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A Structurally-Validated Multiple 
Sequence Alignment of 497 Human 
protein Kinase Domains
Vivek Modi & Roland L. Dunbrack Jr.*

Studies on the structures and functions of individual kinases have been used to understand the 
biological properties of other kinases that do not yet have experimental structures. the key factor 
in accurate inference by homology is an accurate sequence alignment. We present a parsimonious, 
structure-based multiple sequence alignment (MSA) of 497 human protein kinase domains excluding 
atypical kinases. The alignment is arranged in 17 blocks of conserved regions and unaligned blocks 
in between that contain insertions of varying lengths present in only a subset of kinases. the aligned 
blocks contain well-conserved elements of secondary structure and well-known functional motifs, such 
as the DFG and HRD motifs. From pairwise, all-against-all alignment of 272 human kinase structures, 
we estimate the accuracy of our MSA to be 97%. The remaining inaccuracy comes from a few structures 
with shifted elements of secondary structure, and from the boundaries of aligned and unaligned 
regions, where compromises need to be made to encompass the majority of kinases. A new phylogeny 
of the protein kinase domains in the human genome based on our alignment indicates that ten kinases 
previously labeled as “OTHER” can be confidently placed into the CAMK group. These kinases comprise 
the Aurora kinases, polo kinases, and calcium/calmodulin-dependent kinase kinases.

Protein kinases catalyze the transfer of a phosphoryl group from an ATP molecule to substrate proteins1, and are 
crucial for cellular signaling pathways2. Mutations in kinases that lead to gain of function are frequently observed 
in many cancer types3,4, while mutations may also result in drug resistance rendering existing drugs inefficient3. 
Humans have over 500 genes that catalyze the phosphorylation of proteins, collectively called the ‘kinome’5.

Protein kinase activity is found in a number of protein families and superfamilies in the human proteome. The 
vast majority of human kinases come from one very large, diverse family that share a common fold consisting of 
an N-terminal lobe, composed of five β-sheet strands and an α-helix called the C-helix, and a C-terminal lobe 
comprising six α-helices6. The active site is located between the two lobes where the activation and catalytic loops 
form the ATP and substrate binding sites.

In 2002, Manning and coworkers identified 518 kinase genes in the human kinome5 which they divided into 
478 typical kinase genes (13 of them containing two kinase domains, for a total of 491 domains) and 40 atypical 
kinase genes. The annotation of the human genome has improved since the Manning paper; currently Uniprot 
identifies 483 human proteins containing 496 typical kinase domains (https://www.uniprot.org/docs/pkinfam). 
Uniprot identifies 29 atypical human kinases. Some of these are distantly related to the typical kinase domain, 
thus making them a superfamily, including Alpha kinases7, ADCK kinases8, RIO kinases9, FAM20C kinases10, 
and the PI3-PI4 kinase family, which contains the protein kinases ATM, ATR, and MTOR11. In addition, there 
are proteins that do not appear to share an evolutionary relationship with typical kinases that also phosphorylate 
proteins, such as pyruvate dehydrogenase kinases12.

For any large protein family, an accurate multiple sequence alignment is the basis of an accurate phylogeny13 
and structural and functional inferences14. In 2002, Manning et al. built a phylogenetic tree of 491 typical kinase 
domains from a multiple sequence alignment created without using any kind of structural information5. The 
accompanying poster and image of this tree is still widely used in scientific papers and presentations on kinases15. 
Multiple sequence alignments of kinases have been used to extend structural and functional information from the 
kinases with known structures to those without known structures. This includes the conformations of active and 
inactive kinases16–18, predictions of substrate specificity19, and analysis of kinase-drug interactions20,21.

A common problem in multiple sequence alignments of large, diverse protein families is that they are very 
‘gappy,’ i.e., containing many gap characters in every sequence in order to align inserted segments of different 
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lengths that may be present in only a small subset of the sequences. This is true of the alignment used to produce 
the kinome tree of Manning et al.5. The gappy regions are usually present between major elements of secondary 
structure, where the family members may have widely divergent sequence loop lengths due to numerous inser-
tions that occurred in different lineages of family members. The gappiness makes alignments difficult to visualize 
and produces errors in phylogenetic inference22.

In this paper, we present a parsimonious, structure-based multiple sequence alignment (MSA) of 497 human 
typical kinase domains from 484 human genes. We developed the MSA from pairwise structure alignment to a 
reference kinase (Aurora A kinase) and sequence alignment for kinases of unknown structure to their closest 
homologues of known structure. One of our central goals was to develop a parsimonious alignment of kinases 
containing as few gap regions as possible. Our alignment therefore contains aligned blocks (in upper case let-
ters) that represent common structural elements, usually of secondary structure elements and important motifs, 
present in most or all of the kinases. These regions are separated by left-justified, unaligned sequence regions in 
lower case letters containing insertions of different lengths present in only subsets of the kinases. Our alignment 
contains 17 aligned blocks and 16 unaligned regions between them.

We validated this alignment with an all-against-all pairwise structure alignment of 272 protein kinases, and 
we show that the alignment is significantly more accurate than the Manning alignment and other recent align-
ments for classifying kinases16,23. Finally, we used our alignment to produce an accurate phylogeny of the kinase 
domains. Guided by the phylogeny and HMMs for each group we assign a set of ten kinases previously catego-
rized as “OTHER” by Manning et al. to the CAMK group, consisting of Aurora kinases, Polo-like kinases, and 
calcium/calmodulin-dependent kinase kinases.

Results
typical and atypical kinases. Kinase sequences were identified from the list of human kinases and pseu-
dokinases provided by Uniprot24 (https://www.uniprot.org/docs/pkinfam), which divides ‘typical’ kinases into 
nine groups (AGC, CAMK, CK1, CMGC, NEK, RGC, STE, TKL, TYR) and a group of OTHER kinases. It also 
contains a list of ‘atypical’ kinases divided into six families (ADCK, Alpha-type, PI3-PI4-related, RIO, PDK/
BCKDK, and FASTK). To identify any kinases which are not included in the Uniprot list, we searched all human 
Uniprot sequences with PSI-BLAST and each human kinase domain as query. As a result, we were able to iden-
tify Uniprot entry PEAK3_HUMAN as an additional human kinase. It was identified in searches starting with 
PRAG1 and PEAK1. The relationship with protein kinases was confirmed with HHpred25.

Manning et al. did not include any atypical kinase in their sequence alignment and phylogenetic tree. 
However, before discarding them from our dataset we wanted to examine the atypical kinase structures available 
from the PDB. Since Aurora A is a good representative of typical protein kinase domains, we have used its struc-
ture as a reference to identify structural similarities and differences between typical kinases and atypical kinases. 
The kinase domain of Aurora A has 251 amino acid residues with eight helices, seven β strands, and all the known 
conserved motifs without any unusually long insertions (Fig. 1).

Structure alignment with Aurora A indicated that four of the atypical kinase families are homologous to typ-
ical kinases (Fig. 2)—containing some elements of the typical kinase fold but containing changes and additions 
in elements of secondary structure. These include ADCK, Alpha-type, PI3-PI4-related, and RIO kinases. The 
ADCK (aarF-domain containing) kinases consist of five proteins: ADCK1, ADCK2, COQ8A (ADCK3), COQ8B 
(ADCK4), and ADCK5. Only the structure of COQ8A is available (PDB:4PED8). The structure consists of 384 
residues, 13 helices, and eight β sheet strands. Structure alignment with FATCAT26 aligned 192 residues with 
an RMSD of 3.92 Å, covering the N-terminal domain, the HRD and DFG motifs, and the E and F helices of the 
C-terminal domain. COQ8A’s N-terminal domain contains an additional subdomain of five alpha helices, three of 
which precede the typical kinase domain and two of which are inserted between beta strand B3 and the C-helix. 
Instead of the activation loop leading into the F-helix, the DFG motif leads into a bundle of four alpha helices that 
precede COQ8A’s F-helix, which is followed by one additional helix.

There are six kinases in the Alpha-type kinase family: ALPK1, ALPK2, ALPK3, EEF2K, TRPM6, and TRPM7. 
The structure of mouse TRPM7 (PDB:1IAJ27) has been determined; only the N-terminal domain and the E helix 
could be aligned to AURKA with an RMSD of 5.8 Å over 120 residues. The remainder of the C-terminal domain of 
TRMP7 consists of two beta sheet strands, large coil regions, and a short helix. The human PI3/PI4 kinases consist  
of seven genes: ATM, ATR, MTOR, PIK3CA, PIK3CB, PIK3CD, PIK3CG, PRKDC, and SMG1. All of these 
except SMG1 have known structures (PIK3CB is represented by a structure of mouse PIK3CB). The structure of 

AGC CAMK CK1 CMGC NEK RGC STE TKL TYR OTHER Total

Uniprots 62 88 12 65 11 5 47 42 90 66 484*

Domains 62 92 12 65 11 5 47 42 94 67 497

Domains with PDB 29 49 10 39 3 0 27 25 64 28 274

Included in validation 29 49 10 39 3 0 27 25 64 26 272

Table 1. Number of kinase domains in each family in the multiple sequence alignment. *6 kinase genes 
have one AGC and one CAMK domain each (RPS6KA1, RPS6KA2, RPS6KA3, RPS6KA4, RPS6KA5 and 
RPS6KA6), and are counted twice in this table; 2 kinases have 2 CAMK domains (OBSCN, SPEG); 4 kinases 
have 2 TYR domains (JAK1, JAK2, JAK3, TYK2); 1 kinase has 2 domains in the OTHER category (EIF2AK4) 
(484 + 6 + 2 + 4 + 1 = 497 domains). Two kinases, AGC_PDPK2P and AGC_PRKY, could be pseudogenes 
according to their Uniprot annotations.
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Figure 1. Structure of Aurora A (PDB: 3E5A_A) representing a typical protein kinase domain. For the 
description of the labeled structural elements refer to Table 2.

