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Abstract

enzymes.

Background: The kinome is made up of a large number of functionally diverse enzymes, with the classification
indicating very little about the extent of the conserved kinetic mechanisms associated with phosphoryl transfer. It
has been demonstrated that C8-H of ATP plays a critical role in the activity of a range of kinase and synthetase

Results: A number of conserved mechanisms within the prescribed kinase fold families have been identified
directly utilizing the C8-H of ATP in the initiation of phosphoryl transfer. These mechanisms are based on
structurally conserved amino acid residues that are within hydrogen bonding distance of a co-crystallized
nucleotide. On the basis of these conserved mechanisms, the role of the nucleotide C8-H in initiating the
formation of a pentavalent intermediate between the y-phosphate of the ATP and the substrate nucleophile is
defined. All reactions can be clustered into two mechanisms by which the C8-H is induced to be labile via the
coordination of a backbone carbonyl to C6-NH, of the adenyl moiety, namely a “push” mechanism, and a “pull”
mechanism, based on the protonation of N7. Associated with the “push” mechanism and “pull” mechanisms are a
series of proton transfer cascades, initiated from C8-H, via the tri-phosphate backbone, culminating in the
formation of the pentavalent transition state between the y-phosphate of the ATP and the substrate nucleophile.

Conclusions: The “push” mechanism and a “pull” mechanism are responsible for inducing the C8-H of adenyl
moiety to become more labile. These mechanisms and the associated proton transfer cascades achieve the proton
transfer via different family-specific conserved sets of amino acids. Each of these mechanisms would allow for the
regulation of the rate of formation of the pentavalent intermediate between the ATP and the substrate
nucleophile. Phosphoryl transfer within kinases is therefore a specific event mediated and regulated via the
coordination of the adenyl moiety of ATP and the C8-H of the adenyl moiety.

Background

The kinases are a large number of structurally diverse
enzymes that play a critical role in numerous metabolic
and signalling pathways and whose substrates may be a
small molecule, lipid, or protein. The International Union
of Pure and Applied Chemistry and the International
Union of Biochemistry (IUPAC/IUB) commission on the
classification and nomenclature of enzymes placed the
enzymes that transfer high energy phosphate bonds from
nucleotides into two divisions: the transferases (kinases)
and the ligases (synthetases) [1]. The transferases have
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been placed in Division 2 and the ligases into Division 6 of
the Enzyme Commission (EC) classification. The ligases
catalyse the joining of two molecules with the concomitant
hydrolysis of the pyrophosphate bond of ATP, while a
kinase is defined as an enzyme which catalyses the transfer
of the phosphate group from ATP (or GTP) to a substrate
containing an alcohol, amino, carboxyl, or phosphate
group as the phosphoryl acceptor [2,3]. The kinases have
been classified into 25 families of homologous proteins,
with the families assembled into 12 fold-groups based on
the similarity of their structural folds [2,3]. This classifica-
tion relays little information on the catalytic mechanisms
employed in nucleotide binding and phosphoryl transfer.
The critical question that needed to be answered was to
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what extent the functionality required for the catalysis of
phosphoryl transfer is conserved within the 25 families or
12 fold-groups.

Furthermore, during research carried out on the effect
of deuteration at the C8 position of ATP on the activity
of a number of kinase and synthetase enzymes, it became
evident that the C8 proton of ATP plays a direct
mechanistic role in initiating phosphoryl transfer, and
probably also in the regulation of catalysis via the regula-
tion of the rate of reaction [4]. The Kinetic Isotope Effect
(KIE) obtained in enzymes utilizing ATP deuterated at
C8 was found to be significantly in excess of 2 and in
most cases in excess of 10 at low ATP concentrations.
This is a primary effect and is therefore dependent on C8-
H bond breaking. To this end, the putative mechanistic
role of the C8 proton in the catalysis of the 22 families
within the 10-fold groups was also investigated in the
context of the conserved catalytic residues of each group
of kinases.

There are two accepted mechanisms by which catalysis
might occur in nucleophilic substitution reactions: either
by generation/formation of a leaving group or by the acti-
vation of the nucleophile, or both. Chemically phosphoryl
transfer could occur by either by an Sy1 or Sy2 type
reaction mechanism. However, within enzyme-catalysed
systems it appears to occur predominantly via an in-line
associative S\2 type mechanism [5]. As the C8-H appears
to play a direct role in initiating phosphoryl transfer [4],
the main aim of this investigation was to establish
mechanistically how this might occur within the 22
families or 12 fold-groups of the kinase enzymes, and
also the extent to which these mechanisms might be con-
served within the 22 families. One of the criteria required
by the associative S\2 type mechanism is the creation of
a pentavalent intermediate between the y-phosphate
(y-PO,4) of ATP and the substrate nucleophile. Accepted
mechanisms leading to the creation of this pentavalent
transition state and the activation of the y-PO, as a leav-
ing group, all require protonation of the a.-phosphate
(a.-POy) or B-phosphate (3-PO,) of ATP, either directly
or via a carrier side-chain (Figure 1). Similarly, protona-
tion or hydrogen-bonding of N7 of the ATP adenyl
group with the protein would lead to the C8-H becoming
more acidic. This, in turn, requires an acidic proton to
protonate N7 and an electron-donating group to stabilise
the developing positive charge on C8. This process would
allow for the C8-H to protonate the a-phosphoryl group,
initiating a tautomerization sequence of reactions invol-
ving the acidic proton on the a.-phosphoryl group being
transferred, via a coordinated basic amino acid side-chain
such as lysine, to the B-phosphoryl group. This results in
the concomitant activation of the y-phosphoryl group
to nucleophilic attack by the target residue or substrate
through a pentavalent phosphorus intermediate.
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A general mechanism for this process is outlined in
Figure 1. This general mechanism was used as the tem-
plate to define and characterise the family specific
mechanisms associated with 21 of the kinase families
within 10 of the fold groups where sufficient structural
information is available. To this end, the

PDB (the database) was searched for structures repre-
senting kinases within each family, based on the EC
numbering. All kinase crystal structures containing any
AMP, ADP, ATP or corresponding analogues were then
visually examined for structurally conserved amino acid
side-chains that were associated with the nucleotide or
analogue. The inter-atomic distances between the identi-
fied amino acid side-chain residues and the nucleotide
analogue were also noted. Having identified the con-
served mechanisms associated with crystallized repre-
sentatives of each family, sequence alignments were
carried out with other members of each specific family
where structural information is not available. This
allowed the determination of the extent to which the
conserved residues identified in the individual families
of kinases by this mechanistic analysis as being responsi-
ble for catalysis within all these families.

Results

In this classification of the kinase enzymes based on their
conserved phosphoryl transfer mechanisms, the frame-
work for the overall organisation remains the same as
that of Cheek et al [2,3]. However, individual kinases
may have been transferred from one family to another
based on the conservation of the mechanism. It has been
demonstrated that C8-H plays a critical role in the activ-
ity of a range of kinase and synthetase enzymes [4]. In all
cases, the mechanism associated with the activation and
release of the C8-H is based on the proximity of the C8-
H to the a- or B-POy, or to a proton carrier side-chain
capable of transferring the proton from the C8-H to the
a.-PO,. In most cases, the C8-H is rendered more acidic
by hydrogen bonding networks mediating either a “push”
mechanism via the coordination to the C6-NH, or a
“pull” mechanism via the protonation of N7. In a signifi-
cant number of cases a carbonyl group from the protein
backbone is hydrogen bonded to the C6-NH, of the
nucleotide (Figure 1). In cases where this does not occur,
there is a residue with a labile proton hydrogen-bonded
with N7. The tautomeric interconversion that gives rise
to planar peptide bonds allows for the strong hydrogen
bonding interaction and/or proton transfer between the
backbone carbonyl and the C6-NH, [6,7]. Examples of
the “push” and “pull” mechanisms for the kinase families
are summarised Figures 2-3, while the detailed reaction
mechanisms and the identified residue and interatomic
distances outlined in Additional file 1: Table S3 and 4A.
The Pfam superfamily and family classifications, as well
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Figure 1 A. General mechanism for the induction of phosphoryl transfer from the C8H of the adenyl moiety. This is initiated via the
coordination of the ATP adenyl moiety and effective proton transfer along the phosphate tail of ATP initiated from C8-H and mediated via
range of conserved coordinating amino acid chains that are specific for each kinase group and family. As the KIE is a primary effect and is
therefore dependent on C8-H bond breaking the C8-H is rendered more acidic by either of two mechanisms, a “push” mechanism mediated by
the interaction of a backbone carbonyl at the C6-NH, or a “pull” mechanism mediated by the interaction via coordination of a proton donor at
N7 or hydrogen bonding of C8-H to an adjacent carbonyl or alcohol (or acceptor group). The red arrows indicate direction of proton migration
during the reaction. B. The “push” mechanism is initiated with the redistribution of electron density in the adenyl ring mediated by the

coordination of the backbone carbonyl to C6-NH, via a high energy adenosine tautomer. C. The “pull” mechanism is mediated via the formation
of a carbenoid species induced via the protonation of N7.
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Figure 2 Phosphoryl transfer mechanism found in the Group 2 kinases (Rossmann-like fold and phosphoenolpyruvte carboxykinase-
like sequences). The initiation of phosphory! transfer occurs via the coordination of the ATP C6-NH, to a carbonyl arising from the protein
backbone by the “push” mechanism resulting in the protonation of C8 via the coordination of a conserved Arg. This renders the C8-H more
acidic, allowing for the protonation of the a-PO,, via a conserved Ser/Thr carrier. There is a concomitant transfer of an H* from the a-PO, to B-
PO, via a conserved Arg, thereby facilitating the formation of the pentavalent intermediate between the y-PO,4 and the substrate nucleophile.
There is a simultaneous ATP-mediated deprotonation of the substrate -OH, allowing for the nucleophilic attack by the substrate to create the
pentavalent intermediate and allow phosphory! transfer. A protonated Lys then transfers the proton to the y-PO,, changing the Mg”* from being
B-PO, to y-PO, coordinated to being a-PO, to B-PO, coordinated. The H* originally arising from the C8 is then transferred back to C8, allowing
the electron density of the adenyl moiety to return to the “ground-state” distribution.
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as the sequence alignments showing the conserved resi-
dues within each family are shown in the supplementary
information. Within each structurally conserved mechan-
ism, the average interatomic distances between the con-
served residues and nucleotide or nucleotide analogue
are calculated and outlined in the tables. Figure 4 defines
the spatial arrangement for the primary “structure”
involved in the initiation of phosphoryl transfer for each
of the remaining groups where structural information
was available. The full mechanisms associated with these
groups are shown in the supplementary information.

“Push” mechanism

The Group 2 kinases consisting of the Rossmann-like
kinases and the phosphoenolpyruvate carboxykinase
families are used as the example of the “push” mechan-
ism (Figure 2, (Additional file 1: Table S3). These
enzymes fall within the P-loop containing nucleoside tri-
phosphate hydrolase superfamily (Additional file 1:
Table S4, Figures S8 & S9). The mechanism relies on a
side-chain carrier associated with the transfer of the

C8-H to the a-PO,, and then the activation of the
nucleophile substrate occurs directly via the protonation
of the y-PO,. The protonation of the a-PO, from C8-H
in other mechanisms may occur directly (see below).
The initiation of phosphoryl transfer occurs via hydro-
gen bonding of the ATP C6-NH, to a carbonyl group aris-
ing from the protein backbone, with the average
hydrogen-bond distance from the C6-NH hydrogen to the
backbone carbonyl oxygen being 2.101 + 0.699 A. This
reaction relies on the “push” mechanism which, by the
hydrogen bonding of C6-NH, to the backbone carbonyl
and the concomitant protonation of the developing anion
at C8 by a conserved Arg residue acting as a Bronsted
acid, produces a methylene group at C8 (Figure 2). On the
opposite face of the adenyl moiety is a coordinated Thr/
Ser which acts in the transfer of H" to the a.-PO,. The
change in the N7-C8 hybridization facilitates the protona-
tion of the a-PO, via the Thr/Ser, via the re-protonation
of the Thr/Ser by C8-H. The effective protonation of the
a-PO, therefore occurs via the coordinated Ser/Thr as the
C8-H is not within direct hydrogen bonding distance of
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Figure 3 Phosphoryl transfer mechanism found in the Group 4 kinases (hexokinase family with polyol substrate). This occurs via
coordination of an arginine residue to the N7/C8 of the imidazole moiety mediating the change in C8 hybridization from sp2 to sp3 hybridized,
and altering the protonation of N7 and C8. Protonation of the N7 occurs via a conserved the Arg residue with the NH, being coordinated
directly to N7, with an interatomic distance of 3.065 + 0.823 A. The Arg residue in Group 4 kinases is always stabilized by an associated Asp/Glu
residue. The reaction occurs via a carbene mechanism with the carbene being stabilized via the interaction of a conserved backbone Gly
carbonyl that is within bonding distance of C8, causing C8-H to become more acidic, allowing for the protonation of the a-PO,, via a conserved
Ser/Thr. There is a concomitant transfer of an H* from the a-PO, to the B-PO, via a conserved Arg, thereby facilitating the formation of the
pentavalent intermediate between the y-PO, and the substrate nucleophile. There is a concomitant Asp-mediated deprotonation of the
substrate -OH, allowing for the nucleophilic attack by the substrate. This creates the pentavalent intermediate and allows phosphoryl transfer.
The protonated Asp then transfers the proton to the y-PO,, changing the coordination of the Mg?* from being p-PO, to y-PO. coordinated to
being a.-PO, to B-PO, coordinated. The H* originally arising from the C8 is then transferred back to C8, allowing the electron density of the
adenyl moiety to return to the “ground-state” distribution.

the a.-PO,, the interatomic distance being 4.322 + 1.010 A.
The Thr/Ser to C8-H interatomic distance and the Thr/
Ser to the a-PO, inter-atomic distance were found to be
3.797 + 1.697 A and 3.200 + 0.558 A, respectively. The
effective transfer of an H* between the a- and B-PO,
occurs via a co-ordinated conserved Arg residue for the
Rossmann-like and phosphoenolpyruvate carboxykinase
families. The co-ordinated Arg acts as a base by receiving
a proton from the a-PO, and also acts as an acid by pro-
tonating the 3-PO,, with the conserved Arg to a-PO, and
B-PO, interatomic distances being 2.953 + 1.197 A and
2.847 + 1.143 A, respectively. The substrate nucleophile is
activated directly via the coordinated y-PO, and this prob-
ably plays a role in the translocation of the Mg** from

being B-PO4/y-PO, co-ordinated to being B-PO4/a-PO,
coordinated. A y- PO,4-coordinated Lys also ensures the
creation of the pentavalent intermediate after the nucleo-
philic attack by the substrate with the lysine 8-NHj to y-
PO, inter-atomic distance being 2.073 + 0.480 A. The
migration of the Mg”* to the B-POg4/0.-PO, co-ordination
ensures that the proton arising from the C8 returns to the
C8-H position. This occurs with the concomitant re-pro-
tonation of the co-ordinated Arg via the Ser/Thr/Asp and
the subsequent return of the delocalization of the elec-
trons of the adenine. Enzymes employing the “push”
mechanism in the Group 2 in the P-loop containing
nucleoside triphosphate hydrolase superfamily in which
the C8-H dependent kinetic isotope effect has been
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Figure 4 Spatial arrangements of residues implicated in the phosphoryl transfer mechanism found in the Group 1, Group 2
(aspartokinase family), Group 2 (ribokinase family), Group 3 (Guanido family), Group 6 and Group 7 kinases. The bracket indicates two
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demonstrated are shikimate kinase (4) and adenylate
kinase (unpublished data).

“Pull” mechanism

The Group 4 kinases rely on a distinctive mechanism
for the activation of the C8-H based on the protonation
of N7 initiating the creation of a carbene at C8. This is
referred to as the “pull” mechanism. The Group 4
kinases fall within the Actin-like ATPase and Riboki-
nase-like superfamilies (Additional file 1: Table S8). The
C8-H to a- or B-PO, interatomic distance = 4.932 +
0.876 A (Figure 3, Additional file 1: Table S7). A signifi-
cant difference between the Group 4 kinases and all

other groups is the role of the adenyl ring associated
Arg residue in the initiation of phosphoryl transfer. In
this group there is no coordination of the ATP C6-NH,
to a carbonyl arising from the protein backbone. Instead
the Arg NH, is co-ordinated directly to N7, with the N7
inter-atomic distance being 3.155 + 0.815 A. It is pro-
posed that it is this coordination within the Group 4
kinases that initiates the release of the C8-H with the
concomitant initiation of phosphoryl transfer (Figure 3).
Also making up the “pull mechanism”, the Arg residue
hydrogen bonded to the adenyl N7 in the Group 4
kinases is always stabilized by an associated Asp/Glu
residue, assisting in the protonation of N7. Hydrogen
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bonding to C8-H by the hydroxyl moiety of a Ser/Thr, is
associated with the transfer of the C8-H to the a- or -
PO,. The C8-H to a- or B-PO, inter-atomic distance is
4.932 + 0.876 A, while the C8-H to Ser/Thr hydroxyl
oxygen and Ser/Thr hydroxyl hydrogen to a-PO, dis-
tances are 3.495 + 0.446 A and 2.672 + 0.537 A, respec-
tively (Figure 3, Additional file 1: Table S7). The Arg
and Ser residues are situated on opposite faces of the
imidazole moiety of the adenyl group. The reaction
occurs via a carbene mechanism with the carbene being
stabilized via the interaction of a conserved backbone
carbonyl that is within bonding distance of C8 at 2.781
+ 0.488 A (Figure 3, Additional file 1: Table S7). The
backbone carbonyl usually arises from a Gly residue.
Once the hybridization of C8 from sp> to sp® has
occurred, the protonation of the a-PO,4 by the Ser and
the concomitant release of the C8-H occurs, affording a
stable carbene. The transfer of the proton between the
a- and B-POy4 groups occurs via a coordinated Arg resi-
due which is 2.756 + 0.708 A and 3.095 + 0.908 A,
respectively, from the - and B-PO, groups. The activa-
tion of the nucleophile substrate hydroxyl group occurs
via deprotonation by a coordinating Asp, rendering it
more nucleophilic (polyol-OH hydrogen to the Asp oxy-
gen average inter-atomic distance = 2.533 + 0.583 A).
As discussed previously, once the proton translocation
has occurred, a pentavalent phosphorus(V) intermediate
is formed between the substrate and the y-PO,, which is
now in a position to act as a leaving group. The sub-
strate is activated to nucleophilic attack on the y-PO, by
deprotonation of a hydroxyl group by a hydrogen
bonded Asp (polyol -OH to Asp inter-atomic distance is
2.533 + 0.583 A). The substrates phosphorylated by the
hexokinase, FGGY, and ROK kinases are polyols while
short-chain carboxylic acids are the substrates for the
acetokinase family. The Group 4 kinases fall within the
actin-like ATPase and ribokinase-like superfamilies
(Additional file 1: Table S8). The C8-H dependent KIE
has been demonstrated in hexokinase a member of the
Actin-like ATPase superfamily of Group 4 [4].

Group 1 kinases

The identified conserved amino acids in the Group 1
kinases, comprising the protein Ser/Thr-Tyr kinases,
atypical protein kinases, lipid kinases and the ATP-grasp
families are outlined in Supplementary Information
(Additional file 1: Table S1). The identified residues
associated with phosphoryl transfer distinguish the
Group 1 kinases into 3 groups; (1) The protein kinase
superfamily comprising families containing the protein
kinase domain and protein tyrosine kinase domain, (2)
the protein kinase superfamily comprising the choline
kinase/ethanolamine kinase family, the phosphotransfer-
ase enzyme family and the amino glycoside/hydrourea
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antibiotic resistance kinase family, (3) and the lipid and
ATP grasp kinases consisting of the phosphatidylinosi-
tol-4-phosphate 5-kinase and inositol polyphosphate
kinase families (Additional file 1: Table S2, Figures S2,
S3 & S4). The proposed reaction mechanism for the
Protein kinase superfamily comprising families contain-
ing the protein kinase domain and protein tyrosine
kinase domain relies on the “push” mechanism and the
spatial arrangement for the initiation of the reaction is
shown in Figure 4 (Additional file 1: Figure S1). The
Protein kinase superfamily and protein kinase family are
distinguished from all other superfamilies/families in
that a conserved methionine residue is found within the
active site in close proximity to C8. It is proposed that a
water molecule is hydrogen bonded between the sulphur
of the methionine and C8 of the adenyl ring creating the
proton addition complex analogous to the Wheland
intermediate implicated in electrophilic aromatic substi-
tution. The C8-H is within H-bonding distance of the
a-PO, (3.050 + 0.271 A) and the H" is transferred
directly to the a-PO,, allowing for the effective transfer
of the H" to the B-PO, via a coordinating lysine or argi-
nine residue. Other than the ATP-grasp kinases, the
nucleophile in all cases is an -OH, which is deproto-
nated by a coordinating Asp and Asn/Lys/His/Arg com-
bination, rendering it more nucleophilic. The
rearrangement of the coordination of the Mg>* probably
contributes to the creation of the pentavalent intermedi-
ate and as a result of the protonation of the B-PO, by
the coordinating Lys, ensures that the y-PO, is a better
leaving group. As the y-PO,4-phosphorylated nucleophile
leaves the pentavalent transition state, the H" coordi-
nated to the Asp and Lys/His/Arg, which arises from
the nucleophile, then “returns” to the y-PO,. This allows
for the migration of the Mg>* to be B-POy4/a.-PO, coor-
dinated and the return of the H" at the 3-PO, to the a-
PO,. Finally, C8 is re-protonated and subsequently the
delocalization of the electrons of the adenine returns to
its most stable tautomer. The detailed reaction mechan-
ism is outlined in the Supplementary Information (Addi-
tional file 1: Table S1).

