particular 

functions (Gurevich and Gurevich, 2012). Several arrestin functions have been localized 

with sufficient precision to generate selective mutants (Fig. 2)(Table 1). 1. Localization of 

the phosphate sensor enabled arrestin activation by appropriate mutations, thereby 

generating “enhanced” versions of different arrestins that bind unphosphorylated active 

receptors with high affinity (Celver et al., 2002; Gurevich, 1998; Gurevich and Benovic, 

Gurevich and Gurevich Page 9

Crit Rev Biochem Mol Biol. Author manuscript; available in PMC 2016 May 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



1995; Gurevich and Benovic, 1997; Gurevich et al., 1997; Kovoor et al., 1999; Pan, 

Gurevich, and Gurevich, 2003). 2. Localization of the binding sites for clathrin (Goodman et 

al., 1996) and the clathrin adaptor AP2 (Laporte et al., 1999) (Fig. 2B) enabled the 

construction of non-visual arrestins where one or both of these sites are disabled (Goodman 

et al., 1996; Kim and Benovic, 2002; Laporte et al., 1999). 3. Identification of key residues 

that determine the receptor preference of arrestins (Vishnivetskiy et al., 2011) (Fig. 2A) 

allowed the generation of non-visual arrestins with high receptor specificity (Gimenez et al., 

2014; Gimenez et al., 2012). 4. Identification of Asp26 and Asp29 as critical MEK1-binding 

residues in arrestin-2 (Fig. 2C), interacting with Arg47 and Arg49 in the N-terminus of 

MEK1, enabled the construction of arrestin mutants deficient in MEK1 binding, which 

cannot promote ERK1/2 activation due to this defect (Meng et al., 2009). In agreement with 

previous findings that ERK1/2 phosphorylation of arrestin-2 impairs its ability to recruit 

GPCRs to the coated pit (Lin et al., 1997), the expression of arrestin-2 mutant with impaired 

MEK1 binding, as well as the peptide mimicking the MEK1 interaction site on arrestin-2, 

reduced the phosphorylation of arrestin-2 by ERK1/2 at the C-terminal Ser-412 and 

facilitated agonist-induced internalization of β2AR. 5. The identification of the key c-Raf1 

binding residue in arrestin-2 (Fig. 2C) yielded the R307A mutant that has normal ERK1/2 

and MEK1 binding, but impaired c-Raf1 interaction, and therefore cannot promote ERK1/2 

activation (Coffa et al., 2011). 6. The identification of cAMP phosphodiesterase binding 

sites on arrestin (Fig. 2B) allowed construction of mutants (R26A, R286A, or a mutant with 

substitution of an alanine cassette for Leu215-His220) that do not bind PDE4D5, but still 

interact with GPCRs normally (Baillie et al., 2007). Many of these mutants with a single 

function disabled by targeted mutagenesis were functionally tested in cells or even in 

animals. While in many cases the results turned out to be complex, often revealing 

unintended consequences, this line of experimentation has the potential to yield the almost 

“perfect” single-defect mutants necessary for analyzing the biological roles of individual 

protein functions. Below we describe the results and the lessons that were learned from 

using these mutants.

3.2.2.1. Phosphorylation-independent arrestin mutants: Enhanced arrestins were tested 

in vitro (Gray-Keller et al., 1997), in Xenopus oocytes (Celver et al., 2002; Kovoor et al., 

1999), in cultured cells (Pan, Gurevich, and Gurevich, 2003), and in vivo in living mice 

(Song et al., 2009). While the tests in simpler systems just confirmed the ability of these 

mutants to quench signaling by unphosphorylated GPCRs (Celver et al., 2002; Gray-Keller 

et al., 1997; Kovoor et al., 1999), the experiments in cultured cells revealed that the complex 

of unphosphorylated receptor with enhanced arrestin-2 internalizes normally, but then the 

receptor recycles back to the plasma membrane much faster than in the presence of WT 

arrestin-2 (Pan, Gurevich, and Gurevich, 2003). Interestingly, this rapid cycling apparently 

prevented receptor degradation even after 24 h of continuous agonist treatment (Pan, 

Gurevich, and Gurevich, 2003). Thus, the ability of arrestin-2 to bind unphosphorylated 

GPCRs protected the receptor from down-regulation.

