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Dynamics driven allostery in protein kinases

Alexandr P. Kornev1 and Susan S. Taylor1,2

1Department of Pharmacology, University of California at San Diego, La Jolla, CA, 92093, USA

2Department of Chemistry and Biochemistry, University of California at San Diego, La Jolla, CA, 
92093, USA

Abstract

Protein kinases have very dynamic structures and their functionality strongly depends on their 

dynamic state. Active kinases reveal a dynamic pattern with residues clustering into semirigid 

communities that move in µs-ms timescale. Previously detected hydrophobic spines serve as 

connectors between communities. Communities do not follow the traditional subdomain structure 

of the kinase core or its secondary structure elements. Instead they are organized around main 

functional units. Integration of the communities depends on the assembly of the hydrophobic spine 

and phosphorylation of the activation loop. Single mutations can significantly disrupt the dynamic 

infrastructure and thereby interfere with long distance allosteric signaling that propagates 

throughout the whole molecule. Dynamics is proposed to be the underlying mechanism for 

allosteric regulation in protein kinases.
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Allostery and dynamics

The term “allostery” was introduced more than 50 years ago to describe the regulation of 

enzyme activity by molecules that are sterically distinct from the substrate[1]. These 

molecules bind to a site different from the substrate binding site, termed the “allosteric site” 

(from the Greek “ἂλλoς” for “other/different”). Since then, the term has been universally 

accepted and currently is used to describe any type of long distance signaling (known as 

“allosteric signaling”) inside proteins, related not only to small molecule binding but also to 

covalent modifications, protein-protein interactions or even mutations [2–4]. Despite 

significant progress in understanding of the underlying principles of allosteric signaling, it 

has to be studied on a case-by-case basis as the signal transmission mechanisms can vary. In 

general, such transmission can happen in two different ways: in a sequential set of events 

that propagates linearly from the allosteric to the active site, or by modification of a dynamic 
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profile of the protein (Box 1). A characteristic feature of the both models is a requirement 

for significant structural changes of the enzyme. However, it was demonstrated subsequently 

that allostery can also be driven not by large motions of the protein, or by folding/unfolding 

of its domains[5] but by a change in the dynamic properties of residues with no significant 

conformational changes of the whole protein. The case of so called “Entropy driven 

allostery” predicted theoretically by Cooper and Dryden [6] was later confirmed for 

calmodulin [7], PDZ domains [8], the catabolite activator protein [9] and the Trp RNA-

binding attenuation protein [10]. In all these cases protein dynamics is an essential key 

requirement for the allosteric regulation.

In this review we focus on the dynamic properties and allosteric regulation of protein 

kinases, which constitute nearly 2% of the human protein-coding genome [11] and are one 

of the most important protein families as they regulate much of biology. Protein kinase 

dysfunction is associated with multiple diseases including cancer, vascular disorders, and 

diabetes as well as neurological and inflammatory diseases. This makes protein kinases 

attractive therapeutic targets. Currently 28 small-molecule protein kinase inhibitors are 

approved by the U.S. Food and Drug Administration (FDA) , and thousands of clinical 

studies targeting kinases are ongoing [12]. Protein kinases modify about a third of all 

proteins in human cells [13] by transferring the γ-phosphate of ATP to the hydroxyl group 

of serines, threonines or tyrosines. Such phosphorylations result in significant changes of 

structural features and/or function of the proteins and are considered to be classic allosteric 

signaling events [1, 14, 15]. Protein kinases themselves can be regulated in multiple ways, 

that includes interaction with regulatory subunits[16], autoinhibition[17], dimerization[18], 

but the “classical” mechanism of their regulation is via phosphorylation either by other 

kinases or by autophosphorylation. In this review we will focus on protein kinase regulation 

limited to their kinase domain only. From the functional point of view protein kinases are 

classified as transferases but it is important to distinguish them from conventional metabolic 

enzymes. The latter have evolved to be very efficient catalysts with turnover numbers 

ranging from ∼40s−1 for hexokinase IV [19] up to 530,000s−1 for carbonic anhydrase [20]. 

Protein kinases do not operate as metabolic factories; instead, they serve as molecular 

regulators of these production lines switching them on and off. The most critical property for 

any switch is its ability to change its state quickly and unambiguously upon receiving a 

signal. Thus, protein kinases, being very poor transferases with typical turnover rates 

between 0.2s−1 (e.g. for Src [21]) and 20s−1 (e.g. for PKA [22]), have evolved to be highly 

malleable molecular switches that allow them to sense a wide range of signaling agents such 

as nucleotides, lipids, ions, sugars, hormones and growth factors. This “switch-like” 

character of protein kinases is mediated by their extraordinary structural plasticity and by 

their dynamic properties.

Internal architecture of protein kinases is built around dynamically 

assembled hydrophobic spines

All eukaryotic protein kinases have a structurally conserved core of approximately 250 

residues that fold into a bilobal structure with a smaller N-terminal lobe (N-lobe) and a 

larger C-terminal lobe (C-lobe). A deep cleft between the lobes serves as a binding pocket 
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for the adenine ring of ATP (Figure 1). Comparison of protein kinase structures with and 

without ATP showed that the connection between the lobes is flexible. The N-lobe in the 

apo-form moves away from the C-lobe up to 9Å thereby opening the ATP binding cleft [23]. 

Such flexibility is considered to be important for nucleotide exchange during the catalytic 

cycle [24–27]. Flexibility is mediated by two ensembles of hydrophobic residues that 

connect the lobes by traversing the kinase core from the large αF-helix that spans the center 

of the C-lobe to the rigid β-sheet in the N-lobe [28–30]. They were termed “spines” to 

emphasize their flexible nature analogous to spines in vertebrates. One of the spines is called 

the Regulatory spine (R-spine) as it is assembled in all active kinases, and its disassembly 

leads to kinase inactivation. The second spine is termed the Catalytic spine (C-spine) as it is 

completed by the adenine ring of ATP which then poises the kinase for catalysis. The spines 

are a pair of unconventional structural elements that, although they are conserved in all 

EPKs and can even be traced in APKs [31], were not initially detected as they do not follow 

classical sequence motifs or secondary structural units. Their hydrophobic nature is the key 

property that allows for the kinase core mobility, a feature that, as we will show, is vital for 

protein kinase functionality. Here we revisit the conserved motifs of the kinase core paying 

special attention to key hydrophobic residues whose functional significance was not 

previously appreciated.

N-lobe

The N-lobe contains a five-stranded β-sheet with a large mobile αC-helix inserted between 

β3 and β4. The sheet carries a set of hydrophobic residues that accommodate the adenine 

ring of ATP. Two of them, Val57* from β2 and Ala70 from β3, belong to the C-spine and 

are conserved in EPKs [32]. The N-Lobe also contains two R-spine residues, Leu106 at the 

beginning of β4 and Leu95 at the end of αC.