A major variation in the conserved catalytic mechanism
within this group, that arises between the protein Ser/
Thr-Tyr kinases and atypical protein kinases on one
hand, and the lipid and the ATP-grasp kinases on the
other, is the difference lies in the activation of the sub-
strate for nucleophilic attack on the y-PO,. Generally the
protein Ser/Thr-Tyr kinases and atypical protein kinases
function via a conserved Asp/Asn residue that allows for
the deprotonation of the substrate -OH while the lipid
kinases appear to function using a conserved Asp/Lys
residue. There are however examples of conserved amino
acid functionality e.g. Asp to Glu. Furthermore, substrate
activation by the ATP-grasp kinases, which utilize acid
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substrates e.g. the acetate, butyrate and propionate,
appears to make use of the mechanism found in the
Group 4 kinases in conjunction with a number of His
residues (see Group 4, Additional file 1: Table S7).

The differentiation of the Group 1 kinases can be
extended to 3 distinct “sub-groups” based on the
sequence alignments of the conserved functionality
identified by the mechanism by which phophorylation is
initiated (Additional file 1: Figures S2, S3 & S4). In each
case, the residues involved in the initiation of phos-
phoryl transfer are conserved within the sub-group.
Other than these conserved residues, there is very little
sequence homology within the families. Based on the
Pfam family classification the protein Ser/Thr-Tyr
kinase family, a-POy4 to B-PO, the proton transfer is
mediated via a coordinated lysine while in the choline
kinase family the a-PO, to B-PO, transfer is mediated
via a conserved Arg residue (Additional file 1: Table S1,
Figure S2 & S3). However, two structures which fall
within the phosphotransferase family also utilise Lys for
the a.-POy4 to B-PO,4 proton transfer. These sequences
however, are not similar to the protein Tyr kinase
sequences (Additional file 1: Figure S2 & S3). The con-
served functionality within the lipid kinases depends on
the complexities/order of domain the assembly. Taking
the order of the functional domain assembly into
account, the identified functional residues within the
families of the lipid kinases remain conserved (Addi-
tional file 1: Figure S4).

Group 2 kinases

The Group 2 kinases consist of the Rossmann-like
kinases, phosphoenolpyruvate carboxykinase, phospho-
glycerate kinase, aspartokinase-like kinases, phospho-
fructokinase-like kinases, ribokinase-like kinases,
thiamine pyrophosphokinase and glycerate kinase.

The mechanism associated with the Rossmann-like
kinases and phosphoenolpyruvate carboxykinase has
been outlined in the definition of the “push” mechanism.
Structurally and mechanistically, the pantothenate and
deoxyguanosine kinases differ from the other kinases
located in the Rossmann-like and phosphoenolpyruvate
carboxykinase families in that only one Arg is implicated
in the phosphoryl transfer mechanism and the Arg is
located on the opposite face of the ribose sugar (the “D-
face”) (Additional file 1: Table S3). This Arg plays a role
in the protonation of the C8. However, this residue is
also in close enough proximity to the a-PO, and the -
POy, to facilitate proton transfer. A primary sequence
alignment of the structures within the Rossmann-like
kinases (members of the P-loop containing nucleoside
triphosphate hydrolase PFam superfamily) shows two dis-
tinct sub-families, grouped based on the conserved resi-
dues associated with reaction mechanisms (Additional
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file 1: Table S4, Figure S8 & S9). The conserved amino
acid residues identified in Additional file 1: Table S3 are
highlighted in Additional file 1: Figures S8 & S9. The two
distinct modes of functionality identified are not necessa-
rily conserved within a family (Additional file 1: Table S4
& Figures S8 & S9). The shikimate kinase, uridine kinase
and adenylate kinase families all contain two conserved
Arg residues in the active site linked to the proton trans-
location (Mechanism 2A) while the second family con-
tains only one conserved Arg residue (Mechanism 2B).

The initiation of phosphoryl transfer with the asparto-
kinase family within Group 2 also relies on the “push”
mechanism however, the spatial arrangement of the resi-
dues responsible for the reaction differ from the P-loop
containing nucleoside triphosphate hydrolase superfamily
(Figure 4, Additional file 1: Figure S6). Mechanistically,
the aspartokinase family diverges from the Rossmann-
like kinases and phosphoenolpyruvate carboxykinase in
that there is no Arg associated with the adenyl ring to
facilitate the protonation of C8. Within the aspartokinase
family protonation of C8 is achieved via the coordination
of a backbone amide. However, common to this family is
the transfer of the C8-H to an intermediate Asp/Ser
which leads to the protonation of the a-PO,, as well as
the presence of a co-ordinating Lys which is responsible
for the inter-o-PO,/B-POy transfer (Figure 4; Additional
file 1: Table S4, Figure S6, Figure S10). Within the aspar-
tokinase family, the enzyme aspartokinase has an addi-
tional Arg residue between the Asp which facilitates the
deprotonation of C8 and the protonation a.-PO,. A pri-
mary sequence alignment of the proteins making up the
aspartokinase family identified all the functional residues
in a region of relatively high sequence homology (Addi-
tional file 1: Table S4 & Figure S10).

The Group 2 ribokinase-like superfamily use the dis-
tinctive “pull” mechanism based on the protonation of
N7 initiating the formation of a carbene at C8 as occurs
in the Group 4 kinases. As occurs in the Group 4 kinases
the carbene is stabilized via a reaction with a coordinated
backbone carbonyl arising from a conserved Gly residue.
The Group 2 ribokinase-like superfamily requires a con-
served Thr/Arg for the protonation of N7 and subse-
quent protonation of the a-PO, from C8 via a conserved
H,O. The proton transfer between the o.- and -POy is
also mediated via a conserved Thr/Lys (Figure 4, Addi-
tional file 1: Table S4, Figure S7, Figure S11). A distin-
guishing feature of this group is the interaction of a
peptide bond with the adenyl group, spanning C6-NH,
and N1, possibly stabilising the adenyl ring. The protona-
tion of C8 occurs via the coordination of a conserved
Thr/Lys. Within the ribokinase-, PFK- and hexokinase-
like superfamilies the “pull” mechanism is achieved by
similar spatial arrangements achieved by 3 distinct
groups as is evident from their sequence alignments
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(Additional file 1: Figures S11). Also included in the
Group 2 is phosphoglycerate kinase family [2,3]. This
family, however, carries out the reverse reaction and
therefore does not require the C8-H to facilitate phos-
phoryl transfer. Therefore, within the structure of phos-
phoglycerate kinase, no residues responsible for
facilitating the formation of the pentavalent intermediate
between the substrate and ATP are found. Within the
phosphomethyl pyrimidine kinase and ADP-specific
phosphofructokinase/glucokinase families of the riboki-
nase superfamily the reactions are either ADP dependent
or transfer pyrophosphate and therefore do not have a
residue responsible for proton transfer between the o.-
and B-phosphate.

Group 3 kinases

The reaction mechanism identified for the Group 3
kinases is limited to the structural information obtained
from the guanido family comprising creatine and arginine
kinase (Figure 4, Additional file 1: Table S5, Figure S14).
There is, however, significant sequence and structural
homology between these enzymes (Additional file 1:
Table S5 & Figure S15). As with many kinase groups dis-
cussed, this reaction is initiated by the “push” mechanism
via coordination of a carbonyl group arising from the
protein backbone, to the ATP C6-NH, (spatial arrange-
ment outlined in Figure 4). The acidification of the C8-H
allows for the protonation of the coordinated Arg, allow-
ing proton shuffling resulting in the required tautomeric
forms of the a- and B-POy residues. This results in the
protonation of the B-PO, via the electron delocalization
across the Arg guanidium group and proton transfer
from the Arg NeH to B-PO,. The creatine/arginine sub-
strate guanidium group is activated by deprotonation via
a coordinating Arg residue allowing for the formation of
the pentavalent intermediate between the substrate and
the y-PO, as a leaving group (Figure 4, Additional file 1:
Table S5). The inductive effect of the Mg>* renders the
renders the y-PO, residue more electrophilic, promoting
addition of the creatine nucleophile. The protonation
state is restored by the interaction of proximal Asp and
Arg residues, and the proton translocation is reversed
after phosphoryl transfer. The conserved functionality
within Group 3 is as outlined (Additional file 1: Figure
S15). The Arg responsible for the substrate deprotona-
tion is stabilized via a coordinated Asp residue which
acts to deprotonate the Arg prior to the deprotonation of
the substrate.

Group 4 kinases

The Group 4 kinases are outlined as the definition of the
“pull” mechanism. Within the FGGY family of the Actin-
like superfamily, two distinct sub-families may be defined
in terms of the residues required for functionality
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(Additional file 1: Table S8 & Figures S17 & S18). Within
the ROK family of the Actin-like ATPase superfamily, the
amino acid residues involved in phosphoryl transfer can-
not be identified as no crystal structure containing a
nucleotide exists (Additional file 1: Table S8 & Figure S4).
The functionality is well conserved within the acetokinase
family (Additional file 1: Table S8 & Figure S20). The resi-
dues involved in phosphoryl transfer within this acetoki-
nase family differ from those in the hexokinase, FGGY,
and ROK kinases. This mechanism involves a number of
conserved His residues and may not involve the C8-H.
However, protonation of the phosphate backbone of ATP
is still required for phosphoryl transfer. The proton may
originate from the substrate and be transferred along to
the a.-PO, via a cascade of conserved His residues (Addi-
tional file 1: Figure S20). The hexokinase family appears to
have a similar mechanism as occurs within all the Group 4
kinases; however, only a single structure containing a
nucleotide ligand exists (Additional file 1: Table S8 & Fig-
ure S21).

Group 5 kinases

Group 5 (TIM B/a-barrel kinases) contains pyruvate
kinase as the example which, as with phosphoglycerate
kinase in Group 2, carries out the reverse reaction
synthesizing ATP. Both examples contain no amino acid
side-chains associated with the acidification of C8-H
coordinated to the adenyl group of the nucleotide. Side-
chains deemed to be necessary for the acidification of
C8-H are the coordinating backbone carbonyl group
capable of interacting with the N6-NH, and/or side-
chains coordinated with either N7 or C8.

Group 6 kinases

The Group 6 kinases (Figure 4, Additional file 1: Table S9)
comprises three known structures that have a conserved
active site in which the adenyl ring is in a syn conforma-
tion relative to the ribose, allowing for the coordination of
the C3-H to the a.-PO,. The critical question that arises as
to the putative role C3-H may play in inducing phosphoryl
transfer due to its proximity to the a.-PO, and hence, by
analogy to the situation in the case of the C8-H in other
group, would be purely speculative. No KIE evidence was
obtained in steady-state enzyme reactions to suggest that
the C3-H of adenine plays a similar role in this group of
kinases as the C8-H does within the other groups [4]. It is
however conceivable that the ATP only binds in the syn
conformation and is induced to rotate on its glycosidic
bond to the anti conformation as part of the overall
mechanism to binding specificity. Using the same theme
of using conserved amino acid residues within a group of
kinases to suggest mechanistic implications, it is proposed
that this reaction is initiated by the coordination of the
conserved Asn yC-carbonyl group to the ATP C6-NH,
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(Additional file 1: Figure S22). The coordination of a con-
served lysine with the concomitant delocalization of the
electrons of the adenyl group results in the re-hybridiza-
tion of C8 from sp2 to sp3 , that, along with the change of
the conformation of the adenyl group from the syn to the
anti-conformation there allows for the protonation of C8
by the lysine residue forming the carbene with the conco-
mitant protonation of the a-PO4 from C8. The proton
translocation from the a-PO, creating the pentavalent
intermediate then occurs. The lysine residue serves two
roles, one being the deprotonation of the Asn amide in the
activation of the amide to facilitate the deprotonation of
the ATP C6-NH,, and the second role is in the protona-
tion of C8 in the stabilization of the carbene. A proton
required for the creation of the pentatvalent intermediate
also originates from the substrate via the Glu/Asp depro-
tonation of the substrate. The members of Group 6 are
within the Ribosomal protein S5 s-like superfamily com-
prising the GHMP family (Additional file 1: Table S10 &
Figure S23).

Group 7 kinases

The Group 7 kinases comprise thiamine monophosphate
kinase and selenide water dikinase. The thiamine mono-
phosphate kinase (EC 2.7.4.16) is from a prokaryotic system
and uses ATP to phosphorylate thiamine monophosphate
to thiamine pyrophosphate, while producing ADP. This
thiamine monophosphate kinase differs from the thiamine
pyrophosphate kinase (Group 2) and 2-amino-4-hydroxy-
6-hydroxymethyldihydropteridine pyrophosphokinase
(Group 3) in that the latter two are pyrophosphotrans-
ferases transferring a pyrophosphate group from a nucleo-
side triphosphate, such as ATP to the hydroxyl of thiamine.
All enzymes in Group 7 are homo-dimeric, with the active
site comprising amino acid residues from both subunits
(Figure 4, Additional file 1: Table S11, Figure S24). It is only
on the formation of the dimer that the reaction can occur,
since the carbonyl group coordinating ATP C6-NH, in the
“pull” mechanism implied here, as well as a conserved
backbone carbonyl which stabilizes the carbene formed at
C8, both arise from residues in one subunit, with the
remainder of the coordinating residues arising from the
second subunit. The initiation of phosphoryl transfer there-
fore only occurs on dimerization, enabling adequate asso-
ciation of the various residues with the ATP molecule. The
reaction mediated by the thiamine monophosphate kinase
is initiated once proton transfer has occurred from C8-H to
the a-PO,. This is followed by protonation of the substrate
via a cascade involving a conserved His residue and a series
of Asp residues (Figure 4; Additional file 1: Figure AF 10).
The interatomic distances are: a.-PO, to His = 2.748 +
1.25 A, His to Asp = 4.020 + 1.411 A and Asp to Asp =
3.923 + 1.357 A. The protonation of the substrate allows
the pentavalent intermediate to be formed, and the
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coordination of the Mg”* to migrate from being the B-PO,/
v-PO, coordinated to being a.-PO4/B-PO, coordinated,
with the concomitant re-protonation of C8.

Groups 8

There is only one member in each of Group 8, Group 9,
Group 10 and Group 11 kinases. Group 8 consists of ribo-
flavin kinase from Schizosaccharomyces pombe and Homo
sapiens (flavokinase family) (Additional file 1: Table S12).
The postulated phosphoryl transfer mechanism is similar
to all other groups utilizing the “push"mechanism (Addi-
tional file 1: Table S12, Figure S25 & Figure S26). The
mechanism occurs via coordination of the adenyl C6-NH,
and protonation of C8 via a coordinated Lys changing C8
from sp2 to sp3 hybridization, and alters the protonation
of C8-H. The C8-H becomes more acidic, allowing for the
protonation of the -PO,, via a conserved Asp to Arg pro-
ton transfer. The H" transfer is directly to the $-PO,, facil-
itating the formation of the pentavalent intermediate
between the y-PO, and the substrate nucleophile. There is
a simultaneous Glu-mediated deprotonation of the sub-
strate-OH that allows for the nucleophilic attack by the
substrate, creating the pentavalent intermediate and allow-
ing phosphoryl transfer. The protonated Glu then trans-
fers the proton to the y-PO, changing the coordination of
the Mg”* from being B-PO, to y-PO, coordinated to being
a-PO, to B-PO, coordinated. The H" originally arising
from the C8 is then transferred back to C8, allowing the
electron density of the adenyl moiety to return to the
“ground-state” distribution.

Groups 9 to 12 kinases

Group 9 contains dihydroxacetone kinase from Citrobac-
ter freundii, Group 10 contains glycerate kinase from Neis-
seria meningitides and Group 11 polyphosphate kinase
from Escherichia coli (Additional file 1: Table S13). Not
enough structural data was found for Groups 9, 10 and 12
to allow for the elucidation of the reaction mechanisms.
The postulated phosphoryl transfer mechanism found in
the Group 11 kinases which utilizes the “push"mechanism
but also undergoes an autophosphorylation of a histidine
residue (polyphosphate family) (Additional file 1: Table
S14, Figure S27 & Figure S28) [8,9]. The mechanism
occurs via coordination of the adenyl C6-NH, from the
protein backbone to the ATP C6-NH, and an Asn carbo-
nyl which acts to stabilize the carbene formed at C8. The
C8-H becomes more acidic, allowing for the protonation
of the a-PO,, via a conserved Arg proton transfer. A sec-
ond conserved Arg transfers the proton from the a-PO,
to the y-PO, facilitating the formation of the pentavalent
intermediate to allow for phosphoryl transfer. There is a
simultaneous deprotonation of a conserved His allowing
for the nucleophilic attack of the His for the y-PO,. There
is also a putative deprotonation of the substrate phosphate
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by a second His allowing for the concomitant formation of
the phosphate dimer (polymer). The H" originally arising
from the C8 is then transferred back to C8, allowing the
electron density of the adenyl moiety to return to the
“ground-state” distribution.

Discussion

The role of C8 in electrophilic substitution reactions is
not unprecedented in nucleotides under basic conditions,
where the lone pairs on N3 and N7 are available to
donate electron density through the conjugated system to
facilitate the electrophilic attack at C8 [10-12]. A number
of conserved mechanisms have been identified whereby
the C8H of ATP plays a direct role in the initiation of
phosphoryl transfer in kinase reactions. A required aspect
of this is the locking of the adenyl moiety into position by
interactions with C6-NH,, impacting on the delocaliza-
tion of electrons in the adenyl moiety as a result. Within
the group classification as outlined by Cheek et al, this
role of the C6-NH, is found in all groups other than
Group 4. In these groups resonance interactions giving
the backbone peptide bond the planar nature with double
character and the concomitant impact on the C6-NH,,
facilitates this process via the charge distribution across
the peptide bond and the charge to charge interaction
with the N6-NH,. In Group 4 the interaction of a con-
served Arg residue interacting with the N7/C8 facilitates
the change in hybridization of C8 back to sp> with the
concomitant release of the C8H initiating phosphoryl
transfer.

It is from this point that phosphoryl transfer is
initiated via a number of family-specific proton transfer
cascades. Two mechanisms therefore arise by which the
adenyl moiety of ATP plays a direct role in the initiation
of phosphoryl transfer; a “push” mechanism arising from
the coordination of a conserved backbone moiety coor-
dinated to the C6-NH, and a “pull” mechanism arising
from the protonation of N7 to facilitate the creation of
a carbene at C8. Each of these mechanisms would allow
for the regulation of the rate of formation of the penta-
valent intermediate between the ATP and the substrate
nucleophile. Phosphoryl transfer within kinases is there-
fore a specific event mediated and regulated via the
coordination of the adenyl moiety of ATP. Within
families the alignment of sequences generally gave very
low sequence identities. However, the residues asso-
ciated with phosphoryl transfer are always conserved
and, more importantly, the residues identified for their
role in the general acid and base catalysis associated
with the initiation of the reaction and the creation of
the pentavalent transition are also always conserved
within families. The secondary structure elements within
families are conserved. The evolution of these kinase
catalytic mechanisms appears to be convergent evolution
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as within groups and families both prokaryotic and
eukaryotic organisms are found. This is especially born
out in the Protein Ser/Thr-Tyr kinases and Atypical
protein kinases as the enzymes arise from a large array
of organisms utilizing varied substrates. In all cases
phosphorylation is of the substrate hydroxyl group. The
evolution of these kinase catalytic mechanisms appears
to be based on controlling the rates two simultaneous
mechanisms that occur during substrate phosphoryla-
tion. The first being the rate of deprotonation of the
substrate nucleophile and the second being the rate of
protonation ftey-PO,of the ATP to allow for the forma-
tion of the pentavalent intermediate. In thekinase
enzymes therefore, within the catalytic site of the
enzyme, the rate of reaction is dependent on two fac-
tors, the induced pK, of the substrate and rate of induc-
tion of the C8H to become labile allowing for the
effective transfer of a proton to the y-PO, of the ATP to
allow for the formation of the pentavalent intermediate.
These mechanisms have therefore evolved independently
but convergently to achieve specific rates of reactions.
These reaction rates probably allow for the overall rate
of reaction of each enzyme to be regulated within a
range. The range is dictated by the mechanistic classifi-
cation. Each mechanistic group has a different number
of bonds through which the tautomerization and proton
translocations need to occur.

