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Abstract: The development of a kinase structural database, the kinase knowledge base (KKB), is

described. It covers all human kinase domain structures that have been deposited in the Protein
Data Bank. All structures are renumbered using a common scheme, which enables efficient cross-

comparisons and multiple queries of interest to the kinase field. The common numbering scheme

is also used to automatically annotate conserved residues and motifs, and conformationally
classify the structures based on the DFG-loop and Helix C. Analyses of residue conservation in the

ATP binding site using the full human-kinome–sequence alignment lead to the identification of a

conserved hydrogen bond between the hinge region backbone and a glycine in the specificity
surface. Furthermore, 90% of kinases are found to have at least one stabilizing interaction for the

hinge region, which has not been described before.

Keywords: protein kinases; structure-based drug design; crystallography: X-ray; structural
informatics; binding sites; databases: protein; protein conformation; catalytic domain;

sequence analysis: protein; protein binding

Introduction
The availability of and public access to X-ray and

NMR structures of protein and nucleic acid drug tar-

gets through the Protein Data Bank (PDB,

www.rcsb.org)1 has enabled the development of the

field of structure-based drug discovery (SBDD).

Many successes of receptor-based lead discovery2

and lead optimization3,4 have been described in the

literature, and more recently SBDD has played a

pivotal role in the development of fragment-based

drug discovery5.

The number of structures available through the

PDB currently approaches 60,000 (August, 2009)

and the PDB website has undergone significant

enhancements in recent years, such as addition of

ligand-based (sub)structure searches and sequence-

based (BLAST/FASTA) searches to the already avail-

able PDB identifier, keyword, author, reference, and

other text searches. Despite these enhancements, re-

trieval of all structures of a particular protein target

is not always straightforward and requires a signifi-

cant amount of manual analysis of retrieved struc-

tures. Moreover, in the realm of drug discovery, spe-

cifically in the quest of highly specific inhibitors

targeting a single-protein target, there is often an

interest to analyze and compare many targets and

off-targets of a protein family. Within the PDB

framework, this is virtually impossible to

accomplish.

With these limitations to the PDB structural

database, a number of protein family targeted struc-

tural databases have been developed to augment the

information from the PDB with additional annota-

tions specific to the family of interest. For example,
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a peptidase database, MEROPS6, and an antibody-

focused structural database, SACS7 have been

described. The Vertex group has published on a ki-

nase database that covers only a subset of available

kinase X-ray structures. In this database, 426 crys-

tal structures are available with kinase-specific

annotations like DFG-in/out and Helix C in/out.8 In

addition to these protein-family focused databases,

protein–ligand interaction focused databases have

been developed that allow querying on specific

atomic interactions present in protein–ligand com-

plexes,9–11 a feature not available through the PDB.

Other databases have integrated known binding

affinities of ligands with the relevant complex struc-

tures.12–14

We have recently developed both a general,

ligand-focused protein relational database (PRDB)

and protein family focused knowledge bases, which

in essence are subsets of PRDB. Currently knowl-

edge bases have been developed for the matrix met-

alloproteins (MMP’s) and kinases (Mobilio et al.,

Submitted).15 This article outlines in details the der-

ivation of the kinase knowledge base (KKB) and the

methods developed to annotate individual kinase

structures. The KKB contains all crystallized cata-

lytic domain structures that have appeared in the

public domain.

Because of their involvement in critical signal-

ing pathways, kinases have become popular drug

targets since the 1980’s,16 resulting in an explosion

of available crystal structures in recent years (Sup-

porting Information Fig. 1). A number of marketed

small-molecule drugs target the ATP binding site of

kinases.17 A high-level overview of the development

of the KKB is shown in Figure 1, describing the use

of BLAST searches to identify kinase catalytic do-

main crystal structures and the development and

use of a kinome-wide multiple sequence alignment

to derive a common numbering scheme. The latter is

subsequently used to renumber all kinase crystal

structures and to annotate conserved motifs and the

different structural states observed for the kinase

catalytic domain (Fig. 2). The common numbering

scheme enables a number of queries specific to ki-

nases, as shown in Figure 3.

Results

Using the human kinase catalytic domain sequences

from Manning et al.18 and BLAST searches (Fig. 1),

1150 X-ray structures were identified containing

1648 chains (August, 2009). These 1150 structures

cover 148 different kinases. Because the BLAST

matches between the human sequences and the

sequence from the protein structure are not required

to be a 100% match, mutant enzymes and nonhu-

man structures are retrieved as well. The database

currently consists of 843 human catalytic domains.

The remaining �300 structures are mostly from bo-

vine, mouse, rat, and chicken sources. Despite the

fuzzy matching of sequence to structure, the criteria

are strict enough to correctly distinguish closely

related kinase structures such as the different p38

kinases and CDK’s.

