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Abstract

The faithful propagation of cellular signals in most organisms relies on the coordinated functions 

of a large family of protein kinases that share a conserved catalytic domain. The catalytic domain 

is a dynamic scaffold that undergoes large conformational changes upon activation. Most of 

these conformational changes, such as movement of the regulatory αC-helix from an “out” 

to “in” conformation, hinge on a conserved, but understudied, loop termed the αC-β4 loop, 

which mediates conserved interactions to tether flexible structural elements to the kinase core. 

We previously showed that the αC-β4 loop is a unique feature of eukaryotic protein kinases. 

Here, we review the emerging roles of this loop in kinase structure, function, regulation, and 

diseases. Through a kinome-wide analysis, we define the boundaries of the loop for the first time 

and show that sequence and structural variation in the loop correlate with conformational and 

regulatory variation. Many recurrent disease mutations map to the αC-β4 loop and contribute 

to drug resistance and abnormal kinase activation by relieving key auto-inhibitory interactions 

associated with αC-helix and inter-lobe movement. The αC-β4 loop is a hotspot for post­

translational modifications, protein–protein interaction, and Hsp90 mediated folding. Our kinome­

wide analysis provides insights for hypothesis-driven characterization of understudied kinases and 

the development of allosteric protein kinase inhibitors.
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1 | INTRODUCTION

Protein kinases are one of the largest gene families in the human genome and regulate 

virtually all cellular processes. Dysregulation of protein kinase activity can lead to a variety 

of disease phenotypes such as cancer,1 diabetes,2 neurodegeneration,3 and cardiovascular 
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disease.4 Consequently, there is a need to understand the diverse regulatory mechanisms 

of protein kinases as a foundation for developing protein kinase inhibitors. To this end, 

comparative studies on protein kinase sequence and structure have provided important 

insights into protein kinase activation, regulation, evolution, and inhibition.5–7

Drug discovery efforts on protein kinases have traditionally focused on the conserved 

catalytic domain, which adopts a bi-lobal fold. The N-terminal ATP binding lobe consists 

of five strands and a helix, while the larger C-terminal substrate binding lobe is primarily 

composed of helices. Extensive structural studies on the catalytic domain and comparisons 

of active and inactive conformations have highlighted the role of key flexible elements in 

kinase conformational regulation. The activation segment8,9 and αC-helix10,11 are two such 

flexible elements that undergo dramatic conformational changes upon activation of most 

protein kinases.12 Another critical example of a flexible element is the dynamic assembly 

of the regulatory spine (RS),11,13 a spatially connected network of hydrophobic interactions 

spanning the ATP and substrate binding lobes. RS assembly is correlated with kinase 

activation and conformational strain in the catalytic loop.14

At the advent of the post-genomic era, the new-found wealth of sequencing information 

allowed large-scale comparisons across diverse protein kinases. In particular, quantitative 

comparisons of the evolutionary constraints acting on eukaryotic and distantly related 

eukaryotic-like kinases in prokaryotes revealed that conformational flexibility and allosteric 

regulation evolved progressively in protein kinases through addition of key flexible elements 

such as the activation loop.7 In addition to the activation loop and the substrate binding 

lobe, sequence motifs in the αC-β4 loop were also identified as unique to eukaryotic protein 

kinases.7 Structurally, the αC-β4 loop immediately follows the αC-helix and connects to the 

β8 strand, which immediately precedes the activation loop DFG motif. The αC-β4 loop also 

serves as a hinge point for inter-lobe movement.

The αC-β4 loop resides at the intersection of many essential regulatory mechanisms for 

protein kinase function. Disease-related mutations in this region are capable of altering 

kinase activity and drug response.15–17 While our knowledge of the kinase activation loop is 

quite extensive, relatively little is known about the role of the αC-β4 loop in kinase function. 

In this review, we aim to provide a comprehensive review on the αC-β4 loop region and 

centralize the knowledge to facilitate comparisons across the protein kinome.

2 | CONSERVATION AND VARIATION IN THE αC-β4 LOOP OF PROTEIN 

KINASES

2.1 | Structure and sequence conservation of αC-β4 loop

The αC-β4 loop is located on the N-lobe of the kinase domain and connects the αC-helix to 

the β4 strand (Figure 1a). To provide an unbiased overview on the kinase αC-β4 loop, we 

mined the Protein Data Bank (PDB) for kinase structures solved by X-ray crystallography 

(4,900 structures, 8,122 chains). We generated a non-redundant dataset of kinase structures 

by only including kinase chains with unique Uniprot IDs. During this filtering procedure, 

priority was given to structures with high resolution and fully resolved αC-β4 loops. The 
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final filtered dataset contained 426 kinase chains and was used for all subsequent structural 

analyses.