#

Aligned
Region 
Name
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Name
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Length of 
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Region
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A Res. of 
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Region
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Number 
of Aligned 
Regiona

Unaligned
Region 
Name

Median
Length of 
Unaligned 
Region

Aurora A 
Res. [Pos] of 
Unaligned 
Regionb

Max
Length

Kinase 
with 
longest 
insertion

1 B1N I 4 133–136 1–4 B1N~B1C 0 [136–137] 12 IRAK4

2 B1C I 7 137–143 21–27 B1~B2 0 [143–144] 12 PAN3

3 B2 I 9 144–152 44–52 B2~B3 2 153–154 36 PINK1

4 B3 II 11 155–165 93–103 B3~HC 7 166–174 32 KKCC1/2

5 HC III 14 175–188 140–153 HC~B4 0 [188–189] 22 PINK1

6 B4 IV 16 189–204 180–195 B4~B5 0 [204–205] 220 E2AK3

7 B5 IV 10 205–215 420–430 B5~HD 0 [215–216] 10 STK40

8 HD V 9 216–224 445–453 HD~HE 2 225–226 480 KS6C1

9 HE VIa 25 227–250 939–962 HE~B6 0 [250–251] 41 MKNK1

10 CL VIb 16 251–266 1008–1028 CL~ALN 0 [266–267] 298 SRPK2

11 ALN VII 21 267–286 1331–1351 ALN~ALC 1 [286–287] 548 GWL

12 ALC VIII 17 287–303 1904–1920 ALC~HF 0 [303–304] 28 PI3R4

13 HF IX 22 304–325 1953–1975 HF~FL 0 [325–326] 13 BMPR2

14 FL IX 6 326–331 1993–1998 FL~HG 0 [331–332] 46 MP2K2

15 HG X 13 332–344 2049–2061 HG~HH 11 345–353 109 CDC7

16 HH XI 20 354–373 2175–2194 HH~HI 0 [373–374] 10 IKKA

17 HI XI 10 374–383 2209–2218

Table 2. Summary of multiple sequence alignment. aThe length of aligned regions by Aurora residue and 
alignment column numbers differ at CL because OTHER_STK16 has a five residue insertion; and HF because 
30 CAMK kinases have a one residue insertion in HF. bAurora A residues in square brackets indicate that 
Aurora has an unaligned region of length zero.
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PIK3CA (PDB: 4L2Y28) aligns with Aurora A with RMSD 6.0 Å over 168 residues. The structures of two of the 
three RIO kinases (RIOK1, RIOK2, and RIOK3) are known. The structures of RIOK1 (PDB: 4OTP29) and RIOK2 
(PDB: 6FDN30) can be aligned with AURKA with 5.1 and 4.6 Å RMSD over 176 amino acids, because the orien-
tation of the HG, HH, and HI helices are entirely different.

Two of the atypical protein kinase families listed by Uniprot do not appear to be homologous to typical 
kinases. The PDK/PCKDK protein kinase family consists of BCKDK, PDK1, PDK2, PDK3, and PDK4. The struc-
tures of all of these proteins are known (with BCKDK represented by rat BCKDK in the PDB by entry 3TZ531 
and PDK1 by 2Q8H32), and none of them resemble typical protein kinases. They consist of an N-terminal domain 
in the form of a bundle of four long α helices and a C-terminal domain of a five-stranded β sheet and three α 
helices. ECOD (Evolutionary Classification of Protein Domains) also does not classify these structures in the 
same homology group as the typical kinases33. While there is no structure of FAST kinase (Uniprot FASTK_
HUMAN), the program HHpred25 found that the closest homologues in the PDB are restriction endonucleases 
(e.g., PDB:1CW034), which do not appear to be homologous to typical kinases.

Overall, our examination indicated that every atypical family has significant differences from the typical 
kinase domain in the arrangement or presence of secondary structural elements. These differences make any 
alignment with the sequences of the typical kinase domain approximate and partial. Therefore, we did not include 
any atypical kinase sequence in our multiple sequence alignment of human protein kinases.

Figure 2. Representative structures from four different families of atypical kinases showing differences from 
typical kinase domains. (a) ADCK protein kinase family - ADCK3 (4PED_A); (b) Alpha-type - TRPM7 
(1IAJ_A); (c) PI3/PI4 - PIK3CA (4L2Y_A) and (d) RIO-type Ser/Thr kinase family - RIOK1 (4OTP_A). The 
regions without any structural similarity to the typical kinase domain are colored in yellow, as identified by 
FATCAT and CEalign (in PyMOL) after aligning to Aurora A (3E5A_A).
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A summary of the 497 typical kinase domains from 484 Uniprot sequences included in our dataset and the 
available structures in the PDB are provided in Table 1. Thirteen kinases have two kinase domains in the sequence 
(see caption to Table 1), and some kinases were reassigned to different groups than the Uniprot or Manning des-
ignations (discussed below). The domain boundaries were initially identified using the domain annotations in 
Uniprot, while some of them were updated during the process of alignment. We labeled sequences by their group 
name identifier from Uniprot and their HGNC gene names35. For example, the sequence for the gene AKT1 is 
labeled as AGC_AKT1 and EGFR is labeled TYR_EGFR. Some of the common kinases have gene names which 
are not easily recognized; for example VEGFR1, VEGFR2, and VEGFR3 are labeled TYR_FLT1, TYR_KDR, 
and TYR_FLT4 respectively. A table of Uniprot accession ids, Uniprot entry names, HGNC gene names, HGNC 
accessions, gene name synonyms, kinase group names, and domain boundaries is provided in Table S1. These 
sequences were used to create the MSA utilizing a variety of alignment programs and structural information.

Forming a multiple sequence alignment of 497 human protein kinase domains. To examine the 
boundaries of conserved segments and common insertions across kinases, we first aligned the structure of Aurora 
A kinase N- and C-terminal domains separately to one representative structure of each of 271 other human kinases 
in the PDB using the program FATCAT26. We then used the SE program36 to read the structural alignments and 
print the corresponding sequence alignments. SE prints regions of low structural similarity (usually because of 
insertions or deletions) in lower case letters, and left-justifies them. An example is shown in Fig. 3. To identify 
regions of structural variability in kinases, we counted the number of times a residue in the Aurora A sequence 
was structurally aligned across all the pairwise alignments output by SE (i.e. printed in upper case). This provides 
a count of how often each residue is structurally conserved, indicating the locations of insertions, deletions,  
and structural variations across the kinases (Fig. 4). The tallest bars in the plot display the conserved regions in 
the alignments while the shorter bars represent low similarity regions or segments abutting common insertions 
and deletions. The region between ALN and ALC has shorter bars because the activation loop adopts very dif-
ferent conformations across active and inactive kinase structures, resulting in relatively poor pairwise structural 
alignment in this region. The region prior to the C-helix also aligns poorly, because Aurora A has a short helix in 
this region (the B helix) as do kinases of the CAMK and AGC groups, while other kinases do not. We used these 
blocks of conserved regions and intermittent low similarity regions to guide the formation of the MSA.

The creation of the MSA was a multi-step process. The initial alignment of all the kinase domain sequences 
was done using ClustalOmega37 which aligned the main conserved regions in a majority of the sequences up to 

Figure 3. Structural alignment of the activation loop region of CAMK_AURKA and CAMK_PRKAA1 by 
(a) FATCAT and (b) the SE program. Structure alignment programs like FATCAT often introduce gaps in 
low similarity loop regions to align segments that are not necessarily homologous. The SE program takes 
coordinates of the superposed structures and produces an optimized sequence alignment with structurally 
similar regions in upper case and low similarity residues in lower case letters to distinguish them from aligned 
residues.

Figure 4. Pairwise structural alignments of Aurora A to 271 human protein kinases using FATCAT. The x-axis 
represents Aurora A residue numbers; the y-axis displays the number of times each Aurora A residue position is 
aligned to other kinases in the pairwise alignments. For a description and location of the labeled aligned blocks 
in Aurora A structure refer to Table 2 and Fig. 1. The list of 272 aligned structures is provided in Table S1.
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the beginning of the activation loop. Because of very large insertions in the activation loop and in the C-terminal 
domain in some kinases, the C-terminal domain was aligned only within some families. For example, the 
AGC-family Great wall kinase (AGC_MASTL) has a 548 amino acid insertion in the activation loop that caused 
the entire AGC family to be misaligned in the C-terminal domain with respect to the other families.