G-Loop—The most dynamic loop in the kinase core, called “Glycine-rich Loop” or “G-

Loop”, lies between β1 and β2 and contains three highly conserved glycines (Gly50, Gly52 

and Gly55) that form the GxGxxG-motif. The main function of this loop is to position the 

adenine ring and the phosphates of ATP so it is critically important. The G-Loop is 

associated with multiple disease mutations [33]. Sometimes it is incorrectly identified as a 

P-Loop, also known as the Walker motif, which is a recurring ATP phosphate binding motif 

in enzymes such as myosin and adenylate kinase [34]. However, the consensus sequence of 

the Walker motif is GxxxxGK(T/S) with the only similarity to the G-Loop being two 

glycines in positions 50 and 55 (Figure 2). The conserved Lys at the end of the P-Loop helps 

to position the γ-phosphate of ATP while in the EPKs this residue (Arg56 in PKA) reaches 

outwards to couple the G-Loop to other distal segments that typically contribute to closing 

of the G-Loop. The polar threonine/serine residue that follows the Lys in the P-Loop is 

almost universally a hydrophobic valine in the EPKs and is a part of the C-spine (Val57). In 

addition, the G-Loop always connects two β-strands, while the P-Loop connects a β-strand 

and an α-helix [35]. The entire P-Loop is committed to binding ATP and positioning the γ-

phosphate for transfer at the base of the active site cleft, while in the EPKs the entire 

*Here and further we use numbering for the prototypical cAMP-dependent kinase (PKA) unless otherwise specified
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molecule contributes to positioning the γ-phosphate, which is at the edge of the active site 

cleft.

β3 Strand—β3 in the EPKs, ELKs and APKs contains a universally-conserved lysine 

(Lys72) [32] that coordinates the α- and β-phosphates of ATP and anchors the αC-helix via 

a salt bridge to a conserved glutamate (Glu91). This lysine is one of the most critically 

important residues. Its mutation even to a similar arginine usually leads to almost complete 

kinase inactivation [36]. In EPKs it is flanked by two hydrophobic residues: Ala70, which is 

a part of the C-spine and Leu74 [32]. The role of the latter was not appreciated until the 

recent discovery that it stabilizes the αC-helix. In Bruton’s tyrosine kinase (Btk) substitution 

of this leucine (Leu432 in Btk) (Figure 3B) by isoleucine led to increased in activity [37]. 

Mutation of the analogous leucine in serine/threonine-protein kinase B-raf (BRAF) (Leu485 

in BRAF) to phenylalanine is found in Cardio-facio-cutaneous syndrome [38], and replacing 

this Leu with Phe, Met or Ile in BRAF and serine/threonine-protein kinase C-raf (CRAF) 

leads to constitutive activation [39].

αC Helix—This prominent α-helix from the N-lobe is conserved in all EPKs, APKs and 

ALKs [32, 40]. Being a part of the N-lobe sequence, it is positioned between the two lobes 

and serves as an important structural integrator that defines the dynamic behavior of the 

whole molecule. It contains the RS3 residue from the R-spine and any displacement of the 

helix leads to disruption of the spine and inactivation of the kinase. Stability of the αC-helix 

is, therefore, of great importance and is attained by multiple contacts that tightly surround 

the helix both from the inside of the kinase core and from flanking regions that surround the 

core (Figure 3) [41]. The stabilizing role of the conserved Lys72/Glu91 salt bridge and 

Leu74 from the β3-strand was discussed earlier. Another β-strand from the N-lobe, β5, 

carries two residues: Met120 (known as “the gatekeeper”) and Met118. They are a part of 

the so called “shell” that surrounds the R-spine, interact with the RS3 residue and are 

collectively important for kinase regulation [42]. The gatekeeper residue in serine/threonine 

kinases is predominantly a large aliphatic residue like methionine or leucine, whereas in 

majority of tyrosine kinases and tyrosine-like kinases it is a small polar threonine. 

Substitution of this threonine in tyrosine kinases by a large hydrophobic methionine or 

isoleucine leads to constitutive activation of the kinase and promotes malignancy [43]. 

Similarly, replacement of the RS3 Leu in BRAF/CRAF with Phe or Met leads to constitutive 

activation and creates an oncogene [39, 44]. The mobility of the spine residues and the 

residues flanking the spine are thus an essential element for dynamic regulation. The C 

terminus of the αC-Helix is anchored to the αC-β4 loop while the N terminus is often 

anchored through a basic residue to the phosphorylation site (Thr197) in the Activation 

Loop [30].

Residues that lie outside of the kinase core also stabilize the αC-helix. These can come from 

either their N- or C-terminal tails as in PKA and BRAF or from protein-protein interactions 

as in the cyclin-dependent kinases (CDKs) [14, 45]. Several pockets around the αC-helix are 

conserved in their size and position in different kinases [46]. A classic example is the 

“hydrophobic pocket” at its N terminus, discussed earlier, that can be filled in different 

ways. Kinase-specific examples are the “hydrophobic motif” (FxxF) from the C-terminal tail 
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of AGC kinases [47], cyclin in CDKs [48] and the “asymmetric dimer” in Epidermal growth 

factor receptor (EGFR) [49]. Small molecules can also be targeted to this pocket [50]. 

Another pocket lies at the C terminus of the αC-helix right above the αC-β4 Loop. Its 

regulatory role is well-studied in Src and Hck tyrosine kinases. In both cases this pocket 

interacts with a conserved tryptophan in the N-terminal linker. Interestingly, mutation of this 

tryptophan to alanine leads to opposite outcomes: in the case of Src it is an activating 

mutation, but in Hck it is inactivating [51]. As the pocket is positioned at the pivot point for 

the C-helix, it would be very difficult to initiate the movement of the whole bulky helix at 

this site. It is much more plausible to use this pocket for the helix stabilization by either 

inserting a “wedge” between the two R-spine residues (RS3 and RS4) in case of an inactive 

kinase, or, conversely, by reinforcing the R-spine of the active kinase via hydrophobic 

interaction with the tryptophan indole ring.

Another C-terminal pocket that can control the dynamics of the αC-helix lies on the 

opposite side of the helix in close proximity to the β9 strand (Figure 3). In PKA it is filled 

with the side chain of Trp30 from the N-terminal tail, and mutation of Trp30 to alanine or 

removal of the helix leads to destabilization of PKA [52]. Similar contacts can be observed 

in other kinases. In Aurora A kinase the analogous side chain of Phe35 is carried by an 

activating microtubule-associated protein TPX2 [53], in Casein kinase IIα Tyr23 comes 

from the N-terminal tail [54], and in MAP kinase ERK2 it is the C-terminal tail that delivers 

Phe327 to this pocket[55]. BRAF does not have a well-defined concave pocket at this 

position but interactions around the β9-αC site play an important regulatory role. The β9-

strand carries a very important Val600. Although the V600E mutation is the most common 

mutation associated with melanoma[56], V600F also stabilizes the C-helix and leads to 

constitutive activation of BRAF[39] indicating once again the importance of hydrophobic 

substitutions that can shift the balance between active and inactive states and hijack a 

complex regulatory mechanism.