Disease-causing mutations in various proteins, including GPCRs (Schoneberg et al., 2004), 

fall into two categories, gain-of-function and loss-of-function. The latter are usually 

recessive, because the second correct allele supplies the normal protein, so that the disease 
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only develops when both alleles are damaged. In this case, the delivery of DNA driving 

expression of WT protein is likely to be sufficient to cure the disease. In contrast, gain-of-

function mutations are dominant. For example, when a mutant GPCR signals too much due 

to constitutive activity or cannot be shut down by the normal GRK-arrestin-mediated 

mechanism because it has lost its phosphorylation sites, the presence of a perfectly good 

receptor encoded by the other allele does not alleviate the problem. There are no commonly 

accepted strategies to deal with gain-of-function mutations. One possibility is 

compensational gene therapy: to counteract excessive GPCR signaling with an arrestin 

mutant that suppresses it more effectively then WT protein.

Testing of enhanced mouse arrestin-1 mutant for the ability to compensate for defects of 

rhodopsin phosphorylation yielded some expected and a lot of unexpected results (Song et 

al., 2009). It turned out that polar core mutant R176E (Table 1) was not stable enough for in 
vivo expression, so two more stable mutants were chosen: 1) arrestin-1-3A, where the C-tail 

was forcibly detached by triple alanine substitution, removing bulky hydrophobic residues 

that anchored it to the N-domain (Hirsch et al., 1999), mimicking its detachment upon 

receptor binding (Hanson et al., 2006; Vishnivetskiy et al., 2010; Zhuo et al., 2014), and 2) 

arrestin-1-(1–377), where the C-tail was deleted (Song et al., 2009). The expression of 

mouse arrestin-1-3A instead of WT arrestin-1 in rods lacking rhodopsin kinase (RK KO) 

improved retinal morphology, prolonged photoreceptor survival, and improved the 

functional performance of mouse rods (Song et al., 2009), demonstrating the feasibility of 

functional compensation. This was an expected result, and it is quite encouraging. However, 

the rate of photoresponse shutoff in “compensated” rods was significantly slower that in WT 

with the normal complement of RK, suggesting that more potent phosphorylation-

independent mutants are needed. Additional mutations further enhancing arrestin-1 binding 

to unphosphorylated light-activated rhodopsin without compromising thermal stability were 

introduced (Vishnivetskiy et al., 2013), and these new mutants need to be tested in vivo. In 

photoreceptor cells, rhodopsin resides in a specialized “signaling” compartment, the outer 

segment, whereas in the dark, the bulk of arrestin-1 is localized in the inner segment and cell 

body, likely due to its binding to microtubules, abundant in these compartments (Gurevich et 

al., 2011). Upon illumination, arrestin-1 moves to the outer segment due to its binding to 

light-activated phosphorylated rhodopsin (Nair et al., 2005). Interestingly, both enhanced 

mutants have higher affinity for microtubules than WT arrestin-1 (Nair et al., 2004) and 

upon illumination move to the outer segment slower than WT protein (Nair et al., 2005). 

From a practical standpoint, the most useful unexpected result was the finding that in rods 

expressing constitutively active rhodopsin, which constitutively binds arrestin, the low 

affinity of arrestin-1 for the clathrin adaptor AP2 is sufficient to recruit significant amounts 

of it to the outer segment, where in WT mice AP2 is undetectable (Moaven et al., 2013). It 

appears that the depletion of AP2 contributes to the death of rod photoreceptors, as the 

expression of truncated arrestin-1 lacking the AP2 binding site protects these rods (Moaven 

et al., 2013). These data suggest that an arrestin-1 mutant that combines high binding to 

unphosphorylated active rhodopsin with a lack of AP2 binding has higher therapeutic 

potential.