To analyze the sequence conservation of the αC-β4 loop, we identified and aligned 600,734 

protein kinase sequences from Uniprot proteomes.19 We also converted our filtered dataset 

of 426 kinase chains into amino acid sequences. Amino acid sequence logos from Uniprot 

(Figure 1b, top) and PDB (Figure 1b, middle) are similar, suggesting that our filtered dataset 

of kinase structures is representative.

To define the boundaries of the αC-β4 loop, we assigned a secondary structure sequence to 

each kinase structure using the Define Secondary Structure of Proteins (DSSP) algorithm20 

(Figure 1b). Based on secondary structure propensity, we defined the αC-β4 as an 8-residue 

segment starting from RS3 + 3 (PKA position 98) and ending at RS4–1 (PKA position 105). 

While the αC-β4 loop is typically 8 residues in length (Figure 1c), we note exceptions in 

multiple kinase structures (Table 1).

2.2 | The HxN motif

The αC-β4 loop and the associated HxN motif are uniquely conserved in eukaryotic protein 

kinases including pseudokinases,37 but is absent/divergent in distantly related atypical 

protein kinases and eukaryotic-like small molecule kinases.7 To investigate sequence 

variations in the αC-β4 loop, we analyzed sequence conservation within each kinase group 

using the aforementioned Uniprot dataset of 600,734 protein kinase sequences (Figure 

2a). This analysis revealed a consensus sequence for the αC-β4 loop: Φ-X-H-X-N-Φ-Φ-X 

(Figure 2a, top-left), where Φ represents a hydrophobic residue and X represents any amino 

acid (wildcard). The HxN motif facilitates a β-turn connecting the αC-helix and β4 strand 

(Figure 2b, left). The HxN-Asn hydrogen bonds the backbone of the β8 strand via an 

isolated β-bridge and the carboxamide side chain (Figure 3a). These interactions tether the 

αC-β4 loop to the hinge region of the protein kinase domain. The HxN wildcard residue is 

usually a proline and shows varying levels of conservation across different kinase groups.

AGC and CK1 kinases display group-specific variations within the HxN motif to 

accommodate unique regulatory functions (Figure 2a). The AGC-specific xPF motif (Figure 

2b, middle) facilitates cis-interactions with the C-terminal tail and is hypothesized to 

modulate ATP binding and inter-lobe movement.40,41 However, the CK1-specific xxG motif 

(Figure 2b, right) is not well understood. Similar to the HxN-Asn, the xPF-Phe and xxF-Gly 

form isolated β-bridges with the β8 strand (Figure 2b).

2.3 | Conserved interactions involving the αC-β4 loop

The αC-β4 loop mediates many conserved structural interactions.40,41 We independently 

quantified these interactions using the aforementioned dataset of 426 representative kinase 

chains with unique Uniprot IDs. To identify conserved contacts, we performed an all-versus­

all residue comparison for residue pairs within 3.2 Å (heavy atom distance) (Figure 3a, 

left). This cutoff was chosen to be greater than hydrogen bond distance and less than the 

van der Waals contact distance.42 This should account for uncertainty in electron density 

mapping while excluding hydrophobic packing interactions. Residue pairs within this cutoff 

are expected to either be covalently linked or hydrogen bonded.
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Our analysis identified conserved hydrogen bonds involving the αC-β4 loop (Figure 3a, 

left). When considering interactions between all possible residue pairs within the αC-β4 

loop, we identified a single conserved β-turn between position 100 (HxN-His) and 103 

(HxN + 1) (Figure 3a, left). By extending our analysis to the entire kinase domain, we 

further identified conserved contacts between the αC-β4 loop and the β8 strand. On the β8 

strand, 182 forms two highly conserved isolated β-bridges with 102 and 104 on the αC-β4 

loop (Figure 3a, right). The isolated β-bridge with 102 (HxN-Asn) was described in the 

previous section (Figure 2b). These isolated β-bridge are observed in CK1 and AGC kinases, 

despite the absence of the HxN motif. Furthermore, many kinases with extended αC-β4 

loops also maintain an isolated β-bridge with the β8 strand. A lesser conserved contact is 

detected between 102 and 180. This is only conserved amongst HxN containing kinases and 

reflects hydrogen bonds allowed by the carboxamide side chain of the HxN-Asn (Figure 2b, 

left).

Our analysis also identifies conserved water bridges in the αC-β4 loop (Figure 3b, left). 

Water bridges were defined as two residues residing within 3.2 Å (heavy atom distance) of 

a shared water molecule. To identify conserved water bridges, we perform an all-versus-all 

residue comparison for residue pairs within the αC-β4 residues. Crystal structures that 

lack water densities were excluded. We identified a single highly conserved water bridge 

connecting position 100 (HxN-His) and 103 (HxN + 1) (Figure 3b, right). This water 

bridge helps stabilize the conserved β-turn.43 While our analysis did not cover water–water 

interactions, we note a conserved network of water molecules in some high resolution 

structures.