Figure 1. Overview of derivation of KKB schematic of the development of the KKB, starting from the catalytic domain

sequences to identify available structures in the PDB and the structural alignment of a limited set of kinases to allow for a

kinome-wide sequence alignment. Subsequently, all available structures were renumbered and annotated.
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The multiple sequence alignment generated

using the HMMER profile results in a sequence

length of 2030 amino acid positions, but this is a

sparsely occupied sequence as the average number

of occupied positions is 259 across the 1150 crystal

structures.

The renumbered and original PDB files, both on

a per-chain basis, are structurally aligned to a refer-

ence structure, in this case 1ATP, with the align-

ment algorithm TM-Align.19 The TM-align algorithm

focuses on parts of the structures that are closer in

space, making it less sensitive to structural changes.

The correlation between backbone RMSD and the

percentage of the residues that are used in the

alignment is shown in Supporting Information Fig-

ure 2. This data was extracted from the TM-align

output and is not stored in the database. The TM-

align RMSD is calculated over the backbone atoms

of the residues used in the structural alignment. As

to be expected, other PKA structures have low

RMSD’s when aligned to 1ATP, generally less than 1

Å, and high sequence similarity. However, several

PKA structures show significant structural changes

based on the RMSD (1.5–2.0 Å). These turn out to

be PKA structures of the APO form (e.g., 1J3H and

1SYK), which undergoes a significant conformational

change compared with the ligand-bound form.20,21

Not surprisingly, structures with RMSD’s between

1 Å and 2 Å (23% of KKB structures) have the high-

est sequence similarity to PKA, between 25% and

50%. The majority of the kinases have RMSD’s in

the 2.0–2.5 Å (43%) and 2.5–3.0 Å (26%) range. The

average sequence similarity is 30% across all the

structures (median 26%).

Figure 2. Overview of kinase catalytic domain structure of

Abl kinase (2GQG) with the N-terminal lobe shown on top

(mostly gray ribbon) and C-terminal lobe at the bottom

(pink ribbon). The hinge region, which connects the two

lobes, is shown in magenta on the left-hand side. Helix C is

shown in green, the glycine-rich loop in orange. The

conserved DFG (dark blue ribbon) and HRD motifs (cyan

ribbon) are highlighted as well. Residues explicitly shown

are the hinge region donor residue (orange carbons), the

gatekeeper residue (yellow carbons), the catalytic lysine

.(magenta carbons), and the Helix C acid (cyan carbons)

Figure 3. Overview of kinase-specific queries enabled in KKB. The various queries enabled by the KKB are highlighted.

Kinases can be retrieved by either the Manning name or through searching the synonyms list. The common numbering

scheme enables residue-based queries, which retrieve all kinases with a particular residue at a particular position in the

structure. Kinases with particular conformations for the DFG motif or Helix C can also be retrieved. Retrieval of kinases that

form specific interactions with a ligand have been enabled through integration with PRDB and the common numbering

scheme further enhances this capability. Finally, ligands retrieved from the KKB can be linked to available in-house or public

data through another in-house application (signified by dashed arrow) using the ligand hashcodes.
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One of the mechanisms that regulate kinase cat-

alytic activity is the conformational change that

occurs in the DFG motif, which can flip from an ‘‘in’’

conformation in which residue 1111, usually a phe-

nylalanine, is buried in the kinase structure, to the

‘‘out’’ conformation in which the phenylalanine is

exposed in the ATP binding pocket (Fig. 4). The as-

partic acid of the DFG motif moves in the opposite

direction, becoming buried in the DFG-out conforma-

tion. In the DFG-out conformation, the phenylala-

nine blocks binding of ATP. This results in inactivity

of the kinase. This movement can be described using

the distance between the Ca atom of the hinge

region donor residue (residue 486) and the Ca atom

of the phenylalanine. A distance �15 Å is observed

in kinases in the DFG-in conformation, whereas a

distance of �13.5 Å is observed in the DFG-out con-

formation (Supporting Information Fig. 3). At inter-

mediate distances, classification is achieved by ana-

lyzing the conformation of the backbone and side

chain of the aspartic acid, through measurement of

the phi, psi, and chi angles. The automatic classifica-

tion scheme classifies 109 kinases (74% of 148 ki-

nases) in the DFG-in conformation only, 15 (10.1%)

in DFG-out only, and 24 kinases (16.2%) are found

in both the DFG-in and out conformations (Support-

ing Information Table 2).

A trademark of active kinase structures is the

existence of a salt bridge between the catalytic ly-

sine (residue 189) and the acid from Helix C (residue

265). In the so-called ‘‘Helix C in’’ conformation [Sup-

porting Information Figs. 4 and 5(A)], it is this salt

bridge that stabilizes the conformation of the cata-

lytic lysine. This in turn helps the lysine to stabilize

the a and b phosphates of ATP, which is necessary

to present the c phosphate for catalysis. Movement

of Helix C, which results in a disruption of the salt

bridge, is another mechanism to regulate the cata-

lytic activity of kinases. The conformation in which

the Helix C is rotated away from the binding site is

the so-called ‘‘Helix C out’’ conformation [Fig. 5(C)].