A significant number of kinase enzymes also undergo
large molecular dynamic motions during the course of
each reaction. The molecular dynamics associated with
the binding mechanisms and their role in the orientation
of specific amino residues to ensure the release of the C8-
H to allow for phosphoryl transfer is borne out in a num-
ber of systems. In the remodeling of the 654* by the bac-
terial enhancer protein belonging to the NtrC subclass of
the AAA + ATPases, the ATP binding site resides at the
interface between two subunits [13-15]. Comparing the
ATP-bound structure with the ADP-bound structure
demonstrated large-scale conformational changes conco-
mitant with ATP binding. Movement induced in the
walker subunit in strand $7 and Linker 1 is associated
with the partial unwinding and translocation of helix H8
and with the upward and outward role of the L1 loop and
its 654-binding GAFTA motif. Concomitant to the major
conformational changes which occur in the walker subunit
associated with 654-binding is a major re-alignment of the
residues associated with the “push” mechanism. The
“push” mechanism utilized is similar to that used by the
Group 3 kinases. A comparison of the inter-atomic
distances in the ATP- and ADP-bound structures in the
residues associated with the “push” mechanism demon-
strated significant reduction in the inter-atomic distances
(PDB: 3MOE and 1NY6[14,15]. The inter-atomic distances
for the ADP- and ATP-bound structures between the
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ATP/ADP C6-NH, to backbone carbonyl (Val140) indu-
cing the tautomeric change in the adenyl ring, are 2.710
and 2.053 A, respectively. The reaction occurs via a car-
bene mechanism with the carbene being stabilized via the
interaction of a conserved backbone carbonyl (Gly170)
that is within bonding distance of C8, causing C8-H to
become more acidic, allowing for the direct protonation of
the a-PO,, with the inter-atomic distances for the ADP-
and ATP-bound structures being 4.688 and 3.896 A,
respectively (See Group 7 kinases). The proton transfer
creating the pentavalent intermediate occurs via Arg357
with the inter-atomic distances for the ADP- and ATP-
bound structures being .5.807 and 2.221 A to the a.-POy,
8.673 and 4.046 A to the B-PO, and 2.254 to the y-PO,,
respectively. The conformational changes induced in the
structure of the ATP are caused by the interactions of
Arg299 on the Rfinger subunit interacting with the ATP
in the active site of the Walker subunit, the inter-atomic
distances for the ADP- and ATP-bound structures being
between Arg299 and the B-PO, being 11.136 and 4.056 A,
respectively.

Cyclin dependent kinase-2 (CDK2) is a Ser/Thr protein
kinase belonging to Group 1 which only shows catalytic
activity when the subunit is bound by the allosteric
Cyclin protein and the catalytic domain has been phos-
phorylated on Thr160 located within the kinase “activa-
tion loop” motif [16,17]. This enzyme also undergoes
significant catalytic site closing motion on binding the
peptide substrate and a second Mg>* ion [18]. The high-
resolution refinement of CDK2 reveals 12 ordered water
molecules in the ATP binding pocket of the apoenzyme
and five ordered waters in that of the ATP complex.
Despite a large number of hydrogen bonds between
ATP-phosphates and CDK2, binding studies of cyclic
AMP-dependent protein kinase with ATP analogues
show that the triphosphate moiety contributes little and
the adenine ring is most important for binding affinity
[19,20]. Critical to the Group 1 mechanism is the ordered
water molecule that resides between the Glul31 aC-C =
O and C8-H. The extent of the molecular dynamics asso-
ciated with the binding of the substrate and the ATP is
indicated in the change in the inter-atomic distances
between the structure only containing an y-S ATP and
1 Mn** and a structure containing ADP, MgF3, 2 Mg”
"and the peptide substrate (Additional file 1: Table S1).

Structural evidence for the formation of the pentava-
lent intermediate in a bimolecular system as found in a
kinase reaction has been shown in the phosphorylation
of arginine by arginine kinase [21]. Using the transition
state analogue complex, the nitrate mimics the planar
y-phosphoryl during associative in-line transfer between
ATP and arginine and it is possible to measure how pre-
cisely the reactants are pre-aligned by the enzyme. The
alignments were found to be exquisite. Substrates are
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positioned not only in close proximity but with orbitals
aligned close to optimally. Consistent with in-line trans-
fer, the donor and acceptor atoms (ADP B-O, and gua-
nidinyl N,,) are positioned to form bonds within 0.2°
orthogonal to the phosphoryl (nitrate) plane. With
respect to the guanidinyl N,,, the optimal direction for
nucleophilic attack by its lone pair is at an angle of
approximately 110° to the N,,-C, bond in a plane per-
pendicular to the guanidinium plane. The nitrate nitro-
gen, mimicking the P,, is at 115°, close to ideal.

Conclusions

The kinase enzymes have been classified into 25 families
of homologous proteins, with the families assembled into
12 fold-groups based on the similarity of their structural
folds [2]. However, this classification relays little, if any,
information on the catalytic and regulatory mechanisms
employed in nucleotide binding and phosphoryl transfer.
Within a single group, both prokaryotic and eukaryotic
organisms are represented with kinase isoenzymes that
appear to be kinetically and functionally distinct based
on the rate of phosphoryl transfer and the regulation
thereof. Clearly the regulation of enzyme activity in
kinases is complex, which manifests in the apparent Ky
of the kinases ranging from less than 0.4 pM to in excess
of 1000 uM for ATP (Carna Biosciences, Inc., Kinase
Profiling Book:http://www.carnabio.com, [22]). It is con-
ceivable that the various conserved “push” and “pull”
mechanisms associated with the release of C8-H, the pro-
ton transfer cascades and the resultant/concomitant crea-
tion of the pentavalent transition state are the
mechanism by which the kinase enzymes achieve this
2500 fold variation in the Kj;. Permutations and combi-
nations of the various mechanisms identified are there-
fore employed by the kinase enzymes to achieve the
variation in enzyme kinetics of this diverse group of pro-
teins effectively carrying out the same phosphorylation
reaction. The initiation and regulation of the rate of this
reaction is achieved by the manner in which the C8-H is
induced to be labile and the mechanism by which the
resultant proton transfer cascade is achieved in the ulti-
mate creation of the pentavalent transition state between
the y-phosphate of the ATP and the substrate nucleo-
phile. Within the active site of the enzyme the rate of
reaction is therefore governed firstly by the various
mechanisms by which the C8-H is induced to be labile
and secondly, by the mechanisms by which the resultant
effective translocation of a proton from C8-H to the pen-
tavalent transition state between the y-phosphate of the
ATP and the substrate nucleophile occur. In kinase
enzyme steady state enzyme kinetics the overall perceived
reaction rate therefore comprises the contribution of this
catalytic effect as well as the contribution of the first
order concentration effect of the ATP. The rate of
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reaction in kinases is therefore dictated by the hydrogen
bonding network that is set up between the amino acids
on the surface of the protein binding site, the ATP mole-
cule and any substrate molecule(s) that may be present.
The key result of this interaction network is the change
in the distribution of electron density in the heteroaro-
matic ring by two possible means, each facilitating the
weakening of the C8-H bond and translocation of the
proton to the triphosphate chain. This, in turn, ensures
the formation of the pentavalent transition state through
the hydrogen-bond mediated activation of the gamma
phosphate group and subsequent nucleophilic attack
thereof by the substrate. A number of conserved mechan-
isms have been identified by which the translocation of
the C8 proton and subsequent activation of the gamma
phosphate may occur. The contribution of these steps,
both the electron redistribution in the heterocycle and
subsequent activation of the triphosphate chain, to the
overall reaction rate depends on the free energy contribu-
tion of each hydrogen bond used by the specific con-
served mechanisms in question to the activation energy
of the pentavalent transition state. The free energy con-
tributions across the entire system, both small molecules
and the protein, can probably be considered as a linear
combination of the wave functions describing the elec-
tron distribution in the heterocycle, as well as the subse-
quent hydrogen bonding events.

Methods

Structural bioinformatics

Discovery Studio® (Accelrys Inc) was used for all mole-
cular modelling protocols. Structures were identified
within the wwPDB using the EC numbers in the families
and groups outlined by Cheek et al [2,3]. Only struc-
tures containing AMP, ADP, ATP or their non-hydroly-
sable analogues were used. Interatomic and hydrogen
bonding distances were measured between the nucleo-
tide and the coordinating amino acid. where required
the pyrimidine/B-D-sugar torsion angle of the nucleo-
tide, Thr/Ser -OH torsion angle and the torsion angles
within the coordinating arginine residues were rotated
to optimize the interatomic distances obtained. Where
required an energy-minimization was then carried out
on the structure and a “bump” check was carried out on
the structure to ensure that no inappropriate interac-
tions occurred. Energy minimizations were carried out
using the standard Accelrys Discovery Studio protocols
using the ‘Smart Minimizer’ algorithm over a maximum
of 10000 steps to a RMS equal to 0.1 and an energy
change of 0.0. All the structural informatics accession
numbers and the associated references are included in
the supplementary information. All structural infor-
matics references to be included in the additional
information.
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Sequence alignments and structural analysis

The protein sequence alignments were carried using the
Accelrys Discovery Studio (Client 2.5) sequence align-
ment software, using the dynamic alignment with a gap
penalty of 10, a multiple gap extension penalty of 0.05
and the BLOSUM scoring matrix. PFam searches were
carried out to identify the kinase superfamilies and
families. Sequence alignments were carried out within
the superfamlies/families to identify the extent to which
the amino acids associated with catalysis are conserved.
The conserved secondary structure elements within
families were also used to facilitate the sequence align-
ments. All sequence alignments are showing the con-
served residues and the secondary structure elements
are included in the supplementary information.

Additional material

[ Additional file 1: Supplementary information. J
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ADDITIONAL INFORMATION

Table AF 1A. Kinases representing Group 1 and the identified conserved amino acid residues associated with the catalysis of phosphoryl transfer and the measured interatomic distances are

shown. The PDB or uniprot accession numbers are indicated. Conserved residues replaced by conserved functionality are indicated by 3-letter code.

Kinase Met-S or C8-Hto | Lys-NH; Lys-NH;to | Asp-COOH | Asp-COOH | Substrate H*
GIn-C=Oto | @-PO, | toa-PO,’ B-PO,? to p-PO,° to Mg?*® removal*>®
Aden-NH,"
Protein Ser/Thr-Tyr kinases / Atypical protein kinases
Choline kinase (Choline-OH) 3G15 (Homo GIn207Ca 2.809 Argl46 Argl46 3.798 Asp330 Asp330 Asp306
sapiens) 2.004 1.956 2.942 2.242 Asn311
Protein Ser/Thr kinase (Protein Ser/Thr-OH) 2BZK Pro123 Ca 4.226 Lys67 Lys67 3.025 Asp186 No Mg Aspl67
(Homo sapiens) 3.322 1.830 3.104 Asnl72
Phosphorylase kinase (Glycogen phosphorylase- Aspl04 1.934 3.654 Lys48 Lys48 3.947 Aspl67 Mn** Aspl49
Ser-OH) 2PHK (Rabbit) Met106 5.412 2.489 3.204 coordinated | Asnl54 Arg7
Homoserine kinase NS
P00547 (Escherichia coli)
1 Phosphotidylinositol 4-phosphate 5-kinase 2GK9 No ADP Lys167 Lys167 Asp227 Asp227 Asp227
(Homo sapiens) Lys171
Streptomycin 6-kinase P08077 (Streptomyces NS Arg64 Arg64 Asp219 Asp219 His199
griseus) Asp201
Ethanolamine kinase’ Q9HBUG (Homo sapiens) NS Argl67 Argl67 Asp329 Asp329 Asp310
Asn315
Streptomycin 3’-kinase P18150 (Streptomyces NS Arg60 Arg60 Asp210 Asp210 Asp190
griseus) Asn195
Kanamycin kinase (Aminoglycoside-OH) 1L8T Ser91 2.294 3.225 Lys44 Lys44 2.071 Asp208 Asp208 Asp190
(Enterococcus faecalis) Met90 4.618 1.770 2.711 2.159 Asn195
Methylthioribose kinase (APS®-ribose-OH) 20LC Glul151.786 3.052 Lys61 Lys61 2.508 Asp250 Asp250 Asp233
(Bacillus subtilis) Met114 4.452 1.750 3.243 2.492 His235 Open
Viomycin kinase’ D2B3F1 (Streptosporangium NS Arg6l Arg6l Asp211 Asp211 His187
roseum) Asp189
[Hydroxymetylglutaryl-CoA reductase (NADPH,)] NS
kinase
Tyrosine kinase (Tyrosine-OH) 1U54 (Homo GIn206 2.113 3.068 Lys158 Lys158 1.944 Asp270 Asp270 Asn252
sapiens) Met203 8.518 2.762 3.104 2421 Asn257
Arg356
[Isocitrate dehydrogenase (NADP™)] kinase NS Arg225 Arg225 Asp399 Asp399 His376
A3RX03 (Ralstonia solanacearum) prokaryote Asp377
[Myosin light-chain] kinase’” Q9H8B3 (Homo NS Asp286 Asp286 His271
sapiens) Asp274
Hygromycin-B kinase’ P09979 (Streptomyces NS
hygroscopicus)
Calmodulin dependent protein kinase (Ser/Thr- Glu139 1.924 3.818 Lys91 Lys91 7.441 Asp205 Asp205 Glu188




Kinase Met-S or C8-Hto | Lys-NH; Lys-NH;to | Asp-COOH | Asp-COOH | Substrate H*
GIn-C=Oto | @-PO, | toa-PO,’ B-PO,? to p-PO,° to Mg?*® removal*>®
Aden-NH,"

OH) 3LIJ Met138 4.446 2.864 5.362 2.578 Asn189
Lys185

Rhodopsin kinase (Ser/Thr-OH) 3C4W (Bos Thr265 1.711 2.788 Lys216 Lys216 2.270 Asp332 Asp332 Asp314

taurus) Met264 4.297 2.221 3.008 2.074 Asn319
Lys316

B-Adrenergic-receptor kinase 1YM7 (Bos taurus) No ADP

[Myosin heavy-chain] kinase’” Q4CQ29 NS

(Trypanosoma cruzi)

[Tau protein] kinase 0050321 (Homo sapiens) NS

Macrolide 2°-kinase’ Q47396 (Escherichia coli)

1 Phosphotidylinositol 3-kinase (Inositol-OH) GIn288Ca 3.117 Lys833 Lys833 3.122 Asp964 Asp964 Asp950

1E8X (Sus scrofa) wild boar 2.776 2.457 3.423 2.799 Asn951
His948

[RNA-polymerase]-subunit kinase’ Q4A3R1 NS

(Potato virus S)

1 Phosphotidylinositol 4,5-bisphosphate 3-kinase No ADP

2B3R (Mus musculus)

1-Phosphotidylinositol-4-phosphate 5-kinase 1BO1 No ADP Lys214 Lys214 Asp369 Asp278

(Homo sapiens) Lys218

Lipid kinases

1D-Myoinositol triphosphate kinase 1W2C (Homo GIn249 2.818 Lys209 Lys209 2.428 Asp416 Mn?* Glu262

sapiens) 1.756 1.855 3.527 coordinated Lys264

Inositol tetrakiphosphate 5-kinase NS

1-Phosphotidylinositol-5-phosphate 4-kinase’ NS Lys214 Lys214 Asp269 Asp269 Asp278

P78356 (Homo sapiens) Lys218

1-Phosphotidylinositol-3-phosphate 5-kinase’ NS

Q9Y217 (Homo sapiens)

Inositol-polyphosphate multikinase 21F8 GIn118Ca 2.847 Lys31 Lys31 1.861 Asp325 No Mg Glu37

(Saccharomyces cerevisiae) 1.636 3.933 2.677 Lys133
His328

1-Phosphotidylinositol 4-phosphate 5-kinase 2GK9 No ADP Lys167 Lys167 Asp227 Asp227 Asp208

(Homo sapiens) Lys171

ATP-grasp fold

Inositol tetrakiphosphate 1-kinase 2QB5 (Homo GIn188Ca 2.853 Lys157 Distorted Asp295 Mn#* Asn297

sapiens) 1.879 1.543 3.423 coordinated His162
His167
His233

Pyruvate phosphate dikinase 1DIK (Clostridium No ADP

symbiosum)



http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeEntityQuery&t=1&n=4932
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeEntityQuery&t=1&n=1512
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeEntityQuery&t=1&n=1512

Kinase Met-S or C8-Hto | Lys-NH; Lys-NH;to | Asp-COOH | Asp-COOH | Substrate H*
GIn-C=Oto | @-PO, | toa-PO,’ B-PO,? to p-PO,° to Mg?*® removal*>®
Aden-NH,"
Pyruvate, water dikinase’ Q8TKJ7 NS
(Methanosarcina acetivorans)
Kinase Met-S or C8-Hto | Lys-NH; Lys-NH;to | Asp-COOH | Asp-COOH | Substrate H*
GIn-C=Oto | a-PO, | toa-PO,’ B-PO/? to p-PO,° to Mg®*® removal*>®
Aden-NH,"
Phosphomevalonate kinase 3GON (FROM 50 2.715 4.57 3.916 Distorted Distorted
GROUP 2) 4.557
Mean™ 2.082 3.050 2.293 2.545 2.984 2.373
Standard Deviation 0.328 0.271 0.667 0.605 0.490 0.242
% Standard Deviation 20.561 8.887 | 29.105 23.770 16.429 10.218
Cyclin dependent kinase-2 3JST (IMn”") Glusl 2.581 | Lys33 Lys33 Aspl27 | o-B-PO,
1.568 2.921 1.757 8.312 Mn?*
5.299
Cyclin dependent kinase-2 3QHW (3Mg™) Glusl 2.937 | Lys33 Lys33 Aspl27 | o-B-PO,
1.739 1.744 2.388 5.940 Mn**
4.674

NoasrwdE

NS = No structure in PDB.

Coordination of the carbonyl of the backbone carbon and the thiol ether of Met to the hydrogen of the N6-NH, and C8 respectively.
The coordinated Lys acts to transfer the H* from the 0-PO, to the B-PO,.
Asp to B-PO, coordinated and Asp is Mg?*

Residues associated with the deprotonation of the substrate.
Residues associated with the deprotonation of the substrate.
Residues associated with the deprotonation of the substrate.
Residues identified by sequence alignment using UniProt sequence (Accession Number as indicated).
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Figure MECH1. Phosphoryl transfer mechanism found in the Group 1 kinases. Within the
Protein kinase superfamily and protein kinase family a conserved methionine residue is found
within the active site. It is proposed that a water molecule is hydrogen bonded between the
sulphur of the methionine and C8 of the adenyl ring creating the proton addition complex
analogous to the Wheland intermediate implicated in electrophilic aromatic substitution. The
coordination of the backbone carbonyl to C6-NH; creates a “push” mechanism that renders
the C8-H more acidic, releasing the H* to the oxygen of a-PO4. The “push” mechanism
requires the protonation of C8 as part of rendering the C8-H more acidic. The C8-H is within
H-bonding distance of the a-PO,4 (3.050 £ 0.271 A) and the H™ is transferred to the a-POy,
allowing for the effective transfer of the H" to the p-PO, via a coordinating lysine or arginine
residue. The mean interatomic distances between the Lys residue and the o- and B-PO4
moieties are 2.293 + 0.66 A and 2.545 + 0.605 A, respectively. The protonation of the a-PO4
and a concomitant transfer of an H* from the a-POy to p-PO4 via a conserved Lys facilitates
the y-PO, becoming activated for nucleophilic attack. There is a concomitant deprotonation
of the substrate-OH via a conserved Asp. This allows for the nucleophilic attack by the
substrate, creating the pentavalent intermediate, and the phosphoryl transfer. The protonated
Asp then transfers the proton to the y-PO,4. This changes the coordination of the Mg?* from
being B-POy to y-PO, coordinated to being a-PO, to p-PO, coordinated. The H™ originally
arising from the C8 is then transferred back to C8, allowing the electron density of the adenyl
moiety to return to the “ground-state” distribution.



Table AF 1B. Group 1 kinases.