The αC-β4 loop contains three conserved hydrophobic positions (HxN-2, HxN + 1, and 

HxN + 2) which are buried within the kinase core, forming hydrophobic packing interactions 

with the RS. Furthermore, the HxN + 2 residue takes part in a hydrophobic ensemble critical 

for RS assembly and thus catalytic activation.44 In addition, recent studies suggest that 

conservative substitution of these hydrophobic residues can modify the shape of the active 

site cleft.45

2.4 | Extended αC-β4 loop conformations

Although the length of the αC-β4 is typically conserved across the protein kinase 

superfamily, we observed extended conformations in multiple kinase crystal structures. 

Extended αC-β4 loops are most commonly found in the CK1 and CMGC groups (Figure 

4a) usually in the form of a short helical insert (Figure 4b). In many cases, extended αC-β4 

loops seem to be linked to constitutive enzyme activity.21,23,49,50 Table 1 shows a list of 

kinases containing an extended αC-β4 loop.

In the CMGC group, Saccharomyces cerevisiae CK2α (scCK2α) contains the longest 

resolved αC-β4 loop (47 residues).21 scCK2α is a homologue of human CK2α1, a member 

of one of the most phylogenetically ancient CMGC kinases families. We note that the 

human homologue only has a 9-residue αC-β4 loop. Experimentally, scCK2α has broad 

substrate specificity and is constitutively active.21 A crystal structure of scCK2α reveals 

that the extended αC-β4 loop is tethered to the surface of the kinase C-lobe and interacts 

with both the N and C-terminal tails flanking the kinase domain. Deletion of the elongated 
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segment negatively impacts ATP binding and results in a six-fold increase of Km.51 CMGC 

kinases SRPK249 and HIPK233 contain a short helical insertion in their extended αC-β4 

loop (Figure 4b). SRPK1 has been shown to maintain constitutive activity in vitro despite 

extensive mutation at the activation loop.49 This short helical segment is not found in 

structures of CLK52 and DYRK1A. However, DYRK1A maintains a similar resilience 

against inactivation.53,54

In the CK1 group, the VRK family also contains an elongated αC-β4 loop with a 

helical insert.23 The αC-helix is tightly linked with the αE helix of the kinase domain 

through aromatic packing interactions, presumably rigidifying the αC-helix into an active 

conformation.23,55 Consequently, VRK1 and VRK2 are constitutively active, while VRK3 

is a pseudokinase lacking ATP binding and phosphoryl-transfer activity.23 A homologue of 

human CK1-γ, Gilgamesh kinase from Drosophila melanogaster also carries an extended 

αC-β4 loop.34 This insertion is not observed in the sequence of the human homologue, and 

its function is yet to be determined.

Rhoptry kinases also contain an elongated αC-β4 loop with a helical insert.48 The rhoptry 

kinases are specific to the protozoan parasite Toxoplasma gondii and have also been shown 

to be important virulence factors secreted by coccidian parasites.56 Comparative sequence 

analyses identified the helical insert to be one of the most distinguishing features of rhoptry 

kinases56 (Figure 3). However, the biological role of the conserved helical insert is not well 

understood.

3 | DISEASE VARIANTS IN THE αC-β4 LOOP

Many mutations in protein kinases play a direct role in cancer progression. To explore 

cancer-related variants in the αC-β4 loop, we retrieved missense mutations deposited in 

the Catalogue of Somatic Mutations in Cancer (COSMIC) v9057 (Figure 5a,b). To evenly 

sample all protein kinases, we only considered mutations from genome-wide screens. 

Furthermore, we removed redundancy caused by alternative transcripts by only including 

mutations with a unique tumor sample and genomic location. The resulting dataset contains 

a diverse combination of cancer driver mutations, passenger mutations, and drug resistance 

mutations. The filtered list of disease mutations that map to the αC-β4 loop is provided in 

Table S1.

3.1 | The molecular brake is a mutational hotspot in the αC-β4 loop

The most prevalent αC-β4 loop mutations occur at the HxN + 3 position in tyrosine 

kinases (Figure 5a). The HxN + 3 position has been known to take part in the “molecular 

brake,” a regulatory mechanism conserved in receptor tyrosine kinases (RTKs).58 The 

molecular brake is a hydrogen bonding network mediated by three polar residues located 

at the kinase hinge region, including HxN + 3. This regulatory mechanism was first 

identified in fibroblast growth factor receptor 2 (FGFR2) and extended to include several 

other RTKs through sequence comparison. In FGFR2, the molecular brake triad (N549, 

E565, and K641) locks the kinase in an inactive conformation. Mutations at the HxN + 3, 

FGFR2N549H/T, disengage the brake and activate the kinase.58
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Within the COSMIC genome-wide screens dataset, the majority of HxN + 3 missense 

mutations substitute the RTK-conserved arginine (Figure 2a) for lysine (Figure 5b). 