This alignment was manually edited in Jalview38. As shown in Fig. 5a, coloring the sequence in “Clustal” for-
mat in Jalview greatly aided in adjusting the alignment since it highlighted both level of sequence conservation 
and physical characteristics of amino acids in each column (hydrophobicity, positive charge, negative charge, 
etc.). In addition, a file with the secondary structure element boundaries of the kinases of known structure was 
used to highlight conserved alpha helices and beta sheet strands. We added secondary structure predictions 
performed with our own secondary structure prediction program based on a deep convolutional neural network 
and PSI-BLAST and HMM-based sequence profiles. The experimental and predicted secondary structures were 
visualized in Jalview (Fig. 5b). The alignment was improved in cycles of several steps:

 1) The main conserved regions identified in Fig. 4 were edited to form aligned blocks in the MSA, according 
to the structure alignments of AURKA N and C terminal domains to the kinases with known structures. 
These blocks were made as long as possible while respecting the structure alignments.

 2) Regions between the aligned blocks that contain variable sequence lengths were left unaligned, and edited 
in Jalview so that they were left-justified and denoted in lower-case letters. They were separated from the 
aligned blocks by two empty columns on each end. These blocks were made as short as possible while 
respecting the structure alignments.

Figure 5. Snapshot of section of N-terminal region of the multiple sequence alignment of human protein 
kinases displayed using (a) Clustal coloring scheme in Jalview which colors the residues by their chemical 
nature if they are conserved or similar to each other; (b) secondary structure features of proteins. The secondary 
structure information for proteins with known structures was obtained from PDB files. For the proteins where 
a crystal structure is not available, secondary structure predictions were performed with our program SecNet 
(unpublished). The experimentally known and predicted regions are shown in darker and lighter shades of the 
same color, respectively, with beta sheets in red and helices in blue. Loops are displayed in gray and the residues 
which were not resolved in crystal structures are colored in black.
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 3) The sequences of kinases in each kinase group without known structure were aligned to their closest 
homologues of known structure, such that all sequence motifs were identified in each kinase. This was 
greatly facilitated by sorting the alignment by family (AGC, CAMK, etc.) in Jalview, which was possible 
because of the naming convention described above indicating group membership (AGC_AKT1, etc.) and 
sorting the alignment by these identifiers.

 4) Some kinases without close homologues of known structure required pairwise sequence alignment to 
other individual kinases with PSI-BLAST and/or HHpred in order to identify regions of the kinase domain 
that occur after very long insertions or that are highly divergent from other kinases. A small number of 
kinases were not closely related to any mammalian kinase of known structure, and instead required a se-
quence alignment to a yeast or insect kinase of known structure, which could then be structurally aligned 
to AURKA. Examples include: OTHER_TP53RK (33% identity with yeast BUD32, PDB:4WWA39); the 
second kinase domain of OTHER_EIF2AK4 (47% identity to yeast GCN2, PDB:1ZY540); OTHER_PINK1 
(47% identity with Triboleum castaneum PINK1, PDB:5OAT41); and OTHER_PAN3 (49% identical to 
Drosophila PAN3, PDB:4BWP42).

 5) The G-helix required structure alignments of a region consisting of the G helix itself and the HF~HG and 
HG~HH loops, since the position of the G helix is highly variable within the C-terminal domain of kinases 
(Fig. 1). A small number of kinases do not contain a G-helix as indicated by their experimental struc-
tures or those of close homologues (OTHER_BUB1, OTHER_HASPIN) and in a few cases by secondary 
structure prediction and alignment to more distant homologues (OTHER_RPS6KC1, OTHER_SCYL1, 
OTHER_SCYL3, OTHER_PEAK1, OTHER_PEAK3, OTHER_PKDCC, OTHER_PRAG1, OTH-
ER_TP53RK, OTHER_PXK, OTHER_RNASEL, OTHER_RPS6KL1, OTHER_POMK, OTHER_STK31, 
STE_EIF2AK1).

Our final alignment of 497 kinase sequences consists of 2229 columns including all the residue positions and 
gaps. It has 17 aligned blocks and 16 unaligned low similarity regions. The 17 aligned blocks consist of 8 segments 
from the N-terminal domain (B1N, B1C, B2, B3, HC, B4, B5, HD) and 9 segments for the C-terminal domain 
(HE, CL, ALN, ALC, HF, FL, HG, HH, HI). Each block is named for the main element of secondary structure that 
it contains, although they each contain adjacent loop regions. We name the lower-case insertion regions by the 
pieces of structure that they connect separated by a tilde, e.g. B2~B3 is the segment between B2 and B3. B1N and 
B1C are the N and C terminal segments of beta strand 1; some kinases such as STE_MAP3K8 have an insertion in 
the strand that produces an extrusion of the chain. CL is the catalytic loop that contains the HRD motif. This seg-
ment also contains B6 and B7, which are short beta strands in most kinases. It also contains a 5-residue insertion 
in one kinase, OTHER_POMK, which is evident in the structure of mouse POMK (PDB:5GZ843). This segment 
remains part of the aligned region CL, since it occurs in only one kinase.

The activation loop is divided into N and C terminal aligned blocks, named ALN and ALC, of 21 and 17 resi-
dues respectively. These are long enough to include the common phosphorylation sites of 65 tyrosine kinases (at 
positions 13 and 14 from the activation loop DFG-Asp) and 212 serine/threonine kinases (at position -12 from 
the APE-Glu residue of the activation loop C-terminus)44. Many kinases have long insertions between ALN and 
ALC. ALN contains the B8 strand prior to the DFG motif at the N-terminus of the activation loop. ALC contains 
the short EF helix, which extends several residues beyond the APE motif at the C-terminus of the activation loop. 
FL (“F loop”) is a short beta turn motif with consensus sequence PP[FY] between HF and HG that is conserved in 
most kinases both in sequence and in structure.

A list of aligned and unaligned blocks is provided in Table 2, including their positions in Aurora A, the column 
numbers in the MSA, and their length(s). Their positions within the SE alignments are notated in Fig. 4. Five of 
the 16 unaligned regions have nonzero median lengths. The longest of these are the B3~HC and HG~HH regions. 
We left the B3~HC region unaligned because, as noted earlier, in most of the 62 AGC and 92 CAMK kinases, the 
region is in the form of a helix called the B helix while in the other families it takes on a coil form. The HG~HH 
unaligned region is highly divergent in structure because of the variation in the position of the G helix.

We have created sequence logos with the program WebLogo45 to visualize the conservation of residues in all 
the aligned blocks of our MSA (Fig. 6). The logos show the well-known conserved motifs including the HRD 
motif in the catalytic look and the DFG and APE motifs in the activation loop, as well as hydrophobic positions in 
the beta sheet strands and alpha helices. For instance, positions 6, 7, and 10 in the G helix contain predominantly 
hydrophobic amino acids.

Structural validation of the MSA. As described above, the MSA was guided by pairwise alignments of 
kinase structures to a single kinase (AURKA). However, to determine the accuracy of our MSA we have compared 
it with the sequence alignments derived from all-against-all pairwise structure alignments of 272 human kinases 
in the PDB. Because changes in conformation of the activation loop or movement of the C-helix may affect the 
corresponding alignment, we used structures that carry an inward disposition of the C-helix as often as possible, 
as determined by our recent classification of the active and inactive states of kinases46. The resulting structure 
alignments from FATCAT were read by SE to print aligned and unaligned blocks in upper-case and lower-case 
letters respectively. A residue pair in any two kinases is assumed to be correctly aligned in the MSA if it is also 
aligned in the pairwise structural alignment of the two kinases.

To perform the validation we have computed three quantities as described in Methods: (1) True positive 
rate (TPR): the number of residue pairs which are aligned in the MSA and also in pairwise structure alignments 
divided by the total number of residue pairs aligned in the structure alignments; (2) Positive predictive value 
(PPV): the number of residue pairs which are aligned in the MSA and also in the structure alignments divided by 
the total number of residue pairs aligned in the MSA; (3) The Jaccard similarity index47: the sum of the number 
of residue pairs that are identically aligned in both the MSA and the structure alignments divided by the total 
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number of unique residue pairs aligned in the MSA or the structure alignments or both (counting each pair only 
once). The Jaccard index shows the overlap between MSA and structural alignments, and penalizes both under- 
and over-prediction of aligned residues in the MSA.

The average values and distributions of these quantities are presented in Table 3 for our MSA. We have also 
compared the quality of our alignment with the previously published alignments by Manning et al.5, Möbitz16, 
Kwon et al.23, a hidden Markov model (HMM) derived from our MSA, and the initial ClustalOmega alignment. 
The average TPR for our MSA is 0.97, which is significantly better than the Möbitz (0.88), Kwon (0.90), and 

Figure 6. Sequence logos displaying conservation of residues created for all the aligned blocks of the MSA 
using the webserver WebLogo (http://weblogo.threeplusone.com/). The x-axis represents the column numbers 
from the MSA. For a description of aligned blocks see Table 2. CL is split into two parts for better visualization.