SUPERFAMILY" FAMILY / DOMAIN?
Group 1 Kinases: Ser/Thr-Tyr
1. Protein Ser/Thr kinase Protein kinase (CL0016) Protein kinase domain (PF00069)
(pdb | 2BZK)
2. Phosphorylase kinase Protein kinase (CL0016) Protein kinase domain (PF00069)
(pdb | 2PHK)
3. Calmodulin-dependent protein a. Protein kinase (CL0016) a. Protein kinase domain (PF00069)
kinase (pdb | 3L1J) b. EF-hand like (CL0220) b. EF hand (x3) (PF00036)
4. Rhodopsin kinase (pdb | 3C4W) | a. Protein kinase (CL0016) a. Protein kinase domain (PFO0069)
b. RGS-like (CL0272) b. Regulator of G protein signaling
domain (PF00615)
5. B-Adrenergic-receptor kinase a.  Protein kinase (CL0016) a. Protein kinase domain (PF00069)
(pdb | 1YM7) b. RGS-like (CL0272) b. Regulator of G protein signaling
domain (PF00615)
c. PH domain-like c. PH domain (PF00169)
6. Tyrosine kinase (pdb | 1U54) Protein kinase (CL0016) Protein tyrosine kinase (PFO0069)
7. Choline kinase (pdb | 3GI5) Protein kinase (CL0016) Choline/ethanolamine kinase
(PF01633)
8.  Ethanolamine kinase Protein kinase (CL0016) Choline/ethanolamine kinase
(uniprot | QQHBUES) (PF01633)
9. Streptomycin 3-kinase Protein kinase (CL0016) Phosphotransferase enzyme family
(uniprot | P18150) (PF01633)
10. Viomycin kinase Protein kinase (CL0016) Phosphotransferase enzyme family
(uniprot | D2B3F1) (PF01633)
11. Hygromycin-B kinase Protein kinase (CL0016) Phosphotransferase enzyme family
(uniprot | P09979) (PF01633)
12. Kanamycin kinase (pdb | 1L8T) | Protein kinase (CL0016) Phosphotransferase enzyme family
(PF01633)
13. Methylthioribose kinase Protein kinase (CL0016) Phosphotransferase enzyme family
(pdb | 20LC) (PF01633)
14. Macrolide 2’-kinase Protein kinase (CL0016) Phosphotransferase enzyme family
(uniprot | Q47396) (PF01633)
15. Streptomycin 6-kinase Protein kinase (CL0016) Amino glycoside/hydrourea antibiotic
(uniprot | P08077) resistance kinase (PF04655)
16. [Myosin heay-chain] kinase nd® Alpha kinase family (PF02816)
(uniprot | Q4CQ29)
17. Homoserine kinase Ribosomal protein S5domain 2- a. GHMP kinases N-terminal domain
(uniprot | P00547) like superfamily (CL0329) (PF00288)
b. GHMP kinases C-terminal domain
(PF08544)
18. [Myosin light-chain] kinase Immunoglobulin superfamily Immunoglobulin I-set domain
(uniprot| Q9H8B3) (CLO011) (PF07679)
19. 1-Phosphatidylinositol 3-kinase : a. Ubiquitin (CL0072) a. PI3-kinase family, ras-binding
(pdb | 1E8X) domain (PF00794)
b. C2 superfamily (CL0154) b. Phosphoinositide 3-kinase C2
c. Tetratrico peptide repeat (PF00792)
(CL0020) c. Phosphoinositide 3-kinase family,
accessory domain (PIK domain)
(PF00613)
d. nd d. Phosphatidylinositol 3- and 4-
kinase (PF00454)



http://pfam.sanger.ac.uk/family/PF00613.13

SUPERFAMILY"?

FAMILY / DOMAIN?

20. 1-Phosphatidylinositol 4,5-
bisphosphate 3-kinase
(uniprot | 000443)

a. Ubiquitin (CL0072)
b. C2 superfamily (CL0154)

c. Tetratrico peptide repeat
(CL0020)

d. nd

e. nd
f. C2 superfamily (CL0154)

a. P13-kinase family, ras-binding
domain (PF00794)

b. Phosphatide 3-kinase C2 family
(PF00792)

¢. Phosphoinositide 3-kinase family,
accessory domain (PIK domain)
(PF00613)

d. Phosphatidylinositol 3- and 4-
kinase (PF00454)

e. PX domain (PF00787)

f. C2 domain (PF00168)

21. 1-Phosphatidylinositol 4-
phosphate 5-kinase
(pdb | 2GK9)

nd

Phosphatidylinositol-4-phosphate 5-
kinase (PF01504)

22. 1-Phosphatidylinositol 4- nd Phosphatidylinositol-4-phosphate 5-
phosphate 5-kinase kinase (PF01504)
(pdb | 1BO1)

23. [lsocitrate dehydrogenase nd Isocitrate dehydrogenase

(NADP*{] kinase
(uniprot | A3RX03)

kinase/phosphatase (PF06315)

24. [RNA-polymerase]-subunit
kinase (uniprot | QA3R1)

25. [Hydroxynethylglutaryl-CoA
reductase (NADPH,)] kinase

No sequence

26. [Tau protein] kinase

No sequence

Group 1 Kinases: Lipid kinases

1. 1D-Myoinositol triphosphate nd Inositol polyphosphate kinase
kinase (pdb | 1W2C) (PF03770)
2. Inositol-polyphosphate nd Inositol polyphosphate kinase
multikinase (pdb | 2IF8) (PF03770)
3. Inositol tetrakiphosphate 5- nd Inositol polyphosphate kinase
kinase (uniprot | QOLY23) (PF03770)
4. 1-Phosphatidylinositol-4- nd Phosphatidylinositol-4-phosphate 5-
phosphate 5-kinase kinase (PF01504)
(pdb | 1BO1)
5. 1-Phosphatidylinositol-5- nd Phosphatidylinositol-4-phosphate 5-
phosphate 4-kinase kinase (PF01504)
(uniprot | P78356)
6. 1-Phosphatidylinositol-5- nd FYVE zinc finger
phosphate 5-kinase DEP domain
(uniprot | Q9Y217) TCP-1/cpn60 chaperonin family
Phosphatidylinositol-4-phosphate 5-
Kinase
Group 1 Kinases: ATP-grasp fold

1. Inositol tetrakiphosphate 1-
kinase (pdb | 2QB5)

ATP-grasp (CL0179)

Inositol 1, 3, 4-trisphosphate 5/6-
kinase (PF05770)

2. Pyruvate phosphate dikinase
(pdb | 1DIK)

a. nd

b. nd

c. Pyruvate kinase-like TIM
barrel superfamily (CL0151)

a. Pyruvate phosphate dikinase,
PEP/pyruvate binding domain
(PF01326)

b. PEP-utilising enzyme, mobile
domain (PF00391)

c. PEP-utilising enzyme, TIM barrel
domain (PF02896)

3. Pyruvate water dikinase
(uniprot | Q8TKJ7)

a. nd

b. nd

c. Pyruvate kinase-like TIM

barrel superfamily (CL0151)

a. Pyruvate phosphate dikinase,
PEP/pyruvate binding domain
(PF01326)

b. PEP-utilising enzyme, mobile
domain (PF00391)

c. PEP-utilising enzyme, TIM barrel
domain (PF02896)




SUPERFAMILY" FAMILY / DOMAIN?
4. Phosphomevalonate kinase a. Ribosomal protein S5 domain = a. GHMP kinases N terminal
(pdb | 3GON) 2-like (CL0329) domain(PF00288)
b. nd b. GHMP kinases C terminal
(PF08544)

! pfam clan classification in brackets

2 pfam family/domain classification in brackets

% No Detectable (nd) similarity to conventional kinases

Where there are 2 or domains recognised, these are denoted by ‘a’, ‘b’, etc. One domain has been selected to position the
protein within the table.


http://pfam.sanger.ac.uk/family/PF00288.19
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Figure SEQ1A. Conserved functionality of selected Group 1 kinase enzymes from within the ‘Protein Kinase’ superfamily
and ‘protein kinase domain’ family. 2BZK, Protein Ser/Thr kinase; 2PHK, phosphorylase kinase; 1U54, tyrosine kinase;
3L1J, calmodulin dependent protin kinase; 3C4W, rhodopsin kinase; 1YM?7, B-adrenergic-receptor kinase. Pink = 100%
identical, Green = >75% identical, turquoise = >50% identical. The indicated numbering is as per the identified residues as
outlined in Sup Inf Table SI 1A. Secondary structure elements; Orange/Pink tube = Helix, Blue Arrow = Sheet, Grey = Coil.
The total percentage of identical residues in this alignment is 21.45%.
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Figure SEQ1B. Conserved functionality of Group 1 kinases that fall within the ‘Protein Kinase’ superfamily and ‘choline/ ethanolamine kinase’, ‘amino glycoside/hydrourea antibiotic
resistance kinase’ and ‘phosphotransferase’ families. 3GIS5, choline kinase; Q9HBUS6, ethanolamine kinase; P18150, streptomycin 3’-kinase; D2B3F1, viomycin kinase; P09979, Hygromycin-B
kinase; Q47396, macrolide 2’kinase; P08077, streptomycin 3’-kinase; 20LC, methylthioribose kinase; 1L8T, kanamycin kinase. The indicated numbering is as per the identified residues as
outlined in Sup Inf Table SI 1A, except for 6 which indicates conserved His and Asp/Glu residues responsible for stabilization involved in Mg?* binding and substrate deprotonation. The total
percentage of identical residues in this alignment is 22.87%.
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Conserved functionality within the <‘phosphatidylinositol-4-phosphate 5-kinase’ and the ‘inositol

polyphosphate kinase’ families in Group 1. 1W2C, 1D-myoinositol triphosphate kinase; 21F8, inositol-polyphosphate
multikinase; 2QB5, inositol tetraphosphate 1-kinase; 1BO1, 1-phosphotidylinositol-4-phosphate 5-kinase; 2GK9, 1-
phosphotidylinositol-4-phosphate 5-kinase; P78356, 1-phosphotidylinositol-5-phosphate 4-kinase. Pink = 100% identical,
Green = >75% identical, turquoise = >50% identical. The indicated numbering is as per the identified residues as outlined in
Sup Inf Table SI 1A. Secondary structure elements; Orange/Pink tube = Helix, Blue Arrow = Sheet, Grey = Coil. The
indicated numbering is as per the identified residues as outlined in Sup Inf Table SI 1A. The total percentage of identical
residues in this alignment is 22.87%.
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Table AF 2A. Kinases representing Group 2 and the identified conserved amino acid residues associated with the catalysis of phosphoryl transfer and the measured interatomic distances are

shown. The PDB or uniprot accession numbers are indicated. Conserved residues replaced by conserved functionality are indicated by 3-letter code.

Kinase aC-C=0 to N7-Hto | C8-Hto | C8-Hto Arg-NH; | Arg-NH; | Lys-NH; Thr to Thr to Arg to Thr to
Aden-NH," Arg! Arg! a-PO, to a-PO,* | to p-PO,* | toy-PO,® | C8-H* | a-PO,* C8-H° C8-H°
Rossmann-like kinases
GIn158 Argl120 Argl120 3.495 Argl24 Argl24 Lys21y Ser22 Ser22 5.24 421
Gluconate Kinase!" 1KO5 (Escherichia 1.971 3.273 3.692 Direct 2.940 Distorted 1.734 7.268
coli)
Phosphoribulokinase 1A7J (Rhodobacter No ADP
sphaeroides )
Thymidine kinase 20RW (Thermotoga Val139 4.738p Lys16 Lys16
maritima) 1.778 1.678 1.732
Pantothenate kinase'® 2759 NC Arg238 | Arg23s 3.395 Arg238 Arg238 | Lysl03p | Arg23s Arg238 | Arg238
(Mycobacterium tuberculosis) 4.556 3.299 1.640 2.349 2.023 3.299
Uridine kinase'™ 2UVQ (Homo sapiens) Asp215COO | Argl6é8 | Argl68 4.936 Argl72 Argl72 Lys36 Thr3s Thr38 Argl168 Thr38
H 2.386 4.116 5.455 3.178 3.094 B 2744 3.324 2.591 3.827 3.526
Shikimate kinase™™ 1L.4U (Mycobacterium Arg153 Arg110 Arg110 3.697 Argll7 Argl17 Lys15 Thrl7 Thrl7 Argl10 Glu3l
tuberculosis) 1.959 3.799 4.012 2.757 1.783 B-y 3.469 2.767 3.037 3.113
6-Phosphofructo-2-kinase 211V (Homo Not Group 2 2.661 Lys168 Lys138 Lys47
sapiens) 4.237 4.237
Deoxyguasine kinase™® 2JAS (Mycoplasma Asp83 Arg78 Arg78 5.310 Lys13 Lys13 Lys13 Glu 31 Arg78 Glu3l
mycoides subsp.mycoides ) 1.611 4.104 2.492 1.890 1.820 a-y 2.592 2.426 3.113
Deoxyribonucleoside kinase 2JCS No ADP Arg94 Arg94 Lys22 Lys22 Lys22 Asp4l
(Drosophila melanogaster)
Polyphosphate kinase 1XDP (Escherichia GROUP 3/11
coli)
Phosphomevalonate kinase 3GON GROUP 1
(Streptococcus pneumoniae R6)
Adenylate kinase 2C95" (Homo sapiens) Gly177 Argl28 Argl28 4.042 Argl32 Argl32 Lys21y Thr23 Thr23 Argl28 Arg23
1.906 4.372 4.789 4.958 2.136 1.865 2.228 3.621 3.795 2.249
Cytidylate kina+se 1QF9'" (Dictyostelium Argl76 Argl27 Argl27 3.338 Argl31 Argl31 Lys19y Thr21 Thr21 Argl27 Arg21
discoideum) 1.812 4.076 4.734 2.018 3.720 2.139 2.381 2.739 3.747 2.486
Phosphoenolpyruvate carboxykinase
Protein kinase (HPr kinase)" ' 2GBL SerA330 A326 A326 B459 B459 A294 A319 4.4090.
(Synechococcus elongatus) 1.249 3.618 3.987 4.643 4.055 2.147 3.359 3.253B
Protein kinase (HPr kinase)'® 2GBL SerA89 3.428 | A88 away A88 B226 B226 A52
from site away 5.617 3.799 1.853
from
site
Phosphoenolpyruvate carboxykinase 1AQ2 11e450 1.623 Arg449 Arg449 Arg333 Arg333 Lys254 3- | Thr256 | Thr256 2.093B
(Escherichia coli) 4.541 4.291 5.461 4.491 4.605 Y 3.512 3.858 2.130y
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Kinase aC-C=0Oto N7-Hto | C8-Hto | C8-Hto Arg-NH; | Arg-NH; | Lys-NH; Thr to Thr to Arg to Thr to
Aden-NH,* Arg Arg a-PO, to 0-PO,* | to p-PO,* | toy-PO,% | C8-H* | a-PO,* C8-H® C8-H°
Glucokinase 3FGU FROM RIBOKINASE Leud15 Ser411 Ser411 5.583 Arg85 Arg85 Lys169 Ser411 Ser411
(Homo sapiens) 3.861 4.287 4.409 3.981 4.382 4.395 3.621
Mean 2.101 4.098 4.140 4.332 2.953 2.847 2.073 3.797 3.200 3.260 3.028
Standard Deviation 0.699 0.401 1.036 1.010 1.197 1.143 0.480 1.697 0.558 0.568 0.485
% Standard Deviation 33.28 9.77 25.02 23.32 40.52 40.15 23.16 44.70 17.45 17.415 16.022
Phosphoglycerate kinase® Reverse
reaction
Kinase GIn-aC-C=0 N7 to Asp to C8-H to Lys-NH; Lys-NH; Lys-NH; Thr to Thr to Thr to
to Aden-NH, | backbone N7 a-PO, | toa-PO, | top-PO,* | toy-PO,° | C8-H* | a-PO,* C8-H™
NH
Aspartokinase
Carbamate kinase 1WES5 (Escherichia coli) His262 Ala264 Tyr328 6.684 Lys271 Lys272 Lys209 Ser267 Ser267 Ser267
1.812 2.589 4.322 4.012 1.788 2.812 5.622 2.690
Aspartokinase 2J0W (Escherichia coli) Tyr227 Lys257 Asp230 7.498 Lys257 Lys257 Asp230 | Asp230 2.065
2.167 3.619 4.133 2.243 5.107 2.509 8.006
Acetylglutamate kinase 10H9 (Escherichia Leu209 Thr211 Thr 211 6.674 Lys217 Lys217 Lys58 Asp212 | Asp212 1.993
coli) 1.847 2.220 2.950 3.623 2.355 1.917 3.731
Uridylate Kinase 2BRI (Pyrococcus Tyrl46 Aspl49 Aspl49 7.671 Arg49 Arg49 Arg49 Ser181 Ser181
furiosus) 1.882 2.894 3.820
Mean 1.927 2.831 3.806 7.271 3.159 2.758 2.677 5.032 2.554
Standard Deviation 0.163 0.594 0.607 0.435 0.805 1.589 0.646 2.311 0.685
% Standard Deviation 8.787 20.969 15.953 5.988 25.481 57.597 24.128 45.921 26.836
Kinase GIn- aC- C8-H to Ser to C8-H to Thr-OH Thr-OH H- Asp to Asp to C8to C8-H to
C=0+to Ser a-PO, a-PO, to a-PO,? | to p-PO,2 | bonding | substrat | y-PO, | Backbone | a-PO,°
Aden-NH, to N7* e-OH c=0"
Phosphofructokinase
6-Phosphofructokinase 4PFK (Geobacillus GIn107 Direct Direct 3.265 Arg72 Arg72 Lys77 No No Gly104
stearothermophilus) 3.504 1.793 1.886 3.619 transfer | transfer 3.046
group group
6-Phosphofructokinase 3F5M Arg203NH2 Direct Direct 3.427 Argl73 Argl73 Arg203 No No Gly200
(Trypanosoma brucei) 1.905 1.922 3.981 4.257 transfer | transfer 3.518
group group
1-Phosphofructokinase 2AJR/2JG5’ No ADP Ser68 Ser68 Argl05 Gly102
(Thermotoga maritima)
Diphosphate-fructose-6-phosphate 1- No ADP Arg78 Arg78 Arg8l Gly114
phosphotransferase 3K2Q/3HNO/1KZH’
(Marinobacter aquaeolei VT8)
Diacylglycerol kinase 20V7’ Open site Thr63 Thr63 Asn9%4 Gly91
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http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeEntityQuery&t=1&n=1422
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(Staphylococcus aureus)

Kinase Gln-  aC- C8-H to Ser to C8-H to Thr-OH Thr-OH H- Asp to Asp to C8to C8-H to
C=Oto Ser a-PO, a-PO, | toa-PO,' | toB-PO,* | bonding | substrat | y-PO,* | Backbone | a-PO,°
Aden-NH, toN7° | e-OH® c=0"
Ribokinase
Ketohexokinase 3HQQ (Leishmania No ADP Thr253 Thr253 Asp258
mexicana)
4-Fructokinase 3EPQ (Bacillus subtilis) NC Direct Direct Thr130 Thrl30 GIn233 Asp103 | Aspl03 Gly230 2.880
3.041 4.827 1.757 2.619 NS 3.617 3.143
Ribokinase 1RKD (Escherichia coli) NC Direct Direct 3.279 Thr223 Thr223 Thr250 Asp255 | Asp255 Gly225 3.620
2.276 3.972 3.437 2.703 3.244 3.673
Adenosine kinase 2PKN (Mycobacterium NC Direct Direct 3.182 Thr223 Thr223 Thr253 Asp257 | Asp257 Gly225 3.705
tuberculosis) 3.036 4.371 NS 5.936 3.385
Pyridoxal kinase 31BQ (Lactobacillus Leu204 Direct Direct 2.464 Thr211 Thr211 Arg203 Asp213 | Asp213 2.464
plantarum) 1.834 2.292 2.486 6.737 NS 4.918
2-keto-3-deoxygluconate kinase 3KTN’ No ADP Thr239 Thr239 Asp278 | Asp278
(Lactobacillus plantarum)
Hydroxyethyl thiazole kinase 3HPD’ No ADP
(Pyrococcus horikoshii)
1-phosphofructokinase 2AJR’ No ADP
((Thermotoga maritima)
Tagatose-6-phosphate kinase 2JG1/2JGV Direct Direct 2.805 Lys183 Lys183 Ser252 Asp254 | Asp254 Gly224 2.805
(Staphylococcus aureus subsp. aureus) 4.291 2.213 3.564 NS 3.696 4.022
ADP-dependent phosphofructokinase Val422 Direct Direct 3.167 Asp287 ADP Thr428 Asp433 | Asp433
3DRW! (Pyrococcus horikoshii) 1.943 3.079 3.542
ADP-dependent glucokinase™ 1GC5 Val440 2.106 Direct Direct Glu306 ADP Thr446 | Asp451 | Gludsl
(Thermococcus litoralis) 4.28 3.621
Phosphomethyl pyrimidine kinase 1UBO’ No ADP Thr208 Cys210 | Cys210
/1JXH (Thermus thermophilus)
Thiamin pyrophosphokinase
Thiamin pyrophosphate kinase 2F17% Gly129 Direct Direct 2.331 Asp46 Pyr-PO, Argl31 Asp73 Asp73 Asn25
(Mus musculus) 3.241 3.074 4.983 3.811
Glycerate kinase
Glycerate kinase 1TO6/1B8N/3CWC No ADP
(Neisseria meningitidis serogroup A)
Mean 2.865 3.200 3.163 3.086 4.042 4.429 3.390 3.337
Standard Deviation 1.812 0.799 0.979 0.961 1.366 1.235 0.398 0.398
% Standard Deviation 63.239 24.966 30.963 31.131 33.784 27.880 11.752 11.927

1.  Arg/Lys/Thr coordinated to C8-H and N7
2. Arg/Lys coordinated to the a- and B-PO,
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http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeEntityQuery&t=1&n=274
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeEntityQuery&t=1&n=10090
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeEntityQuery&t=1&n=65699

IS
NS

Lys responsible for the protonation of the y-PO,

Thr/Ser coordinated to the C8-H of the ATP residue responsible for the protonation of C8 during the rehybridization change from sp2 to sp3
Arg to C8-H taking the hybridization change from sp2 to sp3 and the concomitant conversion of C8-H to C8-Hj, into account.

Ser/Thr to C8-H taking the hybridization change from sp2 to sp3 and the concomitant conversion of C8-H to C8-H, into account.

Residues identified by sequence alignment using UniProt sequence (Accession Number as indicated)

Carries out reverse reaction.

