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TARGETS FOR REGULATION OF HUMAN MICROBIOTA COMPOSITION
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Serine/threonine protein kinases (STPKs) of bacteria are involved in signal transduction, cell growth and division, biofilm
formation and virulence regulation. They are found in both pathogenic microbes and symbiotic residents of the human
microbiota. Previously we proposed a classification scheme for STPKs of gram-positive bacteria based on the signature
sequence of 9 amino acid residues in the ATP-binding pocket. Accordingly, protein kinases and bacterial species that
contained those kinases were divided into 20 groups. We hypothesized that STPKs with identical signatures would interact
with the same low-molecular-weight compounds that could be used as selective inhibitors of STPK to suppress growth
and virulence of certain residents of the human gut microbiota (GM). GM represented by over 400 bacterial species is
critical in maintaining homeostasis in the human body. In healthy individuals GT composition is balanced in terms of
genera/species abundance. Shifts in the GT composition are thought to trigger pathology. In this connection various
approaches are being developed to regulating the composition of the human microbiota. This article proposes the use
of bacterial STPK inhibitors as “gentle” therapeutic agents for correcting taxonomic imbalances of GM triggered by non-
infectious diseases and reducing virulence of pathogenic microbes with minimal impact on human protein kinases.
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CEPUH-TPEOHWUHOBbIE MPOTEMHKNHA3bI BAKTEPUA —
NMOTEHUWNAJIbHAA MULLEHDb OJ1A PEINYNAUMN COCTABA
MMUKPOBUNOTbI HYEJTOBEKA
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' NlabopaTopust reHETUKN MUKPOOPraHU3MOB,
VHCTUTYT 06LLer reHeTukn nmenHn H. V1. Basunosa PAH, Mocksa

2Kadenpa 6ronHpopmMaTnkm, hakynsTeT GUONOrMHeCKOR 1 MEQULIMHCKOM (OU3MKM,
MOCKOBCKUIN (PUBNKO-TEXHNHECKNI MHCTUTYT (FOCYAaPCTBEHHbIA YHMBEPCUTET), [onronpyaHbiii

CepuH-TpeoHnHOBbIe NpoTenHKMHa3b! (CTTIK) y4acTByOT B Nepefade CMrHanoB y 6akTepuii, BOBMEYEHbl B MPOLIECCHI pocTa
N OeneHnst KNeTkn, obpadoBaHme GoMnIeHoK 1 (hopMMPOBaHVE BUPYNEHTHOCTU. OHM BCTPEYAIOTCA Kak y MaToreHHbIX Oak-
Tepuii, Tak 1y CUMOMOHTOB MUKPOOMOTBI Yenoseka. Hamm 6bina paspadotaHa knaccudukaums CTIK rpamMnonoxXmnTensHbix
6aKTepuii, B OCHOBE KOTOPOW NEXMUT CUrHaTypa 13 9 aMUHOKMCIOTHBIX OCTaTKOB, PacrnonoXeHHbIX B 061acTy CBA3bIBAHWSA
afeHnHa. Ha ocHoBe curHaTypbl MPOTENHKMHA3bI U coaepyKallye X podpl 1 BUabl HakTepuin Obinm pasaeneHsl Ha 20 rpynm.
Bbino BbiaBUHYTO Mpeanonoxkerve, 4to CTTK ¢ oanHakoBOW curHaTypon 6yayT B3anMOAENCTBOBATb CO CXOAHbIMU HU3-
KOMONEKYNAPHBIML BELLECTBaMM, KOTOPbIE MOMYT ObiTb MCMOMb30BaHbl B Ka4eCTBE CENeKTUBHbIX MHrMbuTopos CTIK ons
CHVKEHWST CKOPOCTM POCTa 1 BURYNEHTHOCTM OMpeaeneHHbIX rpynn GakTepuin KuwevHom MkpobnoTsl (KM) Yenoseka. KM,
npeacTasneHHas 6onee Yem 400 BuoaMmn 6aKTepuii, UrpaeT KIKOYEBYIO POSb B MOAAEPKaHUM roMeocTasa opraHm3ma Yeno-
Beka. B Hopme coctas KM cbanaHcrpoBaH Mo B1aam 1 pogam, HO Mpu pasinyHbix 3a001eBaHVsAX TaKCOHOMUYECKUI BanaHc
HapyLlaeTcs. [NpegnonaraeTcs, YTO Takoro pofa M3MEHEHVS MOMyT SBNATLCS Tpurrepammn 3abonesaHnii. B cBsdn ¢ aTvMm
paspabaTbiBaOTCst pasnMHHble Noaxoabl MO PerynsaLmMm coctaBa MMKPOBUOThI YenoBeka. B ctaTbe npeanoXeHa KoHLenums,
OCHOBaHHasi Ha MCMOb30BaHUN MHIMOUTOPOB GakTepuanbHbix CTIK B kKa4ecTBe «MSArKon Cusibl» AN KOPPEKLIM TaKCOHO-
Muyeckoro aucbanaHca KM, BbI3BaHHOIO HEMHMEKLMOHHbIMK 3a00M1eBaHNSAMI, a TakKe /19 BOSAENCTBUS Ha NaToreHHble
MUKPOOPraHN3Mbl (CHVPKEHWST X BUPYNEHTHOCTY) MPY MUHMAIIBHOM BO3AENCTBUM Ha MPOTENHKMHA3b! YenoBeka.
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Interactions between the gut microbiota and the host system or the gastrointestinal tract (GIT), etc. Shaped by