For example, cancer-related HxN + 3 mutations have been found in three FGFR 

family members, including FGFR1N546K, FGFR2N549H, and FGFR3N540K/S. These 

mutations have all been experimentally determined to be gain-of-function.58–62 In 

other RTKs, PDGFRAN659K/S relieves the molecular brake, triggers constitutive STAT5 

phosphorylation, and results in growth factor-independent cell proliferation.63,64 Similarly, 

FLT3N676K (HxN + 3 position) increases autophosphorylation and downstream AKT/MAPK 

phosphorylation.65,66 EGFRR776H also increases autophosphorylation and preferentially 

adopts the acceptor position in the EGFR asymmetric dimer.67 These examples suggest 

that HxN + 3 position mutations are a common mechanism for tyrosine kinase activation in 

cancer cells.

3.2 | Molecular brake mutations alter drug response

Comparative sequence studies have hypothesized that the αC-β4 loop is coupled with 

protein kinase activation by regulating inter-lobe movement and αC dynamics.50,67 

Supporting this notion, biophysical and biochemical studies suggest that the αC-β4 loop 

maintains auto-inhibitory interactions to prevent inadvertent kinase activation.50,58,67 For 

example, nuclear magnetic resonance and hydrogen–deuterium exchange mass spectrometry 

(MS) experiments on FGFR1 suggest that the molecular brake mechanism is coupled to 

activation loop conformation and active–inactive transition.7,40

By taking advantage of this coupling, it is possible that molecular brake mutations in 

the αC-β4 loop (HxN + 3) may confer drug resistance by altering the conformational 

equilibrium of a kinase, as opposed to directly altering the active site cleft.68 The 

molecular brake stabilizes the auto-inhibited conformation of the kinase. HxN + 3 mutations 

typically disrupt this inhibitory interaction and push the equilibrium toward the active 

conformation. Mutations that favor the active conformation (activating mutations) are 

generally resistant against Type II inhibitors, which target the inactive conformation.69 At 

the HxN + 3 position, examples of activating mutations that resist Type II inhibitors include 

KitN655K against imatinib and sunitinib70,71 and FLT3-ITDN676K (FLT3N676K with internal 

tandem duplication) resistance against quizartinib (AC220).65,66,72,73 Conversely, activating 

mutations can also result in sensitivity toward Type I inhibitors, which target the active 

conformation. For instance, FLT3N676K is sensitive to Type I inhibitor crenolanib.66,74

3.3 | Gatekeeper-proximal mutations in the αC-β4 loop associated with drug resistance

In the αC-β4 loop, the HxN + 1 and HxN + 2 positions are spatially proximal to the 

gatekeeper position: a well-studied hotspot for secondary drug resistance mutations.75,76 

Mutations at HxN + 1 and HxN + 2 positions have been associated with drug resistance 

in several tyrosine kinases. Both HxN + 1 and HxN + 2 take part in hydrophobic packing 

interactions that help form the kinase active site cleft in the N-lobe. Drawing parallels to 

resistance mutations at the gatekeeper position, mutations in HxN + 1 and HxN + 2 may 

alter the shape and packing of the active site cleft, which could sterically block or disfavor 

drug binding.69
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AblL298V (HxN + 1) and AblV299L (HxN + 2) have been shown to confer secondary 

drug resistance in leukemia patients.15,17,77 Computational docking and molecular dynamics 

studies have predicted that these secondary mutations raise the free energy barrier of drug 

binding.45 In another RTK, c-KitV654A (HxN + 2) has been documented in imatinib-resistant 

gastrointestinal stromal tumors.78 Although c-KitV654A does not result in constitutive kinase 

activity by itself, it can occur in conjunction with cooccurring mutations such as c-KitV560G, 

resulting in elevated kinase activity and factor-independent growth.78

To the best of our knowledge, experimental characterization of HxN + 1 and HxN + 2 

mutants are currently limited to the tyrosine kinases. However, HxN + 2 seems to be 

a mutational hotspot across all seven eukaryotic protein kinase groups (Figure 5a). The 

position is highly conserved as a valine in all major protein kinase groups except CK1 

(Figure 2a). Although examples are currently limited to the tyrosine kinases, HxN + 1 and 

HxN + 2 mutations may be capable of conferring drug resistance in all protein kinases by 

modifying the shape/biochemical environment of the active site cleft.

3.4 | Insertion mutations in the αC-β4 loop

Drug resistance mutations have been reported for EGFR and HER2 at exon 20.79–81 Exon 

20 overlaps the αC-β4 loop and is a hotspot for insertion mutations. Historically, EGFR 

exon 20 insertion mutations are associated with resistance to first and second generation 

TK inhibitors. However, recent studies demonstrate differential responses to irreversible 

covalent inhibitors.16 These differential responses depend on the sequence and location 

of the insertion. Further detailed characterization of these αC-β4 insertion mutations is 

crucial for understanding drug resistant mechanisms and, ultimately, for the development of 

effective protein kinase inhibitors.16,50

3.5 | Cis domain interactions affected by αC-β4 loop mutations

Many disease mutations target cis-interactions and interfere with normal kinase regulation. 