Kinases in
alignment

Kinases in
validation TPR PPV

Jaccard
similarity

Gap regions
per kinase

FoxChase* 497 272 0.969 0.967 0.938 18.7

HMM** 497 272 0.922 0.919 0.857 —

Manning 491 272 0.799 0.809 0.694 44.6

Möbitz 489 271 0.882 0.880 0.799 19.9

Kwon 494 271 0.901 0.908 0.835 139.6

Clustal 497 272 0.739 0.754 0.612 22.3

Table 3. Average values for TPR, PPV and Jaccard similarity. *Our alignment. **HMM derived from our 
alignment. TPR = true positive rate. PPV = positive predictive value.
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Manning (0.80) MSAs. The initial ClustalOmega alignment had a TPR of only 0.74. Similarly, our MSA also has 
the highest PPV (0.97) and the highest value for the Jaccard index of 0.94. The HMM derived from our MSA has 
TPR of 0.92, which is less accurate than the MSA itself but more accurate than the Möbitz, Manning, and Kwon 
alignments. It may therefore be of use in aligning kinases from other species to our MSA of human kinases.

We calculated the ‘gappiness’ of each element, which we identify as the average number of gap segments in 
each sequence in the MSA. These are also given in Table 3. Our alignment is the least gappy, with average num-
ber of gap regions of 19. While we have 16 unaligned regions, three of the aligned regions contain short gapped 
regions internally to accommodate one or more kinases with an unusual insertion in the aligned region. The 
Möbitz and ClustalOmega alignments are slightly more gappy than ours, while the Manning and Kwon alignment 
are substantially gappier with 45 and 140 gap regions per sequence respectively.

We examined the positions where the structure alignments and our MSA are discrepant (Fig. 7a). In some 
cases, the discrepancies occur in positions within the aligned blocks that are immediately adjacent to the una-
ligned segments. This is because the positions of the aligned blocks are not ideal for every single kinase but are 
a form of consensus position. For example, 30% of the alignments have a discrepancy near the B4/B5 boundary.

In the remaining cases, the discrepancies represent structural shifts of elements of secondary structure in 
some kinases relative to the kinase domain. This is particularly true of the C-helix, which shows alignment differ-
ences between the sequence alignment and the structural alignment at a rate of about 5%. Examination of cases 
where the C-helix is misaligned indicates that the sequence alignments are probably correct, and the differences 
with the structure alignment are because of shifts in the position or orientation of the C-helix relative to the rest 
of the N-terminal domain. For example, the C-helix is misaligned in 50% of the structure alignments of MAP2K1 
and MAP2K2, despite the fact that the conserved C-helix glutamic acid that forms a salt bridge with a lysine res-
idue in the B3 strand in most kinases is correctly aligned in our MSA. Another example is the C-helix of STK38 
(PDB: 6BXI48), which is rotated by 100°, and thus the conserved glutamic acid residue and the entire C-helix do 
not align with the homologous residues in closely related kinases. An active form structure of STK38 is not avail-
able, but is predicted to have the C-helix salt bridge to the lysine residue in the β3 strand48.

We performed the same analysis of the alignment errors for the Manning et al. alignment (Fig. 7b). While 
there are more misalignments throughout the kinase domain in the Manning alignment than in ours, the G-helix 
region is misaligned in about 50% of the pairwise alignments in comparison to the structure alignments. This is 
likely due to lower sequence conservation in this region and the absence of a readily identified sequence motif, 
like the HRD and DFG motifs. The segment before the C-helix is also poorly aligned compared to structure 
alignments because of the presence of the B helix in AGC and CAMK kinases and coil region elsewhere, as noted 
above.

Figure 7. Histogram displaying the discrepancy between benchmark pairwise structural alignments of kinases 
and (a) FoxChase and (b) Manning’s multiple sequence alignment. The y-axis represents the number of pairwise 
alignments when a residue pair is aligned in the benchmark but is not aligned in the MSA. The values are 
plotted with Aurora A residue numbering as a reference on the x-axis.
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Some kinases have very long insertions that have confounded some previous multiple sequence alignments. 
AGC_MASTL (Great wall kinase) contains a 548-residue long insertion within the activation loop (residues 
188–735) and is the longest kinase domain sequence at 801 amino acids. In the Manning and Möbitz alignments, 
the kinase domain is defined as residues 35–310, and both miss the entirety of the C-terminal domain that follows 
the activation loop. OTHER_RPS6KC1 (Ribosomal protein S6 kinase delta-1) has a 480-residue long insertion 
(residues 419–898) in the HD~HE unaligned region. In the Manning alignment, the kinase domain begins on 
residue 822; in our alignment it begins at residue 337. OTHER_CDC7 has a 98-residue long insertion (residues 
441–539) between HG and HH, while the kinase domain is defined as residues 58–472 in the Kwon alignment, 
thus missing the HH and HI helices.

phylogenetic trees and group membership. In their paper on the human kinome, Manning et. al pro-
vided a phylogenetic tree and classified the human protein kinases into nine groups, extending the early Hanks49 
and Hunter50 schemes. These groups consisted of AGC, CAMK, CK1, CMGC, NEK, RGC, STE, TKL and TYR. A 
total of 83 protein kinases were placed in OTHER category because no significant relationship to any of the nine 
groups was recognized. However, this classification was done with only a limited amount of structural informa-
tion, and as shown above, the Manning multiple sequence alignment was only 80% correct. We have revisited the 
phylogeny and classification of kinases to see if we can assign groups to some of the OTHER kinases by benefiting 
from our structure guided multiple sequence alignment.

Because using aligned blocks tends to result in better phylogenies51, we built the tree with the 17 conserved 
blocks from the alignment (Fig. 8). The tree was created using the neighbor joining algorithm in the software 
MegaX52 and was visualized using the webserver iTOL53. To test the robustness of the tree we computed branch 
supports using a bootstrap calculation by the program Booster54. It uses a gradual expectation function to quan-
tify the presence of a branch in replicate trees. The bootstrap value represents the percent of replicate trees in 
which a specific branch order was observed. A branch with a bootstrap value of 70% or above is considered robust 
and representative of the information in the sequence alignment. We have observed that in our phylogenetic tree 
most of the internal branches have a value of 70 or above. The resulting tree clusters most of the kinases into the 
previously recognized nine groups. Uniprot includes the NEK kinases as a separate group, which also appears in 
our tree. In our tree, the RGC kinases form a small sub-branch within the TKL group, but we have retained the 
designation.

Among the kinases which are assigned to a group by Uniprot, we observed that eight STE kinases, MAP3K7 
(TAK1 in Manning), MAP3K9 (MLK1), MAP3K10 (MLK2), MAP3K11 (MLK3), MAP3K12 (ZPK), MAP3K13 
(LZK), MAP3K20 (ZAK), and MAP3K21 (MLK4) form a tight cluster in the TKL group branch. These were also 
in the TKL branch of the Manning tree. Similarly, six sequences consisting of the second domains of RPS6KA1, 
RPS6KA2, RPS6KA3, RPS6KA4, RPS6KA5, and RPS6KA6 which were annotated to be in the AGC group by 
Uniprot also cluster in CAMKs (as they are in the Manning tree). The first domains of these kinases are AGC 
members.

Because of their remote homology, most of the OTHER kinases branch out into separate clades in between the 
major groups. Due to the smaller size of these clades and relatively low similarity between the members we have 

Figure 8. Unrooted phylogenetic tree of human protein kinases created by using our MSA. The nine kinase 
groups are displayed in different colors with OTHER in gray. The center of the tree is magnified on the right. 
Nine of the ten OTHER kinases assigned to CAMK group by our analysis are shown as a dendrogram with 
bootstrap values on the right side (PLK5 is a truncated kinase domain and is not shown in the tree). The figure 
was created using the iTOL webserver and can be accessed at https://itol.embl.de/shared/foxchase.

https://doi.org/10.1038/s41598-019-56499-4
https://itol.embl.de/shared/foxchase


1 1Scientific RepoRtS |         (2019) 9:19790  | https://doi.org/10.1038/s41598-019-56499-4

www.nature.com/scientificreportswww.nature.com/scientificreports/

not classified them as individual kinase groups. In our tree there are seven OTHER kinases in Uniprot that are 
correctly assigned to groups by Manning. Four kinases–STK32A, STK32B, STK32C, and RSKR, form a branch 
within the AGC group. These kinases were also classified as AGCs by Manning et al. (labeled YANK1, YANK2, 
YANK3, SgK494 respectively). Three kinases, CSNK2A1, CSNK2A2, and CSNK2A3, form a tight cluster within 
the CMGC group. These are listed as OTHER by Uniprot and while CSNK2A1 and CSNK2A2 were designated 
CMGCs by Manning. One kinase, PBK (also called TOPK) is assigned to STE in Uniprot, but to OTHER by 
Manning. In our tree, it sits just outside the TKL group but we would still classify it as OTHER.

