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a b

Fig 2. The model of Pk25 3D structure. a — Superimposition of the template structure PknB M. tuberculosis (green) and
Pk25 model (colored by secondary structure type). b — ATP-binding pockets of PknB (colored by atom type) and Pk25
(orange); nonconservative amino acid residues are shown as sticks. ¢ — binding mode of LCTA-1425 with Pk25. The kinase
VdW surface is colored according to hydrogen bond donor /acceptor properties (red — donor, blue — acceptor).

Fig 3. The model
of APHVIII 3D a
structure. a —
Superimposition
of the template
structure APH(3')-
lla (PDB ID 1ND4,
orange) and
APHVIIl model
(colored by sec-
ondary structure
type). b — Amino
acid residues in
the activation loop
of wild-type APH-
VIl (carbons are
colored orange)
and 146-1 mutant
(grey carbons).

matically active protein and undergoes autophosphory-
lation. Localization of the Pk25 catalytic domain in the
fraction of insoluble cellular proteins does not contradict
the possibility of its autophosphorylation during expres-
sion and, likewise, does not exclude its activity towards
both soluble and insoluble proteins. These results are in
agreement with the data obtained on the catalytic do-
mains of Streptomyces and Mycobacterium protein ki-
nases [43-45]. It was shown that phosphorylation in the
activation loop of STPK occurs at a Ser residue. Analysis
of the substrate specificity of STPK from M. tuberculosis
showed that the highest phosphorylation efficiency was
observed at the regions that are similar to the autophos-
phorylation sites of the kinase [46].

Modeling of the aminoglycoside phosphotransferase
VIII 3D structure

The model of the APHVIII catalytic domain structure
closely resembles the template protein APH(3’)-IIa (Fig.
3a). The two structures are most similar in the sites of
the ATP and kanamycin binding, as well as in the ac-
tivation loop. The small insertions in the APHVIII se-
quence are located in the structurally nonconserved re-
gions of the loops, and between various elements of the
secondary structure they are unlikely to seriously af-
fect the 3D pattern of the polypeptide chain. The physi-
co-chemical properties and conformations of the crucial
amino acid residues that form the ATP and kanamycin
binding sites also correspond within the template and
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Table 2. Modifications of phosphorylation site Ser-146 in APHVIII

Native enzymes and modified species of APHVIII

Phosphorylation sites and their modifications™*

Pk25

ATTLTESGSFVG

APHVIII

AVAEGS , VDLED

APHVIII146-1

AVATGT,  VSLED

APHVIII146-2

AVATGS,, VSLSD

146

APHVIII146-3

AVAEGT,,,VDLED

APHVIII146-4

AVAEGA ,VDLED

=146

* Amino acid substitutions are underlined.

the model. The structure of APHVIII146-1 almost fully
matches that of wild-type protein. Differences are ob-
served in the activation loop and are unlikely to affect
the global conformation of the protein (Fig. 3b).

The phosphorylation site of APHVII (Ser146) is an
homologue of phosphoserine in the ribose pocket of
PKA-type serine/threonine kinases [47]. A molecular
dynamics simulation of unphosphorylated APHVIII in
complex with kanamycin (with bound ATP and two
Mg?* ions) revealed pronounced alterations of the en-
zyme’s structure, such as weakening of the contact be-
tween the N- and C-terminal domains. [48, 49].

Modification of Ser146 region of aminoglycoside phos-
photransferase APHVII — the site of phosphorylation
by Pk25 kinase

The autophosphorylation site in the Pk25 activation
loop was determined through a comparison with the
corresponding region of M. tuberculosis PknB [50]:

PknB DFGI ARAIAD SGNSVIQTAAVGTAQYLSPE
Pk25 DFGV AQVAGA TTLTESGSFVGSPEYTAPE

To optimize the test system E.coli APHVIII/
Pk25, we modified the potential phosphorylation site
AVAEGS , VDLED in the APHVIII activation loop.
The objective was to make site Ser146 APHVIII more
structurally similar to the Pk25 autophosphorylation
site TTLTESGSFVG. To achieve that, we modified the
amino acid residues in the vicinity of APHVIII Ser146
(Table 2), introducing the underlined amino acid sub-
stitutions. The obtained mutant variants of the gene
aphVI1II146-1, aphVIII146-2, aphVIII146-3, and aph-
VIII146-4 were ligated into the pET16b vector at the
NdelI-BamHI and introduced into E.coli DH5a. After re-
sequencing, the plasmids pET16baphVIIIm1 (Fig. 4a)
were used for the transformation of E. coli BL21(DE3).
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Expression of all variants of APHVIII in E.coli was
checked by gel electrophoresis of soluble cellular pro-
teins under denaturing conditions.

E.coli cells containing pET16baphVIII plasmid ex-
pressed a 31 kDa protein, which corresponded to the
calculated molecular mass of APHVIII equal to 31.5
kDa.

Creation of a construct containing genes of aminogly-
coside phosphotransferase aphVII and protein kinase
pk25

Amplification of pk25 was performed with the primers
Pk25NBgl and Pk25CBgl (Table 1) from the DNA of the
plasmid vector pET22b-pk25. The Pk25NBgl primer
contained a ribosome-binding site (RBS) and an ATG
codone for the catalytic domain of protein kinase Pk25.
The nucleotide sequence of pk25 was amplified and di-
gested by BglII and then ligated into the pET16baph-
VIIIml containing the previously described variants
of aphVIII at the BamHI. At the first stage, the pres-
ence of the insert was checked by amplification with T7
primers. At the second stage, the clones were selected
by amplification with AphN and Pk25CC primers (table
1) according to the presence and the size of the insert.
After resequencing, pET16APC plasmids (Fig. 4b) were
used for the transformation of E. coli BL21(DE3). Ex-
pression of genes aphVIII and pk25 after induction was
checked by gel electrophoresis. In the first four vari-
ants (Fig. 5) (lanes 2-5), additional fractions of APH-
VIII are observed. Lane 6 contains an additional frac-
tion of pk25, while lanes 7-10 contain both a 31.5 kDa
fraction and a 28 kDa fraction, which are APHVIII and
Pk25, respectively. Mass-spectrometry was used to
verify the protein fraction on lane 7. It was shown that
the heavier fraction contains APHVIII (AAY27879.1
aminoglycoside-O-phosphotransferase VIII). The other
fraction contains the catalytic domain of Pk25 (1100219
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Fig 4. Vectors: a - pET16baphVllim1 containing aph VIl mutant variants: aphVIll146-1, aphVIl146-2, aph VIl 146-3,
aphVill146-4 and primary aphVIII146-S. b — pET16 APC containing pk25 and aph VIl mutant variants aphVIill146-1,

aphVIll146-2, aphVIl146-3, and primary aphVIIl146-S.

NP _628936.1 serine/threonine protein kinase S. coeli-
color A3(2)).

Analysis of kanamycin resistance in E.coli BL21(DE3)
variants containing different modifications of aphVIII
and their combinations with pk25.
Resistance of all constructs to aminoglycoside antibi-
otic kanamycin was studied (Table 3). The BL21(DE3)
strain containing the plasmid pET16b encoding gene
aphVIII was resistant to kanamyecin (325 pg/ml).

The substitutions contained in the APHVIII146-1
variant led to a 48% decrease in resistance. In APH-

31.5kDa
28 kDa

Fig 5. Electrophoresis of E.coli BL21(DE3) proteins
including Pk25 catalytic domain, APHVIII: 1 — marker, 2 -
primary APHVIII146-S fraction, 3 - APHVIII146-1 fraction,
4 — APHVIII146-2, 5 — APHVIII146-3, 6 — Pk25 catalytic
domain, 7 — APHVIII146-S /Pk25 fractions, 8 — APH-
VI146-1/Pk25, 9 — APHVIII146-2 /Pk25, 10 — APH-
VIIl146-3 /Pk25. E.coli BL21 (DE3) pET22b /pk25 and
E.coli BL21 (DE3) pET16baphVIll protein fractions ana-
lyzed as a negative control.