αC-β4 Loop—The αC-β4 Loop is another essential highly conserved loop that connects 

the αC-helix and β4 [32]. This loop is flanked by the two N-lobe R-spine residues (RS3 or 

Leu95 in the αC-helix and RS4 or Leu106 in the β4-strand) while the structurally conserved 

β-turn lies between Phe100 and Leu103. The αC-β4 Loop is tightly anchored to the αE-helix 

via an EPK-specific tyrosine/phenylalanine (Tyr156) and is the only part of the N-lobe that, 

from the dynamics point of view, belongs to the C-lobe [57]. It serves as a pivot point for 

the C terminus of the αC-helix and allows the helix to swing in and out during the 

activation/inactivation process (Figure 4). Analysis of the conserved interactions of this loop 

with the core of different EPKs suggested that it not only modulates ATP binding but can 

also play an important regulatory role [32]. It contains a conserved Val104 that was shown 

to be an important stabilizing residue for the R-spine [42]. In EGFR substitution of Arg776 

(105 in PKA) to histidine, an αC-β4 mutation found in lung cancer, turns this kinase into a 

“superacceptor” for dimerization dependent activation[58]. In RAF kinases the αC-β4 Loop 

contains a critical arginine (position 99 in PKA) that is responsible for kinase activation via 

dimerization [59], whereas in ErbB2 two glycines from this loop (97 and 99 in PKA) define 

the activation state of this kinase [60] (Box 2).
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C-lobe

While the N-lobe structural elements can be found in all EPKs, ELKs and even in most 

APKs, the C-lobe has a set of unique elements that are specific for EPKs. Out of six helices 

conserved in EPKs (αD through αI) only the first three (αD, αE and αF) are present in 

ELKs. Three helices αG, αH and αI (also known as GHI helical subdomain) together with 

the large loop region between the αE- and αF-helices are considered to be a product of later 

(prokaryotes vs. eukaryotes) evolution that turned ELKs into dynamic and allosterically 

regulated switches [45]. Four short β-strands form two β-sheets that stabilize the geometry 

of the extended loop region. The β6-β9 sheet is usually a signature of the active 

conformation and β9 is often disassembled in inactive kinases. The β7-β8 sheet is present in 

active and inactive EPKs as β7 is an essential part of the C-spine that is always assembled. 

β7 consists of three hydrophobic C-spine residues; the middle residue serves as an anchor 

site for binding the adenine ring of ATP (Leu173 in PKA). A short Catalytic Loop is 

stretched between the R- and the C-spines and contains most of the critical catalytic residues 

(Asp166, Lys168 and Asn171) (Figure 1G).

A long Activation Segment (∼35–40 residues in most kinases) starts with the universally 

conserved Asp-Phe-Gly (DFG) motif between β8 and β9 and ends at the αF-helix (Figure 1). 

The DFG-aspartate is catalytically important as it binds a magnesium ion implicated in 

catalysis [25] and nucleotide exchange [27]. The DFG-motif is also called the “Magnesium 

Positioning Loop” [25]. The next part of the Activation Segment is called Activation Loop. 

This is the most diverse and flexible part of the whole kinase core. Often it undergoes an 

order/disorder transition. It typically contains a phosphorylation site that is the centerpiece 

of protein kinase allosteric regulation. After phosphorylation, it forms a set of strong 

hydrogen bonds to key elements of the kinase core: N terminus of the αC-helix, β9-strand, 

and the HRD-arginine from the Catalytic Loop. This leads to the correct assembly of the R-

spine and proper orientation of the DFG-aspartate and correct alignment of the αC-Helix 

[30].

Following the Activation Loop is the so called “P+1 Loop” that is located in close proximity 

to the γ-phosphate of ATP. It serves as a docking site for the backbone of the substrate P-site 

residue and also for the side chain of the P+1 residue that follows the phosphorylation site*. 

The C-terminal portion of the P+1 Loop is stabilized by a conserved tyrosine in serine/

threonine kinases (Tyr204) or tryptophan in tyrosine kinases that is tucked in between the 

αF- and αG-helices. An apparent role of the loop is to stabilize the substrate and correctly 

position the receiving hydroxyl group. One would thus expect that mutation of Tyr204 

would influence only substrate binding, but its mutation to alanine in PKA leads to general 

destabilization of the molecule, a dramatic change of its catalytic activity and global 

dynamic changes registered by NMR [61–63]. As discussed later, the P+1 serves as a link 

between protein tethering to the αH-αI loop and the active site. Not surprisingly the P+1 

Loop was found to be one of the “hotspots” for disease related mutations [33].

*The substrate residue to be phosphorated is known as the “P site”, hence, the flowing residue would be “P+1”
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The highly conserved Ala-Pro-Glu (APE) motif follows the P+1 Loop. Its alanine and 

proline are anchored to a conserved tryptophan in the αF-helix (Trp222) while the APE-

glutamate is connected via a buried salt bridge to a conserved arginine (Arg280) in the loop 

between the αH- and αI-helices. The bridge plays a significant structure-defining role as its 

mutation in PKA leads to destabilization of the kinase structure and a decrease of catalytic 

efficiency [64]. Mutation of the APE-motif residues as well as their binding partners 

(Trp222 and Arg280) were implicated in numerous diseases [33].

The EPK-specific αG-helix together with a portion of the Activation Segment right after the 

APE-motif serves as a docking site for other protein substrates [65] and regulatory proteins 

[66], as well as phosphatases [67] that dephosphorylate the Activation Loop and inhibit the 

kinase. Although the αH-and αI-helices are universally conserved in all EPKs, their role is 

often not clear, mainly because they are so distant from the active site of the kinase. The αI-

helix of c-Abl tyrosine kinase was shown to be a mediator of myristyl-dependent activation 

[68]. Herman and coworkers showed that in the yeast homolog of PKA, Tpk1, the αH-αI 

loop serves as an allosteric tethering site for substrate proteins that allows for 

communication with the active site of the kinase [69]. The αH-helix of EGFRs is also 

thought to be an allosteric activator in the “asymmetric dimer” complex [49].

In conclusion, protein kinases have paradoxical structural properties. On the one hand they 

have two lobes that are very mobile with respect to each other. On the other hand, to 

perform their function, protein kinases have to attain a very specific configuration and to 

maintain it long enough for the phosphotransfer to occur. This contradiction is reconciled by 

unconventional structural ensembles known as hydrophobic “spines”. They provide a firm 

but, at the same time, flexible connection between the lobes, retaining their mobility but also 

positioning the γ-phosphate of ATP and the substrate peptide in a very precise way. 

Hydrophobicity of the connections inside the kinase core is, thus, a vital property that allows 

for both precision and flexibility. It is also important that these hydrophobic motifs are not 

contiguous as they need to be dynamically assembled to provide fast and reliable regulation 

of the kinase activity. Most importantly the nature of the mosaic of hydrophobic residues 

that flank the αC-Helix and the spines is not absolutely conserved; each kinase has a unique 

hydrophobic space that allows for a myriad of regulatory mechanisms. Replacing a small 

hydrophobic residue with a larger one such as Phe, Ile, or Met, however, can easily hijack 

the entire finely tuned regulatory mechanism and thereby create an oncogene. While the 

dynamic nature of a kinase molecule has clear importance for regulation, a set of elegant 

NMR studies has helped to shed light on its significant role in allostery and catalysis[26, 70–

72].