Location of the arginine residue relative to the pyrimidine ring, D = on the p-orientation of the ribose, L = on the L-orientation of the ribose.
Active site comprises 2 subunits with amino acid numbering prefixed by A and B (see group 7).

. ADP-dependent kinase requires B-PO, to be leaving group and therefore does not require proton transfer between a-PO, and f-PO,.
Transfers pyrophosphate therefore requires B-PO, to be leaving group and therefore does not require proton transfer between a-PO,4 and B-PO,.

C8-H induction mechanism, comprising the amino acid and the adenyl nitrogen to which it is coordinated and the creation of a carbene.
Substrate coordinated Asp/Glu.
Coordination of backbone carbonyl to the adenyl C6-NH.,.

adenyl group in crystal in syn conformation re-orientated to the anti conformation as found in the rest of the group.
No coordinating residue.

Incomplete structure

No substrate.
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Figure MECH3. Phosphoryl transfer mechanism found in the Group 2 kinases (Rossmann-
like fold and phosphoenolpyruvte carboxykinase-like sequences). The initiation of
phosphoryl occurs via the coordination of the ATP C6-NH, to a carbonyl arising from the
protein backbone by the “push” mechanism resulting in the protonation of C8 via the
coordination of a conserved Arg. This renders the C8-H more acidic, allowing for the
protonation of the a-POy, via a conserved Ser/Thr carrier. There is a concomitant transfer of
an H* from the a-PO, to B-PO, via a conserved Arg, thereby facilitating the formation of the
pentavalent intermediate between the y-PO, and the substrate nucleophile. There is a
simultaneous ATP-mediated deprotonation of the substrate -OH, allowing for the
nucleophilic attack by the substrate to create the pentavalent intermediate and allow
phosphoryl transfer. A protonated Lys then transfers the proton to the y-PO4, changing the
transfer of the Mg®* from being B-PO, to y-PO4 coordinated to being a-POs to B-PO,
coordinated. The H™ originally arising from the C8 is then transferred back to C8, allowing
the electron density of the adenyl moiety to return to the “ground-state” distribution.
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Figure MECHA4. Phosphoryl transfer mechanism found in the Group 2 Kkinases
(Aspartokinase-like sequences). Protonation of the C8 occurs via a backbone amide. The
C8-H becomes more acidic, allowing for the protonation of the o-PO4 via a Ser or Asp
residue. There is a concomitant transfer of an H* from the a-PO, to B-PO4 via a conserved
Lys, facilitating the y-PO, as a leaving group. The substrate moiety to be phosphorylated is a
carboxylate group and therefore does not require deprotonation for the nucleophilic attack by
the substrate. The protonated Lys then transfers a proton to the y-PO,, allowing the creation
the pentavalent intermediate and subsequent phosphoryl transfer. A monovalent metal
counter-ion such as K* facilitates the transfer of the Mg* from being B-PO4 to y-PO,
coordinated to being a-POy to B-POy4 coordinated. The H* originally arising from the C8 is
then transferred back to C8, allowing the hybridization of the adenyl moiety to return to the
“ground-State” tautomer.
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Figure MECHS5. Phosphoryl transfer mechanism found in the Group 2 kinases (Ribokinase-

like sequences). Generally within this group a backbone peptide bond is coordinated to the
C6NH; and the N1. The protonation of N7 occurs via the coordination of a conserved
Thr/Arg that renders the C8-H more acidic via the formation of a carbene, allowing for the
direct protonation of the a-PO,4 with a concomitant transfer of an H* from the a-POy to B-PO4
via a conserved Thr/Ser/Lys. This facilitates the y-PO, as a leaving group. There is a
concomitant Asp-mediated deprotonation of the substrate —OH, allowing for the nucleophilic
attack by the substrate. In all the structures available the only structure containing the non-
ATP substrate is ribokinase where there is not sufficient order to identify the amino acid
responsible for the transfer a proton to the y-PO, creating the pentavalent intermediate and
phosphoryl transfer. The proton arising from the substrate facilitates the transfer of the Mg**
from being p-PO; to y-PO,4 coordinated to being a-PO4; to B-PO, coordinated. The H*
originally arising from the C8 is then transferred back to C8, allowing the electron density of
the adenyl moiety to return to the “ground-state” distribution.
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Table AF 2B. Group 2 kinases

| SUPERFAMILY" | FAMILY / DOMAIN? | Mechanism
Group 2 kinases (Rossmann-like sequences)
1. Gluconate kinase P-loop containing nucleoside Shikimate kinase 2A
(pdb | 1KO5) triphosphate hydrolase
2. Phosphoribulokinase P-loop containing nucleoside Phosphoribulokinase / Uridine 2B
(pdb | 1A7J) triphosphate hydrolase kinase family
3. Thymidine kinase P-loop containing nucleoside Thymidine kinase 2B
(pdb | 20RW) triphosphate hydrolase
4. Pantothenate kinase P-loop containing nucleoside Phospharibulokinase / Uridine
(pdb | 2759) triphosphate hydrolase kinase family
5. Uridine kinase P-loop containing nucleoside Phospharibulokinase / Uridine 2A
(pdb | 2UVQ) triphosphate hydrolase kinase family
6. Shikimate kinase P-loop containing nucleoside Shikimate kinase 2A
(pdb | 1L4V) triphosphate hydrolase
7.  6-Phosphofructo-2- P-loop containing nucleoside 6-phosphofructo-2-kinase /
kinase (pdb | 211V) triphosphate hydrolase / Phosphoglycerate mutase family
Phosphoglycerate mutase-like
8. Deoxyguanisine kinase : P-loop containing nucleoside Deoxynucleoside kinase 2B
(pdb [ 2JAS) triphosphate hydrolase /
Phosphoglycerate mutase-like
9. Deoxyribonuceoside P-loop containing nucleoside Deoxynucleoside kinase 2B
kinase (pdb | 2JCS) triphosphate hydrolase /
Phosphoglycerate mutase-like
10. Polyphosphate kinase n/a Polyphosphate kinase
(pdb | 1XDP)
11. Adenylate kinase P-loop containing nucleoside Adenylate kinase 2A
(pdb | 2C95) triphosphate hydrolase /
Phosphoglycerate mutase-like
12. Cytidylate kinase P-loop containing nucleoside Adenylate kinase 2A
(pdb | 1QF9) triphosphate hydrolase /
Phosphoglycerate mutase-like
13. HPr kinase (Protein P-loop containing nucleoside KaiC
kinase) (pdb | 2GBL) triphosphate hydrolase /
Phosphoglycerate mutase-like
14. Phosphoenolpyruvate PEP carboxykinase-like Phosphoenolpyruvate
carboxykinase carboxykinase
(pdb | 1AQ2)
15. Glucokinase Actin-like ATPase Hexokinase 2B
(pdb | 3FGU)
Group 2c (Aspartokinase )
7. Carbamate kinase nd® Amino acid kinase
(pdb | IWE5)
8.  Aspartokinase a. nd a. Amino acid kinase family
(pdb | 2J0W) b. ACT domain
b. ACT-like domain
9. Aspartokinase a. nd a. Amino acid kinase family
(pdb | 2HMF) b. ACT-like domain (x2) b. ACT domain (x2)
10. Acetylglutamate a. nd a. Amino acid kinase family
kinase (pdb | 10H9) b. ACT-like domain b. ACT domain
11. Uridylate kinase a. nd a. Amino acid kinase family
(pdb | 2BRI) b. ACT-like domain b. ACT domain
Group 2d (Ribokinase-like )
1. Glucokinase: Actin-like ATPase Hexokinase
(pdb | 3FGU)
2. Ketohexokinase: Ribokinase-like PkfB carbohydrate kinase
(pdb | 3HQQ).
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SUPERFAMILY?

FAMILY / DOMAIN?

Mechanism

3. 4-fructokinase:

Actin-like ATPase

ROK (Repressor, ORF, Kinase)

(pdb [3EPQ)
4. Ribokinase: Ribokinase-like PkfB carbohydrate kinase
(pdb | IRKD)
5. Adenosine kinase: Ribokinase-like PkfB carbohydrate kinase
(pdb | 2PKN)
6. Pyridoxal kinase: Ribokinase-like Phosphomethylpyrimidine kinase
(pdb | 31BQ)
7.  2-keto-3- Ribokinase-like PkfB carbohydrate kinase

deoxygluconate kinase

(pdb | 3KTN)

8. Hydroxyethyl thiazole
kinase (pdb | 3HPD)

Ribokinase-like

hydroxyethyl thiazole kinase

9. 1-phosphofructokinase

(pdb | 2AJR)

Ribokinase-like

PkfB carbohydrate kinase.

10. Tagatose-6-phosphate

kinase (pdb | 2JG1)

Ribokinase-like

PkfB carbohydrate kinase.

11. ADP-dependent

phosphofructokinase

Ribokinase-like

ADP-specific
Phosphofructokinase/Glucokinase

(pdb | 3DRW) .

12. ADP-dependent Ribokinase-like ADP-specific
glucokinase Phosphofructokinase/Glucokinase
(pdb | 1GC5)

13. Phosphomethyl
pyrimidine kinase
(pdb | 1UBO)

Ribokinase-like

ADP-specific
Phosphofructokinase/Glucokinase

1 pfam clan classification in brackets

2 pfam family/domain classification in brackets

® No Detectable similarity to conventional kinases
Where there are 2 or domains recognised, these are denoted by ‘a’, ‘b’, etc. One domain has been selected to position the

protein within the table.
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1KO5
1KO5(Kabsch and Sander)
2LvQ
2UVQ(Kabsch and Sander)
14U
1L4U(Kabsch and Sander)
2095
2C95(Kabsch and Sander)
1QFg
1QF9(Kabsch and Sander)

1KO5
1KO5(Kabsch and Sander)
2LvQ
2UVQ(Kabsch and Sander)
14U
1L4U(Kabsch and Sander)
2095
2C95(Kabsch and Sander)
1QFg
1QF9(Kabsch and Sander)

1K05
1KO5(Kabsch and Sander)
2LvQ
2UVQ(Kabsch and Sander)
14U
1L4U(Kabsch and Sander)
2095
2C95(Kabsch and Sander)

1QFg
10F9(Kabsch and Sander)

Figure SEQ2A
comprising the
conserved Arg
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]

. The Group 2 kinases belonging to the ‘P-loop containing nucleodside triphosphate hydrolase’ superfamily
‘shikimate kinase’, ‘phosphoribulokinase/uridine kinase’ and ‘adenylate kinase’ families which contain two
residues in the active site linked to the proton translocation (Mechanism 2A, Table 2B). Pink = 100%

identical, Green = >75% identical, turquoise = >50% identical. The indicated numbering is as per the identified residues as

outlined in Sup

Inf Table SI 1A. Secondary structure elements; Orange/Pink tube = Helix, Blue Arrow = Sheet, Grey = Coil.

The indicated numbering is as per the identified residues as outlined in Sup Inf Table SI 1A. 1KO5, gluconate kinase;
2UVQ, uridine kinase; 1L4U, shikimate kinase, 2C95, adenylate kinase; 1QF9, cytidylate kinase.
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1471

1A7](Kabsch and Sander)

3FGU

3FGU(Kabsch and Sander)
20RW

20RW(Kabsch and Sander)
2IAS

2JAS(Kabsch and Sander)

21C5

21CS5(Kabsch and Sander)

1471

1A73(Kabsch and Sander)

3FGU

3FGU(Kabsch and Sander)

20RW

20RW(Kabsch and Sander)
2]JAS

2JAS(Kabsch and Sander)
21Cs
2]CS(Kabsch and Sander)

1A7]

1A7](Kabsch and Sander)

3FGU

3FGU(Kabsch and Sander)
20RW

20RW(Kabsch and Sander)
2JAS

2JAS(Kabsch and Sander)

21Cs

23CS(Kabsch and Sander)

1471

1A7](Kabsch and Sander)

3FGU

3FGU(Kabsch and Sander)
20RW

20RW(Kabsch and Sander)
2IAS

2JAS(Kabsch and Sander)

21C5

21CS5(Kabsch and Sander)

1471

1A73(Kabsch and Sander)

3FGU

3FGU(Kabsch and Sander)
RW

20RW(Kabsch and Sander)
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Figure SEQ2B. The Group 2 kinases belonging to the ‘P-loop containing nucleoside triphosphate hydrolase’ superfamily
comprising phosphoribulokinase /uridine kinase’ and ‘deoxynucleoside kinase’ families which contain a single conserved
Arg residue in the active site linked to the proton translocation (Mechanism 2B, Table 2B). The indicated numbering is as
per the identified residues as outlined in Sup Inf Table SI 2A. Pink = 100% identical, Green = >75% identical, turquoise =
>50% identical. The indicated numbering is as per the identified residues as outlined in Sup Inf Table SI 1A. Secondary
structure elements; Orange/Pink tube = Helix, Blue Arrow = Sheet, Grey = Coil. The indicated numbering is as per the
identified residues as outlined in Sup Inf Table SI 1A. 1A7J; phosphoribulokinase; 20RW, thymidine kinase; 2JAS,
deoxyguanisine kinase; 2JCS, deoxyribonucleoside kinase; 3FGU, glucokinase.

22



2WES
2wES(Kabsch and Sander)
10H9

10H9(Kabsch and Sander)
200

230W(Kabsch and Sander)
2HMF

2HMF{Kabsch and Sander)
2BRI

2BRI(Kabsch and Sander)

2WES

2WES(Kabsch and Sander)
10H9

10H9(Kabsch and Sander)
230w

230W(Kabsch and Sander)
2HMF

2HMF{Kabsch and Sander)
2BRI

2BRI(Kabsch and Sander)

2WES

2WES(Kabsch and Sander)
10H9

10H9(Kabsch and Sander)
230w

230W(Kabsch and Sander)
2HMF

2HMF{Kabsch and Sander)
2BRI

2BRI(Kabsch and Sander)

2WES

2WES(Kabsch and Sander)
10H9

10H9(Kabsch and Sander)
230w

230W(Kabsch and Sander)
2HMF

2HMF{Kabsch and Sander)
2BRI

2BRI(Kabsch and Sander)

2WES

2WES(Kabsch and Sander)
10H9

10H9(Kabsch and Sander)
230w

230W(Kabsch and Sander)
2HMF

2HMF{Kabsch and Sander)
2BRI

2BRI(Kabsch and Sander)

2WES

2WES(Kabsch and Sander)
10H9

10H9(Kabsch and Sander)
230w

230W(Kabsch and Sander)
2HMF

2HMF{Kabsch and Sander)
2BRI

2BRI'Kabsch and Sander)

]

FSALVNYRESHQRP - IVHGGGCVVDE

|

HVIREEIERLLENI

LS - - -pANvriEVv L ER KLDAIRNIQFAILERLRYP

TKRKKEDDDV

L
LLLQQQAADSEKN -

LMKGLNLPVKKKNGLRVTPAB-QIDIITGALAGTANKT
TVLAEAAALATS
e =
IEELEKVLIGVAYLGELTPK--SRDYILSFGERLSSPI
[ -
KYIEVAEKFNSS
E
2}0 ;
RKVVPSPKPIDIHEAETINTL

nfiocNvTAD P.KDI’TA-KgKPE

3?0 300 40(
————— -SLENLGSMSGDEI-----VGTVNMTK-
~HAEQLPALFNGMP- - - - - MGTRILA-

LHS LNLHSRGFLAEVFGILARNNTESVDL

THoMEms oS 1 vKETS T IKEvVALTIN 1F6 AGHIVGVSGTAARIFKALGEEEVNVILISQG

v R s ——

-GKEDAKDLFRVIKGDH- -NGTTTEP-

= f == s

LAYFE-AKVLHPRTIEPAMEKG I

]VGK.]EKAGSggVIDPLAAK]I

Figure SEQ2C. A sequence alignment of the proteins making up the Group 2 aspartokinase family. The aspartokinase
enzymes and uridylate enzymes contain an additional Arg residue facilitating phosphoryl transfer. Pink = 100% identical,
Green = >75% identical, turquoise = >50% identical. The indicated numbering is as per the identified residues as outlined in
Sup Inf Table SI 1A. Secondary structure elements; Orange/Pink tube = Helix, Blue Arrow = Sheet, Grey = Coil. The
indicated numbering is as per the identified residues as outlined in Sup Inf Table SI 2A. 1IWES5, carbamate kinase; 10H9,
acetylglutamate kinase; 2J0W, aspartokinase; 2BRI, uridylate kinase.
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Figure SEQ2D. The conserved Thr and Asp residues responsible for the initiation of phosphoryl transfer within the ribokinase-like superfamily of the Group 2 kinases. Pink = 100% identical,
Green = >75% identical, turquoise = >50% identical. The indicated numbering is as per the identified residues as outlined in Sup Inf Table SI 2A. Secondary structure elements; Orange/Pink
tube = Helix, Blue Arrow = Sheet, Grey = Coil. 3HQQ, ketohexokinase; 1RKD, ribokinase; 2PKN, adenosine kinase; 3IBQ, pyridoxal kinase; 3KTN, 2-keto-3-deoxygluconate kinase; 3HPD,
Hydroxyethyl thiazole kinase; 2AJR, 1-phosphofructokinase; 2JG1, tagatose-6-phosphate kinase; 3IBQ, Pyridoxal kinase; 3DRW, ADP-dependent phosphofructokinase; 1GC5, ADP-
dependent glucokinase; 1UBO, phosphomethyl pyrimidine kinase; 2F17, Thiamin pyrophosphate kinase.
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The conserved Arg and Lys residues responsible for the initiation of phosphoryl transfer within the PFK-

like superfamily of the Group 2 kinases. The indicated numbering is as per the identified residues as outlined in Sup Inf
Table SI 2A. Secondary structure elements; Orange/Pink tube = Helix, Blue Arrow = Sheet, Grey = Coil. 4PFK, 6-
Phosphofructokinase; 3F5M , 6-Phosphofructokinase; 2AJR, 1-Phosphofructokinase; 3K2Q , Diphosphate-fructose-6-
phosphate 1-phosphotransferase; 2QV7, Diacylglycerol kinase.
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Figure SEQ2F. The conserved Thr and Asp residues responsible for the initiation of phosphoryl transfer within the Actin-
like ATPase superfamily of the Group 2 kinases. 3FGU, Hexokinase; 3HQQ, Ketohexokinase, 3EPQ, 4-Fructokinase.
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Table AF 3A. Kinases representing Group 3 and the identified conserved amino acid residues associated with the catalysis of phosphoryl transfer and the measured interatomic distances are

shown. The PDB or uniprot accession numbers are indicated. Conserved residues replaced by conserved functionality are indicated by 3-letter code.

Kinase C-C=Oto | N7to | C8Hto | Arg'toa- | Arg'Ne | C8-Hto | C8-Hto | Arg> | C8Hto | Arg>NH; | ArgNH; | Arg’
Adn-NH, | Arg! Arg PO, to a- a-PO, Asp? NHsto | Arg® | top-PO, | toa-PO, | PO,
PO, B-PO,
Ferredoxin-like fold kinases
Nucleoside bis-phosphate NC Arg62 Arg62 NC NC 3.249 His59 Thro8 Arg109 Arg109
kinase 2BEF (Dictyostelium 2.883 2.725 2.950 3.853
discoideum)
HPPK
2-amino-4-hydroxy-6-
hydroxymethyldihydropteridin
e pyrophosphokinase 1EQO
(Escherichia coli)
Guanido kinases
Guanidoacetate kinase® Arg287 Arg287 Arg287 Asp330 | Argl25 | Argl2s Argl127 Arg315 Arg231
P51546 9 (Drosophila
melanogaster)
Creatine kinase 2GL6 (Homo Gly328 Arg326 | Arg326 Arg326 Arg326 3.689 Asp369 | Arglé4 | Argled Argl66 Arg354 Arg270
sapiens) 3.068 2413 2.413 1.666 2.338 2.977 1.847 3.384 1.635 1.952
Arginine kinase 1BGO Serl22 Arg280 | Arg280 Arg280 Arg280 4.574 Asp324 | Argl24 | Argl24 Argl26 Arg309 Arg229
(Limulus polyphemus) 2.233 1.898 1.898 3.382 1.935 2.900 1.867 2.864 1.812 1.843
Atlantic horseshoe crab
Lombricine kinase® 015991 Arg281 Arg281 Arg281 Asp323 | Argll8 | Argll8 Arg120 Arg308 Arg324
(Eisenia foetida) red worm
Histidine kinase
Histidine kinase
[Pyruvate dehydrogenase Arg285 Arg285 Arg285
(lipoamine)] kinase®
Q9SBJ1(Arabidopsis thaliana)
[3-Methyl-2-oxobutanoate
dehydrogenase (lipoamide)]
kinase
Polyphosphate kinase 1XDP Asp587 Argh64 | Arg564 NC NC 7.406 NC Arg375 Arg405 Argb94
From Group 9 (Escherichia 3.287 3.213 2.614 3.353 2.994 3.281
coli)
Mean 2.651 2.156 2.156 2.524 2.137 4.132 2.939 1.857 3.124 1.724 1.898
Standard Deviation 0.590 0.364 0.364 1.213 0.285 0.626 0.054 0.014 0.368 0.125 0.077
% Standard Deviation 22.276 16.894 16.894 48.074 13.338 15.147 1.853 0.762 11.770 7.262 4.062

1. Arg coordinated to C8-H, a-PO,, and the ArgNeH to -PO,.
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34.

NC
IS

Coordinated Asp residue responsible for the protonation C8 during the rehybridization change from sp2 to sp3.
ATP phosphate backbone stabilization.