VIII146-2, resistance underwent a 54% decrease. The
level of resistance in APHVIII146-3 containing the
Ser(146)Thr substitution remained unchanged. In the
case of the Ser(146)Ala substitution (APHVIII146-4),
which causes the full inactivation of phosphorylation
at Serl46, a 70% decrease in kanamycin-resistance was
observed. The level of activity of APHVIII146-4 in vitro
corresponds to the obtained data - the mutant variants
exhibited a level of activity equal to 30% of that in wild
type [61]. All constructs containing APHVIII with Pk25
showed a higher level of activity. We observed a 91%
increase in kanamycin resistance in the case of APH-
VIII146-1/Pk25, an 83% increase in the case of APH-
VIII146-2/Pk25, and a 23% increase in the case of the
initial construct APHVIII/Pk25, as well as in that with
the Ser(146)Thr substitution.

Docking of indolylmaleimide inhibitors into the Pk25
model
The constructed test system S. lividansAPHVIII+ has
been used earlier for the screening of various chemical
substances such as benzodiazines, benzophtalazines, cy-
clopentendions, indolylmaleimides, pyrazoles, thiazoles,
thiazoltetrazines, etc. (unpublished data). A number of
indolylmaleimide compounds that exhibit inhibitory ac-
tivity towards protein kinases were identified. In order
to propose the binding mechanisms of these substances,
we carried out a molecular docking study. The results
suggest that the inhibitors selected in the S. lividans
TK24 (66) APHVIII/STPK test system (LCTA-1385,
LCTA-1398, LCTA-1425 [20], bis-indolylmaleimide-1
[52]) can potentially interact with the ATP binding site
of Pk25.

Docking of these inhibitors into the Pk25 model re-
veals conservative interactions between the maleimide
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signal

Pk25
phosphorylation
AphVIIl Ser146-1, Kan® (325 mkg /ml)

Resistance to Kanamycin
signal

pk inhibitor > Pk25

not phosphorylation

AphVIll Ser146-1, Kan® (170 mkg/ml)

Sensitivity to Kanamycin

Inactive

Bis-5

Active
Bis-1

Kanamycin

Bis-5+
Kanamycin

Kanamycin

Fig. 6. Bacterial test-system E. coli aphVIll /Pk25 for screening of inhibitors of serine-threonine protein kinases. a — The
principle of the test-system: phosphorilation of Ser-146 Pk25 in APH VIl leads to kanamycin-resistance in E.coli; ad-
dition of inhibitor prevents phosphorylation and reduces kanamycin resistance. b — Validation of the test-system with
application of Bis-1 and Bis-5 as classical inhibitors [52]: addition of Bis-1 leads to the increase in the zone's size.

moiety and the backbone of the kinase (Fig. 2c). The
inhibitors bis-indolylmaleimide-1 (Bis-I) and LCTA-
1425 form two hydrogen bonds — one between the car-
bonyl oxygen atom of the maleimide moiety and the
amide hydrogen of Val96, and another one between the
imide hydrogen atom of the maleimide moiety and the
carbonyl oxygen of Glu94. Inhibitors LCTA-1385 and
LCTA-1398 were shown to form only the former hy-
drogen bond, since the hydrogen atom of the maleim-
ide moiety is substituted in their molecules. Therefore,
the estimated energy of interaction between Pk25 and
the latter two inhibitors is 1 kcal/mol less than that for
the first two compounds. However, in both cases the
interaction between the kinase and inhibitor is consid-
ered favorable.

Choice and validation of E.coli APHVIII/Pk25-based
test system

Earlier we constructed and validated [20, 53, 54] a test
system based on S. lividans TK24 (66) APHVIII/STPK
[20]. The effect registered in this system was based on
the cumulative action of the antibiotic kanamycin and
a STPK modulator in a sub-inhibiting concentration
[20] that resulted in the appearance of or increase in a
zone of growth inhibition of the indicator culture. The
size of the no-growth zone allowed to roughly estimate
the efficiency of the STPK inhibitor [20]. That is why
the range of changes of the resistance level to kana-
mycin, which is determined by various constructions
of APHVII, is of crucial importance. Based on this con-
sideration, APHVIII146-1 is more favorable; so, in fur-

Table 3. Kanamycin resistance of E. coli BL21(DE3) strain containing various APHVIIl species.