We have identified a set of ten kinases from the OTHER category in both Manning and Uniprot that can 
be appropriately assigned to the CAMK group. They form a branch in the middle of the CAMK group by nine 
kinases consisting of AURKA, AURKB, AURKC, CAMKK1, CAMKK2, PLK1, PLK2, PLK3, and PLK4 (Fig. 8). 
These kinases as a branch have a bootstrap value with other CAMK kinases of 75. PLK5 is a pseudokinase con-
sisting only of the C-terminal domain, although mouse PLK5 is full-length55. We have included it in the CAMK 
group because of its close sequence relationship with the other PLKs.

To confirm the changes in group membership, we created HMM profiles for each of the nine groups of kinases 
as defined by Manning et al. We then scanned each of the 497 kinase sequences against the nine group HMM 
profiles. A cutoff score of 200 was consistent with the assignments by Manning except for the changes described 
above. The novel assignments are the ten kinases that we can confidently move from OTHER to CAMK described 
above. The HMM scores clearly assign them to CAMK rather than AGC or OTHER, since the new CAMKs clus-
ter with the other CAMK kinases (Fig. 9). The HMM scores indicated that the ULK kinases and STK36 might also 
be classified as CAMK kinases. However, in the tree, they occur in a branch that separates them from the other 
CAMK kinases (bootstrap value 76), and there are several kinases in this branch that do not score well with the 
CAMK HMM (CHUK, IKBKB, IKBKE, and TBK). We have left them in the OTHER group.

Using the group assignments after correcting Uniprot, and new assignments from our analysis in the AGC, 
CAMK, CMGC and TKL groups, we created new HMM profiles to identify if any OTHER sequences could 
also be reassigned. However, in the second iteration none of the OTHER category kinases exhibited high scores 
against any group HMM profile.

Discussion
Typical kinase domains possess a well-defined fold that is similar across the available structures. Many kinases 
are not well studied – the so-called dark kinome56, and it is possible to generate hypotheses about their 
sequence-structure-function relationships by examining their phylogenetic and structural relationships to 
well-studied kinases. To enable this and for many other purposes, we have created a structurally-validated, multi-
ple sequence alignment of 497 human protein kinase domains—fully annotated with gene, protein, group name, 
UniProt accession identifiers, and residue numbers. The MSA contains 17 aligned blocks of conserved elements 

Figure 9. HMM scores of CAMK and AGC kinases. HMMs were built on our alignment of AGC and CAMK 
kinases according to the original Manning assignments. Three subfamilies of OTHER kinases have CAMK 
scores in the same range as other bona fide CAMK kinases (green). These scores are higher than their scores 
with the AGC HMM (blue). These kinase subfamilies consist of Aurora (AURKA, AURKB, AURKC), CAMKK 
(CAMKK1 and CAMKK2), and PLK (PLK1, PLK2, PLK3, PLK4).
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of typical kinase domain and 16 intermittent low similarity regions with varying length insertions. Our aim was to 
create a parsimonious alignment without unnecessary gaps; the residues in low similarity regions were therefore 
not aligned but formatted as left-justified blocks of lower case letters to distinguish them from aligned regions. It 
is reminiscent of the first multiple sequence alignment of kinases produced by Hanks et al. in 198849, which the 
authors also described as “parsimonious.”

Alignments are only useful if they are accurate. While several multiple sequence alignments of human kinases 
have been published and are available online5,16,19,23, none of them has been structurally validated. We assessed 
the accuracy of our alignment with a set of all-against-all pairwise structural alignments of 272 human kinases, 
and calculated true positive rates (TPR), positive predictive values (PPV), and the Jaccard similarity index. In 
a large-scale benchmark of sequence alignment methods, we referred to them as fD (for developer) and fM (for 
modeler) for TPR and PPV respectively57. Yona and Levitt subsequently used these values (renamed QD and QM) 
to benchmark profile-profile sequence alignments, and added QC or QCombined

58, which is simply the Jaccard index. 
The Jaccard index penalizes both overprediction and underprediction in our sequence alignments. We used all 
three values for our alignment (0.97, 0.97, and 0.94 respectively) to demonstrate that our alignment is more accu-
rate than the others available.

The errors in our MSA of kinases are mostly limited to the boundaries of conserved blocks where the variabil-
ity of residue positions across kinases make their unambiguous placement in aligned blocks difficult. However, 
structure alignments do not always align every homologous pair of residues in two proteins. This occurs when 
residues are disordered in one of the structures or where there is significant conformational change. In a small 
number of kinases the only structure available has a significantly rotated C-helix. Structure alignment therefore 
sometimes does not align the homologous residues of the C helix in two kinases. The same is true for the G-helix 
in some kinases, which may be positioned in different locations within the C-terminal domain, but retains a 
homologous sequence and structure, and thus is aligned differently in our MSA than in the structure alignments.

While our MSA is guided by predicted secondary structure of kinases and benchmarked with pairwise struc-
tural alignments, there are other approaches like ConTest and QuanTest which conversely use prediction of con-
tact maps and secondary structure to assess the quality of the alignment59,60. The predictions which are close to 
the values from experimental structure suggest that the multiple sequence alignment is more accurate. However, 
when a large number of structures are available, a sequence alignment is better validated against structure align-
ments and the sequence alignments derived from them.

With a more accurate MSA in hand, we have revisited the phylogenetic tree of human kinases. The widely used 
phylogenetic tree of Manning et al. is based on an alignment that has TPR and PPV values of only 0.80 and 0.81. 
Uniprot also provides a classification of kinases into the same groups as Manning et al. (with the addition of NEK 
kinases). The Uniprot annotations that differ from Manning et al. are all incorrect. Fourteen kinases are placed 
in the wrong groups by Uniprot, and another seven are placed in OTHER but can easily be placed within one of 
the defined groups, in agreement with the Manning annotations. One kinase (PBK or TOPK) is labeled as STE by 
Uniprot but we agree with Manning’s annotation of OTHER.

Of greater interest, our phylogenetic tree and hidden Markov models for each group can help us assign 
ten kinases to the CAMK group; these are listed as OTHER by Manning et al. and Uniprot: AURKA, AURKB, 
AURKC, CAMKK1, CAMKK2, PLK1, PLK2, PLK3, PLK4, and PLK5. Manning et al. placed the CAMKK and 
PLK kinases adjacent to the CAMK group and the Aurora kinases at the base of the AGC branch (but did not 
designate them as AGC). From our hidden Markov model of CAMK kinases and a phylogenetic tree based on 
our MSA, these kinases fit clearly into the CAMK group. Experimental data confirm that these assignments are 
correct. CAMKK1 and CAMKK2 (Ca2+/calmodulin-dependent kinase kinase 1 and 2) both phosphorylate Ca2+/
calmodulin-dependent kinases and bind calmodulin61–63. There is also direct evidence of calmodulin binding to 
PLK164 and of a calmodulin homologue, calcium-and-integrin-binding protein (CIB), to both PLK2 (Snk in the 
kinome poster) and PLK3 (Fnk)65.

Manning et al. put the Aurora kinases at the base of the AGC branch (but not labeled AGC). The AGC kinases 
are closely related to the CAMK group. Both groups possess a B helix that is not present in the other families. 
The HMM and the phylogenetic tree both indicate that the three Aurora kinases fit better into the CAMK group 
than the AGC group. In an earlier study with colleagues, we have shown experimental evidence that Aurora A 
binds calmodulin66, supporting its assignment to the CAMK group. Calmodulin also binds to Aurora B kinase 
(AURKB), preventing its degradation via the E3 ligase FBXL2 subunit67.

Our MSA provides the benefit of a common numbering scheme using the columns of the alignment facil-
itating comparison across all the kinase sequences. The identification of equivalent residue positions helps in 
generalizing experimental data from one kinase to another.

For example, substrate specificity is highly correlated with the amino acid type at a small number of positions 
within the substrate binding site68. Creixell found that specificity could also be modulated by more remote sites19, 
based on a multiple sequence alignment of kinases derived with ClustalOmega37. It is likely that our more accu-
rate alignment would facilitate this analysis and produce more reliable predictions. Other areas where an accurate 
alignment and phylogeny may be useful are in predicting inhibitor specificity69, regulatory mechanisms through 
protein-protein interactions, and computational protein design of kinases with altered functionality70.

Our alignment is included as supplemental data and on our website, and will be updated as new structures are 
determined. We hope that it will be of use in kinase biology and therapeutic development.

Methods
Identification of human protein kinases. The list of human typical and atypical protein kinases was 
obtained from Uniprot website (https://www.uniprot.org/docs/pkinfam). To identify any unlisted kinases 
we searched human sequences in Uniprot with PSI-BLAST using the typical and atypical protein kinase on 
the Uniprot page as queries. PSI-BLAST was also used to identify structures of human kinases or their closest 
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homologues in the PDB. The structures of atypical kinases (or homologues thereof) were examined structurally 
using a stand-alone version of FATCAT provided by Adam Godzik (personal communication) and structural 
superposition by CEalign in PyMOL to Aurora A. Four of the atypical kinase families are visibly related to typical 
kinases, but contain significant fold differences. The other two families are not homologous to typical kinases.