However, in many kinase structures, the Helix C

has not moved away from the position observed in

active kinases, yet the hallmark salt bridge is not

present. This is the state which we call a ‘‘Helix C

intermediate’’ conformation, which is the result of

only movement of the side chain of the glutamic acid

[Fig. 5(B)]. This movement results in the acid moiety

pointing away from the catalytic lysine and the ATP

binding site.

Based on these observations, parameters were

derived to automatically classify Helix C in these

three conformations (Supporting Information Fig.

5). For a number of kinases classification of the He-

lix C conformation is not possible, due to (partial)

absence of the catalytic lysine or the Helix C acid.

At very short and long distances between the qua-

ternary nitrogen of the lysine side chain and the

acid oxygen’s, structures are classified as Helix C

in or out, respectively. At intermediate distances,

the angle of the acid side chain is determined to

assess whether the acid is pointing toward or away

from the binding site. If the acid is pointing away

from the binding site, the kinase is considered to

be in an intermediate Helix C conformation. Of the

148 kinases with available crystal structures, 105

are found that only occupy a single Helix C confor-

mation. Of these, 88 are found in the Helix C in

conformation (59.0 %), and the remaining 17 in the

Helix C out conformation (11.5%). Twenty-four ki-

nases are found to occupy two Helix C conforma-

tions, with 14 occupying the in and intermediate

conformations, eight occupying the in and out con-

formations and the remaining two in the intermedi-

ate and out conformations. Seven kinases are found

that occupy all three conformations, including Src

kinase (Supporting Information Figs. 4 and 5).

Twelve kinases are not classified because the cata-

lytic lysine or Helix C acid is (partially) undefined

in the X-ray structure (Supporting Information

Table 3).

Figure 4. Comparison of DFG-in and DFG-out structures.

Side-by-side comparison of the DFG-in (a) (2G2I) and DFG-

out (b) (2FO0) conformations of Abl kinase. In the DFG-in

conformation, Phe1111 is buried deep in the protein and

pointing away from the ATP binding site. In the DFG-out

conformation, Phe1111 occupies the ATP binding site,

preventing ATP binding.
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Available structures for kinases with annotated

active site cysteines, as identified by Gray and co-

workers22 (Supporting Information Table 3 in Gray

and coworkers22) were visually analyzed and the

common residue number for each of the active site

cysteines was identified. The common numbering

scheme and the structural overlays highlighted that

a number of groups correspond to the same residue

position in the kinome-wide sequence alignment, as

indicated in Table I. A new group was also identi-

fied, which contains FMS and FLT3. They both con-

tain two hinge region cysteines, one at the hinge-

region hydrogen-bond donor position (Groups 3B–E)

and the other at the adjacent residue (new Group

3G). FMS contains a third active-site cysteine next

to the DFG motif (Group 4). Group 3F, which con-

tains EGFR, is associated with two common residue

numbers that are structurally equivalent when over-

laid. All members of this group identified by Gray

and coworkers are associated with common residue

497. However, the cysteine in MAP2K7 (2DYL),

which was originally classified as belonging to

Group 3E, overlays perfectly with the cysteine found

in EGFR and other members of Group 3F (Support-

ing Information Fig. 6). This observation results in

reclassification of MAP2K7 into Group 3F and the

addition of the second common residue number that

identifies members of this group.

Discussion
Over the past two decades kinases have become im-

portant drug targets and the availability of X-ray

structures has increased exponentially. The avail-

ability of structural information makes kinases ideal

targets for SBDD techniques, however, within the

PDB framework retrieval of relevant structures is

not always straightforward. In addition, a number of

queries useful for structure-based design are not

available. To further aid SBDD, we have developed a

kinase knowledge base, which combines structural

information from the public domain with kinase-spe-

cific annotations.

Because of its integration with the in-house

developed PRDB, ligand-based or protein–ligand dis-

tance queries are available in the KKB (Mobilio

et al., Submitted).15 The schemas describing both

PRDB and the protein-family focused subsets of

PRDB are presented in detail elsewhere (Mobilio

Figure 5. Close-up of the different Helix C conformations comparison of Helix C position and glutamic acid position in the

Helix C in (a) (3F6X), Helix C intermediate (b) (3D7U), and Helix C out conformations (c) (1FMK) for Src kinase. The in form

clearly shows the presence of the salt bridge between the catalytic lysine and the glutamic acid. In the intermediate form,

Helix C is in the same position as in the ‘‘in’’ form but the glutamic acid side chain is pointing toward the solvent rather than

the ATP binding site, resulting in disruption of the salt bridge. In the Helix C out position, both the helix and the glutamic acid

have moved away from the ATP binding pocket.