Arg responsible for substrate deprotonation and y=PO, protonation.

Residues identified by sequence alignment using UniProt sequence (Accession Number as indicated).

= No Coordinating residue

= Incomplete Structure.
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Figure MECHG6. Phosphoryl transfer mechanism found in the Group 3 kinases (guanido
family comprising creatine and arginine kinase). This occurs via coordination of the adenyl
C6-NH, and protonation of C8 via a coordinated Asp changing C8 from sp2 to sp3
hybridization, and alters the protonation of C8-H. The C8-H becomes more acidic, allowing
for the protonation of the B-POy, via a conserved Arg. There is a concomitant transfer of an
H" to the B-PO,, facilitating the formation of the pentavalent intermediate between the y-POj
and the substrate nucleophile. There is a simultaneous Arg-mediated deprotonation of the
substrate-NH that allows for the nucleophilic attack by the substrate, creating the pentavalent
intermediate and allowing phosphoryl transfer. The protonated Arg then transfers the proton
to the y-PO, changing the coordination of the Mg®* from being B-PO, to y-PO, coordinated to
being a-PO, to p-PO, coordinated. The H™ originally arising from the C8 is then transferred
back to C8, allowing the electron density of the adenyl moiety to return to the “ground-state”
distribution.
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Table AF 3B. Group 3 kinases

SUPERFAMILY!?

FAMILY / DOMAIN?

Group 3 Kinases

1. Nucleoside bis-phosphate nd® Nucleoside diphosphate kinase
kinase (pdb | 2BEF) (PF00334)
2. 2-amino-4-hydroxy-6- nd 7,8-dihydro-6-hydroxymethylpterin-
hydroxymethyldeihydopter- pyrophosphokinase (PF01288)
idine pyrophosphokinase
(pdb | LEQO)
3. Guanidoacetate kinase a. nd a. ATP:guanido phosphotransferase,
(unipr0t|P51546) b. gamma-glutamylcysteine N-terminal domain (PF02807)
synthetase/glutamine b. ATP:guanido phosphotransferase,
synthetase (CL0286) C-terminal catalytic domain
(PF00217)
4. Creatine kinase (pdb | 2GL6) a. nd a. ATP:guanido phosphotransferase,
b. gamma-glutamylcysteine N-terminal domain (PF02807)
synthetase/glutamine b. ATP:guanido phosphotransferase,
synthetase (CL0286) C-terminal catalytic domain
(PF00217)
5. Arginine kinase (pdb|1BG0) | a. nd a. ATP:guanido phosphotransferase,
b. gamma-glutamylcysteine N-terminal domain (PF02807)
synthetase/glutamine b. ATP:guanido phosphotransferase,
synthetase (CL0286) C-terminal catalytic domain
(PF00217)
6. Lombricine kinase a. nd a. ATP:guanido phosphotransferase,
(uniprot| 015991) b. gamma-glutamylcysteine N-terminal domain (PF02807)
synthetase/glutamine b. ATP:guanido phosphotransferase,
synthetase (CL0286) C-terminal catalytic domain
(PF00217)
7. Pyruvate dehydrogenase a. nd a. Mitochondrial branched-chain
kinase (uniprot | Q9SBJ1) b. His Kinase A (phospho- alpha-ketoacid dehydrogenase
acceptor) domain (CL0025) kinase (PF10436)
b. Histidine kinase-, DNA gyrase B-,

and HSP90-like ATPase
(PF02518)

! pfam clan classification
2 pfam family/domain classification

% No Detectable similarity to conventional kinases
Where there are 2 or domains recognised, these are denoted by ‘a’, ‘b’, etc. One domain has been selected to position the

protein within the table.
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Figure SEQ3. A sequence alignment of the proteins making up the ‘ATP guanido’ kinase family within Group 3 indicating the identified conserved amino acid residues responsible for
initiating phosphoryl transfer. The indicated numbering is as per the identified residues as outlined in Sup Inf Table SI 3A. Pink = 100% identical, Green = >75% identical, turquoise = >50%
identical. Secondary structure elements; Orange/Pink tube = Helix, Blue Arrow = Sheet, Grey = Coil. BEF 2, Nucleoside bis-phosphate kinase; 1EQO, 2-amino-4-hydroxy-6-
hydroxymethyldeihydopter-idine pyrophosphokinase; P51546, Guanidoacetate kinase; 2GL6, Creatine kinase; 1BGO, Arginine kinase; 015991, Lombricine kinase; Q9SBJ1, Pyruvate
dehydrogenase (lopiamine) kinase; 1XDP, Polyphosphate kinase.
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Table AF 4A. Kinases representing Group 4 and the identified conserved amino acid residues associated with the catalysis of phosphoryl transfer and the measured inter-atomic distances are
shown. The PDB or uniprot accession numbers are indicated. Conserved residues replaced by conserved functionality are indicated by 3-letter code.

Kinase C8-H to Arg! GIu? Arg® Arg* Ser/Thr® Ser/Thr® Asp/Substrate’ Gly Loop®
o-PO,
Ribonuclease H-like sequences
Hexokinase**® 1DGK (Homo sapiens) 7.097 Lys785 NCR NCR NCR Thrge3™ Thrgs3™ NSub
5.825° aC=0 3.895 2.981
1.513
Hexokinase®® 2E2P (Sulfolobus tokodaii) 7.097 Arg251 NCR NCR NCR Arg2511 Arg2511t NSub Leu245-Arg251
5.825° 1.513 3.511 2.169 Gly248 3.550
Glucokinase'® 3FGU (Homo sapiens) 4.650 Arg333 Glu331l Arg85% Arg85™ Ser411 Ser411 Sugar/Asp205 0-P 2.681
OA OA 2.987 3.197 3.487 3.313 2.041
Fructokinase 3LKI (Xylella fastidiosa) 2.878 Val266 Lys203 Lys203 Thr238 Argl178 2.333
Direct aC=0 2.144 3.268
3.870
Rhamulokinase™ 2CGJ (Escherichia coli) 5.001 Arg37 Glu427 Argl7 Argl7 Thr259 Arg37% Fructose/Asp237 11e399-GIn405
6.090 1.990 2.152 2.184 3.849 1.813 Gly402 2.525
Mannokinase QOBVN7 (Granulibacter NS
bethesdensis)
Gluconokinase® 3LL3 (Lactobacillus 5.632 Arg305 Asp312 Lys15 Lys15 Thr259 Thr259 D-xylulose/Asp237 Asn396-Leud02
acidophilus) 3.595 OAS OAS OAS 4.116 3.471 Gly400 2.245
L-ribulokinase 3JVP (Bacillus No ADP Lys452 Asp455 Argl8 Argl8 Thr296 Thr296 Asp274
halodurans)
Xylulokinase® 3HZ6 (Chromobacterium 5.068 Arg412 Asp433 Lys16 Lys16 Thr263 Thr263 D-xylulose/Asp241 Arg405-Aladl1l
violaceum) 4.004 N7 OAS OAS OAS 6.618 3.450 3.019 Gly409 2.839
Erythritol kinase Q92NHO (Rhizobium NS Arg421 Glu441 Lys15 Lys15 Ser264 Ser264 Asp242
meliloti)
Glycerol kinase'® 1BWF (Escherichia coli) 5.856 Arg436 Asp325 Argl7 Argl7 Arg436™ Arg436™ Glycerol/Asp245 Arg417-Aladl4
3.951 4.589 2.229 3.978 3.951 2.033 2.755 Gly411 3.189
Pantothenate kinase”'’ 3BF1 (Thermotoga 6.169 His154 NCR NCR NCR Thrl0 3.921 | Thr10 2.507 | Pantothenate/Asp10
maritima) 6.070° aC=0 52.414
3.116
D-ribulokinase Q8YBCL1 (Brucella NS Arg351 Asp361 Arg20 Arg20 Thr286 Thr286 Asp258
melitensis)
L-fuculokinase P11553 (Escherichia coli) NS Arg322 Glu329 Lys27 Lys27 Thr273 Thr273
L-xylulokinase B7TMFE7 (Escherichia coli) NS His405 Asp415 Lys16 Lys16 Thr265 Thr265 Asp243
Allose kinase 3HTV (Escherichia coli) No ADP
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Kinase C8-H to Arg! GIu? Arg® Arg* Ser/Thr® Ser/Thr® Asp/Substrate’ Gly Loop®
o-PO,

2-dehydro -3-deoxygaltonokinase NS

Acetyl-glucosamine kinase 2CH6 (Homo 4.382 Arg218 Glu222 Argl4 Argl4 Ser27111 Ser27111 GIlcNACc/Asp107 Leu267-Trp273

sapiens) 2.364 OA 3.654 3.973 3.081 3.022 2.220 Ser271 3.554

Acetyl-mannosamine kinase 3EO3 (Homo No ADP

sapiens)

Polyphosphate-glucose phosphotransferase Polyphosphate

1WOQ (Arthrobacter sp.) substrate

Beta-glucoside kinase Q926Y3 (Listeria NS

innocua)

Acetate kinase9 1TUY (Methanosarcina 4.487 Arg285 Asp286 Asn355 Glu384 Arg241 Ala330-Ser336

thermophila) 3.156 2.673 His208 His180 Gly3312.161

Butyrate kinase fPO4 1SAZ (Thermotoga Arg257 His307 Glu213 Arg214 Val300-Ala306

maritima) 2.907 His154 His182 Gly304 2.946

Branched-chain-fatty-acid kinase Q3ETP1 NS 11e322-Gly328

(Bacillus thuringiensis) Gly326 2.566

Propionate kinase 1X3N (Salmonella 4.512 Arg280 Asn330 Aspl143 Arg236

enterica subsp. enterica) 3.866 His175 His203

Mean 4,932 3.155 2.756 3.095 3.495 2.672 2.533 2.781

Standard Deviation 0.876 0.815 0.708 0.908 0.446 0.537 0.583 0.488

% Standard Deviation 12.535 26.847 25.681 25.484 37.689 19.980 23.006 15.881

ONoO~wWNE

9.
10.
11.
12.
13.
OAS
OA

N7 coordinated.

Stabilization of Arg® interatomic distance.

a-PO, coordinated Arg.

B-PO, coordinated Arg.

C8-H coordinated.

B-PO, coordinated.

Sugar-OH coordinated Asp.

y-PO, coordinated.

C8-H B-PO, coordinated.

Optimization of the pyrimidine/p-D-sugar torsion angle.

Optimization of the Thr/Ser-OH torsion angle.

Optimization of the Arg torsion angles, not included in the interatomic distance calculation.

Loop containing conserved Gly responsible for the responsible for the stabilization of the carbene.
= Active site partially open.
= orientated away from imidazole moiety of ATP.

NCR =no coordinating residue.
NSub = no substrate for phosphorylation in structure.
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Figure MECHY7. Phosphoryl transfer mechanism found in the Group 4 kinases (hexokinase
family with polyol substrate). This occurs via coordination of an arginine residue to the
N7/C8 of the imidazole moiety mediating the change in C8 hybridization from sp2 to sp3,
and altering the protonation of N7 and C8. Protonation of the N7 occurs via a conserved the
Arg residue with the NH, being coordinated directly to N7, with an interatomic distance of
3.065 + 0.823 A. The Arg residue in Group 4 kinases is always stabilized by an associated
Asp/Glu residue. The reaction occurs via a carbene mechanism with the carbene being
stabilized via the interaction of a conserved backbone carbonyl that is within bonding
distance of C8, causing C8-H to become more acidic, allowing for the protonation of the a-
PO,, via a conserved Ser/Thr. There is a concomitant transfer of an H* from the a-PO, to the
B-PO, via a conserved Arg, thereby facilitating the formation of the pentavalent intermediate
between the y-PO, and the substrate nucleophile. There is a concomitant Asp-mediated
deprotonation of the substrate —OH, allowing for the nucleophilic attack by the substrate.
This creates the pentavalent intermediate and allows phosphoryl transfer. The protonated
Asp then transfers the proton to the y-PO,, changing the coordination of the Mg?®* from being
B-PO, to y-PO, coordinated to being a-PO, to B-PO, coordinated. The H™ originally arising
from the C8 is then transferred back to C8, allowing the electron density of the adenyl moiety
to return to the “ground-state” distribution.
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Table AF 4B. Group 4 kinase

| SUPERFAMILY?

FAMILY / DOMAIN?

Group 4 Kinases

1. Hexokinase (pdb | 1IDGK) Hexokinase 1 (PF00349) and
Actin-like ATPase (CL0108) Hexokinase 2 (PF03727)
2. Glucokinase (pdb | 3FGU) Hexokinase 1 (PF00349) and
Actin-like ATPase (CL0108) Hexokinase 2 (PF03727)
3. Fructokinase (pdb | 3LKI) Ribokinase-like (CL0118) pfkB family carbohydrate kinase
(PF00294)
4. Rhamulokinase (pdb | 2CGL) Ribokinase-like (CL0118) FGGY family of carbohydrate
kinases, N-terminal domain
(PF00370) and C-terminal domain
(PF02782)
5. Mannokinase ROK family (PF00480)
(uniprot | QUBVN?) Actin-like ATPase (CL0108)
6. Glucokinase (pdb | 3LL3) FGGY family of carbohydrate
Actin-like ATPase (CL0108) kinases, N-terminal domain
(PF00370) and C-terminal domain
(PF02782)
7. L-ribulokinase (pdb | 33VP) FGGY family of carbohydrate
Actin-like ATPase (CL0108) kinases, N-terminal domain
(PF00370) and C-terminal domain
(PF02782)
8. Xylulokinase (pdb | 3HZ6) FGGY family of carbohydrate
Actin-like ATPase (CL0108) kinases, N-terminal domain
(PF00370) and C-terminal domain
(PF02782)
9.  Erythritol kinase FGGY family of carbohydrate
(uniprot | Q92NH0) Actin-like ATPase (CL0108) kinases, N-terminal domain
(PF00370) and C-terminal domain
(PF02782)
10. Glycerol kinase (pdb | 1BWF) FGGY family of carbohydrate
Actin-like ATPase (CL0108) kinases, N-terminal domain
(PF00370) and C-terminal domain
(PF02782)
11. Pantothenate kinase(pdb | 3BF1) Bordetella pertussis Bvg accessory
Actin-like ATPase (CL0108) factor family (PF03309)
12. D-ribulokinase FGGY family of carbohydrate
(uniprot | Q8YBC1) Actin-like ATPase (CL0108) kinases, N-terminal domain
(PF00370) and C-terminal domain
(PF02782)
13. L-fuculokinase FGGY family of carbohydrate
(uniprot | P11553) Actin-like ATPase (CL0108) kinases, N-terminal domain
(PF00370) and C-terminal domain
(PF02782)
14. L-xylulokinase FGGY family of carbohydrate
(uniprot | B7MFET7) Actin-like ATPase (CL0108) kinases, N-terminal domain
(PF00370) and C-terminal domain
(PF02782)
15. Allose kinase (pdb | 3HTV) ROK family (PF00480)
Actin-like ATPase (CL0108)
16. 2-dehydro-3- nd®
deoxygalactonokinase 2-keto-3-deoxy-galactonokinase
(uniprot | P31459) (PF05035)
17. Acetyl-glucosamine kinase

(pdb | 2CH6)

Actin-like ATPase (CL0108)

BadF/BadG/BcrA/BcrD ATPase
family (PF01869)
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18. Acetyl-mannosamine kinase ROK family (PF00480)
(pdb [ 3EO3) Actin-like ATPase (CL0O108)

19. Polyphosphate-glucoase ROK family (PF00480)
phosphotransferase Actin-like ATPase (CL0108)
(pdb | 1IWOQ)

20. Beta-glucoside kinase ROK family (PF00480)
(uniprot | Q926Y3) Actin-like ATPase (CL0108)

21. Acetate kinase (pdb | 1TUY) Actin-like ATPase (CL0108) Acetokinase family (PF00871)

22. Butyrate kinase (pdb | 1SAZ) Actin-like ATPase (CL0108) Acetokinase family (PF00871)

23. Branched-chain fatty acid Actin-like ATPase (CL0108) Acetokinase family (PF00871)
kinase (uniprot | Q3ETP1)

24. Propionate kinase Actin-like ATPase (CL0108) Acetokinase family (PF00871)

(uniprot | P11868)

! pfam clan classification in brackets

2 pfam family/domain classification in brackets

% No Detectable similarity to conventional kinases
Where there are 2 or domains recognised, these are denoted by a’, ‘b’, etc. One domain has been selected to position the
protein within the table.
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Figure SEQ4A. A sequence allgnment of the protelns making up the Group 4 ‘FGGY’ family, within the Type-A
subfamily. The indicated numbering is as per the identified residues as outlined in Sup Inf Table SI 4A. Pink = 100%
identical, Green = >75% identical, turquoise = >50% identical. Secondary structure elements; Orange/Pink tube = Helix,
Blue Arrow = Sheet, Grey = Coil. 2CGJ, Rhamulokinase; 3LL3, Gluconokinase; 1BWF, Glycerol kinase; P11553, L-

Fuculokinase.
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equence alignment of the proteins making up the Group 4 ‘FGGY’ family, within the Type-B

subfamily. The indicated numbering is as per the identified residues as outlined in Sup Inf Table SI 4A. Pink = 100%
identical, Green = >75% identical, turquoise = >50% identical. Secondary structure elements; Orange/Pink tube = Helix,
Blue Arrow = Sheet, Grey = Coil. 3JVP, L-ribulokinase; Q8YBC1, L-ribulokinase; 3HZ6, D-Xylulokinase; Q92NHO,
Erythretol kinase; 1B7MFE7, L-Xylulokinase.
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Figure SEQ4C. Conserved functional residues within the Group 4 ROK family of kinases. The indicated numbering is as
per the identified residues as outlined in Sup Inf Table SI 4A. Pink = 100% identical, Green = >75% identical, turquoise =
>50% identical. Secondary structure elements; Orange/Pink tube = Helix, Blue Arrow = Sheet, Grey = Coil. 1WOQ),
Polyphosphate-glucose phosphotransferase; 3EO3, Acetyl-mannoseamine kinase; QOBVN7, Mannokinase; Q926Y3, -

Glucoside kinase.
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Figure SEQ4D. Conserved functional residues within the Group 4 acetokinase family of kinases. The indicated numbering
is as per the identified residues as outlined in Sup Inf Table SI 4A. Pink = 100% identical, Green = >75% identical, turquoise
= >50% identical. Secondary structure elements; Orange/Pink tube = Helix, Blue Arrow = Sheet, Grey = Coil. 1TUY,
Acetate kinase; 1SAZ, Butyrate kinase; Q3ETP1, Branched-chain-fatty-acid kinase; 1X3N/P11868, Propionate kinase.
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Figure SEQ4E. Conserved functional residues within the Group 4 hexokinase family. The indicated numbering is as per the
identified residues as outlined in Sup Inf Table SI 4A. Pink = 100% identical, Green = >75% identical, turquoise = >50%
identical. Secondary structure elements; Orange/Pink tube = Helix, Blue Arrow = Sheet, Grey = Coil. 1DGK, Hexokinase;

3FGU, Glucokinase.
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Table AF 5A. Kinases representing Group 6 and the identified conserved amino acid residues associated with the catalysis of phosphoryl transfer and the measured inter-atomic distances are
shown. Also indicated are the residues associated with the rotation of the adenyl moiety from the syn- to the anti- conformation. The PDB or uniprot accession numbers are indicated.
Conserved residues replaced by conserved functionality are indicated by 3-letter code.