A total of 497 typical kinase domain sequences from 484 kinase genes (13 genes have two kinase domains 
each) were used to create the MSA. These sequences were initially divided into 9 phylogenetic groups as per the 
Uniprot nomenclature: AGC, CAMK, CK1, CMGC, NEK, RGC, TKL, TYR, and STE, and a tenth group of diverse 
kinases designated OTHER. Gene names were retrieved from the Human Gene Nomenclature Committee web-
site (http://genenames.org)35. Each kinase sequence was labeled by group name underscore HGNC gene name, 
for example AGC_PRKACA for KAPCA_HUMAN. The 13 kinases that have two kinase domains in the polypep-
tide chain were labeled with an underscore, for example TYR_JAK1_1 and TYR_JAK1_2. The boundaries were 
determined with PSI-BLAST of the full-length Uniprot sequence against the PDB.

Multiple sequence alignment. The kinase sequences (except some with very long insertions like GWL) 
were aligned using ClustalOmega37 to prepare an initial alignment. This was manually edited using Jalview38 to 
make sure that conserved motifs such as the DFG and HRD motif were aligned across most of the sequences. 
The sequences with low sequence similarity to most of the other kinases and those containing long insertions 
were difficult to align. To improve the accuracy of the alignment, pairwise structural alignment of the kinases 
which have a crystal structure was performed using the structure of Aurora kinase (3E5A_A) and the program 
FATCAT71. However, for the kinases where a structure was not known, alignment of the closest known structures 
to Aurora A were used to edit the alignment with Jalview. In a few cases, the most closely related structures were 
not human or even mammalian kinases. In these cases, the non-human kinase was structurally aligned to Aurora 
A and the target kinase was added to the MSA by transitive alignment. For a few distant kinases where a closely 
related structure or sequence was not known, HHPred was used to identify similarity to another kinase72.

Structural validation of the MSA. The MSA was structurally validated using a set of pairwise structural 
alignments as a benchmark. The benchmark consists of all vs all pairwise structural alignments of 272 kinases 
with known structures in the PDB. Two kinases were excluded: the BUB1B kinase domain in the cryo-EM struc-
ture of the anaphase promoting complex (PDB: 5KHU, chain Q73) is completely disordered; the structure of 
PBK (TOPK_HUMAN, PDB: 5J0A74) contains two monomers with half of the N-terminal domains of each 
chain swapped with the other monomer, making it difficult to align to other kinase domain structures. The 
structure-based sequence alignments were created using FATCAT in rigid mode and optimized using SE36. For 
kinases with multiple structures known the structure for validation was selected based on their conformational 
states using our previously published nomenclature46. The active state BLAminus conformation was preferred 
over others, followed by different kinds of DFGin inactive states - ABAminus, BLAplus, BLBminus, BLBplus, 
BLBtrans and DFGout-BBAminus.

A residue pair between two kinases in the MSA was considered to be aligned if it was also aligned in the 
benchmark pairwise structural alignment of the same kinases. Using this information, the accuracy of the 
MSA was assessed by computing three quantities TPR, PPV and the Jaccard similarity index. For each pair of 
sequences, we first calculate the number of aligned residue pairs that are present in both the sequence alignment 
and the structure alignment (Ncorrect). The TPR is the ratio of Ncorrect and the number of residue pairs aligned in the 
structure alignment (Nstruct). For computation of the TPR, residue pairs in the structure alignment are skipped if 
either or both residues are contained in the unaligned (lower-case) blocks of the sequence alignment. This takes 
care of situations that occur when two kinases have identical length segments between two of our aligned blocks; 
the structure alignment program would align them but they would be indicated as unaligned in our sequence 
alignment. The alignment of Kwon et al. also includes unaligned regions in lowercase and is treated in the same 
way.

PPV is the ratio of Ncorrect and the number of aligned residue pairs in the sequence alignment (Nseq). For the 
PPV, residue pairs in the aligned blocks of the sequence alignment are skipped if one or both residues are aligned 
to gap characters in the structure alignment. This is usually either because the residues are disordered (no coor-
dinates) in one of the structures or because there is a significant conformational change of a loop and the residues 
are aligned to gaps. The Jaccard similarity index is the ratio of Ncorrect and the number of unique aligned pairs in 
either the structure alignment or the sequence alignment (counting each only once). For the Jaccard index, all the 
pairs skipped in TPR and PPV are also skipped. A script for calculating these values is available on https://github.
com/DunbrackLab/Kinases. The aligned residues from the pairwise structure alignments are available on https://
zenodo.org/record/3445533 (DOI 10.5281/zenodo.3445533).

We also compared our MSA accuracy with the previously published alignments. These alignments did not 
contain residue ranges in the Uniprot sequences, and used different nomenclature for the protein names. To iden-
tify a correspondence between the sequences in previously published alignments and our MSA, we performed 
PSI-BLAST searches of each of their sequences against Uniprot and renamed them according to our scheme 
(groupname_genename).

phylogenetic tree. The phylogenetic tree of human protein kinases was created from an MSA obtained by 
deleting the unaligned regions from our MSA. A distance matrix using the p-distance in the program MegaX52 
was created which was used to create a phylogenetic tree with the neighbor-joining algorithm.

To perform bootstrap analysis on the phylogenetic tree we generated 5000 bootstrap alignments using the 
program goalign (https://github.com/evolbioinfo/goalign). The alignments were read by MegaX using the same 
algorithm as mentioned above to infer bootstrap trees. Finally, ‘transfer bootstrap’ values were computed using 
the stand-alone version of the program Booster (https://booster.pasteur.fr/)54.
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The tree was saved in Newick format and uploaded to iTOL webserver53 for visualization where each clade was 
colored according to its kinase group (https://itol.embl.de/shared/foxchase). It can be visualized in rooted and 
unrooted representations with bootstrap values using the buttons provided by iTOL interface.

HMM profiles of kinase groups. We used the hmmbuild program of the HMMER3 package75 to create 
HMM profiles for each of the nine kinase groups as defined by Manning et al. The input MSA for each group was 
extracted from the main MSA and any empty columns were deleted. All 497 kinase sequences were run against 
the nine HMM profiles using the program hmmsearch75. The scores of each sequence against nine HMMs were 
sorted and the group with highest score against each sequence was identified.

figures. Protein structure images were produced with PyMOL v. 2.3.276. Graphs were produced with the R 
Package77. The phylogenetic tree image was produced with the iTOL webserver53. Sequence logos were created 
using the webserver WebLogo (http://weblogo.threeplusone.com/)45.

Received: 2 October 2019; Accepted: 14 November 2019;
Published: xx xx xxxx

References
 1. Adams, J. A. Kinetic and catalytic mechanisms of protein kinases. Chem. Rev. 101, 2271–2290 (2001).
 2. Blume-Jensen, P. & Hunter, T. Oncogenic kinase signalling. Nature 411, 355–365 (2001).
 3. Lahiry, P., Torkamani, A., Schork, N. J. & Hegele, R. A. Kinase mutations in human disease: interpreting genotype-phenotype 

relationships. Nat. Rev. Genet. 11, 60–74, https://doi.org/10.1038/nrg2707 (2010).
 4. Zhang, J., Yang, P. L. & Gray, N. S. Targeting cancer with small molecule kinase inhibitors. Nat. Rev. Cancer 9, 28–39, https://doi.

org/10.1038/nrc2559 (2009).
 5. Manning, G., Whyte, D. B., Martinez, R., Hunter, T. & Sudarsanam, S. The protein kinase complement of the human genome. Science 

298, 1912–1934 (2002).
 6. Ten Eyck, L. F., Taylor, S. S. & Kornev, A. P. Conserved spatial patterns across the protein kinase family. Biochim. Biophys. Acta 1784, 

238–243, https://doi.org/10.1016/j.bbapap.2007.11.002 (2008).
 7. Middelbeek, J., Clark, K., Venselaar, H., Huynen, M. A. & Van Leeuwen, F. N. The alpha-kinase family: an exceptional branch on the 

protein kinase tree. Cell. Mol. Life Sci. 67, 875–890 (2010).
 8. Stefely, J. A. et al. Mitochondrial ADCK3 employs an atypical protein kinase-like fold to enable coenzyme Q biosynthesis. Mol. Cell 

57, 83–94, https://doi.org/10.1016/j.molcel.2014.11.002 (2015).
 9. LaRonde-LeBlanc, N. & Wlodawer, A. A family portrait of the RIO kinases. J. Biol. Chem. 280, 37297–37300 (2005).
 10. Xiao, J., Tagliabracci, V. S., Wen, J., Kim, S.-A. & Dixon, J. E. Crystal structure of the Golgi casein kinase. Proceedings of the National 

Academy of Sciences 110, 10574–10579 (2013).
 11. Blackford, A. N. & Jackson, S. P. ATM, ATR, and DNA-PK: the trinity at the heart of the DNA damage response. Mol. Cell 66, 