Table I. Reactive Cysteines Found in the Active Site
and the Corresponding Common Residue Number for
Each

Reactive
cysteine
group

Common
residue
number Active site location

1A 71 or 72 G-rich loop
1B 76 G-rich loop
1C 77 G-rich loop
2A 79 b-strand after G-rich loop
2B 81 b-strand after G-rich loop
2C 84 b-strand after G-rich loop
3A 482 Hinge region
3B,3C,

3D,3E
486 Hinge region/HB donor

3F 497 or 491 Extension of hinge region
3Ga 487 Hinge region
4 1105 Directly precedes DFG motif

The common residue number of the reactive cysteine for
each group and an approximate location in the active site
are shown.
a Newly identified group, not identified by Gray and
coworkers.22
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et al., Submitted). The development of a kinome-

wide common numbering scheme enhances these

queries made accessible through integration with

PRDB further, for example, all kinase structures

that have an interaction between a ligand and a par-

ticular residue position can be retrieved. The results

from such a query can be used to analyze how differ-

ent chemotypes interact with, for example, the cata-

lytic lysine or the gatekeeper residue in different ki-

nases. Visual analysis of the retrieved structures

has been streamlined by pre-aligning all structures

onto a common reference frame (1ATP) using the

TM-align algorithm.19 In addition, ligands, waters,

and other (solvent) molecules that are far from the

active site have been removed. Just as in PRDB,

retrieved structures can be visualized directly with

Benchware 3D Explorer23 or downloaded and visual-

ized with any other molecular viewer. Other queries

enabled by the common numbering scheme are iden-

tification of all kinases with a particular residue(s)

at a particular position (Fig. 3), which allows an

assessment of conservation and could give insight

into inhibitor specificity, and identification of cyste-

ine residues in the active site. Reactive cysteines are

potential targets for covalent inhibitor design.

The common numbering scheme also enabled

the automatic classification of the different confor-

mations observed for the DFG motif (Fig. 4, Support-

ing Information Fig. 3) and Helix C (Fig. 5, Support-

ing Information Figs. 4 and 5). We describe three

different conformations for Helix C based on visual

analysis of kinase-catalytic–domain structures. In

the ‘‘Helix C in’’ conformation, the salt bridge is

present between the catalytic lysine and the con-

served acid of Helix C. In the out conformation, He-

lix C has moved away significantly from the ATP

binding site and it is defined based on the large sep-

aration between the catalytic lysine (common resi-

due 189) and the Helix C acid (common residue

265). The Helix C intermediate conformation retains

the same position for the helix, but the glutamic

acid is pointing away from the binding site and thus

the salt bridge has been disrupted. These observa-

tions have been translated in an automatic classifi-

cation scheme for the three Helix C conformations

based on the distance between the Helix C acid and

the catalytic lysine and the conformation of the acid

side chain. Because the Helix C intermediate confor-

mation overlaps with the Helix C in conformation,

conformational classification cannot be achieved by

structural clustering or RMSD assessments. Not sur-

prisingly, the vast majority of kinases, 109 out of

148, have been found in the active or DFG-in/Helix

C in conformation.

The link between the Manning name, an abbre-

viation of the full kinase name, and the list of syno-

nyms facilitates retrieval of all structures of a ki-

nase and does not require knowledge of all the

different possible nomenclatures for that kinase. For

example, searching for ‘‘Abl,’’ for Abelson kinase,

against the ‘‘synonyms’’ field gives exactly the same

number of hits in KKB as the query with ‘‘Abelson’’

as the criterion, namely, 27 PDB structures.

Through the PDB website, the Abl and Abelson key-

word searches result in different numbers of hits (61

and 36, respectively). Because the kinase genes con-

tain other domains in addition to the kinase domain,

many of the hits retrieved from the PDB do not nec-

essarily contain a catalytic domain and additional

analysis of the results is required, which can be

time consuming.

Ligand hashkeys24 have been calculated for all

heteroaromatic residues in the PDB and these can

be used to quickly retrieve available binding data

from the in-house database and the public domain

through the GVK database.25 This enables linking of

structural information to structure-activity relation-

ships in a straightforward manner.15

Visual analysis of the kinases identified as hav-

ing one or more cysteines in the active site based on

work by Gray and coworkers22 led to the merging of

four groups into a single one (Table I). Furthermore,

for Group 3F, which contains EGFR and BTK that

are being targeted with covalent inhibitors,26,27 we

identified another kinase that based on structural

overlays should be a member of this group. To the

best of our knowledge, MAP2K7 has not been identi-

fied as being a member of this group until now.

MAP2K7 contains a cysteine at position 491 in the

common numbering scheme, but structurally this

position overlay perfectly with position 497, which is

the cysteine in EGFR and other members of this

group (Supporting Information Fig. 6). Thus,

MAP2K7 is a potential off-target for irreversible

inhibitors of the kinases in Group 3F. Based on anal-

ysis of the kinome-wide sequence alignment only

MAP2K7 has this cysteine and the structural over-

lap appears to be the result of a 2-residue insertion

in MAP2K7 (Supporting Information Fig. 7), which

is not present in any other kinase, including other

MAP kinases (Supporting Information Fig. 8).