In TGF β-receptor I family, the regulatory GS domain interacts with a family-conserved 

arginine at the HxN-1 position.82–84 Phosphorylation of the GS domain results in a 

conformational change that activates the kinase.83 This conserved arginine interacts with the 

GS domain and shields it from phosphorylation. Disease mutations such as ACVR1R258G/S 

destabilize this interaction and result in constitutive kinase activity.84 Constitutive activation 

of ACVR1 leads to fibrodysplasia ossificans progressiva, a rare disorder in extraskeletal 

bone formation.85 In this example, the αC-β4 loop is capable of controlling kinase activity 

through interactions with regulatory domains.

Many kinases are regulated by long disordered regions flanking the kinase domain, also 

referred to as “tails.” EGFR is negatively regulated by its C-terminal tail, which makes 

electrostatic interactions with the αC-β4 loop and the hinge region of the kinase domain.86 

The auto-inhibitory interaction at the αC-β4 loop is compromised by oncogenic mutations 

at the HxN + 3 position, EGFRR776H/C.87 Molecular dynamics and cell-based assays 

suggest that EGFRR776H weakens the inhibitory interaction and results in constitutive 

autophosphorylation.67 Equivalent mutations are observed in HER2 and HER4, suggesting 

that disrupting this inhibitory mechanism is a common strategy for cancer cells to activate 
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members of the EGFR family. In addition to the EGFR family, we note more examples 

of C-terminal tail interactions mediated by the αC-β4 loop in MAPK family88,89 and 

IGF-1R.90

Mutations that alter cis-interactions can also confer drug resistance. MEK1P124L/S was 

discovered to be resistant against selumetinib (AZD6244) in a random mutagenesis study.91 

MEK1P124 is the HxN wildcard residue and packs against the MEK1 A-helix, a negative 

regulatory element located N-terminal to the kinase domain. Being a highly specific 

inhibitor, it is possible that selumetinib targets the inactive conformation which is disfavored 

in the absence of the A-helix interaction.

Another example can be found in ALK, an RTK. ALK is inhibited by its N-terminal 

juxtamembrane (JM) segment which makes hydrophobic contacts with the αC-helix and 

αC-β4 loop.92 Phosphorylation of JM tyrosines results in ALK activation by disengaging 

the JM segment. ALKF1174L is a recurring oncogenic mutation that disrupts pi-stacking 

interactions between the αC-β4 loop and the JM domain. Furthermore, ALKF1174L results in 

constitutive kinase activity and confers resistance to crizotinib.93

3.6 | Protein–protein interactions affected by αC-β4 loop mutations

Mutations in the αC-β4 loop can also interfere with protein–protein interaction interfaces. In 

ERK2, the αC-β4 loop takes part in the D-recruitment site which helps the kinase bind to 

effector proteins.94,95 A patient derived mutation on the HxN wildcard residue, ERK2E81K, 

activates the kinase.94 Furthermore, ERK2E81K may disrupt negative regulation by DUSP6 

phosphatase.94

4 | POST-TRANSLATIONAL MODIFICATIONS IN THE αC-β4 LOOP

The catalytic function of many protein kinases is regulated by post-translational 

modifications (PTMs). For example, phosphorylation of the activation loop segment is 

required for the activation of many kinases.8 The αC-β4 loop is also targeted by a variety of 

PTMs. To explore the landscape of PTMs within the αC-β4 loop, we retrieved a variety of 

mammalian PTMs from the PhosphoSitePlus database96 (Figure 6a). The majority of PTM 

sites were identified by MS and filtered by a statistical cutoff for assignment (p < .05). 

Within the database, available PTM assignments included ubiquitination, phosphorylation, 

acetylation, sumoylation, methylation, O-GlcNAc, and O-GalNAc. O-GalNAc was the only 

PTM without assignments to the αC-β4 loop. A table of PTMs that map to the αC-β4 loop 

is provided in Table S2.