Kinase Nucleo- Asn- Lys to Lys to Ser to Ser to Lys to Lysto | C8-Hto Lys/Ser Lys to B- Glu-yC-
tide 301to | AdenC6- | Asn-NH;® | C8-H' | @-PO,* | C8H° | a-PO,° | a-PO, | toa-PO,’ PO,’ Cc=0
Config.! | Aden- NH,® substrate®
NH,?
GHMP kinase
Galactokinase 1S4E (Pyrococcus Syn- His51 Tyr35 Tyr35 Ser106 Ser106
furiosus) 3.412 2.735 4.151 7.155 5.044
Anti- His51 Tyr3s Tyr3s Serl06 | Serl06 9 °
4.354 4.171 7.040 2.860 4.069
Mevalonate kinase 2V8P (Aquifex Syn- Asn99 Lys 85 Lys85 Ser97 Ser97 - - - - -
aeolicus) 2.180 2.934 3.465 8.582 3.574
Anti- Asn99 Lys 85 Lys 85 Ser97 Ser97 Lys85 Lys85 3.030D Ser97 Ser97 Aspl30
4.782 6.068 5.056 4.096 2.990 3.057 3.326 2.990 5.286
Homoserine kinase 1IFWK Syn- Asn62 Lys 87 Lys87 Ser98 Ser98 - - -
(Methanocaldococcus jannaschii) 1.971 3.046 5.715 6.375 4511
Anti- Asn62 Lys 87 Lys 87 Ser98 Ser98 Lys87 Lys87 4.781° Ser98 Ser98 Aspl40
3.549 3.325 7.370 2.791 2.313 4.797 6.012 2.386 3.153
L-arabinokinase 023461 NS’
(Arabidopsis thaliana)
Fucokinase Q8NOW3 (Homo NS’
sapiens)
Shikimate kinase®" NS’
ISPE™ 2v2Z (Aquifex aeolicus) Syn- Asn99 Lys 85 Lys85 Ser97 Ser97 - - -
1.919 3.324 3.710 9.325 3.658
Anti- Asn99 Lys 85 Lys85 Ser97 Ser97 Lys85 Lys85 4.672 Ser97 Ser97
4.344 6.208 4.377 6.054 4431 4.381 4.278
Phosphomevalonate kinase 1GON Syn- Met35 Lys 94 Lys94 - Ser106 - - -
(Streptomyces sp.) 3.066 2.545 4.053 5.698
Anti- Met35 Lys 94 Lys94 Ser106 Ser106 Lys94 Lys94 2.716 Lys101 Lys101 Asp150
4.107 6.098 9.114 1.750 1.675 7.220 7.495 4.285 2.810
Mean 4.2272 5.174 6.591 3.510 3.006 | 4.864 5.278 3.800 3.220 3.750
Standard Deviation 0.451 1.337 1.899 1.647 1.159 1.737 1.850 1.079 0.970 1.341
% Standard Deviation 10.658 25.835 28.817 46.925 37.438 | 35.718 35.047 28.388 30.128 35.777

1. Bold type indicates configuration of adenyl moiety relative to ribose sugar in the coordinated structure in the PDB.

2. Coordination of the carbonyl the y-carbonyl of Asn to the hydrogen of the C6-NH, of the nucleotide with the Asn carbonyl acting as a general base catalyst.
3. Coordination of the Lys e-NHj to the y-carbonyl of Asn and the hydrogen of the C6-NH, of the nucleotide.
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a- and B-PO, coordinated Ser/Thr.

Lysine coordination to C8-H and a-PO,.

Direct transfer from C8-H to B-PO,.

a- and B-PO, proton transfer.

Asp responsible for substrate deprotonation.

C8-H to B-PO, transfer therefore no residue required.
No structure in PDB.

. archaeal shikimate kinase.
4-(cytidine 5’-diphospho)-2-C-methyl-D-erythritol kinase.
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Figure MECHS8. The postulated phosphoryl transfer mechanism found in the Group 6
kinases differs from all the other groups in that the adenyl group is in a syn conformation
relative to the ribose, allowing for the coordination of the C8-H to the a-PO4. The reaction is
initiated by the coordination of the conserved Asn yC-carbonyl group to the ATP C6-NH,.
The coordination of a conserved lysine with the concomitant delocalization of the electrons
of the adenyl group results in the re-hybridization of C8 from sp? to sp®, that, along with the
change of the conformation of the adenyl group from the syn to the anti-conformation there
allows for the protonation of C8 by the lysine residue forming the carbene with the
concomitant protonation of the a-PO, from C8. The proton translocation from the a-PO4
creating the pentavalent intermediate then occurs. The proton required for the creation of the
pentatvalent intermediate originates from the substrate via the Glu/Asp deprotonation of the
substrate.
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Table AF 5B. Group 6 kinases

| SUPERFAMILY"? | FAMILY / DOMAIN®
Group 6 Kinases
1. Mevalonate kinase (pdb | 2V8P) GHMP* kinase N terminal domain
Ribosomal protein S5 s-like (PF00288)
(CL0329) GHMP kinase C terminal domain
(PF08544)
2. Homoserine kinase GHMP kinase N terminal domain
(pdb [ LFWK) Ribosomal protein S5 s-like (PF00288)
(CL0329) GHMP kinase C terminal domain
(PF08544)
3. L-arabinokinase (No sequence) GHMP kinase N terminal domain
Ribosomal protein S5 s-like (PF00288)
(CL0329) GHMP kinase C terminal domain
(PF08544)
4. Fucokinase (uniprot | Q8NOWS3) GHMP kinase N terminal domain
Ribosomal protein S5 s-like (PF00288)
(CL0329) GHMP kinase C terminal domain
(PF08544)
5. Shikimate kinase (No sequence) GHMP kinase N terminal domain
Ribosomal protein S5 s-like (PF00288)
(CL0329) GHMP kinase C terminal domain
(PF08544)

! pfam clan classification in brackets
2 pfam family/domain classification in brackets

® No Detectable similarity to conventional kinases
* GHMP family includes galactokinases, homoserine kinases and mevalonate kinases

Where there are 2 or domains recognised, these are denoted by ‘a’, ‘b’, etc. One domain has been selected to position the
protein within the table.
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Figure SEQ9. Conserved functional residues within the Group 6 kinases. The indicated numbering is as per the identified residues as outlined in Sup Inf Table SI 4A. Pink = 100% identical,
Green = >75% identical, turquoise = >50% identical. Secondary structure elements; Orange/Pink tube = Helix, Blue Arrow = Sheet, Grey = Coil. 1SAE, Galactokinase; 2V8P, Mevalonate
kinase; 1IFWK, Homoserine kinase; 3GON, Phosphomevalonate kinase; 023461, L-arabinokinase; Q8NOWS3, Fucokinase.



Table AF 6A. Kinases representing Group 7 and the identified conserved amino acid residues associated with the catalysis of phosphoryl transfer and the measured inter-atomic distances are
shown. The PDB or uniprot accession numbers are indicated. Conserved residues replaced by conserved functionality are indicated by 3-letter code.

Kinase Asn- OC- C8-H to o- a-PO, to p-PO,* His* Asp® Asp® Asp’ Loop

C=0 to Aden- PO,?

NH,"

Group 7:AIR synthetase-like sequences
Thiamine phosphate kinase 3C9S AsnB119 3.774 3.092 HisA219 Asp210 3.822 Asp43 3.490 Substrate ValB115-SerB121
(Aquiflex aeolicus) 2.549 4,132 3.308 Gly118 2.299
Selenide, water dikinase 3FD6 (Homo MetAl124 3.413 1.700 LysB32 1.700 | AspB69 5.519 AspB110 AspB265 SerA158-ValA165
sapiens) 2.730 5.443 3.104 GlyAl162 2.244
Selenide, water dikinase 2YYE (Aquiflex HisB132 3.404 2.622 HisA132 AspA60 2.718 | AspA832.835 AspA219 LeuB128-ThrB133
aeolicus) 3.196 2413 2.943 GlyB131 2.408
NAD" kinase 1Z0S FROM GROUP 2 Alal80 2.746 Met127 2.973 Met127 3.487 p-PO, 4.084 Direct transfer to
(Archaeoglobus fulgidus) B-PO,
Mean 2.825 3.883 2471 2.748 4.020 3.923 3.118
Standard Deviation 0.334 0.822 0.708 1.250 1.411 1.357 0.183
% Standard Deviation 11.816 21.166 28.654 45.489 35.101 34.588 5.866

1. Coordination of the carbonyl of the backbone carbon of Asn to the hydrogen of the C6-NH, of the nucleotide with the Asn carbonyl acting as a general base catalyst.

>, Nucleotide adenyl C8-H coordination to a-PO,.
3. Interatomic distance between a-PO, and B-PO,4allowing for direct proton transfer.
4.-7. on substrate binding, the deprotonation of the substrate by a Asp residue leads to the inter-aspartate transfer of the proton to a coordinated His/Lys which acts to transfer the H to the a-

PQ,, the primary step in the creation of the pentavalent intermediate.
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Figure MECH10. Phosphoryl transfer mechanism found in the Group 7 kinases differs from
the other kinase groups in that the active site is dependent on the formation of the dimer
between two subunits. This allows the reaction to be initiated via the coordination of a
carbonyl arising from the protein backbone to the ATP C6-NH; on the one subunit (B) as
does a conserved backbone carbonyl which acts to stabilize the carbene formed at C8, and the
remainder of the coordinating residues arising from the second subunit (A). The reaction
mediated by thiamine monophosphate kinase is initiated by the binding of the thiamine
monophosphate. Once protonation has occurred from C8-H to the a-PQO,, the substrate is
protonated via a cascade involving a conserved His residue and a series of Asp residues. The
protonation of the substrate allows the formation of the pentavalent intermediate, the
migration of the Mg? from being the B-PO4/y-PO, coordinated to being o-PO4/B-PO,
coordinated, and the concomitant re-protonation of Cs.
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Table AF 7A. Kinases representing Group 8 and the identified conserved amino acid residues associated with the catalysis
of phosphoryl transfer and the measured inter-atomic distances are shown. The PDB or uniprot accession numbers are
indicated. Conserved residues replaced by conserved functionality are indicated by 3-letter code.

Kinase AA-aC- Asp to Asp/Arg? Lysto | Arg/Tyr to B- Glu*

C=Oto | C8-H? cs-H® PO,*

Aden-

NH,*

Group 8:Riboflavin kinase
Riboflavin kinase® 1Q9S (Homo His91 Asp96 Asp96/Arg21 His88 Arg21 Glusé
sapiens) 2.547 2.955 5.201 6.155 3.642
Riboflavin kinase® 1N06 Leu99 Aspl06 | Aspl06/Tyrl08 | Tyrl08 Tyr108 Glu96
(Schizosaccharomyces pombe) 1.723 2.867 4.642 3.799 1.990
Riboflavin kinase® 1N08 Leu99 Aspl06 | Aspl06/Tyrl08 | Tyrl08 Tyr108 Glu96
(Schizosaccharomyces pombe) 1.747 3.187 4.491 3.524 3.732
Riboflavin kinase®® 1NBO (Homo | His91 Asp96 Asp96/Arg21 Lys28 Arg21 Glusé
sapiens) 3.163 3.404 4.123 2.716 4.324
Mean 2.211 3.153 6.250 3.346 4.3957
Standard Deviation 0.825 0.270 1.870 0.562 1.276
% Standard Deviation 37.293 8.569 29.918 16.823 29.028
5 inter-subunit in interaction.
1. Asp carboxyl group coordination to C8-H.
2. Asp to Arg coordination.
3. Argto B-PO, coordination.
4. LystoC8-H
5. deprotonation of the substrate by Glu.
#  rotation of histidine N-Ca-CpB-Cy torsion angle for optimum interatomic distance.
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Figure AF 11. The postulated phosphoryl transfer mechanism found in the Group 8 kinases
is similar to all other groups utilizing the “push“mechanism (flavokinase family). The
mechanism occurs via coordination of the adenyl C6-NH, and protonation of C8 via a
coordinated Lys changing C8 from sp2 to sp3 hybridization, and alters the protonation of C8-
H. The C8-H becomes more acidic, allowing for the protonation of the B-PO,, via a
conserved Asp to Arg proton transfer. The H” transfer is directly to the B-POy, facilitating the
formation of the pentavalent intermediate between the y-PO,4 and the substrate nucleophile.
There is a simultaneous Glu-mediated deprotonation of the substrate-OH that allows for the
nucleophilic attack by the substrate, creating the pentavalent intermediate and allowing
phosphoryl transfer. The protonated Glu then transfers the proton to the y-PO,4 changing the
coordination of the Mg?* from being B-PO4 to y-PO4 coordinated to being a-PO4 to p-POy
coordinated. The H" originally arising from the C8 is then transferred back to C8, allowing
the electron density of the adenyl moiety to return to the “ground-state” distribution.
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Figure SEQ12. Conserved functional residues within the Group 8 kinases. The indicated numbering is as per the identified residues as outlined in Sup Inf Table SI 7A. Pink = 100% identical,
Green = >75% identical, turquoise = >50% identical. Secondary structure elements; Orange/Pink tube = Helix, Blue Arrow = Sheet, Grey = Coil. 1N08; Schizosaccharomyces pombe, 1NBO;

Homo sapiens, 1Q9S; Homo sapiens.
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Table AF 8A. Kinases representing Group 9 — 10 and the identified conserved amino acid residues associated with the catalysis of phosphoryl transfer and the measured inter-atomic distances
are shown. The PDB or uniprot accession numbers are indicated. Conserved residues replaced by conserved functionality are indicated by 3-letter code.

Kinase | EC | Met! | Thr® | His* | Th

GROUP 9: Dihydroxyacetone kinase

Dihydroxyacetone kinase ** 2.7.1.29 477 476 Direct 480

2BTD (Escherichia coli)

GROUP 10: Glycerate kinase

Glycerate kinase * (Neisseria 27131 No

meningitidis) ADP

Kinase AA-aC- N7to | C8-H Arg! Arg'Ne | C8-Hto | Arg* Arg- | 1% His’to | Glu*to | 2"9His | Gluto | Asn-yC-

C=0to Arg? to Neto | toa-PO, | a-PO, | NHzto | NHjto y-PO, His toy- His® C=0Oto

Aden-NH, Arg' | a-PO, a-PO, | B-PO, PO,’ C8-H’

GROUP 11: Polyphosphate kinase (legend as per Group 3 kinases)

Polyphosphate kinase 1XDP Asp587 Arg564 | Arg564 | Arg564 Arg564 7.406 Arg405 | Arg405 His435 Glu623 | His592 | Asp470 Asn45

From Group 9 (Escherichia 3.287 3.213 2.614 3.003 3.003 2.994 3.353 2.901 1.944 2.901 1.667 2.906

coli)

Polyphosphate kinase 208R Arg568 | Arg568 | Arg568 Arg568 Arg407 | Arg407 His 437 Glu626 | His595 | Asp474 Asn46

(Porphyromonas gingivalis)

GROUP 12: Integral membrane kinases

No structures. | | | | |

5 two orientations of the ANP in the same molecule.
C8-H coordinated.

N7 coordinated.

C8-H to B-PO, coordinated.

No ATP in structure.

rotation of adenine around the adenine/ribose bond.

N
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Figure AF 13. The postulated phosphoryl transfer mechanism found in the Group 11 kinases
which utilizes the “push“mechanism but also undergoes an autophosphorylation of a histidine
residue (polyphosphate family). The mechanism occurs via coordination of the adenyl C6-
NH, from the protein backbone to the ATP C6-NH, and an Asn carbonyl which acts to
stabilize the carbene formed at C8. The C8-H becomes more acidic, allowing for the
protonation of the a-POy, via a conserved Arg proton transfer. A second conserved Arg
transfers the proton from the a-PO, to the y-PO, facilitating the formation of the pentavalent
intermediate and to allow for phosphoryl transfer. There is a simultaneous deprotonation of a
conserved His allowing for the nucleophilic attack of the His for the y-PO,4. There is also a
putative deprotonation of the substrate phosphate by a second His allowing for the
concomitant formation of the phosphate dimer (polymer). The H* originally arising from the
C8 is then transferred back to C8, allowing the electron density of the adenyl moiety to return
to the “ground-state” distribution.
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Figure SEQ14. Conserved functional residues within the Group 11 kinase family. The indicated numbering is as per the identified residues as outlined in Sup Inf Table SI 8A. Pink = 100%
identical, Green = >75% identical, turquoise = >50% identical. Secondary structure elements; Orange/Pink tube = Helix, Blue Arrow = Sheet, Grey = Coil. 1XDP; Escherichia coli, 208R;
Porphyromonas gingivalis.

66


http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeEntityQuery&t=1&n=4896

References (Additional file 1)

References outlined below refer to the crystal structures used for the analysis of all active
sites in this investigation. Included are the RCSB protein databank accession codes for each
protein used.

1.

10.

11.

Hong, B. S., Allali_Hassani, A., Templ, W., Finerty Jr., P. J., Mackenzie, F., Domiv, S.,
Vedadi, M. and Park, H. W. (2010) Crystal structures of human choline kinase isoforms
in complex with hemicholinium-3: single amino acid near the active site influences
inhibitor sensitivity. J. Biol. Chem. 285, 16330-16340. (3G15.pdb)

Debreczeni, J.E., Bullock, A., Knapp, S., Von Delft, F., Sundstrom, M., Arrowsmith,
C., Weigelt, J. and Edwards, A. (2010) PIM kinase. Structural Genomics Consortium,
Oxford. Journal: To be Published. (2BZK.pdb)

Lowe, E.D., Noble, M.E., Skamnaki, V.T., Oikonomakos, N.G., Owen, D.J. and Johnson,
L.N. (1997) The crystal structure of a phosphorylase kinase peptide substrate complex:
kinase substrate recognition. EMBO J. 16, 6646-6658. (2PHK.pdb)

Thorsell, A.G., Uppenberg, J., Hogbom, M., Ogg, D., Arrowsmith, C., Berglund, H.,
Collins, R., Edwards, A., Ehn, M., Flodin, S., Flores, A., Graslund, S., Hammarstrom,
M., Kotenyova, T., Nilsson-Ehle, P., Nordlund, P., Nyman, T., Sagemark, J., Stenmark,
P., Sundstrom, M., Van Den Berg, S., Weigelt, J., Holmberg-Schiavone, L., Persson, C.,
Hallberg, B.M. (2010) Structure of Human Phosphatidylinositol-4-phosphate 5-kinase,
type 11, gamma. Journal: To be Published. (2GK9.pdb)

Fong, D.H. and Berghuis, A.M. (2002) Substrate promiscuity of an aminoglycoside
antibiotic resistance enzyme via target mimicry. EMBO J. 21, 2323-2331. (1L8T.pdb)

Ku, S.Y., Smith, G.D. and Howell, P.L. (2007) ADP-2Ho as a phasing tool for
nucleotide-containing proteins. Acta Crystallogr.,Sect.D. 63, 493-499. (20LC.pdb)
Lougheed, J.C., Chen, R.H. Mak, P. and Stout, T.J. (2004) Crystal structures of the
phosphorylated and unphosphorylated kinase domains of the Cdc42-associated tyrosine
kinase ACK1. J. Biol. Chem. 279, 44039-44045. (1U54.pdb)

Qiu, W., Hutchinson, A., Wernimont, A., Walker, J.R., Sullivan, H., Lin, Y.-
H., Mackenzie, F., Kozieradzki, I., Cossar, D., Schapira, M., Senisterra, G., Vedadi,
M., Arrowsmith, C.H., Bountra, C., Weigelt, J., Edwards, A.M., Bochkarev, A., Hui, R.
and Amani, M. (2010) Crystal structure of full length CpCDPK3 (cgd5_820) in complex
with Ca2+ and AMPPN. Journal: To be Published. (3L1J.pdb)

Singh, P. and Tesmer, J.J.G. (2008) Crystal Structure of G protein coupled receptor
kinase 1 bound to ATP and magnesium chloride at 2.7A. Journal: To be Published.
(3C4W.pdb)

Lodowski, D.T., Barnhill, J.F., Pyskadlo, R.M., Ghirlando, R., Sterne-Marr, R. and
Tesmer, J.J.G. (2005) The role of G beta gamma and domain interfaces in the activation
of G protein-coupled receptor kinase 2. Biochemistry 44, 6958-6970. (1Y M?7.pdb)
Walker, E.H., Pacold, M.E., Perisic, O., Stephens, L., Hawkins, P.T., Whymann, M.P.
and Williams, R.L. (2000) Structural determinants of phosphoinositide 3-kinase inhibition
by wortmannin, LY294002, quercetin, myricetin, and staurosporine. Mol.Cell 6, 909-919.
(1E8X.pdb)

67


javascript:AL_get(this,%20'jour',%20'J%20Biol%20Chem.');

12.

13.

14.

15.

16.
17.

18.

19.

20.

21.

22.

23.

24,

25.