Residue conservation for active site residues

was analyzed based on the full kinome-sequence

alignment (Table II), which is not stored in the data-

base. However, the same analysis can be done using

the stored active site residues in the database,

although the analysis would be less complete due to

missing residues. Average sequence conservation in

the binding site is �50% based on the geometric

mean. For each position, a physical–chemical char-

acter was assigned based on the highest percentage

or percentages of the residue types that most fre-

quently are observed at each position. Figure 6

shows a close-up of the ATP binding site and each

active site residue is colored according to the

assigned physical–chemical character observed
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across the human kinome [Fig. 6(A)]. Figure 6(B)

shows only the most (single residue �70% occur-

rence) and least conserved positions (�30%). Eleven

sites out of 24 are strongly conserved (�70%) and

five sites are highly variable (�30%). The region

around the hinge region is mostly hydrophobic and a

strong preference for an aromatic residue is

observed for the residue that precedes the hinge-

region hydrogen-bond donor residue. This so-called

hydrophobic enclosure of the adenine binding site

enhances the hydrogen bonding interactions to the

hinge region.28 Residues 181 and 974, which form

the top and bottom of the adenine binding site, are

highly conserved. The conservation is probably a

result of steric constraints: Larger hydrophobic resi-

dues would prevent ATP from binding. The ribose

pocket and the surrounding region have significant

polar character to it. The conserved positive and

negative character for the catalytic lysine and Helix

C acid and DFG motif are as expected.

The specificity surface, directly after the hinge

region, has significant inherent flexibility due to the

preference of glycine at this position. The strong

preference for glycine at position 494 was investi-

gated further by analyzing the phi, psi angles occu-

pied by this glycine using the renumbered structures

from the database. The database structures were

further processed to calculate distances and dihedral

angles with an OEChem script. As is shown in the

Ramachandran plot [Supporting Information Fig.

9(A)], the dihedral angle space sampled covers only

two regions, which only glycine can occupy. Compar-

ison of the Ramachandran plot of Gly494 to that of

all other glycines in kinase crystal structures [Sup-

porting Information Fig. 9(B)] confirms that Gly494

only samples a small portion of the conformational

space usually available to glycines. Further investi-

gation of the distance between the backbone nitro-

gen of residue 494 and the backbone carbonyl oxy-

gen of hinge region residue 486 and the angle

between the backbone-NH and the carbonyl of resi-

dues 494 and 486 shows that the backbone confor-

mation of Gly494 allows for the formation of a

hydrogen bond in 64% of the structures (NAO dis-

tance �3.5 Å) (Fig. 7 and 8 ). Even at longer distan-

ces, when a hydrogen bond cannot be formed, there

still is a strong conservation of the directionality

with the backbone-NH of glycine 494 pointing to-

ward the backbone carbonyl of residue 486 of the

hinge region. Thus, when a hydrogen bond cannot

be formed, a short-range electrostatic interaction

between glycine 494 and the hinge region backbone

Table II. Analysis of Sequence Conservation for Kinase Active Site Residues

Common
residue

Number of different
residues found

Highest % of
occurrence

Residue with
highest occurrence

Site
character

Location in
active site

70 7 48% Leucine Hydrophobic b-strand before G-rich
71 6 88% Glycine Flexible G of G-rich loop
72 20 18% Lysine Polar X of G-rich loop
73 8 93% Glycine Flexible G of G-rich loop
77 15 62% Phenylalanine Aromatic X of G-rich loop
81 8 87% Valine Hydrophobic b-strand after G-rich
181 10 87% Alanine Hydrophobic b-strand after G-rich
189 6 95% Lysine Positive Catalytic lysine
265 9 91% Glutamic acid Negative Helix C acid
352 14 52% Valine Hydrophobic b-strand below hinge
461 15 36% Methionine Mixed Gatekeeper
479 14 76% Glutamic acid Negative Hinge/Gatekeeper þ1
482 18 41% Tyrosine Aromatic Hinge/Gatekeeper þ2
486 15 26% Methionine Hydrophobic Hinge h-bond donor
487 16 18% Glutamic acid Mixed Hinge/gatekeeper þ4
492 18 38% Glycine Flexible Specificity surface
494 18 72% Glycine Flexible Specificity surface
497 14 32% Aspartic acid Polar Ribose pocket
505 20 30% Aspartic acid Negative Specificity surface
966 15 28% Glutamic acid Polar Loop bottom binding site
967 7 95% Asparagine Polar Loop bottom binding site
974 7 77% Leucine Hydrophobic Bottom hinge region
1105 12 29% Alanine Mixed DFG -1
1108 10 93% Aspartic acid Negative D of DFG
Average 12.7 59%
Mean 11.7 51.4%