801–817 (2017).
 12. Steussy, C. N. et al. Structure of pyruvate dehydrogenase kinase: Novel folding pattern for a serine protein kinase. J. Biol. Chem. 276, 

37443–37450 (2001).
 13. Ogden, T. H. & Rosenberg, M. S. Multiple sequence alignment accuracy and phylogenetic inference. Syst. Biol. 55, 314–328 (2006).
 14. Jiang, Y. et al. An expanded evaluation of protein function prediction methods shows an improvement in accuracy. Genome biology 

17, 184 (2016).
 15. Chartier, M., Chenard, T., Barker, J. & Najmanovich, R. Kinome Render: a stand-alone and web-accessible tool to annotate the 

human protein kinome tree. PeerJ 1, e126, https://doi.org/10.7717/peerj.126 (2013).
 16. Möbitz, H. The ABC of protein kinase conformations. Biochimica et Biophysica Acta (BBA)-Proteins and Proteomics 1854, 1555–1566 

(2015).
 17. Brooijmans, N., Chang, Y. W., Mobilio, D., Denny, R. A. & Humblet, C. An enriched structural kinase database to enable kinome-

wide structure-based analyses and drug discovery. Protein Sci. 19, 763–774 (2010).
 18. McSkimming, D. I., Rasheed, K. & Kannan, N. Classifying kinase conformations using a machine learning approach. BMC 

Bioinformatics 18, 86 (2017).
 19. Creixell, P. et al. Unmasking determinants of specificity in the human kinome. Cell 163, 187–201 (2015).
 20. Rahman, R., Ung, P. M.-U. & Schlessinger, A. KinaMetrix: a web resource to investigate kinase conformations and inhibitor space. 

Nucleic Acids Res. 47, D361–D366 (2018).
 21. van Linden, O. P., Kooistra, A. J., Leurs, R., de Esch, I. J. & de Graaf, C. KLIFS: A knowledge-based structural database to navigate 

kinase-ligand interaction space. J. Med. Chem. https://doi.org/10.1021/jm400378w (2013).
 22. Hartmann, S. & Vision, T. J. Using ESTs for phylogenomics: can one accurately infer a phylogenetic tree from a gappy alignment? 

BMC Evol. Biol. 8, 95 (2008).
 23. Kwon, A. et al. Tracing the origin and evolution of pseudokinases across the tree of life. Sci. Signal. 12, eaav3810 (2019).
 24. Magrane, M. & UniProt Consortium. UniProt Knowledgebase: a hub of integrated protein data. Database 2011, bar009 (2011).
 25. Hildebrand, A., Remmert, M., Biegert, A. & Söding, J. Fast and accurate automatic structure prediction with HHpred. Proteins 

77(Suppl 9), 128–132, https://doi.org/10.1002/prot.22499 (2009).
 26. Ye, Y. & Godzik, A. FATCAT: a web server for flexible structure comparison and structure similarity searching. Nucleic Acids Res. 32, 

W582–585 (2004).
 27. Yamaguchi, H., Matsushita, M., Nairn, A. C. & Kuriyan, J. Crystal structure of the atypical protein kinase domain of a TRP channel 

with phosphotransferase activity. Mol. Cell 7, 1047–1057 (2001).
 28. Zhao, Y. et al. Crystal Structures of PI3Kalpha Complexed with PI103 and Its Derivatives: New Directions for Inhibitors Design. ACS 

Med. Chem. Lett. 5, 138–142, https://doi.org/10.1021/ml400378e (2014).
 29. Ferreira-Cerca, S., Kiburu, I., Thomson, E., LaRonde, N. & Hurt, E. Dominant Rio1 kinase/ATPase catalytic mutant induces 

trapping of late pre-40S biogenesis factors in 80S-like ribosomes. Nucleic Acids Res. 42, 8635–8647, https://doi.org/10.1093/nar/
gku542 (2014).

 30. Maurice, F., Pérébaskine, N., Thore, S. & Fribourg, S. In vitro dimerization of human RIO2 kinase. RNA Biology In press, 1–10, 
https://doi.org/10.1080/15476286.2019.1653679 (2019).

 31. Tso, S.-C. et al. Structure-based design and mechanisms of allosteric inhibitors for mitochondrial branched-chain α-ketoacid 
dehydrogenase kinase. Proceedings of the National Academy of Sciences 110, 9728–9733 (2013).

 32. Kato, M., Li, J., Chuang, J. L. & Chuang, D. T. Distinct structural mechanisms for inhibition of pyruvate dehydrogenase kinase 
isoforms by AZD7545, dichloroacetate, and radicicol. Structure 15, 992–1004, https://doi.org/10.1016/j.str.2007.07.001 (2007).

 33. Cheng, H. et al. ECOD: an evolutionary classification of protein domains. PLOS Comput. Biol. 10, e1003926 (2014).

https://doi.org/10.1038/s41598-019-56499-4
https://itol.embl.de/shared/foxchase
http://weblogo.threeplusone.com/
https://doi.org/10.1038/nrg2707
https://doi.org/10.1038/nrc2559
https://doi.org/10.1038/nrc2559
https://doi.org/10.1016/j.bbapap.2007.11.002
https://doi.org/10.1016/j.molcel.2014.11.002
https://doi.org/10.7717/peerj.126
https://doi.org/10.1021/jm400378w
https://doi.org/10.1002/prot.22499
https://doi.org/10.1021/ml400378e
https://doi.org/10.1093/nar/gku542
https://doi.org/10.1093/nar/gku542
https://doi.org/10.1080/15476286.2019.1653679
https://doi.org/10.1016/j.str.2007.07.001


1 5Scientific RepoRtS |         (2019) 9:19790  | https://doi.org/10.1038/s41598-019-56499-4

www.nature.com/scientificreportswww.nature.com/scientificreports/

 34. Tsutakawa, S. E., Jingami, H. & Morikawa, K. Recognition of a TG mismatch: the crystal structure of very short patch repair 
endonuclease in complex with a DNA duplex. Cell 99, 615–623 (1999).

 35. Braschi, B. et al. Genenames. org: the HGNC and VGNC resources in 2019. Nucleic Acids Res. 47, D786–D792 (2018).
 36. Tai, C.-H., Vincent, J. J., Kim, C. & Lee, B. SE: an algorithm for deriving sequence alignment from a pair of superimposed structures. 

BMC Bioinformatics 10, S4 (2009).
 37. Sievers, F. et al. Fast, scalable generation of high-quality protein multiple sequence alignments using Clustal Omega. Mol. Syst. Biol. 

7, 539 (2011).
 38. Waterhouse, A. M., Procter, J. B., Martin, D. M., Clamp, M. & Barton, G. J. Jalview Version 2—a multiple sequence alignment editor 

and analysis workbench. Bioinformatics 25, 1189–1191 (2009).
 39. Zhang, W. et al. Crystal structures of the Gon7/Pcc1 and Bud32/Cgi121 complexes provide a model for the complete yeast KEOPS 

complex. Nucleic Acids Res. 43, 3358–3372, https://doi.org/10.1093/nar/gkv155 (2015).
 40. Padyana, A. K., Qiu, H., Roll-Mecak, A., Hinnebusch, A. G. & Burley, S. K. Structural basis for autoinhibition and mutational 

activation of eukaryotic initiation factor 2alpha protein kinase GCN2. J. Biol. Chem. 280, 29289–29299, https://doi.org/10.1074/jbc.
M504096200 (2005).

 41. Kumar, A. et al. Structure of PINK1 and mechanisms of Parkinson’s disease-associated mutations. eLife 6, https://doi.org/10.7554/
eLife.29985 (2017).

 42. Christie, M., Boland, A., Huntzinger, E., Weichenrieder, O. & Izaurralde, E. Structure of the PAN3 pseudokinase reveals the basis for 
interactions with the PAN2 deadenylase and the GW182 proteins. Mol. Cell 51, 360–373, https://doi.org/10.1016/j.
molcel.2013.07.011 (2013).

 43. Nagae, M. et al. 3D structural analysis of protein O-mannosyl kinase, POMK, a causative gene product of dystroglycanopathy. Genes Cells 
22, 348–359, https://doi.org/10.1111/gtc.12480 (2017).

 44. Xu, Q. et al. Identifying three-dimensional structures of autophosphorylation complexes in crystals of protein kinases. Sci Signal 8, 
rs13, https://doi.org/10.1126/scisignal.aaa6711 (2015).