Protein kinase dynamics portrayed by NMR

Although X-ray crystallography has been essential for teaching us about protein kinase 

structure and function, it has a substantial limitation in that it provides only static snapshots 

of a structure. In many cases crystallization of a mutant with significantly different 

functional properties yielded very similar structures compared to the wild type kinase. For 

example, ERK2 is activated by double phosphorylation of its Activation Loop, and this leads 

to a drastic increase in activity from 0.0002s−1 to 10s−1 [73]. However, comparison of the 
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active and inactive structures shows that the inactive kinase looks very similar to active 

ERK2, having a correctly assembled R-spine and only minor changes in the substrate 

binding site. Similarly, mutation of Tyr204 in PKA to alanine, as described in the previous 

section, leads to global changes in function, but the crystal structure of the mutant is 

virtually identical to the wild type kinase with the root-mean square deviation (RMSD) for 

over 300 Cα atoms being 0.4Å [74]. Long distance effects on flexibility of the αC-β4 Loop 

were reported for PKA [75]. This study measured anisotropy decay of fluorescein maleimide 

bound to the loop at the 99 position. Myristylation of the PKA N terminus significantly 

reduced flexibility of the site, but its flexibility increased significantly after ATP/PKI 

binding. Nevertheless, the geometry of the αC-β4 Loop and the overall structure of the 

kinase core did not reveal any significant changes related to the myristylation or the 

nucleotide binding, suggesting a complex dynamics based communication between these 

three sites. Another example is the allosteric inhibitors GNF-2 and GNF-5 that bind to the 

myristyl binding pocket of BCR-Abl kinase that is located about 20Å away from the active 

site. Although their binding does not lead to major structural changes in the kinase core, it 

nevertheless inhibits activity and changes the properties of the ATP binding site [76]. How 

can information about a posttranslational modification, tethering of a protein substrate, or 

drug binding be sensed globally throughout the kinase molecule without significant 

conformational changes? How also can a single oncogenic mutation interfere with this 

network of communication? Is it possible that the “violin model” is employed (Box 1) and 

the long distance signaling is based on changes in the dynamic portrait of the whole 

molecule? To answer this question one has to evaluate dynamic properties of the protein 

kinase before and after the modification. This task can be tackled by NMR, a powerful 

technique that can provide insight into protein dynamics and help to understand long 

distance allosteric effects.

For a long time implementation of NMR for protein kinases was limited due to the large size 

of these enzymes, but recent advances in backbone amide assignments [77] as well as 

introduction of new techniques such as NMR relaxation dispersion methods [78], allow us to 

take a closer look at the protein kinase dynamics. An extensive set of NMR studies, 

performed on PKA [26, 70–72, 79], demonstrated how closely dynamics is engaged in the 

catalytic function of PKA. It was known early on that ATP binding leads to closure of the 

active site and makes the kinase core more stable [80, 81]. It would thus be logical to 

suggest that such closing would cause stabilization of the molecule and, hence, a decrease in 

dynamics. Surprisingly, nucleotide binding caused a significant increase of slow 

conformational exchange in the µs-ms timescale. Furthermore, binding of the 

phospholamban peptide substrate did not eliminate the dynamics. On the contrary, the slow 

dynamics of the substrate itself went up. This was consistent with isothermal titration 

calorimetry that indicated that entropy is the driving force for the phospholamban binding to 

PKA [26]. Florescence anisotropy studies of PKA also linked entropy to phosphotransfer 

[82]. This is also in line with the recent discoveries that highlight the leading role played by 

entropy in calmodulin substrate recognition, inhibitor binding to lysozyme and dihydrofolate 

reductase catalysis [83].

For PKA the dynamic changes were not localized around the ATP or substrate binding site. 

Instead, the slow conformational exchange was registered throughout the protein: the N-
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lobe, Activation Segment and C-terminal tail (Figure 5A-5C). NMR analysis of PKA in 

different states of “compactness”, from the most open, flexible apo form, to the most 

compact form with inhibitor peptide, nucleotide and two metal ions bound, showed that the 

difference between the square of the chemical shifts (Δω2) for many residues is linearly 

correlated to the rate of their slow relaxation rate of conformational exchange (Rex). This 

allowed the authors to suggest that the emergence of the slow dynamics that occurs 

following nucleotide binding is related to the closing and opening of the kinase lobes. 

According to the proposed model, assembly of both hydrophobic spines prompts a transition 

of the kinase into a new dynamic state, termed “dynamically committed” versus the 

“dynamically uncommitted” state observed in the apo form. It is important to distinguish 

this terminology from the traditional “active” vs. “inactive” options as the dynamically 

uncommitted kinase has all the structural features of an active kinase including 

phosphorylation of the Activation Loop, an assembled R-spine, and an unobstructed 

substrate binding site, and thus cannot be called “inactive” in a conventional way. 

Completion of the C-spine by the adenine ring of ATP mediates this global transition.

Although the direct involvement of slow dynamics in catalysis remains to be proven 

experimentally, several observations strongly support this hypothesis. First, the µs-ms 

frequency of the emerging motions in the kinase is very important as it is related to essential 

biological processes such as folding, large domain motions, and catalysis. Indeed, according 

to the estimations made by Veglia and coauthors, the average conformational exchange rate 

in PKA (∼20–30s−1) is very close to the kcat of PKA (∼23s−1) [26]. Earlier kinetic studies 

showed that slow conformational changes partially control the turnover rate of PKA [24], 

emphasizing the importance of dynamics in catalysis. It is, thus, logical to suggest that the 

slow dynamics observed in the NMR experiments and in the kinetic studies are related to the 

same phenomenon. In addition, NMR studies of the Tyr204Ala mutant of PKA showed a 

significant disruption of the slow dynamics throughout the molecule [72]. As pointed out 

earlier, this mutation leads to a significant reduction of catalytic rate without substantial 

changes in the structure of the C:PKI:ATP. Apparently, the explanation for the low kinase 

activity in this case lies not in the realm of structural changes but can instead be attributed to 

disruption of the dynamic properties of the kinase. Finally, a very similar phenomenon to the 

“dynamically committed” state of PKA was observed in ERK2 [84] when the dynamic 

properties of the methyl groups of leucines, isoleucines and valines were compared in active 

and inactive ERK2. By measuring relaxation dispersion in the µs-ms timescale they showed 

that the kinase core of inactive ERK2 has very diverse dynamics with relaxation times 

ranging between 900 and 2200 s−1. Activation of the kinase by phosphorylation of the 

activation loop led to a drastic change in the dynamics. Nineteen out of twenty two residues, 

distributed all around the kinase, showed slow conformational exchange with rates ∼300 s−1 

(Figure 5D-5E). In this case, the transition from an inactive to an active conformation leads 

to the emergence of slow and global dynamics of the kinase core.

Insights presented by NMR confirm the critical importance of dynamics for protein kinase 

function. In many cases, static snapshots of kinase structures obtained from X-ray 

crystallography fail to reflect functionally important changes caused by posttranslational 

modifications, mutations, ligand or protein binding. Although NMR can provide objective 

information on several important aspects of protein kinase dynamics, it cannot deliver the 
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complete picture of physical processes that drive kinase function and, thus, cannot explain 

the observed phenomenon of dynamic transitions that regulate protein kinase activity. 

Increasingly, due to major advances in technology, computational methods can successfully 

complement NMR experiments and allow us to analyze protein dynamics on an atomic 

scale. As we move forward it is becoming evident that both backbone and sidechain 

dynamics will be essential for comprehensive portraits of kinase dynamics.