Kanamyecin resistance of E. coli, , pug/ml
N Modified constructs APHVIII
ame
APHVIII APHVIII+Pk25

146-S AVAEGS ,, VDLED 325+5 400=+10
146-1 AVATGT  VSLED 170=+10 325%5
146-2 AVATGS ,VSLSD 150=+10 275+10
146-3 AVAEGT,, VDLED 325%5 40010
146-4 AVAEGA ,, VDLED 100+5 -
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Table 4. Dependence of E. coli APHVIII146-1/Pk25 kanamycin resistance on various STPK inhibitors.

Known indolylmaleimide Subinhibiting L 2055 e 7000 17
s Y Structure . " E. coli APHVIII146-1/Pk25 test-system In
inhibitors of STPKs. concentration, nmol/disc . A
the presence of kanamycin and inhibitor, mm
i
Bis-1 - 700 13.0
Me,N /\) f
H
LCTA-1425 N N~ 125 12.0
N
/
LCTA-1398 v O 250 13.0
A
LCTA-1385 O N _o 125 12.0
O NN \

Note. Kanamycin-caused inhibition (5 mg/disc) zone size is 10 mm. Kanamycin resistance of E. coli strain containing
APHVIII146-1 and Pk25 was determined by means of the paper disc method as described in "Experimental procedures”.
Indolylmaleimides of LCTA series, provided by Prof. M.N. Preobrazhenskaya, were described earlier [20].

ther studies we used E.coli APHVIII146-1/Pk25 cells.
For test system validation, we employed the previously
described indolylmaleimide STPK inhibitors LCTA-
1385, LCTA-1398, LCTA-1425 [20], and Bis-1 [52] (Ta-
ble 4). The standard concentration of kanamycin was
5 mg/disc, causing the appearance of a 10-mm zone of
growth inhibition. All investigated compounds lowered
kanamycin resistance. Substances from the indolylma-
leimide library (LCTA-1033, LCTA-1196, Bis-5) that
did not exhibit inhibitory activity in S. lividans TK24
(66) APHVIII/STPK [20] showed no effect in the E. coli
APHVIII146-1/Pk25-based test system that confirms
the relevance of the latter.

DISCUSSION

Perspectives of application of E. coli APHVIII146-1/
Pk25-based test system in screening for STPK inhibi-
tors

The proposed test system can be used in prescreening
for ATP-competitive low molecular weight inhibitors
[2] that are able to diffuse in an agar-based medium,
permeate through the E.coli cell wall, and interact with
the adenine binding site of Pk25. The selectivity of the
inhibitors depends on their affinity to adenine binding

pocket of the kinase. IFunctional similarity of the amino
acid sequences leads to the similarity of the three-di-
mensional structures. This is also applicable in the case
of the ligand binding sites that are responsible for the
selectivity of inhibitors [55, 56].

The alignment of the amino acid sequence of the
Pk25 catalytic domain with the catalytic domains of
other bacterial STPKs, including those from patho-
genic microorganisms performed in Genomic BLAST
(http://www.ncbinlm.nih.gov/sutils/genom_table.
cgi), revealed 13 proteins that share more than 35%
identity. Among them are STPKs from Mycobacteri-
um, Staphylococcus, Streptococcus, and Pseudomonas.
Comparison of Pk25 with human STPKs revealed 19
proteins with more than 30% identity, including kinas-
es from the SAD, BR, NUAK (SNF), DAPK3, PNCK,
CAMKII, CAMKI, Zip, PKA, HUNK, PAK2, Mark-
PARI1, SIK2, and OPK NimA families.

STPK inhibitors compete with ATP for the binding
site and interact with the adenine binding pocket of the
ATP binding site, which contains conservative and vari-
able amino acid residues. We classified STPKs of gram-
positive bacteria [23, 57] based on the physico-chemical
properties of the sidechains of 9 variable amino acids in
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Table 5. Ligand-binding amino acid residues of adenine-binding pocket of bacterial and human serine-threonine protein

kinases.