evolution, it has become an essential body organ. Our
The human microbiota is a microbial community that inhabits  relationships with the microbiota are symbiotic. About 60 % of
various body surfaces, such as the skin, the genitourinary  our symbionts live in the large intestine constituting the largest
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microbial population of the body [1, 2]. The functions and
the composition of the microbiota depend on age, sex, diet,
environmental factors and social conditions, individual’s health
and the use of medications, including antibiotics [3, 4].

The microbiota in general and the gut microbiota in
particular can significantly affect human health. Being the largest
microbial reservoir of the body, the microbiota of the small and
large intestines can influence the function of the GIT and other
vital organs and systems [1, 5]. The gut microbiota forms a
barrier against pathogens, maintaining colonization resistance
of the host. The well adapted bacteria have developed this
capacity through a continuous interaction with the human
host under strong selection pressure. The gut microbiota can
also activate the immune, endocrine and nervous systems
of the host, including the brain. The immunomodulatory
role of the microbiota is largely determined by the presence
of bifidobacteria and lactobacilli [1, 6]. Residents of the gut
flora produce bioactive substances, such as vitamins and
hormones, participate in the metabolism of proteins, lipids,
carbohydrates and nucleic acids, and regulate the composition
of the intestinal gas [4].

Imbalances in the gut flora called dysbiosis are characterized
by the increased abundance of potentially pathogenic
microorganisms (pathobionts) [2, 7] and can lead to metabolic
diseases, inflammation and visceral pain or induce changes in
the central nervous system (CNS), which, in turn, can cause
behavioral and cognitive disorders [2, 8-10]. Shifts in the
microbiota composition were shown to accompany obesity,
allergy, type 2 diabetes, cardiovascular and autoimmune
diseases [2, 11]. The range of factors that negatively affect the
composition and functions of the microbiota is continuously
expanding; among them are environmental pollution (life in a
megalopolis) [12], poor diet (the growing popularity of fast food)
[13], and stress [14]. It is also known that dysbiosis can result
from antibacterial therapies that kill the native microbial flora
and therefore stimulate the unnatural selection of antibiotic-
resistant pathogens [1].

A symbiotic relationship with bacteria is very important for
the host. Highly responsive to a variety of factors, the microbial
population of the GIT is a sensitive indicator of the host’s health
[1, 4]. Therefore, the microbiota could serve as a potential
therapeutic target for the treatment/management of different
pathologies, including dysbiotic conditions. Various approaches
and strategies are used to regulate the human microbiome:
diets, intake of pro- and prebiotics, and surgical procedures.
Some authors indicate that physical activity has a positive
effect on the microbiota when combined with a balanced diet
[15, 16]. In this work we propose the use of selective inhibitors
that target certain bacterial genera or species and therefore
suppress bacterial growth, reduce virulence of pathogenic and
opportunistic microbes and contribute to the restoration of
the taxonomic balance of the gut microbiota. Eukaryotic type
serine/threonine protein kinases (STPKs) can serve as a target
for such inhibitors.