Liu, L., Song, X., He, D., Komma, C. Kita, A., Virbasius, J.V., Huang, G., Bellamy,
H.D., Miki, K., Czech, M.P. and Zhou, G.W. (2006) Crystal structure of the C2 domain
of class Il phosphatidylinositide 3-kinase C2alpha. J. Biol. Chem. 281, 4254-4260.
(2B3R.pdb)

Rao, V.D., Misra, S., Boronenkov, LV., Anderson, R.A. and Hurley, J.H. (1998)
Structure of type llbeta phosphatidylinositol phosphate kinase: a protein kinase fold
flattened for interfacial phosphorylation. Cell 94, 829-839. (1BO1.pdb)

Gonzalez, B., Schell, M.J., Letcher, A.J., Veprintsev, D.B., Irvine, R.F. and Williams,
R.L. (2004) Structure of a human inositol 1,4,5-trisphosphate 3-kinase: substrate binding
reveals why it is not a phosphoinositide 3-kinase. Mol.Cell. 15, 689-701. (1W2C.pdb)
Holmes, W., and Jogl, G. (2006) Crystal structure of inositol phosphate multikinase 2 and
implications for substrate specificity. J. Biol. Chem. 281, 38109-3811. (2IF8.pdb)
Structure of Human Phosphatidylinositol-4-phosphate 5-kinase, type Il, gamma

Thorsell, A.G., Uppenberg, J., Hogbom, M., Ogg, D., Arrowsmith, C., Berglund,
H., Collins, R., Edwards, A., Ehn, M., Flodin, S., Flores, A., Graslund, S., Hammarstrom,
M., Kotenyova, T., Nilsson-Ehle, P., Nordlund, P., Nyman, T., Sagemark, J., Stenmark,
P., Sundstrom, M., Van Den Berg, S., Weigelt, J., Holmberg-Schiavone, L., Persson, C.
and Hallberg, B.M. (2006) Structural Genomics Consortium. Journal: To be Published.
(2GK9.pdb)

Chamberlain, P.P., Qian, X, Stiles, A.R., Cho, J.,Jones, D.H., Lesley, S.A., Grabau,
E.A., Shears, S.B. and Spraggon, G. (2007) Integration of inositol phosphate signaling
pathways via human ITPK1. J. Biol. Chem. 282, 28117-28125. (2QB5.pdb)

Herzberg, O., Chen, C.C., Kapadia, G., McGuire, M., Carroll, L.J., Noh, S.J. and
Dunaway-Mariano, D. (1996) Swiveling-domain mechanism for enzymatic
phosphotransfer between remote reaction sites. Proc.Natl.Acad.Sci.USA 93, 2652-2657.
(1DIK.pdb)

Andreassi, J.L., Vetting, M.W., Bilder, P.W., Roderick, S.L. and Leyh, T.S. (2009)
Structure of the ternary complex of phosphomevalonate kinase: the enzyme and its
family. Biochemistry 48, 6461-6468. (3GON.pdb)

Kraft, L., Sprenger, G.A. and Lindqvist, Y. Conformational changes during the catalytic
cycle of gluconate kinase as revealed by X-ray crystallography. (2002) J. Mol. Biol. 318,
1057-1069. (1KO5.pdb)

Harrison, D.H., Runquist, J.A., Holub, A. and Miziorko, H.M. (1998) The crystal
structure of phosphoribulokinase from Rhodobacter sphaeroides reveals a fold similar to
that of adenylate kinase. Biochemistry 37, 5074-5085. (LA7J.pdb)

Segura-Pena, D., Lutz, S., Monnerjahn, C., Konrad, M., and Lavie, A. (2007) Binding of
ATP to TK1-like enzymes is associated with a conformational change in the quaternary
structure. J. Mol. Biol. 369, 129-141. (20RW.pdb)

Chetnani, B., Das, S., Kumar, P., Surolia, A. and Vijayan, M. (2009) Mycobacterium
tuberculosis pantothenate kinase: possible changes in location of ligands during enzyme
action. Acta Crystallogr.,Sect.D 65, 312-325. (22S9.pdb)

Kosinska, U., Stenmark, P., Arrowsmith, C., Berglund, H., Busam, R., Collins,
R., Edwards, A., Ericsson, U.B., Flodin, S., Flores, A., Graslund, S., Hammarstrom,
M., Hallberg, B.M., Holmberg Schiavone, L., Hogbom, M., Johansson, 1., Karlberg,
T., Kotenyova, T., Moche, M., Nilsson, M.E.P.,, Nyman, T., Ogg, D.,Persson,
C., Sagemark, J., Sundstrom, M., Uppenberg, J., Uppsten, M., Thorsell, A.G., Van Den
Berg, S., Weigelt, J., Welin, M and Nordlund, P. (2007) Structure of Human Uridine-
Cytidine Kinase 1. Journal: To be Published. (2UVQ.pdb)

68



26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Gu, Y., Reshetnikova, L., Li, Y., Wu, Y., Yan, H., Singh, S., Ji, X. (2002) Crystal
structure of shikimate kinase from Mycobacterium tuberculosis reveals the dynamic role
of the LID domain in catalysis. J. Mol. Biol. 319, 779-789. (1L4U.pdb)

Kim, S.G., Cavalier, M., El-Maghrabi, M.R., Lee, Y.H. (2007) A direct substrate-
substrate interaction found in the kinase domain of the bifunctional enzyme, 6-
phosphofructo-2-kinase/fructose-2,6-bisphosphatase. J. Mol. Biol. 370, 14-26. (211V.pdb)
Welin, M., Wang, L., Eriksson, S., Eklund, H. (2007) Structure-function analysis of a
bacterial deoxyadenosine kinase reveals the basis for substrate specificity. J. Mol. Biol.
366, 1615-1623. (2JAS.pdb)

Egeblad-Welin, L., Sonntag, Y., EKlund, H. and Munch-Petersen, B. (2007) Functional
studies of active-site mutants from Drosophila melanogaster deoxyribonucleoside kinase.
Investigations of the putative catalytic glutamate-arginine pair and of residues responsible
for substrate specificity. FEBS J. 274: 1542-1551. (2JCS.pdb)

Zhu, Y., Huang, W., Lee, S.S., Xu, W. (2005) Crystal structure of a polyphosphate
kinase and its implications for polyphosphate synthesis. Embo Rep. 6, 681-687.
(1XDP.pdb)

Bunkoczi, G., Filippakopoulos, P., Jansson, A., Longman, E., Von Delft, F., Edwards,
A., Arrowsmith, C., Sundstrom, M., Weigelt, J. and Knapp, S. (2009) Structure of
Adenylate Kinase 1 in Complex with P1, P4-Di(Adenosine)Tetraphosphate. Structural
Genomics Consortium. Journal: To be Published. (2C95.pdb)

Schlichting, I. And Reinstein, J. (1999 pH influences fluoride coordination number of the
AlFx phosphoryl transfer transition state analog. Nat. Struct. Biol. 6, 721-723.
(1QF9.pdb)

Pattanayek, R., Williams, D.R., Pattanayek, S., Xu, Y., Mori, T., Johnson, C.H., Stewart,
P.L. and Egli, M. (2006) Analysis of KaiA-KaiC protein interactions in the cyano-
bacterial circadian clock using hybrid structural methods. Embo J. 25, 2017-2028.
(2GBL.pdb)

Tari, LW., Matte, A., Goldie, H. and Delbaere, L.T. (1997) Mg(2+)-Mn2+ clusters in
enzyme-catalyzed phosphoryl-transfer reactions. Nat. Struct. Biol. 4, 990-994.
(1AQ2.pdb)

Petit, P., Lagarde, A., Boutin, J.A., Ferry, G. and Vuillard, L. (2009) Effect of modulators
on the structure and function of human glucokinase. Journal: To be Published.
(3FGU.pdb)

Ose, T., Kitamura, M., Okuyama, M., Mori, H., Kimura, A., Watanabe, N., Yao, M. and
Tanaka, 1. (2009) Crystal Structure of Alpha-Xylosidase from Escherichia coli. Journal:
To be Published. (1WE5.pdb)

Kotaka, M., Ren, J., Lockyer, M., Hawkins, A.R. and Stammers, D.K. (2006) Structures
of R- and T-state Escherichia coli aspartokinase Ill. Mechanisms of the allosteric
transition and inhibition by lysine. J. Biol. Chem. 281, 31544-3152. (2J0W.pdb)
Gil-Ortiz, F., Ramon-Maiques, S., Fita, I. and Rubio, V. (2003) The course of phosphorus
in the reaction of N-acetyl-L-glutamate kinase, determined from the structures of
crystalline complexes, including a complex with an AlIF(4)(-) transition state mimic. J.
Mol. Biol. 331: 231-244. (10H9.pdb)

Marco-Marin, C., Gil-Ortiz, F. and Rubio, V. (2005) The crystal structure of Pyrococcus
furiosus UMP Kkinase provides insight into catalysis and regulation in microbial
pyrimidine nucleotide biosynthesis. J. Mol. Biol. 352, 438-354. (2BRI.pdb)

Evans, P.R., Farrants, G.W. and Hudson, P.J. (1981) Phosphofructokinase: structure and
control. Philos. Trans. R. Soc. London, Ser.B 293, 53-62. (4PFK.pdb)

McNae, I.W., Martinez-Oyanedel, J., Keillor, J.W., Michels, P.A., Fothergill-Gilmore,
L.A. and Walkinshaw, M.D. (2009) The crystal structure of ATP-bound

69



42.

43.

44,

45.

46.

47.

48.

49,

50.

51.

52.

53.

54,

55.

phosphofructokinase from Trypanosoma brucei reveals conformational transitions
different from those of other phosphofructokinases. J. Mol. Biol. 385, 1519-1533.
(3F5M.pdb)

Liu, J., Lou, Y. Yokota, H., Adams, P.D., Kim, R. and Kim, S.H. (2005) Crystal
structures of an NAD kinase from Archaeoglobus fulgidus in complex with ATP, NAD,
or NADP. J. Mol. Biol. 354, 289-303. (1Z0S.pdb)

Crystal structure of Possible 1-phosphofructokinase (EC 2.7.1.56) (tm0828) from
THERMOTOGA MARITIMA at 2.46 A resolution. Joint Center for Structural Genomics
(JCSG). Journal: To be published. (2AJR.pdb)

Seetharaman, J., Lew, S., Wang, D., Neely, H., Janjua, K., Cunningham, K., Owens, L.,
Xiao, R., Liu, J., Baran, M.C., Acton, T.B., Rost, B., Montelione, G.T., Hunt, J.F. and
Tong, L. (2009) Crystal structure of Pyrophosphate-dependent phosphofructokinase from
Marinobacter aquaeolei, Northeast Structural Genomics Consortium Target MqR88.
Journal: To be Published. (3K2Q.pdb)

Miller, D.J., Jerga, A.,Rock, C.O. and White, S.W. (2008) Analysis of the
Staphylococcus aureus DgkB structure reveals a common catalytic mechanism for the
soluble diacylglycerol kinases. Structure 16, 1036-1046. (2QV7.pdb)

Morgan, H. P., McNae, I. W., Nowicki, M. W., Hannaert, V., Michels, P. A. M.,
Fothergill-Gilmore, L. A., and Walkinshaw, M. D. (2010) Allosteric mechanism of
pyruvate kinase from Leishmania mexicana uses a rock and lock model. J.Biol.Chem.
285, 12892-12898. (3HQQ.pdb)

Nocek, B., Cuff, M., Volkart, L., and Joachimiak, A crystal structure of fructokinase
from Bacillus subtilis complexed with ADP. To be Published. (3EPQ.pdb)

Sigrell, J. A., Cameron, A. D., Jones, T. A., and Mowbray, S. L. (1998) Structure of
Escherichia coli ribokinase in complex with ribose and dinucleotide determined to 1.8 A
resolution: insights into a new family of kinase structures. Structure 6, 183-193.
(1RKD.pdb)

Reddy, M. C. M., Palaninathan, S. K., Shetty, N. D., Owen, J. L., Watson, M. D., and
Sacchettini, J. C. (2007) High resolution crystal structures of Mycobacterium
tuberculosis adenosine kinase: insights into the mechanism and specificity of this novel
prokaryotic enzyme. J.Biol.Chem. 282, 27334-27342. (2PKN.pdb)

Bagaria, A., Kumaran, D., Burley, S. K., and Swaminathan, S. Crystal structure of
pyridoxal kinase from Lactobacillus plantarum in complex with ATP. Journal: To be
Published. (31BQ.pdb)

Satyanarayana, L., Burley, S. K., and Swaminathan, S. Crystal Structure of a putative 2-
Keto-3-deoxygluconate kinase from Enterococcus faecalis. Journal: To be Published.
(3KTN.pdb)

Jeyakanthan, J., Kuramitsu, S., and Yokoyama, S. Structure of hydroxyethylthiazole
kinase protein from Pyrococcus Horikoshii Ot3. Journal: To be Published. (3HPD.pdb)
Joint Center for Structural Genomics (JCSG). Crystal structure of possible 1-
phosphofructokinase (EC 2.7.1.56) (tm0828) from Thermotoga maritina at 2.46 A
resolution. Journal: To be Published. (2AJR.pdb)

Miallau, L., Hunter, W. N., Mcsweeney, S. M., and Leonard, G. A. (2007) Structures of
Staphylococcus aureus D-tagatose-6-phosphate kinase implicate domain motions in
specificity and mechanism. J.Biol.Chem. 282, 19948. (2JG1.pdb, 2JGV.pdb)
Kochinyan, S., Brown, G., Skarina, T., Singer, A. U., Wong, A. H. Y., Cuff, M. E,,
Guixe, V., Merino, F., Savchenko, A., Yakunin, A. F., and Jia, Z. Crystal structure of an
ADP-dependent 6-phosphofructokinase from Pyrococcus horikoshii OT3. Journal: To be
Published. (3DRW.pdb)

70



56.

S7.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Ito, S., Fushinobu, S., Yoshioka, I., Koga, S., Matsuzawa, H., and Wakagi, T. (2001)
Structural basis for the ADP-specificity of a novel glucokinase from a hyperthermophilic
archaeon. Structure 9, 205-214. (1GC5.pdb)

Bagautdinov, B., Kuramitsu, S., Yokoyama, S., Miyano, M., and Tahirov, T. H. Crystal
Structure analysis of phosphomethylpyrimidine Kinase (ThiD) from Thermus
Thermophilus Hb8. To be Published. (1UBO.pdb)

Cheng, G., Bennett, E. M., Begley, T. P., and Ealick, S. E. (2002) Crystal structure of 4-
amino-5-hydroxymethyl-2-methylpyrimidine  phosphate  kinase from Salmonella
typhimurium at 2.3 A resolution. Structure 10, 225-235. (1JXH.pdb)

Liu, J. Y., Timm, D. E., Hurley, T. D. (2006) Pyrithiamine as a substrate for thiamine
pyrophosphokinase. J.Biol.Chem. 281, 6601-6607. (2F17.pdb)

Rajashankar, K. R., Kniewel, R., Solorzano, V., and Lima, C.D. Glycerate kinase from
Neisseria meningitidis (serogroup A). Journal: To be Published. (1TO6.pdb)
Schwarzenbacher, R., McMullan, D., Krishna, S. S., Xu, Q., Miller, M. D., Canaves, J.
M., Elsliger, M. A., Floyd, R., Grzechnik, S. K., Jaroszewski, L., Klock, H. E., Koesema,
E., Kovarik, J. S., Kreusch, A., Kuhn, P., McPhillips, T. M., Morse, A. T., Quijano, K.,
Spraggon, G., Stevens, R. C., van den Bedem, H., Wolf, G., Hodgson, K. O., Wooley, J.,
Deacon, A. M., Godzik, A., Lesley, S. A., and Wilson, I. A. (2006) Crystal structure of a
glycerate kinase (TM1585) from Thermotoga maritima at 2.70 A resolution reveals a new
fold. Proteins 65, 243-248. (2B8N.pdb)

Osipiuk, J., Zhou, M., Holzle, D., Anderson, W., and Joachimiak, A. X-ray crystal
structure of putative glycerate kinase 2 from Salmonella typhimurium LT2. Journal: To
be Published. (3CWC.pdb)

Aleshin, A. E., Kirby, C., Liu, X., Bourenkov, G. P., Bartunik, H. D., Fromm, H. J., and
Honzatko, R. B. (2000) Crystal structures of mutant monomeric hexokinase | reveal
multiple ADP binding sites and conformational changes relevant to allosteric regulation,
J.Mol.Biol. 296, 1001-1015. (1DGK.pdb)

Petit, P., Lagarde, A., Boutin, J. A., Ferry, G., and Vuillard, L. Effect of modulators on
the structure and function of human glucokinase. Journal: To be Published. (3FGU.pdb)
Satyanarayana, L., Burley, S. K., and Swaminathan, S. Crystal structure of fructokinase
with bound ATP from Xylella fastidiosa. Journal: To be Published. (3KLI.pdb)
Grueninger, D., and Schulz, G. E. (2006) Structure and reaction mechanism of L-
rhamnulose kinase from Escherichia coli. J.Mol.Biol. 359, 787. (2CGJ.pdb)

Zhang, Z., Burley, S. K., and Swaminathan, S. The crystal structure of xylulose kinase
from Lactobacillus acidophilus. Journal: To be Published. (3LL3.pdb)

Agarwal, R., Burley, S. K., and Swaminathan, S. Crystal structure of ribulokinase from
Bacillus halodurans. Journal: To be Published. (3JVP.pdb)

Zhang, Z., Burley, S. K., and Swaminathan, S. Crystal structure of xylulokinase from
Chromobacterium violaceum. Journal: To be Published. (3HZ6.pdb)

Bystrom, C. E., Pettigrew, D. W., Branchaud, B. P., O Brien, P., and Remington, S. J.
(1999) Crystal structures of Escherichia coli glycerol kinase variant S58-->W in
complex with nonhydrolyzable ATP analogues reveal a putative active conformation of
the enzyme as a result of domain motion. Biochemistry 38, 3508-3518. (1BWF.pdb)
Yang, K., Strauss, E., Huerta, C., and Zhang, H. (2008) Structural basis for substrate
binding and the catalytic mechanism of type Il pantothenate kinase. Biochemistry 47,
1369-1380. (3BF1.pdb)

Weihofen, W. A., Berger, M., Chen, H., Saenger, W., and Hinderlich, S. (2006)
Structures of human N-acetylglucosamine kinase in two complexes with N-
acetylglucosamine and with ADP/glucose: insights into substrate specificity and
regulation. J.Mol.Biol. 364, 388. (2CH6.pdb)

71



73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Tong, Y., Tempel, W., Nedyalkova, L., Mackenzie, F., and Park, H. W. (2009) Crystal
structure of the N-acetylmannosamine kinase domain of GNE. Plos One 4, e7165-e7165.
(3EO3.pdb)

Patskovsky, Y., and Almo, S. C. Crystal Structure of Escherichia coli putative N-
acetylmannosamine Kinase. Journal: To be Published. (2AA4.pdb)

Mukai, T., Kawai, S., Mori, S., Mikami, B., and Murata, K. (2004) Crystal structure of
bacterial inorganic polyphosphate/ATP-glucomannokinase. Insights into kinase evolution.
J.Biol.Chem. 279, 50591-50600. (1WOQ.pdb)

Gorrell, A., Lawrence, S. H., and Ferry, J. G. (2005) Structural and kinetic analyses of
arginine residues in the active site of the acetate kinase from Methanosarcina
thermophila. J.Biol.Chem. 280, 10731-10742. (1TUY .pdb)

Diao, J., and Hasson, M.S. (2009) Crystal structure of butyrate kinase 2 from
Thermotoga maritima, a member of the ASKHA superfamily of phosphotransferases.
J.Bacteriol. 191, 2521-2529. (1SAZ.pdb)

Hartley, A., Glynn, S. E., Barynin, V., Baker, P. J., Sedelnikova, S. E., Verhees, C., de
Geus, D., van der Oost, J., Timson, D. J., Reece, R. J., and Rice, D. W. (2004) Substrate
specificity and mechanism from the structure of Pyrococcus furiosus galactokinase.
J.Mol.Biol. 337, 387-398. (1S4E.pdb)

Sgraja, T., Alphey, M. S., Ghilagaber, S., Marquez, R., Robertson, M. N., Hemmings, J.
L., Lauw, S., Rohdich, F., Bacher, A., Eisenreich, W., lllarionova, V., and Hunter, W. N.
(2008) Characterization of Aquifex aeolicus 4-diphosphocytidyl-2C-methyl-d-erythritol
kinase - ligand recognition in a template for antimicrobial drug discovery. FEBS J. 275,
2779. (2V8P.pdb, 2V2Z.pdb)

Zhou, T., Daugherty, M., Grishin, N. V., Osterman, A. L., and Zhang, H. (2000)
Structure and mechanism of homoserine kinase: prototype for the GHMP kinase
superfamily. Structure Fold. Des. 8, 1247-1257. (1IFWK.pdb)

McCulloch, K. M., Kinsland, C., Begley, T. P., and Ealick, S. E. (2008) Structural
studies of thiamin monophosphate kinase in complex with substrates and products.
Biochemistry 47, 3810-3821. (3C9S.pdb)

Wang, K. T., Wang, J., Li, L. F., and Su, X. D. (2009) Crystal structures of catalytic
intermediates of human selenophosphate synthetase 1. J.Mol.Biol. 390, 747-7509.
(3FD6.pdb)

Itoh, Y., Sekine, S. I., Matsumoto, E., Akasaka, R., Takemoto, C., Shirouzu, M., and
Yokoyama, S. (2009) Structure of selenophosphate synthetase essential for selenium
incorporation into proteins and RNAs. J.Mol.Biol 385(5), 1456-69. (2YYE.pdb)
Karthikeyan, S., Zhou, Q., Osterman, A. L., and Zhang, H. (2003) Ligand binding-
induced conformational changes in riboflavin kinase: structural basis for the ordered
mechanism. Biochemistry 42, 12532-12538. (1Q9S.pdb)

Bauer, S., Kemter, K., Bacher, A., Huber, R., Fischer, M., and Steinbacher, S. (2003)
Crystal structure of Schizosaccharomyces pombe riboflavin kinase reveals a novel ATP
and riboflavin-binding fold. J.Mol.Biol. 326, 1463-1473. (1N06.pdb, 1N08.pdb)

72



	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	“Push” mechanism
	“Pull” mechanism
	Group 1 kinases
	Group 2 kinases
	Group 3 kinases
	Group 4 kinases
	Group 5 kinases
	Group 6 kinases
	Group 7 kinases
	Groups 8
	Groups 9 to 12 kinases

	Discussion
	Conclusions
	Methods
	Structural bioinformatics
	Sequence alignments and structural analysis

	Acknowledgements
	Authors' contributions
	Competing interests
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 500
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 500
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