Summary of analysis of residue conservation in the active site. Residue conservation is calculated across the full-kinome
based on the kinome-sequence alignment. For each active site position, the total number of residues found at that position
is shown and the residue with the highest occurrence and its occurrence percentage. The mean was calculated as the geo-
metric mean. Based on the occurrence rate, number, and types of residues found at each position, the site is assigned an
overall physical–chemical character, or if glycine is the dominant residue, the site is marked as ‘‘flexible.’’ The location in
the binding site for each position is described.
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carbonyl helps stabilize the conformation of the

hinge region. The distance between the backbone

nitrogen of glycine 494 is found to be within 4.0 Å of

the backbone carbonyl oxygen in 82% and within 5.0

Å in 94% of the structures. This is too small for a

water molecule to help mediate the interaction

between glycine 494 and the hinge region. Ligands

can form a hydrogen bonding interaction to the car-

bonyl of residue 486, but this would not disrupt the

interaction between glycine 494 and the carbonyl of

hinge region residue 486 (e.g., 2OFV or 2QUV).

If residue 494 is not a glycine, the backbone-NH

of residue 494 is pointing away from the carbonyl,

as shown by the angle in Figure 7 and the Rama-

chandran plot [Supporting Information Fig. 9(C)],

and thus a hydrogen bond cannot be formed. The

conserved hydrogen bond or electrostatic interaction

possible with glycine at position 494 is likely the

driving force behind its conservation as the interac-

tion will help stabilize the conformation of the hinge

region and the turn into the specificity surface.

The other residues found at position 494 also

sample a narrow amount of conformational space

[Supporting Information Figs. 9(C) and 7] with the

backbone-NH pointing away from the backbone car-

bonyl of residue 486, making a hydrogen bonding

interaction impossible. The backbone conformation

of non-glycine residues at position 494 forces the

side chain to point away from the ATP binding site.

Other backbone conformations that would present

the side chain to the binding site would not be com-

patible with the tight turn made by the hinge

region/specificity surface.

The strong preference for glutamic acid for the

hinge region residue adjacent to the gatekeeper resi-

due is the result of the formation of a conserved salt

bridge with a lysine [common residue 1098 (Fig.

9)].30 This lysine is present in 76% of kinases and

arginine, which can also form a salt bridge to

Figure 6. Analysis of residue conservation in the ATP

binding site close-up of Abl binding site in complex with

ADP (2G2I). All active site residues are shown and are

color-coded based on the observed physical–chemical

character (a). Hydrophobic sites are shown in green,

aromatic sites in magenta, positive sites in dark blue,

negative sites in red, polar sites in cyan, mixed sites in

gray, and flexible sites in orange. In (b) only highly

conserved (�70%) and highly variable (conservation

� 30%) sites are shown. Residues conserved between

70% and 80% are shown in pink, residues conserved

between 80% and 100% are shown in purple, and residues

conserved �30% are shown in yellow.

Figure 7. Analysis of hydrogen bonding potential between

the hinge region and the specificity surface plot of the

heavy atom distance between the backbone carbonyl of

residue 486 of the hinge region and the backbone-NH of

residue 494 and the angle formed between the backbone-

NH of residue 494 and the carbonyl of residue 486. The

results for glycine at residue 494 are shown in blue and the

results for other residues than glycine at position 494 are

shown in magenta. Hydrogen’s were added with the

reduce_build script from Molprobity.29
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glutamic acid, is found in 7% of kinases. This salt

bridge probably aids in presenting the backbone car-

bonyl to the ATP binding site, which allows the car-

bonyl to form a hydrogen bond to the adenine of

ATP.

The hinge region conformation can thus be sta-

bilized by two interactions, either the salt bridge at

the beginning of the hinge region between glutamic

acid (or aspartic acid) 479 and lysine (or arginine)

1098, or by a hydrogen bonding or short-range elec-

trostatic interaction between the backbone-NH of

glycine 494 in the specificity surface and the back-

bone carbonyl of hinge region residue 486. A

kinome-wide sequence analysis shows that 57% of

kinases have both stabilizing interactions, 19% of ki-

nases have only the salt bridge stabilization, and

14% of kinases have only glycine 494 to help stabi-

lize the hinge region. Thus, only 10% of kinases do

not have either of these conserved interactions, so

stabilization of the hinge region appears to be impor-

tant in helping to form the hinge region to aid in the

formation of the critical hydrogen bonding interac-

tions with the adenine ring of ATP (Supporting In-

formation Table 4).

The KKB has been used in drug discovery proj-

ects to investigate a number of different hypotheses.

An in-house X-ray structure of a high-throughput

screening hit revealed the hinge-interaction binding

motif. Initially, it was thought this binding motif

was very common within kinases. A substructure

search against the KKB identified 51 X-ray struc-

tures with the same hinge-interaction motif. How-

ever, analysis of the overlaid structures revealed

that in 50/51 structures the core was flipped com-

pared with the in-house compound. This led the

team to further explore this potentially novel hinge-

interaction motif.