Classification of STPKs of gram-positive bacteria

Phosphorylation and dephosphorylation of proteins are the
major molecular mechanisms that regulate processes inside
the cell. An average bacterial phosphoproteome contains
about a hundred of phosphorylation sites. An exception here
is the phosphoproteome of Mycobacterium tuberculosis with
about 500 sites [17]. For eukaryotic proteomes, the number
of phosphorylation sites is an order of magnitude higher [18].
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Serine/threonine protein kinases of both bacteria and
human are an essential component of signal transduction
[19, 20]. Eukaryotic type STPKs were first identified in bacteria
[21-25] about 20 years ago. To date, we know that they are
involved in the regulation of cell division and growth [26-28],
biofilm formation [29], response to oxidative stress [30], and
sporulation[31]. STPKs play animportant role inthe development
of virulence and pathogenicity in bacteria [21, 32, 33]. They also
participate in the pathogenesis of microbial diseases caused by
M. tuberculosis, Streptococcus pneumoniae, Staphylococcus
aureus, and other microorganisms [20, 25].

STPK inhibitors are ATP-competitive. Therefore, it appears
tempting to employ selective inhibition of STPKs of pathogenic
and opportunistic  microorganisms by  ATP-competitive
inhibitors for the restoration of the compositional and functional
balance of the human microbiota

Previously, we proposed a classification of eukaryotic type
STPKs of gram-positive and gram-negative bacteria [19]. We
analyzed a number of microbial STPKs found in pathogenic
and non-pathogenic  Mycobacterium,  Staphylococcus,
Actinomyces (and some others) and in probiotic members
of the symbiotic human microbiota, namely Bifidobacterium
and Lactobacillus. Our classification was based on the
physiochemical properties of 9 amino acid residues that line
the surface of the adenine-binding pocket. The amino acid
residues were selected based on the visual analysis of 3D
structures of bacterial STPKs available in the Protein Data
Bank [34]. Amino acid sequences of bacterial STPKs were
analyzed in parallel; we also performed multiple alignment of
all sequences of the studied bacterial protein kinases [19].

The analysis of STPKs’ structures identified amino acid
residues that interact with ATP. We were particularly interested
in the residues of the adenine-binding pocket, since this
region is more variable than phosphate- and ribose-binding
sites. Conserved residues and residues that contribute to
ATP binding only with their backbone atoms were excluded
from consideration, since they were of no practical value for
our classification. While analyzing the STPKs of gram-positive
bacteria, we disregarded highly conserved amino acid residues
typical for eukaryotic and bacterial protein kinases, but instead
focused on the substitutions in the positions that are conserved
in eukaryotes and do not affect the functional activity of
bacterial kinases. Of particular interest was catalytic subdomain
V (STPKs have 12 conserved subdomains that are typical
for both eukaryotic and bacterial STPK [35, 36]). Compared
to other subdomains, the V-subdomain of eukaryotic protein
kinases is quite variable and does not contain any conserved
motif. However, this domain harbors amino acid residues
that constitute the hinge region linking 2 lobes of a catalytic
domain. By changing orientation of the catalytic and protein-
binding regions, STPK activity can be regulated. Therefore, the
V-subdomain, or, to be more precise, the hinge sequence can
be a basis for STPK classification.

To sum up, we visually analyzed the structures of STPKs
and their amino acid sequences and selected 9 variable amino
acid residues whose side chains are exposed into the inside
of the adenine-binding pocket: Leu17, Val25, Ala38, Val72,
Met92, Tyr94, Val95, Met145, and Met155 (the residues are
numbered according to the PknB sequence of M. tuberculosis)
(Fig. 1).