Viewing protein kinase dynamics through computational lenses

Coarse-grained approaches

Several computational methods were developed for analyzing protein dynamics. The most 

simple approach called the Gaussian Network Model (GNM) or Elastic Network Model 

(ENM) represents a protein as a “ball-and-spring” network with Cα atoms connected to their 

neighbors by harmonic springs[85]. Despite a significant simplification of the system, this 

model, in combination with Normal Mode Analysis (NMA), provides us with a glimpse into 

very important features of protein long scale dynamic behavior [86]. Shudler and Niv used 

this approach to analyze the dynamic properties of four protein kinases in their active and 

inactive forms: two serine/threonine kinases (RAC-alpha serine/threonine-protein kinase 

(PKB) and Cyclin-dependent kinase 2 (CDK2)) and two tyrosine kinase (Tyrosine-protein 

kinase ABL1 (ABL1) and Insulin receptor tyrosine kinase (IRK)) [87]. They found that the 

kinase core can be partitioned into semi-rigid bodies, termed “blocks”, of about five to eight 

residues each. The number of blocks (32 to 45) and their content varied depending on the 

kinase and their activation state. However, some blocks were consistently found in different 

kinases. The “pivot” block, which included the tip of the αC-β4 Loop (residues 99–105 in 

PKA), was detected in seven out of eight cases with the exception of inactive Abl. Three out 

of four active kinase structures revealed a “loop” block that includes the DFG-region of the 

Activation Segment and a part of the αC-helix (residues 88–96 and 184–188). This block 

contains the middle part of the R-spine (RS2 and RS3) and reflects stabilization of the 

assembled R-spine in an active kinase. However, no other blocks were found to be 

conserved between the kinases or had clearly identifiable function. This may be due to the 

simplified character of the model, because it did not include dynamics of the side chains.

Graph-theory based methods

Another approach for analysis of protein dynamics uses graph theory to represent protein 

molecules. In this case vertices residues whereas edges reflect interactions between them. 

This showed that such graph theoretical concepts as centrality, betweenness, and closeness 

can be related to important properties of a protein molecule and can identify regions that are 

critical for folding, stability and function [88]. Edges in the graphs can be defined in several 

different ways. An edge can be created if the residues are “in contact”; that is, they are in 

relatively close proximity in a particular protein structure. Molecular dynamics can be used 

to make the “contact” definition more reliable; that is, the contact is formed if the residues 

are close to each other during a reasonably long period during the Molecular Dynamics 

(MD) simulation. Cross-correlation matrix [89] or mutual information matrix [90] derived 

from MD simulations can also be used to define the edges. In these cases even more detailed 

information on protein dynamics can be included in the analysis.
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Using interaction energy [91] as a criterion for the edge creation James and Verkhivker [92] 

analyzed 50 ns MD simulations of different forms of EGFR and ErbB4. They performed 

community analysis of these data based on the Clique Percolation Method [93] and detected 

a varying number (from 8 to 30) of semi-rigid bodies that consisted of four to eight residues. 

The number and the structure of these communities differed significantly between kinases 

and their functional states; however, generally larger and more stable communities are 

observed in the kinase core surrounding the R-spine and the αC-helix in active kinases, 

supporting observations made by Shudler and Niv [87].

Girvan-Newman Community analysis

Another study [94] used a community analysis based on the Girvan-Newman algorithm [95] 

and Mutual Information analysis [96] to study multiple microsecond scale simulations of 

PKA. Application of the Girvan-Newman algorithm is advantageous for allosteric signaling 

as it is based on the concept of edge betweenness, providing a quantitative estimate of 

allosteric coupling between communities. As shown earlier, changes of such coupling play 

an important role in allosteric regulation of Staphylococcus aureus Sortase A [90]. Another 

important feature of these studies compared to the earlier studies was that both amino acid 

main-chains and side chains were included in the analysis as separate entities, providing a 

more detailed picture of the kinase dynamics. . As emphasized earlier, one cannot exclude 

side chain dynamics.

Several large (40 to 60 residues) closely interconnected communities were detected in PKA 

bound to ATP and two magnesium ions (Figure 6). These major communities have clearly 

identifiable functions, which led to a suggestion that the organization of dynamic 

communities will be a universal feature for all protein kinases. Community A, for example, 

is in the N-lobe and is responsible for binding the adenine ring of ATP (Figure 7A). A 

portion of the seemingly rigid β-sheet of the N-lobe is split from the A community and 

constitutes a part of a relatively small but tightly interconnected Community B (Figure 7B). 

The function of Community B is to help position the αC-helix and the γ-phosphate of ATP 

for transfer. It is built around the “hydrophobic pocket” (Figure 4A) that plays a critical role 

in activation for many kinases. It is important to emphasize that Communities A and B 

include N- and C-terminal tail segments as well as the bulk of the N-lobe. Because these 

critical communities include both core and non-core residues, it is mandatory that they will 

differ for each kinase; while the conserved function will be maintained, the way in which 

those functions are regulated will be kinase-specific.

The αC-helix is at the center of Community C, which also is includes the DFG-motif, the 

β6-β9 sheet, and a significant part of the αE-helix. In PKA, Community C, also includes the 

C-terminal part of the αA-helix that fills one of the conserved hydrophobic pockets at its C-

terminal end of the αC-helix (Figure 7C). This community forms strong communication 

bonds to the five largest communities and represent a central regulatory “hub” that is in a 

good agreement with an earlier assessment of the αC-helix as a “Signal integration motif” 

[25]. Both the “pivot” and the “loop” blocks detected by NMA [87] were included in 

Community C. Although most of the main-chains of the conserved and regulatory residues 

in the αC-β4 Loop were included in Community C, its side-chains were associated with the 
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neighboring communities. The side-chain of Leu106 that is a part of the R-spine (RS4) was 

a member of Community A, the side-chain of Val104 that is a part of the “Shell” (Sh1) was 

associated with the catalytic Community D, and for Phe102 at the turn in the αC-α4 loop 

both the main-chain and the side-chain belonged to Community E. This unusual property of 

the αC-β4 Loop reinforces its role as an important “communication hub” that mediates 

allosteric signals between the R-spine, the ATP-binding pocket and the C-lobe. Although the 

backbone of this loop is remarkably stable in all the conformational states, due in part to 

structured water molecules, it can sense most distal parts of the protein. Introducing a 

fluorescent probe at Asn99 demonstrated how sensitive this site is to ATP binding and to 

acylation [75]. This can explain the highly conserved structural features of this loop [32] and 

its involvement in regulating the activity of so many different protein kinases even though 

the sequence is not conserved [59, 60, 97].

The function of Community D is to properly position the ATP molecule, in particular the γ-

phosphate and the two magnesium ions, so that the phosphate is poised for transfer to a 

protein substrate (Figure 7E,F). The importance of the second metal is essential for optimal 

transfer of the phosphate and its release is essential for releasing the ADP product [27]. 