In a number of projects the common numbering

scheme and kinome-wide sequence alignment have

been used to assess the potential effects of introduc-

tion of interactions with certain residues on selectiv-

ity over other kinases in the human kinome. Addi-

tional use cases have been described elsewhere.15

Methods

Sequence-based entry retrieval

The starting point for identification of kinase cata-

lytic domain crystal structures are the human eu-

karyotic protein kinase catalytic domain sequences

from www.kinase.com,18 where atypical protein ki-

nases have been excluded. BLAST searches were

performed for each of the 594 catalytic domain

sequences using an in-house mirror of the PDB. Pos-

itive identification of correct matches between ki-

nase sequence and crystal structure were done using

the E-Values, Scores (in bits) and the percentage

identities and percentage positives in the BLAST

output. Two different criteria were used to identify

crystal structures of kinase catalytic domains.

Structures are identified as a match (1) if the E-

Figure 8. Conserved hydrogen bond of the hinge region

and the specificity surface close-up of binding site of EGFR

(2ITY) showing a number of conserved residues, like the

catalytic lysine, the DFG region and the gatekeeper. Shown

with cyan carbons are the hinge region donor residue 486

and the specificity surface residue glycine 494. The

conserved hydrogen bond between residues 486 and 494

is shown in orange.

Figure 9. Conserved salt bridge of hinge region residue

479 close-up of Abl binding site (2G2I), which illustrates the

conserved salt bridge across the kinome between glutamic

acid with common residue 479 (316 in Abl) and lysine with

common residue 1098 (378 in Abl).
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Value � 1e-145 and Score > 450 or (2) if the E-Value

> 1e-145 but E-Value � 1e-100 and % identity and

% positive � 90%. Finally, because a number of PDB

codes are associated with multiple kinases, these

redundant matches are eliminated based on a com-

parison of the BLAST E-Value of all PDB code

matches to distinct kinase sequences and the match

with the most significant E-Value is retained. No re-

solution or other quality cut-offs are applied for

inclusion in the database,

Kinome-wide sequence alignment

To obtain a kinome-wide sequence alignment of the

594 catalytic domain sequences, a HMM-profile was

built using hmmbuild in HMMER.31 A total of 18

nonredundant kinase structures were used (Support-

ing Information Table 1)32. The 18 X-ray structures

were aligned using the Protein Structure Alignment

tool in Maestro 8.033 and the resulting alignment

was exported for use by hmmbuild. After the profile

was built, hmmalign31 was used to create the

kinome-wide multiple sequence alignment of all 594

kinase catalytic domain sequences.

Chain-based processing
All PDB files are processed on a chain-by-chain ba-

sis, so a single RCSB entry can result in multiple

entries in the KKB. This allows alignment of each

crystallized catalytic domain onto a common refer-

ence structure. cAMP-dependent kinase (Manning

name PKACa) was used as the reference frame for

the structural alignments (1ATP). The TM-Align

algorithm was used to create the structural

alignments.19

As there is no geometric relationship between

the heteroatoms and the various protein chains, an

algorithm was developed to remove solvent mole-

cules and ligands that are far away from each

chain’s active site. The algorithm uses the coordi-

nates of the backbone nitrogen of the hinge-region

donor residue (common number 486) to calculate the

distance of nonprotein atoms and molecules (identi-

fied through the HETATM record identifier) to the

active site. Water molecules, which have ‘‘HOH’’ as

the residue name, are retained if the distance

between backbone nitrogen and the water oxygen is

�10 Å. For nonwater heteroatoms, other solvent

molecules and ligands, including the co-crystallized

ligand, the center-of-mass is calculated. Subse-

quently the distance between the backbone nitrogen

donor atom and the center-of-mass of the heteroaro-

matic residue is calculated. If the distance is �20 Å

the HETATM is kept. The larger cut-off for

HETATM records ensures retention of allosteric

inhibitors as, for example, found in MEK1 and

MEK2 (Manning name MAP2K1 and MAP2K2,

respectively) kinases (e.g., 1S9I and 1S9J).

Naming of entries in KKB
Each entry in the KKB is associated with a PDB/

chain identifier combination. Each unique PDB/

chain identifier is linked to the Manning name as

the standard name for all kinase structures in the

database. The Manning name has been linked to the

standard name in the GVK Bio database,25 which

gives access to a number of synonyms for each ki-

nase. This enables a large number of ways to query

for kinases through full and partial synonyms or the

Manning name.