Phosphorylation, one of the most abundant PTMs, plays a major role in modulating 

conformation and protein–protein interfaces. In the MST family, the HxN motif is replaced 

by a phosphorylatable SPx motif at the equivalent position. JNK phosphorylates MST1S82 

which is the SPx-Ser position. Phosphorylation of MST1S82 enhances MST1 activity 

and promotes apoptosis.97 The SPx wildcard residue is sometimes phosphorylatable. For 

instance, c-Abl phosphorylates MST2Y81 at the SPx wildcard position. Phosphorylation 

of MST2Y81 prevents MST2 from interacting with Raf-1 and promotes MST2 

homodimerization.98
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O-linked β-N-acetylglucosamine (O-GlcNAc) is another important PTM that varies in 

response to many factors such as extracellular stress, cell cycle, and development.99 Western 

blot and MS assignments have revealed many O-GlcNAcylation sites on PKC family in 

rats.100 Within the PKC family, O-GlcNAcylation sites were assigned to the αC-β4 loop 

of rat PKCA and PKCB. Some of these glycosylation sites intersect with phosphorylation 

sites suggesting that these modifications may modulate each other.101 Although not in 

the αC-β4 loop, examples of kinase regulations via cross-talk between glycosylation and 

phosphorylation have been described in CaMKIV.101

S-nitrosylation is also an important cysteine PTM that provides a mechanism for redox­

based regulation.102 In human InsR kinase, a modifiable cysteine replaces HxNHis. A study 

on cultured skeletal muscle cells demonstrates that S-nitrosylation of InsRC1083 results in the 

inhibition of kinase activity.103

5 | THE αC-β4 LOOP MEDIATES PROTEIN–PROTEIN INTERACTIONS

5.1 | The αC-β4 loop is involved in kinase dimer interfaces

Many protein kinases are regulated by the formation of dimeric complexes. RAF kinases 

are activated by a side-to-side dimer interface involving the αC-β4 loop.104,105 A mutation 

at the HxN-1 position, BRAFR509H, impairs dimer formation and results in the kinase-dead 

phenotype.106 Pseudokinase KSR is also capable of dimerizing with BRAF. Consequently, 

the equivalent mutation KSRR665H also results in the loss of BRAF activity.107

The αC-β4 loop can also take part in a symmetric back-to-back dimer interface. This 

conformation exposes the active site cleft and is usually associated with catalytically active 

kinase. One of the first examples was discovered in PKR, where the active back-to-back 

dimer was solved in two different crystallographic environments.108 The IRE1 back-to-back 

dimer is also associated with an active kinase and high RNase activity.109 Similarly, the 

Nek7-Nek9 back-to-back heterodimer is associated with rapid autophosphorylation of Nek7. 

Autophosphorylation assays showed that Nek7N90R (HxN-1) resulted in reduced kinase 

activity.110 The proposed mechanism for PknB activation suggests that a back-to-back active 

dimer is induced by ligand binding to the PknB extracellular sensor domain.111,112 PknE has 

also been crystallized in the back-to-back conformation.113

5.2 | The αC-β4 loop plays an important role in Hsp90-mediated kinase folding

One of the most important roles of the αC-β4 loop is the recognition of molecular chaperone 

Hsp90 and co-chaperone cdc37. Hsp90 promotes proper folding in many proteins including 

60% of the human kinome.114 This discovery started from an observation that human EGFR 

neither requires nor associates with Hsp90, a stark contrast to its paralog, HER2.115,116 

However, mutation of the HER2 αC-β4 loop to the EGFR sequence abolished Hsp90 

association in HER2.116,117 Furthermore, FerY616, an αC-β4 loop residue, is essential 

for Hsp90 association and kinase activity.118 Cryo-EM experiments have shown that co­

chaperone cdc37 mimics the conformation of the αC-β4 loop and uses the HxN motif 

to form hinge interactions with the client kinase.119 Although the full mechanism for 
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Hsp90-recognition remains a mystery, results have shown that the HxN motif plays a role in 

cdc37-mediated folding for more than half of the human kinome.114

6 | CONCLUDING REMARKS AND PREDICTIONS ON UNDERSTUDIED 

DARK KINASES

In this article, we have highlighted the αC-β4 loop as a central hub for many essential 

regulatory mechanisms for protein kinase function. To investigate the diverse functions of 

this region, we have compiled a list of disease-related mutations and PTMs that localize to 

the αC-β4 loop. We provide many examples of disease-related mutations linked to aberrant 

signaling and drug resistance. Experimental characterization shows that these mutations 

can alter both conserved and family-specific regulatory mechanisms. We believe that the 

αC-β4 loop is a conserved, yet understudied hotspot for regulatory interactions within the 

eukaryotic protein kinome.

Our kinome-wide analysis provides a useful resource for investigating understudied kinases. 

Recently, the NIH common fund program initiated a large-scale effort to identify and 

characterize new druggable proteins within the human genome. To guide research efforts, 

this initiative has maintained a list of understudied kinases (last updated on June 2019), 

collectively referred to as the dark kinome.