Protein kinase Functions of kinases in pathogenesis Amino acids of the Effect
and physiology binding pocket of substitution
Bacterial STPKs
Pk25 S. coelicolor Modulation of resistance of aph-gene LVAVMLVL T Original
PknA M. tuberculosis Synthesis of cell wall IVAIMLVL T| Non-essential
PknJ M. tuberculosis Persistence in the host LVAIMFEVL S »
Stk1 Streptococcus agalactiae Gerulation of 1ntracelliular segregation of IVAIMYVL T ,
GBS and virulence
StkP S. pneumonia A fragment of signal pathway involved in IVAIMYVL T 5
lung and blood invasion
SP-STK §. pyogenes Cell division, colony morphology, virulence IVAIMYVL T »
PpkA P. aeruginosa Regulation of expression of virulence factors LVATMYLL S Essential
PknB/Stkl Staphylococcus Regulation of purine ‘piosynthesis, autolysis, LVAIMYIL F ,
aureus subsp. aureus core metabolism pathways =
PknB M. tuberculosis Cell division, inhibition of lysosome fusion LVAIMYVM M »
Homo sapiens STPK
PKA H. sapiens Allergy, myocardial disorders LVALMYVL T| Non-essential
CaMK ID H. sapiens Type II diabetes LVAIMLVL S »
Pac2 H. sapiens UV-caused epidermis diseases IVAIMYLL »
BR kinl H. sapiens Regulation of cellular homeostasis LVAVLHVL A Essential
NUAK SNF1-11 H. sapiens Modulation of TNF-alpha in cancer cells LVAIMYAL A »
CaMERII H. sapiens Induction of long-termed synaptic memory LVAIMYAL A »

Note. Table represents serinen-threonine kinases containing no more than four amino acid substitutions in ligand-binding
sequence LVAVMLVLT Pk25. Non-essential amino-acid substitutions are marked (=), while essential substitutions are

marked (=), substitutions in the gatekeeper region are marked (_). Selectivity of inhibitors is determined by their affinity
to the 9 amino acid motifs of the adenin-binding pocket of STPKs.

the adenine binding pocket of the catalytic domain. In
this work, we used this classification to select STPKSs of
pathogenic bacteria that can be inhibited by the com-
pounds selected in the proposed E. coli APHVIII/Pk25
test system. Table 5 contains 9 of the 13 potential ligand
binding motifs of STPKs from pathogenic bacteria and
6 of the 19 motifs of human STPKs. The selection was
based on the presence of no more than 4 out of 9 ami-
no acid substitutions in variable positions of the ade-
nine-binding pocket of Pk25 S. lividans (S. coelicolor)
LVAVMLVLT. Substitutions of nonpolar amino acids by
polar ones at the first four positions, as well as in position

120 | ACTA NATURAE| VOL.2 Ne 3 (6) 2010

8 (double underlined), were considered essential. All sub-
stitutions (except for the introduction of a similar amino
acid) in position 9 (double underlined), and any substi-
tutions in position 5 gatekeeper (underlined), were also
considered essential. Substitutions in the hinge region
(position 7 and in position 6) are less essential. Nonessen-
tial substitutions were underlined. The presence of two
out of four nonessential substitutions does not alter the
interaction mode of inhibitors with the adenine binding
site of the protein kinase. Therefore, Pk25 can serve as a
tool for the selection of inhibitors for 5 of the 13 STPKs
from pathogenic bacteria and 3 of the 19 human STPKs.
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The principle of structural similarity of the adenine
binding pockets is a more reliable criterion than homol-
ogy of the sequences of the whole catalytic domain.

In conclusion, the proposed test system can be used
in prescreening for inhibitors of STPKs from some
pathogenic microorganisms such as PknA, PknJ from

M. tuberculosis, StkP from S. pneumonia, SP-STK
from S. pyogenes, as well as some human STPKs, e.g.
PKA, CaMkinasel, and Pac2. e

This work was supported by the Russian Foundation
for Basic Research (grant No 09-04-12025).
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