Community D also includes most of the C-spine residues in the C-Lobe that are localized 

primarily in β7-strand and the αD-helix. Leu173 in β7 directly packs beneath the adenine 

ring while Ala70 and Val57 in Community A stack on top of the ring. Community D also 

includes the magnesium coordinating residues Asn171 in the Catalytic Loop and Asp184 in 

the DFG-motif drawing attention again to the importance of the metal ions. Tyr164 of the 

HRD motif is the only R-spine residue (RS1) that is part of Community D. Although its 

main chain is in Community C, its side chain is part of Community D. This residue, which 

bridges the R-spine to the αF-Helix through Asp220, is typically a histidine in most protein 

kinases. All of the backbones of the R-spine residues are in Community C as are the side 

chains of RS2 (DFG) and RS3 (αC) whereas the side chain of RS4 (β4) is in Community A. 

Community D through the HRD tyrosine thus integrates many communities and focuses 

them on the second magnesium ion.

Community F is the dominating community in the C-lobe and includes most of the EPK-

specific features of the protein kinase superfamily. It is assembled around the Activation 

Segment with the Activation Loop phosphate and the conserved Glu208-Arg280 salt bridge 

as main structural organizers (Figure 7G), which are the defining features that distinguish 

the EPKs from the simpler eukaryotic-like kinases. This region defines the EPKs as 

molecular switches as opposed to efficient catalysts. The order-to-disorder transition of the 

Activation Loop is typically controlled by phosphorylation. Another highly conserved 

residue in this region is Tyr215, which positions the backbone of pThr197. This strategically 

positioned tyrosine, like Tyr156 in the αE-helix, appears to be essential. Many aspects of 

substrate peptide recognition at the active site are embedded within this community. The P

+1 Loop is well recognized, however, Tyr204 in this loop reaches across and contributes to 

recognition of the P-2 residue. In addition, Gly200 and Thr201 interact directly with the P-

site.

The C lobe also contains several minor communities (E, F1, G and H) that are known to be 

associated with substrate and/or inhibitor binding to peripheral sites, and the community 
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analysis shows clearly that they are also extremely sensitive to ligand binding in the ATP 

binding pocket. For example, removal of a single magnesium ion from the active site led to 

a significant re-organization of all the communities. Parts of the Communities H and E as 

well as the whole Community F1 and G merged with the Community F causing a 

considerable solidification of the C-lobe. The tails that flank the N-lobe also sense this metal 

ion. Clearly, the single metal ion does not lead to a global change in conformation yet the 

dynamic profile of the entire molecule is altered. It is likely that similar community-based 

signaling between the distant C-lobe areas and the active site underlies the allosteric effect 

observed in PKA [69]. Also consistent with this is mutation of the conserved Tyr204 that 

lies at the border of Community F and leads to a split of this community into two (F and F1)

[72]. This, in turn, causes significant rearrangement of the key regulatory Community C 

with the middle of the R-spine separating into a separate Community C1. This disruption of 

the dynamic structure is reflected in the decrease in catalytic efficiency of this mutant [72].

Thus, the most recent computational results demonstrate that dynamics in protein kinases is 

precisely controlled. Residues do not move in a randomized and uniform way, instead, they 

form transient clusters (communities) that behave as semi-rigid bodies. Their size and the 

connectivity between them depend on multiple factors: the functional state of the kinase, 

bound ligands or even single ions, and tethered proteins. Changes of the dynamic profile can 

occur without significant changes of the kinase structure, but can have a profound effect on 

its function. These findings can explain long distance allosteric effects that could not be 

explained previously due to an absence of structural changes. The Community analysis also 

can explain many disease mutations that are distal from the active site.

Concluding remarks

All eukaryote protein kinases share a conserved core that contains twelve subdomains that 

were originally defined by Hanks and Hunter, and embedded within each subdomain are 

conserved sequence motifs [98]. Later, when the first protein kinase structure was solved 

[99], these motifs could be mapped onto the protein kinase secondary structures: α-helices, 

β-strands and loops [99], and those motifs correlated very well with the overall tertiary 

structure. Subdomain I, for example, correlates with β1 and β2 and includes the G-loop 

whereas Subdomain II corresponds with β3. The structure also allowed us to assign tentative 

functional roles to different parts of the molecule and to specific residues. In general, 

however, the role of hydrophobic side-chains was largely unrecognized and unappreciated. 

The discovery of the hydrophobic spine architecture introduced a new concept into how the 

kinase core is organized and how entropy might drive both allostery and catalysis. There is 

growing evidence that protein kinase function is mediated by the dynamic properties of its 

core, and the “hydrophobic spines” are a prerequisite for acquiring the dynamic mode 

termed “dynamically committed state” [26, 70] that is characterized by slow motions in the 

millisecond timescale that are uniformly spread throughout the whole protein kinase core. 

Analysis of protein kinase MD simulations shows that residues can form rather large semi-

rigid blocks or communities, and this provides us with a new way to understand correlated 

motions and function that goes beyond simple sequence motifs and secondary structure. The 

G-Loop, for example, is now divided into two distinct functional units that integrate with 

other parts of the molecule. These communities undergo significant changes and 
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rearrangements as the kinase toggles through different functional states. Dissection of the 

kinase core into such functionally integrated communities can provide a new nomenclature 

that can be instrumental for analyzing protein kinase dynamics and, hence, their function. 

They can also be used as structural units for modeling allosteric signaling in parallel with the 

traditional quaternary, tertiary, secondary and primary elements of protein structure. 

Docking to one part of the community can easily be sensed, for example, by distal parts of 

the community. As the dynamics-based nomenclature reflects functional state of the kinase 

it can be applied in drug design as an in silico measure of a drug interaction with the target 

kinase. Disease mutations also validate the community analysis as these can either interfere 

with integration of the community or can drive the assembly of the active community and 

thus override the carefully choreographed regulatory mechanism. The new dynamics based 

nomenclature can also be used as a criterion

The community analysis also brings new understanding to classical symmetric allosteric 

complexes of oligomers [100], as well as symmetric and asymmetric dimers that are being 

discovered in so many protein kinases [44, 49, 59]. In addition, the community map analysis 

can define new ways for understanding how the conserved structural units that are 

embedded within the core of all kinases [101] are integrated with the flanking tails and 

domains to create a precisely controlled molecular switch. While the details of each 

community will differ somewhat with each kinase, the way in which the entire molecule is 

integrated in a concerted way with the highly conserved core machinery necessary to 

mediate the transfer of a phosphate will be conserved. We know that the internal architecture 

of protein kinases built around the hydrophobic spines is conserved. Now community 

analysis has revealed how the spines connect the functionally important communities 

providing lines of communication between them (Figure 8, Key Figure). With the dynamics 

studies we now have a window on these conversations. It is the differences that make each 

kinase unique and that make it challenging to identify allosteric inhibitors. The degree of 

conservation of the communities between different kinases is still an open question but it 

can be an important step towards better understanding of this important family of regulatory 

enzymes.

While a central dogma of biology is that structure will define function, we see here that there 

is an essential dynamic component that lies between structure and function. In some cases 

changes in function will correlate with changes in conformation such as ordering of the 

activation loop whereas in other cases when one considers the precise function of the active 

kinase there are no major conformational changes even though there are major changes in 

dynamic properties. Recent advances in NMR and particularly in computation are merging 

computational and experimental tools so that computational predictions can be 

experimentally validated. A whole world of dynamics lies between structure and function, 

and we are only just beginning to explore this world.
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Glossary

Complex 
network 
(graph theory)

A large graph with non-trivial topological features where vertices of the 

graph represent a set of objects and edges represent connections 

between them.