Another result that might be useful for future gene therapy is the discovery that high levels 

of arrestin-1-3A mutant per se, even in the dark, are harmful for photoreceptors (Song et al., 
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2013). Interestingly, similar supra-physiological levels of WT arrestin-1 are totally harmless 

(Song et al., 2011). Since the 3A mutation significantly reduces the ability of arrestin-1 to 

self-associate (Song et al., 2013), whereas robust oligomerization at biologically relevant 

concentrations in rods is a common feature of bovine, mouse, and human arrestin-1 (Kim et 

al., 2011), it was hypothesized that the monomeric nature of the mutant makes it cytotoxic, 

in contrast to harmless oligomers (Song et al., 2013). The idea that defective self-association 

per se is harmful needs to be tested experimentally in vivo, because 3A mutation also 

detaches the C-tail of arrestin-1, thereby exposing its AP2 binding site, and recruitment of 

AP2 to the abundant arrestin-1 appears to harm rods (Moaven et al., 2013). The third 

potentially useful finding was that relatively low levels of enhanced arrestin-1, down to 2.5% 

of the WT level, are sufficient for photoreceptor health and functional performance 

(Cleghorn et al., 2011; Song et al., 2011). In summary, it appears that therapeutically usable 

phosphorylation-independent forms of arrestin-1 should either have normal self-association 

or be expressed at relatively low levels to prevent cytotoxicity. In all cases, it would be 

beneficial to disable its AP2 binding site.

Importantly, these data show the difficulty of changing one arrestin function without 

affecting others: mutations that rendered arrestin-1 phosphorylation-independent also 

increased its affinity for microtubules, impaired its self-association, likely enhanced its 

binding to AP2 in a rhodopsin-independent manner, and possibly changed some other 

functions that nobody tested. These unintended changes certainly complicate matters and 

must be investigated. Still, design and characterization of enhanced arrestin mutants remains 

a promising direction for therapeutic development because they have the capacity to shut off 

signaling by unphosphorylated rhodopsin, which WT arrestin-1 cannot do.

3.2.2.2. Clathrin and AP2 binding-deficient arrestins: As expected, non-visual arrestins 

in which the well-defined binding sites for clathrin, AP2 or both in the arrestin C-tail are 

disabled still bind receptors, but do not support GPCR internalization (Goodman et al., 

1996; Kim and Benovic, 2002; Laporte et al., 1999). These studies clearly demonstrated that 

direct binding to arrestins of both clathrin and AP2 contributes to GPCR internalization via 

the coated pits. Recently, clathrin binding-deficient mutants of arrestin-2 and -3 were used to 

demonstrate that arrestin-dependent clathrin recruitment to microtubules targeting focal 

adhesions plays an important role in focal adhesion disassembly, which is necessary for 

normal cell spreading and motility (Cleghorn et al., 2015). No effects of these mutations on 

other arrestin functions have been detected so far.

3.2.2.3. Receptor preference: Arrestins have an extensive receptor-binding surface that 

includes large parts of the concave sides of both arrestin domains (Hanson et al., 2006; 

Hanson and Gurevich, 2006; Vishnivetskiy et al., 2004). However, fairly few residues within 

this surface appear to determine the receptor specificity of arrestins (Vishnivetskiy et al., 

2011). Substitutions of individual “receptor-discriminator” residues significantly changes the 

relative ability of the very promiscuous arrestin-3 to bind different GPCRs. Double 

mutations yielded proteins with up to 60-fold preference for certain receptors over others 

(Gimenez et al., 2014; Gimenez et al., 2012). Most cells express numerous GPCR subtypes. 

Constructed, more receptor-specific arrestin mutants can be used to determine the 
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contribution of different receptors to particular cellular functions in cultured cells and even 

in vivo. Gain-of-function (GOF) GPCR mutations cause a variety of human disorders, from 

retinal degeneration to several forms of cancer (Restagno et al., 1993; Schoneberg et al., 

2004; Stoy and Gurevich, 2015). Conceivably, excessive signaling by a GOF mutant can be 

subdued by an enhanced arrestin with higher than normal ability to block G protein-

mediated signaling. The feasibility of this approach was demonstrated in rod photoreceptors 

in vivo (Song et al., 2009). While non-visual arrestins can be pre-activated by mutations 

homologous to those that pre-activate visual arrestin-1 (Celver et al., 2002; Gurevich et al., 

1997; Kovoor et al., 1999; Pan, Gurevich, and Gurevich, 2003), enhanced non-visual arrestin 

must be made receptor-specific to target only the mutant receptor and avoid suppressing 

signaling by other perfectly normal GPCRs co-expressed by the same cell. Thus, the 

combination of activating mutations and those that increase receptor specificity must be 

tested in cells. Then potential usefulness of receptor-specific, enhanced non-visual arrestins 

for gene therapy should be tested in vivo.