Interestingly, we find that nearly all kinases with extended αC-β4 loop segments have 

been classified as dark kinases (Figure 4a). In the CMGC group, most members of the 

DYRK, HIPK, CLK, and SRPK families are classified as dark kinases. As opposed to the 

typical 8-residue loop, these families form a large clade whose members have a conserved 

~14-residue αC-β4 loop. Members such as HIPK2, DYRK1A, and SRPK2 are some of 

the few characterized members of this clade. Using existing knowledge, we noticed clade­

specific trends such as constitutive activity and helical inserts. These observations can 

guide hypothesis-driven research in the clade’s understudied members. This approach can 

also be applied to the VRK family of the CK1 group. This family of dark kinases has a 

single well-characterized member, VRK1, and contains a conserved 21-residue αC-β4 loop. 

From a drug discovery perspective, these extended loop conformations may also provide a 

targetable interface for high-specificity protein kinase inhibitors.

The αC-β4 loop remains a regulatory hotspot within the complex web of interactions that 

modulate protein kinase activity. As such, mutations within this region can trigger a variety 

of human diseases. An in-depth understanding of the structure, function, and evolution of 

the αC-β4 loop will provide new insights on kinase regulation and enhance the discovery of 

novel protein kinase inhibitors.
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Refer to Web version on PubMed Central for supplementary material.
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Abbreviations:

Abl Abelson tyrosine-protein kinase

ACVR1 activin receptor type 1

AGC protein kinase A, G, and C group

ALK anaplastic lymphoma kinase

CAMK Ca/Calmodulin kinases group

CK1 casein kinase I group

CK2α casein kinase 2 alpha

CLK3 CDC-like kinase 3

CMGC CDK, MAPK, GSK, and close relatives group

CSNK1D casein kinase 1 delta

DSSP define secondary structure of proteins

DUSP6 dual specificity protein phosphatase 6

DYRK1A dual specificity tyrosine-phosphorylation-regulated kinase 

1A

EGFR epidermal growth factor receptor

EphA3 ephrin receptor A3

ERK2 extracellular signal-regulated kinase 2

FGFR2 fibroblast growth factor receptor 2

FLT3 Fms-like tyrosine kinase 3

HIPK2 homeodomain-interacting protein kinase 2

Hsp90 heat shock protein 90

IGF-1R insulin-like growth factor 1 receptor

JNK c-Jun N-terminal kinase

JM juxtamembrane

MEK1 MAPK/ERK kinase 1
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MST2 mammalian STE20-like protein kinase 2

KSR kinase suppressor of Ras

PDGRFA platelet-derived growth factor receptor

PKA protein kinase A

PKR protein kinase R

PTM post translational modification

RS regulatory spine

RTK receptor tyrosine kinases

SRPK2 serine/arginine-rich splicing factor kinase 2

STAT5 signal transducer and activator of transcription 5

TGF β-receptor I transforming growth factor β-receptor I

TK tyrosine kinase group

TKL tyrosine kinase-like group

VRK1 vaccinia related kinase 1
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FIGURE 1. 
Definition of the αC-β4 loop. (a) The αC-β4 loop (red) of protein kinase A (PDB ID: 

1ATP).18 Structural regions near the αC-β4 loop are labeled for reference. At the top-right 

corner, a close-up shows the αC-β4 loop flanked by the RS3 and RS4 residues. (b) Sequence 

logo plots spanning from RS3 to RS4 are shown. This span of residues was used on all 

logo plots throughout the review. Sequence logo plots include amino acid sequences from 

Uniprot proteomes (top), amino acid sequences from PDB (middle), and secondary structure 

sequences from PDB (bottom). Secondary structure sequences were defined by DSSP where 

red = helix, blue = strand, black = coil. DSSP classifications: G = 310 helix, H = α-helix, 

I = π-helix, B = isolated β-bridge, E = extended β-strand, T = hydrogen bonded turn, S 

= non-hydrogen bonded bend, C = coil. (c) Histogram showing the distribution of αC-β4 

loop lengths calculated from unique protein kinase structures in the PDB. The 15+ category 

includes lengths greater than or equal to 15. DSSP, Define Secondary Structure of Proteins; 

PDB, Protein Data Bank
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FIGURE 2. 
Sequence conservation of the αC-β4 loop. (a) Sequence logo plots spanning from RS3 to 

RS4 are shown for different protein kinase groups. (b) The canonical HxN motif is shown 

in tyrosine kinase EphA3 (PDB ID: 3dzq) (left). The AGC-specific variant is shown in PKA 

(PDB ID: 1atp)18 (middle). The CK1- specific xxG motif is shown in CSNK1D (PDB ID: 

4twc)38 (right). Residue numbers (not shown) are provided: 679–681 for the HxN motif in 

EphA3, 100–102 for xPF motif in PKA, and 62–64 for the xxG motif in CSNK1D. Side 

chains are not shown for the β8 strand. PDB, Protein Data Bank
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FIGURE 3. 
Conserved interactions within the αC-β4 loop. Conservation was defined by the fraction 

of structures containing the interaction. All heatmaps use PKA numbering for residue 

positions. (a) Conserved contacts found in kinase structures are shown in an all-versus-all 

comparison of residues in the αC-β4 loop and β8 strand. Two examples of the two most 

highly conserved long-range contacts in the αC-β4 loop and β8 strand are shown in PKA 