Community 
(graph theory)

A set of vertices in a complex network that can be grouped into a subset 

of the network as the vertices in the community have more connections 

to each other than to the rest of the network

Community 
analysis

A computational method that partitions a complex networks into 

communities. The result is as a weighted graph that has a more simple 

structure than the original network and, thus, facilitates analysis of the 

latter

Edge 
betweenness

A number of the shortest paths between all possible pairs of vertices in 

a graph that pass through the edge

Girvan-
Newman 
algorithm

One of several popular algorithms used to perform Community 

analysis. It uses the notion of edge betweenness to partition the complex 

network into communities. Its primary suggestion is based on the 

intuitively evident concept that if two communities are connected by a 

single edge, this edge will have the maximum edge betweenness 

because all of the shortest inter-community paths will have to go 

through this edge

EPKs Eukaryotic protein kinases. A family of homologous serine-threonine 

and tyrosine protein kinases that contain 12 conserved sequence 

subdomains and have highly conserved catalytic core 3-dimentional 

structure

ELKs Eukaryotic-like kinases. A family of phosphotransferases from 

prokaryotes that typically phosphorylate small metabolites and have 

sequence and structure similarities to the EPKs. They are considered to 

be evolutionary precursors of EPKs and have more diverse structures in 

comparison with EPKs

APKs Atypical protein kinases. A relatively small family of eukaryotic 

phosphotransferases that share structural homology with EPKs and 

ELKs but are significantly different in sequence and structure. Their 

similarity to EPKs and ELKs is mostly related to the ATP binding 

features. They are considered to be an intermediate protein fold between 

protein kinases and other ATP binding proteins
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Box 1

“Domino” and “Violin” models of signal transduction

When a small molecule binds to the allosteric site of a protein, information is transferred 

through the protein molecule to its active site. Two different ways of such transmission 

can be defined. The first mechanism here defined as the “Domino model” is a sequential 

set of events propagating linearly from the allosteric site to the active site. Binding of the 

effector triggers local structural changes that sequentially propagate via a single pathway 

to the active site. It was suggested that this mechanism is applicable for the PDZ domain 

family [102], G-protein coupled receptors, the chymotrypsin class of serine proteases and 

hemoglobin [103]. The second mechanism, defined here conceptually as a “Violin 

model”, is based on vibration pattern changes inside the protein. In a violin its pitch can 

be changed by a slight movement of the violin player’s finger on the fingerboard. 

Information about the finger movement is, thus, transferred throughout the whole body of 

the violin with no specific pathway for the signal transduction. By analogy, protein 

allosteric site is a fingerboard of the protein and a small signaling molecule is the 

player’s finger. If a protein is in a particular vibration mode, it is possible to suggest that 

binding a small effector molecule to a specific site can change this mode. The signal, 

thus, will be spread throughout the whole protein including its active site. The “Domino 

model” is a reliable way to transfer information in a macro world, but on a molecular 

level, with significant thermal motions of the protein, this mechanism will be prone to 

random triggering of the domino chain reaction, creating noise in the signaling system. 

Thermal motions in case of the “Violin model” do not hinder the transduction. In fact, the 

permanent motion of the molecule is a prerequisite for this mechanism.
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Figure I. Two different mechanisms of signal transduction.
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Box 2

Critical role of αC-β4 Loop in different kinases

Although the geometry of the αC-β4 Loop in active EPKs is highly conserved and does 

reveal significant changes in activation process, it was implicated in many regulatory 

events. In BRAF the conserved Tyr566 (Tyr156 in PKA) positions main chain of Arg509 

(Figure 1A) that is important for activation of this kinase through dimerization[104]. The 

dimer interface involves the αC-β4 Loops of both oligomers. The analogous arginine 

from the binding partner makes a set of strong hydrogen bonds in the αC-β4 region and 

serves as a capping residue for the αC-helix (Figure 1B). Similar geometry and 

interactions with the conserved tyrosine can be observed in the kinase domain of EGFR 

(Figure 1C). A close homolog of EGFR, ErbB2, is has two unusual substitutions: 

Gly776 and Gly778, that are a serine and an aspartate in EGFR (Figure 1C). ErbB2, 

unlike EGFR, reveals no significant in vitro kinase activity despite the correct assembly 

of the Regulatory spine. The ErbB2 structure shows that the αC-β4 Loop of ErbB2 has a 

significantly different geometry. The hydrogen bond to the αE-helix tyrosine is broken. 

Mutation of these glycines to serine and aspartate restores catalytic activity, suggesting 

that excess flexibility of the αC-β4 Loop is detrimental to the kinase activity [60].

Figure I. αC-β4 Loop interactions in BRAF, EGFR and ErbB2. αC-helices are shown 

in dark red, αE-helices in olive and β4-starnds in teal. Water molecules are shown as red 

and white spheres. (A,B) BRAF (PDBID: 4E26). (C) EGFR (PDBID: 4WRG). (D) 
ErbB2 (PDBID: 3PP0). EGFR structure is overlaid for comparison and shown as 

transparent cartoon. R-spine for EGFR is shown as transparent red surface.
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Outstanding questions

• Do different active protein kinases have similar community maps?

• How are community maps changed or regulated by protein:protein interactions 

such as dimer activation and binding of protein substrates?

• How are communities defined in inactive kinases?

• Can inactive protein kinases be classified in terms of dynamics instead of 

traditional “DFG-in/DFG-out” categories?

• How do disease mutations alter the communities of the kinase core either 

negatively or positively

Kornev and Taylor Page 24

Trends Biochem Sci. Author manuscript; available in PMC 2016 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Trends Box

• Allostery in protein kinases is based on changes in dynamics of large ensembles 

of residues that emerge stochastically inside the protein.

• Active kinases are in a particular dynamic mode that is characterized by an 

ATP-dependent µs-ms timescale that radiates across the molecule.

• The protein kinase core consists of dynamic modules (communities) that move 

as semirigid bodies and correlate with catalytic and regulatory functions. Non-

conserved elements such as tails and linkers are integrated with the core 

communities and are essential for the dynamic regulation of the core.

• Assembly of the active kinase, as defined by the integrated communities, is 

mediated by the assembly of the regulatory spine and often facilitated by 

Activation Loop phosphorylation.