However, it appears that additional arrestin residues important for receptor discrimination 

need to be identified: mutagenesis of the ten residues tested did not significantly reduce the 

binding to D1 dopamine and Y1 neuropeptide Y receptors (Gimenez et al., 2014; Gimenez 

et al., 2012), indicating that other elements must be involved. Simultaneous replacement of 

all receptor-discriminator residues with alanines prevented the binding of arrestin-2 and -3 to 

most GPCRs, as could be expected (Vishnivetskiy et al., 2011). Unexpectedly, these 

mutations on the receptor-binding surface (Hanson et al., 2006; Hanson and Gurevich, 2006; 

Vishnivetskiy et al., 2011) apparently changed the other side of the molecule, where MAP 

kinases bind (Zhan et al., 2014)(Fig. 2). As a result, the arrestin-3 mutant in which GPCR 

binding was disabled by these ten alanine substitutions plus replacement of the two 

phosphate-binding lysines with alanines lost the ability to facilitate JNK3 activation in cells, 

even though the binding to all kinases in the ASK1-MKK4-JNK3 cascade was preserved 

(Breitman et al., 2012). Similarly, quite a few mutations on the non-receptor-binding convex 

side of the two domains significantly affected the ability of arrestin-2 to bind receptors 

(Coffa et al., 2011). Thus, it appears that we still do not fully understand the structural 

communications between the two sides of the arrestin molecule.

3.2.2.4,5. Arrestins that do not bind MEK1 or c-Raf1: Modified arrestin-2 was 

constructed by replacing the key MEK1-binding residues Asp26 and Asp29 (Meng et al., 

2009). As could be expected, the mutations prevented arrestin-dependent ERK1/2 activation 

and precluded arrestin-2 phosphorylation at the C-terminal Ser-412. In agreement with 

previous data that the phosphorylation of the arrestin-2 C-terminus by ERK1/2 prevents its 

binding to clathrin (Lin et al., 1997), mutations preventing MEK1 binding facilitated 

arrestin-dependent internalization of agonist-stimulated β2AR (Meng et al., 2009). The 

R307A mutation in arrestin-2 prevented c-Raf1 binding and arrestin-dependent receptor-

induced ERK1/2 activation (Coffa et al., 2011). As c-Raf1 is an upstream kinase that 

activates MEK1, it is reasonable to expect that the R307A mutation should also reduce 

arrestin-2 phosphorylation by ERK1/2, thereby facilitating receptor internalization. This 

prediction needs to be tested experimentally.

Gurevich and Gurevich Page 13

Crit Rev Biochem Mol Biol. Author manuscript; available in PMC 2016 May 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



3.2.2.6. Arrestins that do not bind PDE4: Arrestins have been shown to recruit several 

isoforms of PDE4D to β2AR to facilitate the degradation of cAMP in the vicinity of the 

receptor, thereby facilitating the desensitization of β2AR, which couples to Gs and activates 

adenylyl cyclase (Perry et al., 2002). The identification of PDE binding sites in both 

domains of arrestin-3 enabled the construction of mutants that do not bind PDE and 

therefore do not recruit it to activated β2AR (Baillie et al., 2007). Expression of WT 

arrestin-3 in MEFs lacking both non-visual arrestins significantly reduced PKA activity in 

response to β2AR stimulation. In contrast, the expression of PDE binding-deficient mutants 

that interact with β2AR normally did not affect PKA activity as much, indicating that PDE 

recruitment is necessary for rapid desensitization of Gs-coupled receptors (Baillie et al., 

2007).

4. Conclusions and future prospects

Collectively, existing data suggest that it is feasible to construct mutants of multi-functional 

proteins with a single function disabled, although in many cases we need to know much 

more about the structural effects of particular mutations to achieve this level of selectivity. 