Development of common numbering scheme

The common numbering scheme is derived from the

kinome-wide HMMER alignment. For each PDB file,

the renumbering consists of two main steps. In the

first step, the residue numbers and residue names

for the corresponding kinase is taken from the

kinome-wide sequence alignment. We will call this

the Manning sequence. The Manning residue num-

bers for each position is the common numbering

scheme for that kinase, which will subsequently be

used to renumber the PDB file in the second step. In

the second step, the Manning sequence needs to be

matched to the sequence of the residues present in

the PDB file. To do this a 3-residue query sequence

from the Manning sequence is used to find the corre-

sponding sequence in the PDB file. When a match is

found, the residues in the PDB file can be renum-

bered according to the common numbering scheme.

If no match is found, the second triplet from the

Manning sequence is used as the query, and so forth.

After an initial 3-residue match has been found, sub-

sequent residues will be renumbered after matching

residue names in the PDB file to those in the Man-

ning sequence to account for missing residues in the

X-ray structure.

Structural annotations

Kinase catalytic domains contain a number of con-

served residues, residue motifs, and structural fea-

tures. Using the common numbering scheme, these

can be easily annotated. Conserved residues that

have been annotated are the catalytic lysine (com-

mon residue 189) and the Helix C acid (usually glu-

tamic acid; common residue 265), the gatekeeper

residue (common residue 461), and the hinge-region

hydrogen-bond donating residue (common residue

486). In addition, active site residues are defined

based on the distance to staurosporine in a CDK2

crystal structure (1AQ1). Residues that are within 4

Å of staurosporine in �150 structures (out of 900 an-

alyzed unique chains) are considered active site resi-

dues. A total of 24 residues make up the active site,

with common numbers 70, 71, 72, 73, 77, 81, 181,

189, 265, 352, 461, 479, 482, 486, 487, 492, 494, 497,

505, 966, 967, 974, 1105, and 1108.
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Conserved annotated motifs include the glycine-

rich loop, with the sequence of GXGXXG (glycines at

positions 71, 73, and 78), the hinge region (common

residues 479, 482, 486, 487, and 492), the HRD motif

(common residues 929, 930, and 931), and the DFG

motif (common residues 1108, 1111, and 1114).

Residues commonly found to be part of the Helix

C have been annotated as well (common residues

248–300). The maximum number of residues in He-

lix C is 22.

Different active site positions, where reactive

cysteines have been observed, have been identified

by Gray and coworkers.22 The common residue num-

ber(s) corresponding to each of the groups is identi-

fied based on crystallized structures for each group.

Structural classification schemes
To classify the conformation of the DFG motif into

DFG-in and DFG-out, OEChem Python34 scripts

were developed to extract the phi, psi, and chi

angles for the aspartic acid (common residue 1108)

and the distance between the hinge region donor

residue (common residue 486) backbone nitrogen

and the Ca atom of the DFG motif phenylalanine

(common residue 1111). When the distance between

the hinge region backbone and the phenylalanine is

short (�13.5 Å), the DFG motif is in the ‘‘out’’ confor-

mation. If the separation is long (�15.0 Å) the DFG

motif is in the ‘‘in’’ conformation. At intermediate

distances, the phi and psi angles of the phenylala-

nine determine whether the loop is in the in or out

conformation.

To classify the conformation of Helix C, the dis-

tance between the terminal nitrogen of the catalytic

lysine (common residue 189) and the Helix C acid

(common residue 265) is determined in addition to

the chi angle of the Helix C acid. At short (�4 Å)

and long (�8.5 Å) distances the Helix C is consid-

ered to be in the ‘‘in’’ and ‘‘out’’ conformation, respec-

tively. At intermediate distances, the chi angle of the

Helix C acid is determined to assess whether the

side chain is pointing toward the ATP binding

pocket or away from it. When the acid is pointing to-

ward the binding site, the Helix C is considered to

be in the ‘‘in’’ conformation, if it is pointing away the

Helix C is considered to be in the ‘‘intermediate’’

conformation.

Conclusions

The availability of crystallographic data of protein

targets can significantly enhance the drug discovery

process. The development of the KKB as part of the

in-house PRDB further enhances structure-based

drug design and the analysis of structure-activity

relationships through kinase-specific annotations of

the structures and by making retrieval and compari-

son of a large number of kinase structures trivial.

The developed common numbering scheme allows

many kinome-wide structural queries and enabled

the automatic classification of the different confor-

mational states of kinase catalytic domains.

The availability of a sequence alignment of the

full human kinome has enabled an analysis of the

conservation of active site residues, which led to the

identification of a conserved hydrogen bond or short-

range electrostatic interaction between the hinge

region and the specificity surface present in kinases

with a glycine at position 494. Furthermore, it was

shown that 90% of kinases have one or two stabiliz-

ing interactions to help form the hinge region. To

the best of our knowledge, the conservation, and

thus importance, of stabilizing interactions around

the hinge region has not been described before.

As we evolve knowledge and understanding of

inhibitor binding through the availability of addi-

tional ligand-bound crystal structures, we can read-

ily evolve the KKB to capture new molecular

features.
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