(PDB ID: 1atp)18 and EphA3 (PDB ID: 3dzq). (b) Conserved water bridges found in kinase 

structures are shown in an all-versus-all comparison of residues in the αC-β4 loop. Two 

examples of a highly conserved water bridge is shown in EphA3 (PDB ID: 3dzq) and 

AuroraB (PDB ID: 2vrx).39 PDB, Protein Data Bank
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FIGURE 4. 
Extended conformations of the αC-β4 loop in the protein kinome. (a) A phylogenetic tree 

shows αC-β4 loop lengths of human protein kinases.46,47 Branches containing longer αC-

β4 loops are colored darker. The 18+ color category includes lengths greater than or equal 

to 18. (b) Structural examples of extended αC-β4 loops are shown in red. The β8 strand 

is shown for reference. Protein names are provided alongside its kinase group. Locations 

for αC-β4 loops are provided: 93–135 in scCKA1 (PDB ID: 4jr7),21 147–160 in SRPK2 

(PDB ID: 2×7g), 253–262 in HIPK2 (PDB ID: 6p5s),33 212–222 in CLK3 (PDB ID: 6fyr),28 

92–112 in VRK1 (PDB ID: 6bru), 95–106 in Gilgamesh (PDB ID: 4 nt4),34 and 322–340 in 

Rhoptry kinase (PDB ID: 3byv).48 More information about these structures can be found in 

Table 1. PDB, Protein Data Bank
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FIGURE 5. 
Missense mutations in the αC-β4 loop. For easy comparison, residue position on the x-axis 

is kept consistent throughout all graphs. (a) Bar graphs showing the number of missense 

mutations in the αC-β4 loop from 7 different protein kinase groups. The y-axis scale is 

consistent across all bar graphs to allow cross comparison. (b) The missense mutations are 

shown using a sequence logo plot. Similar to a sequence logo, each column shows the 

relative frequency of all substitutions occurring at that position. (c) A sequence logo for 

wildtype αC-β4 sequences from Uniprot is provided as reference

Yeung et al. Page 23

IUBMB Life. Author manuscript; available in PMC 2021 August 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIGURE 6. 
Post-translational modifications in the αC-β4 loop. For easy comparison, residue position on 

the x-axis is kept consistent throughout all graphs. (a) Bar graphs showing the number of 

PTMs found at each αC-β4 position separated by PTM. Please note that the y-axis scale is 

not consistent across bar graphs. (b) A sequence logo for wildtype αC-β4 sequences from 

Uniprot is provided as reference
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TABLE 1

List of kinases containing an extended αC-β4 loop

PDB chain αC-β4 length Group Name

4jr7_A21 47 CMGC scCK2α (Saccharomyces cerevisiae)

5oat_A22 23 Other PINK1 (Tribolium castaneum)

6bru_A 21 CK1 VRK1 (Homo sapiens)

2v62_A23 21 CK1 VRK2 (Homo sapiens)

2jii_A23 21 CK1 VRK3 (Homo sapiens)

1q8y_A24 19 CMGC SKY1 (Saccharomyces cerevisiae)

4qtc_A25 17 Other HASPIN (Homo sapiens)

5my8_A26 16 CMGC SRPK1 (Homo sapiens)

2×7g_A 16 CMGC SRPK2 (Homo sapiens)

5yk0_A27 15 pknB Rv3197 (Mycobacterium tuberculosis)

6s14_A 14 CMGC DYRK1A (Homo sapiens)

6fyv_A28 14 CMGC CLK4 (Homo sapiens)

6fyr_A28 14 CMGC CLK3 (Homo sapiens)

6fyl_A28 14 CMGC CLK2 (Homo sapiens)

6ft8_A29 14 CMGC CLK1 (Homo sapiens)

5y86_A30 14 CMGC DYRK3 (Homo sapiens)

5lxc_A31 14 CMGC DYRK2 (Homo sapiens)

4iir_A32 14 CMGC PRPF4B (Homo sapiens)

3llt_A 13 CMGC PF3D7_1445400 (Plasmodium falciparum)

6p5s_A33 13 CMGC HIPK2 (Homo sapiens)

4nt4_A34 13 CK1 Gilgamesh (Drosophila melanogaster)

5wtk_A35 12 Other cas13a (Leptotrichia shahii)

4×7q_B36 12 CAMK PIM2 (Homo sapiens)

Note: Examples were retrieved from the aforementioned dataset of 426 representative kinase chains which was filtered by unique Uniprot ID’s with 
priority given to high resolution structures and fully resolved αC-β4 loops. Abbreviation: PDB, Protein Data Bank.
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