Virtually every signaling-biased mutant of a multi-functional protein is a useful research tool 

and many also have clear therapeutic potential (Gurevich and Gurevich, 2012). Wherever 

feasible, expression of mono-functional elements (in many cases separated domains) of 

multi-functional proteins is equally instructive in mechanistic studies and can also be used 

for gene therapy. Functionally defined protein mutants are widely used in cell culture 

studies, albeit their repertoire remains limited. However, an analogous strategy could also be 

successful in vivo, when mutants are expressed in living animals, particularly on the 

knockout background in the rescue paradigm. Such experiments would provide information 

on the role of individual functions of the protein responsible for the phenotype observed in 

knockout animals. If knockout is intended to represent a disease state associated with loss-

of-function mutations of the protein in question, knowing which function of the multi-

functional protein is involved would be valuable in exploring therapeutic options. The 

combined use of global knockout lines, many of which are already available, and fine 

manipulation of the protein function via viral transfer of functionally defined mutants into 

specific cells could serve as a relatively cheap and fast alternative to the generation of 

conditional and cell-specific knockin and knockout mouse lines. Such approaches would 

allow for relatively rapid teasing apart of the complex functions of proteins in normal and 

diseased tissues.
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Abbreviations

GPCR G protein-coupled receptor

WT wild type
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GRK G protein-coupled receptor kinase

MEFs mouse embryonic fibroblasts

ARRDC arrestin domain-containing protein

PD Parkinson’s disease

LID L-DOPA-induced dyskinesia

PH pleckstrin homology

βARKct the C-terminus of GRK 2 containing the PH domain

RH RGS homology

RK rhodopsin kinase (systematic name: GRK1)

KO knockout

GOF gain-of-function

β2AR β2-adrenergic receptor
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Fig. 1. Domain structure of GRK2/3
All GRKs have the N-terminal RGS-homology (RH) domain, the central kinase domain, two 

additional α-helices of the RH domain downstream of the kinase domain (not shown here 

for simplicity), and C-terminal elements that mediate their membrane localization (Gurevich 

et al., 2012). The RH domain of the GRK2/3 subfamily has the ability to bind active GTP-

liganded α-subunits of Gq/11, sequestering them away from their effectors, thereby 

suppressing Gq/11-mediated signaling. The kinase domain of all GRKs contains a conserved 

catalytic site that allows them to phosphorylate GPCRs. At the C-terminus, GRK2/3 have a 

plekstrin homology (PH) domain that binds the lipid bilayer and G protein βγ-dimers, which 

are released from heterotrimeric G proteins upon their activation by GPCRs. The PH domain 

mediates the recruitment of GRK2/3 to the membrane upon receptor activation. The PH 

domain can be expressed separately (historically termed βARKct), and in that case it acts as 

a scavenger of Gβγ-dimers, preventing the recruitment to the membrane of endogenous 

GRK2/3 (Akhter et al., 1999; Salazar et al., 2013) and suppressing βγ-mediated signaling 

(Raveh et al., 2010). Color version of this figure is available online.
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Fig. 2. Arrestin elements implicated in binding different partners
A. The structure of arrestin-3 (PDB ID: 3P2D (Zhan et al., 2011)), showing the key lysines 

that bind receptor-attached phosphates (K11, K12), residues that bind other parts of 

receptors and determine arrestin preference for particular GPCRs (L49, D51, L69, Y239, 

D241, C252, P253, Q256, D260, and Q262) (Gimenez et al., 2012; Vishnivetskiy et al., 

2011), and the elements responsible for arrestin-3’s ability to facilitate JNK3 activation 

(S264, L278, S280, V343, H350, D351, H352, and I353) (Seo et al., 2011). B. The structure 

of arrestin-3 (PDB ID: 3P2D (Zhan et al., 2011)), showing the key residues involved in 
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PDE4D binding (R26, L215, D216, V217, D218, V219, H220, and R286) (Baillie et al., 

2007), residues involved in clathrin binding (L376, I377, E378, L379, and D380) (Kim and 

Benovic, 2002; Krupnick et al., 1997), and residues engaged by the clathrin adaptor AP2 

(F390, R392, and R394) (Kim and Benovic, 2002; Laporte et al., 1999). C. The structure of 

arrestin-2 (PDB ID: 1G4M (Han et al., 2001)), showing critical residues involved in MEK1 

binding (D26 and D29) (Meng et al., 2009) and Arg-307, which is critical for cRaf1 binding 

(Coffa et al., 2011). All structures are rendered in ViewerPro; all highlighted residues are 

shown as CPK models. Parts of the C-tails not resolved in crystal structures were added 

manually. Color version of this figure is available online.
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