 45. Crooks, G. E., Hon, G., Chandonia, J.-M. & Brenner, S. E. WebLogo: a sequence logo generator. Genome Res. 14, 1188–1190 (2004).
 46. Modi, V. & Dunbrack, R. L. Defining a new nomenclature for the structures of active and inactive kinases. Proceedings of the National 

Academy of Sciences 116, 6818–6827 (2019).
 47. Jaccard, P. La distribution de la flore dans la zone alpine. Revue générale des sciences pures et appliqué 15(Dec), 961–967 (1907).
 48. Xiong, S. et al. Structural basis for auto-inhibition of the NDR1 kinase domain by an atypically long activation segment. Structure 

26, 1101–1115. e1106 (2018).
 49. Hanks, S. K., Quinn, A. M. & Hunter, T. The protein kinase family: conserved features and deduced phylogeny of the catalytic 

domains. Science 241, 42–52 (1988).
 50. Hunter, T. In Methods Enzymol. Vol. 200 3–37 (Elsevier, 1991).
 51. Talavera, G. & Castresana, J. Improvement of phylogenies after removing divergent and ambiguously aligned blocks from protein 

sequence alignments. Syst. Biol. 56, 564–577 (2007).
 52. Kumar, S., Stecher, G., Li, M., Knyaz, C. & Tamura, K. MEGA X: molecular evolutionary genetics analysis across computing 

platforms. Mol. Biol. Evol. 35, 1547–1549 (2018).
 53. Letunic, I. & Bork, P. Interactive tree of life (iTOL) v3: an online tool for the display and annotation of phylogenetic and other trees. 

Nucleic Acids Res. 44, W242–W245 (2016).
 54. Lemoine, F. et al. Renewing Felsenstein’s phylogenetic bootstrap in the era of big data. Nature 556, 452 (2018).
 55. de Cárcer, G., Manning, G. & Malumbres, M. From Plk1 to Plk5: functional evolution of polo-like kinases. Cell cycle 10, 2255–2262 

(2011).
 56. Needham, E. J., Parker, B. L., Burykin, T., James, D. E. & Humphrey, S. J. Illuminating the dark phosphoproteome. Sci. Signal. 12, 

eaau8645 (2019).
 57. Sauder, J. M., Arthur, J. W. & Dunbrack, R. L. Jr. Large-scale comparison of protein sequence alignment algorithms with structure 

alignments. Proteins: Structure, Function and Genetics 40, 6–22 (2000).
 58. Yona, G. & Levitt, M. Within the twilight zone: a sensitive profile-profile comparison tool based on information theory. J. Mol. Biol. 

315, 1257–1275 (2002).
 59. Fox, G., Sievers, F. & Higgins, D. G. Using de novo protein structure predictions to measure the quality of very large multiple 

sequence alignments. Bioinformatics 32, 814–820 (2015).
 60. Le, Q., Sievers, F. & Higgins, D. G. Protein multiple sequence alignment benchmarking through secondary structure prediction. 

Bioinformatics 33, 1331–1337 (2017).
 61. Tokumitsu, H., Wayman, G. A., Muramatsu, M. & Soderling, T. R. Calcium/calmodulin-dependent protein kinase kinase: 

identification of regulatory domains. Biochemistry 36, 12823–12827 (1997).
 62. Osawa, M. et al. A novel target recognition revealed by calmodulin in complex with Ca 2+-calmodulin-dependent kinase kinase. 

Nat. Struct. Mol. Biol. 6, 819 (1999).
 63. Tokumitsu, H., Muramatsu, M.-a., Ikura, M. & Kobayashi, R. Regulatory mechanism of Ca2+/calmodulin-dependent protein 

kinase kinase. J. Biol. Chem. 275, 20090–20095 (2000).
 64. Dai, G. et al. Calmodulin activation of polo-like kinase 1 is required during mitotic entry. Biochem. Cell Biol. 91, 287–294 (2013).
 65. Kauselmann, G. et al. The polo-like protein kinases Fnk and Snk associate with a Ca2+-and integrin-binding protein and are 

regulated dynamically with synaptic plasticity. The EMBO journal 18, 5528–5539 (1999).
 66. Plotnikova, O. V., Pugacheva, E. N., Dunbrack, R. L. & Golemis, E. A. Rapid calcium-dependent activation of Aurora-A kinase. 

Nature communications 1, 64, https://doi.org/10.1038/ncomms1061 (2010).
 67. Mallampalli, R. K., Glasser, J. R., Coon, T. A. & Chen, B. B. Calmodulin protects Aurora B on the midbody to regulate the fidelity of 

cytokinesis. Cell Cycle 12, 663–673 (2013).
 68. Brinkworth, R. I., Breinl, R. A. & Kobe, B. Structural basis and prediction of substrate specificity in protein serine/threonine kinases. 

Proceedings of the National Academy of Sciences 100, 74–79 (2003).
 69. Anastassiadis, T., Deacon, S. W., Devarajan, K., Ma, H. & Peterson, J. R. Comprehensive assay of kinase catalytic activity reveals 

features of kinase inhibitor selectivity. Nat. Biotechnol. 29, 1039 (2011).
 70. Bishop, A. C. et al. A chemical switch for inhibitor-sensitive alleles of any protein kinase. Nature 407, 395 (2000).
 71. Ye, Y. & Godzik, A. Flexible structure alignment by chaining aligned fragment pairs allowing twists. Bioinformatics 19(Suppl 2), 

246–255 (2003).
 72. Söding, J., Biegert, A. & Lupas, A. N. The HHpred interactive server for protein homology detection and structure prediction. 

Nucleic Acids Res. 33, W244–248, https://doi.org/10.1093/nar/gki408 (2005).
 73. Yamaguchi, M. et al. Cryo-EM of Mitotic Checkpoint Complex-Bound APC/C Reveals Reciprocal and Conformational Regulation 

of Ubiquitin Ligation. Mol. Cell 63, 593–607, https://doi.org/10.1016/j.molcel.2016.07.003 (2016).
 74. Dong, C. et al. The crystal structure of an inactive dimer of PDZ-binding kinase. Biochem. Biophys. Res. Commun. 476, 586–593, 

https://doi.org/10.1016/j.bbrc.2016.05.166 (2016).
 75. Eddy, S. R. In Genome Informatics 2009: Genome Informatics Series Vol. 23 205–211 (World Scientific, 2009).
 76. The PyMOL molecular graphics system. (Schrödinger, Inc., San Carlos, CA, 2002).
 77. R: A Language and Environment for Statistical Computing. (R Foundation for Statistical Computing, Vienna, Austria, 2015).

https://doi.org/10.1038/s41598-019-56499-4
https://doi.org/10.1093/nar/gkv155
https://doi.org/10.1074/jbc.M504096200
https://doi.org/10.1074/jbc.M504096200
https://doi.org/10.7554/eLife.29985
https://doi.org/10.7554/eLife.29985
https://doi.org/10.1016/j.molcel.2013.07.011
https://doi.org/10.1016/j.molcel.2013.07.011
https://doi.org/10.1111/gtc.12480
https://doi.org/10.1126/scisignal.aaa6711
https://doi.org/10.1038/ncomms1061
https://doi.org/10.1093/nar/gki408
https://doi.org/10.1016/j.molcel.2016.07.003
https://doi.org/10.1016/j.bbrc.2016.05.166


1 6Scientific RepoRtS |         (2019) 9:19790  | https://doi.org/10.1038/s41598-019-56499-4

www.nature.com/scientificreportswww.nature.com/scientificreports/

Acknowledgements
This work was supported by NIH grant R35 GM122517 to R.L.D. We thank Maxim Shapovalov for the program 
SecNet for prediction of protein secondary structure.

Author contributions
R.L.D. and V.M. did the work and wrote the manuscript.

competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-019-56499-4.
Correspondence and requests for materials should be addressed to R.L.D.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-019-56499-4
https://doi.org/10.1038/s41598-019-56499-4
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	A Structurally-Validated Multiple Sequence Alignment of 497 Human Protein Kinase Domains
	Results
	Typical and atypical kinases. 
	Forming a multiple sequence alignment of 497 human protein kinase domains. 
	Structural validation of the MSA. 
	Phylogenetic trees and group membership. 

	Discussion
	Methods
	Identification of human protein kinases. 
	Multiple sequence alignment. 
	Structural validation of the MSA. 
	Phylogenetic tree. 
	HMM profiles of kinase groups. 
	Figures. 

	Acknowledgements
	Figure 1 Structure of Aurora A (PDB: 3E5A_A) representing a typical protein kinase domain.
	Figure 2 Representative structures from four different families of atypical kinases showing differences from typical kinase domains.
	Figure 3 Structural alignment of the activation loop region of CAMK_AURKA and CAMK_PRKAA1 by (a) FATCAT and (b) the SE program.
	Figure 4 Pairwise structural alignments of Aurora A to 271 human protein kinases using FATCAT.
	Figure 5 Snapshot of section of N-terminal region of the multiple sequence alignment of human protein kinases displayed using (a) Clustal coloring scheme in Jalview which colors the residues by their chemical nature if they are conserved or similar to eac
	Figure 6 Sequence logos displaying conservation of residues created for all the aligned blocks of the MSA using the webserver WebLogo (http://weblogo.
	Figure 7 Histogram displaying the discrepancy between benchmark pairwise structural alignments of kinases and (a) FoxChase and (b) Manning’s multiple sequence alignment.
	Figure 8 Unrooted phylogenetic tree of human protein kinases created by using our MSA.
	Figure 9 HMM scores of CAMK and AGC kinases.
	Table 1 Number of kinase domains in each family in the multiple sequence alignment.
	Table 2 Summary of multiple sequence alignment.
	Table 3 Average values for TPR, PPV and Jaccard similarity.