• Dynamics mediate the classic connection between a protein structure and its 

function even when major conformational changes are not apparent.
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Figure 1. 
Internal architecture of the protein kinase core. (A) Bilobal structure of protein kinase core 

shows ATP imbedded in the deep cleft between the smaller N-lobe (white surface) and the 

larger C-lobe (olive surface). (B) The N-lobe has five β-strands (teal) and a large α-C helix 

(red). (C) The C-lobe is predominantly helical with a large Activation Segment between β8 

and αF (yellow). (D) Two “hydrophobic spines” are assembled in active kinases: The R-

spine (red surface) that contains four residues (RS1 through RS4) is bound to the αF-helix 

via conserved hydrogen bond and is correctly assembled only in the active kinase. The C-

spine (yellow surface) is completed by adenine ring of ATP. The spines connect the two 

lobes and span across the molecule from the large αF-helix in the C-lobe to the rigid β-sheet 

in the N-lobe. (E) Glycine-rich Loop (G-loop) lies between β1 and β2 and coordinates the 

phosphate groups of ATP. β2-strand also contains the conserved Val57 that is a part of the 

C-spine. (F) β3-strand contains two universally conserved residues, Ala70 and Lys72. The 

former is a part of the C-spine and the latter coordinates the α- and β-phosphates of ATP and 

binds to the invariant Glu91 from the αC-helix, stabilizing the R-spine (red surface) and 

ordering the αC-helix for catalysis. (G) Residues that are directly involved in the 

phosphotransfer are in the Catalytic loop between β6 and β9 (red) with Asp184 coming from 

the Magnesium Positioning Loop (yellow).
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Figure 2. 
G-loops and P-loops. The G-loop of PKA (Protein Data Bank[105] identifier (PDBID): 

1ATP) is compared to the P-loop of Phosphoenolpyruvate Carboxykinase (PCK) (PDBID: 

1AQ2). (A) The G-loop connects two β-strands and contains three glycines (red spheres). 

The residue that follows the last glycine points away from the ATP phosphates. Right after 

this residue there is a highly conserved valine that is a part of the C-spine (tan surface). (B) 

P-loop connects a β-strand and an α-helix and contains two conserved glycines (red spheres) 

that are followed by lysine and serine/threonine. Unlike Arg56 and Val57 in PKA Thr255 

and Lys254 in PCK contribute directly to metal and phosphate binding.
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Figure 3. 
Multiple ways to stabilize the αC-helix. (A) N-terminal part of the αC-helix is often bound 

to the phosphorylated residue in the Activation Loop, while the middle part of the helix is 

stabilized by the conserved Lys72-Glu91 salt bridge. (B) αC-helices of PKA and BRAF 

shown as a wheel highlighting their interactions. While interactions of the αC-helix with the 

kinase core is usually conserved, other surfaces of the helix have different binding partners. 

(C) C terminus of the αC-helix in all kinases is anchored to the kinase core by the αC-β4 

Loop and via integration of its RS3 residue with the R-spine. (D) Conserved pockets flank 

the surface of the αC-helix as detected by Thompson et al. [46]. One pocket is located at the 

N terminus (tan surface) and two pockets at the C terminus (yellow and orange surfaces).
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Figure 4. 
αC-β4 Loop is a pivot point for the αC-helix movement. (A) The αC-β4 Loop (white) 

connects aC-helix (red) and β4 (teal). It is anchored to the αE-helix (olive) via interaction 

with conserved Tyr156. The geometry of the loop is highly conserved with the β-turn 

between Phe100 and Leu103 and three water molecules (red and white spheres). The 

assembled R-spine is shown as a red surface. Val104 is shown as a white surface. (B) The 

αC-β4 Loops of five inactive kinases (transparent cartoons) in comparison with the αC-β4 

Loop of active PKA (red and teal). The structures were aligned by their C-lobes. The 

following structures were used: PKA (PDBID:1ATP), BRAF (PDBID:1UWH), Src 

(PDBID:2SRC), IRK (PDBID:1IRK), CDK2 (PDBID:1B39), MSK1 (PDBID:1VZO).
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Figure 5. 
Changes in slow dynamics in PKA and ERK2. (A) Nuclear spin relaxation rate (Rex), that 

reflects amino acid dynamics in µs-ms timescale, is mapped onto the PKA structure. 

Relatively low signal is detected in PKA with no nucleotide bound. (B) Binding of the ATP-

analog AMP-PNP causes a significant increase of Rex throughout the whole molecule. (C) 

Binding of peptide inhibitor (PKI) leads to significant decrease of the slow dynamics. 

(Adapted from [26]) (D) Relaxation dispersion analysis of [13C]-labeled methyl groups 

provides information on dynamics in the µs-ms range in ERK2. Not phosphorylated form of 

Kornev and Taylor Page 30

Trends Biochem Sci. Author manuscript; available in PMC 2016 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



ERK2 reveals diverse dynamic properties of hydrophobic sidechains in the range of 1–2kHz. 

(E) Double phosphorylation of the Activation Loop causes a significant decrease in the 

dynamics rate and leads to a more uniform dynamic profile of the kinase core. (Adapted 

from [84])
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Figure 6. 
Community map analysis. (A) Nine communities detected in PKA with ATP and two 

magnesium ions bound mapped onto PKA structure (left) and presented as a graph (right). 

Vertex size is proportional to the number of residues in the community. Edge widths reflect 

the degree of communication between communities. (B) Community map for PKA bound to 

ATP and one magnesium ion. (C) Community map for the Apo form of PKA (D) 

Community map of Y204A mutant of PKA bound to ATP and one magnesium ion. Adapted 

from [94] and [72].
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Figure 7. 
Detailed view of major communities in active PKA. (A) Community A (red) includes most 

of the rigid β-sheet from the N-lobe and adjacent parts of N- and C-tails. Community B 

(orange) includes the end of the C-tail, the αB-helix, a part of the αC-helix and two loops 

the G-loop and β4-β5. (B) Close-up of the community assignments around the G-loop. The 

three conserved glycines are shown as spheres. Most of the G-loop is associated with 

Community B with Phe54 facing the αB-helix. ATP binding is mostly controlled by the 

residues from Community A: V57 and Ala70 from the C-spine and Lys72 from the β3, but 
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the β- and γ-phosphates of ATP, are positioned by Community B. (C) Community C 

(yellow) includes most of the αC-helix, a large portion of the α-E helix, the β6-β9 sheet and 

the N-tail of PKA with the αA-helix. (D) Community C contains elements that are the most 

critical for active conformation: the DFG-motif, RS3 from the αC-helix and the β6-β9 sheet. 

(E) Community D (green). Adenine ring and ribose of ATP are supported by the β7-β8 sheet 

including three C-spine residues on β7 (Leu172, Leu173 and Ile174). Community D also 

includes the most of important residues for catalysis and magnesium coordination, the main 

chain of Asp184 from the DFG-motif and Asn171 from the Catalytic Loop. (F) Most of the 

C-spine (white surface) is a part of the Community D. (G) Community F. This community 

includes the EPK-specific Activation Segment, the Catalytic Loop, most of the αF-helix and 

the αH-αI Loop. It is built around two conserved structural elements (red circles): the 

phosphorylated residue in the Activation Loop (Thr197) and the buried salt bridge between 

Glu208 from the APE-motif and Arg280 from the αH-αI Loop.
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Figure 8. Key figure
Protein dynamics define communication lines inside the kinase core. (A) Two hydrophobic 

spines span the kinase core and connect major communities that are responsible for catalysis 

and regulation: A, C, D and F. (B) The amended central dogma of biology where the 

connection between protein structure and its function is mediated by protein dynamics. (C) 

The conserved αC-β4 Loop appears to be an important “communication hub” that connects 

Community A from the N-lobe to three C-lobe communities: Community D, which plays an 

important role in catalysis, regulatory Community C and Community E. It includes the two 

R-spine residues in the N-lobe (RS3 and RS4) and anchors them to the two R-spine residues 

from the C-lobe when the active conformation is assembled.
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