The residues we selected constitute a signature sequence
for the adenine-binding pocket. Conservation of the studied
signature residues varied. Based on the analysis of the
signature formed by 9 amino acid residues, we drafted a
classification of STPKs of gram-positive bacteria. According
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to the proposed classification, all studied kinases were
organized into 20 groups (Fig. 2). Of note, the main criterion
for grouping was the presence of a specific combination of
a hydrogen bond donor/acceptor and aromatic residues in
specific positions of the adenine-bonding pocket signature. Of
20 groups, 13 were species-specific. A few of the remaining
7 groups were characteristic of pathogens only [19]. Thus,
the STPK classification allowed us to organize the studied
bacterial genera and species into groups. In each group the
configuration of the adenine-binding site (shape, volume, and
depth) was specific, therefore we hypothesized that selective
inhibitors targeting kinases from one group will not interact
with (or will weakly interact with) kinases from other groups.
In this light, our classification may find its practical application
in the development of ATP-competitive inhibitors of bacterial
eukaryotic-type STPKs.

Practical application of the proposed classification:
selective inhibitors of STPKs

The composition of the gut microbiota is being actively studied.
According to preliminary estimates, the large intestine is home
to over 400 bacterial species that belong to a few taxonomic
groups [37, 38]. As a rule, the gut microbiota of an adult human
is dominated by Firmicutes, Bacteroides, Actinobacteria
and Proteobacteria [39]. The microbial community seems to
be unique for each individual [37, 40, 41] and can undergo
significant changes due to exposure to various internal and
external factors.

In dysbiosis, the abundance of probiotic flora diminishes
and pathogenic bacteria start to grow leading to pathology
[5]. So far, the association has been established between the
GIT microbiota and a number of diseases. Morgan et al. have
found a correlation between imbalances in the gut microbiota
composition and ulcerative colitis and Crohn’s disease [42].
While the gut microbiota of a healthy individual is dominated
by 4 bacterial phyla [37, 43], the microbiota of patients with
ulcerative colitis and Crohn’s disease is characterized by lower
taxonomic diversity and reduced abundance of Firmicutes.
Besides, in Crohn’s disease the abundance of Clostridia also
changes [42, 44]. Reduced taxonomic diversity of the gut
microbiota was also demonstrated in patients with psoriasis.
Compositional shifts in the microbiota of psoriatic patients
were associated with the increased abundance of 4 bacterial
genera, including Corynebacterium, Staphylococcus, and
Streptococcus [45].

The literature extensively reports on the association between
different metabolic disorders and compositional changes in
bacterial populations inhabiting the GIT. For example, Larsen et
al. estimated differences between the gut microbiota of patients
with type 2 diabetes and healthy individuals [46], revealing
significantly lower abundances of Firmicutes and Clostridia
and an increased abundance of Lactobacillus in diabetics as
compared to healthy individuals [46]. Lactobacilli constitute a
heterogenic group of microorganisms with immunomodulatory
properties [47]. These properties seem to be a prerequisite of
inflammation in patients with diabetes mellitus [46]. Tana et al.
discovered that Lactobacilli were more abundant in patients
with irritable bowel syndrome (IBS) than in the controls [48].
However, the presence of certain strains of Lactobacillus is
very beneficial for patients with Crohn’s disease and ulcerative
colitis. The analysis of inflamed mucosa samples collected from
such patients revealed the presence of some microorganisms
(including Lactobacillus and Bifidobacterium) that can

actually protect the intestinal mucosa from inflammation.
The explanation here is that some Lactobacillus strains, in
particular L. casei and L. plantarum, inhibit expression of key
proinfammatory cytokines and chemokines and neutralize
proinflammatory effects of Escherichia coli [49].

Considering the above, our classification comes handy
when there is a need to restore a normal taxonomic composition
of the microbiota; this can be achieved by the selective
targeting of certain groups of bacteria: Lactobacillus (XIII) [19]
in patients with type 2 diabetes or IBS, and Corynebacterium,
Staphylococcus and Streptococcus (IV, X) in psoriatic patients.

Besides, the majority of STPKs are key regulators of bacterial
growth: their inhibition can result in suppressed microbial
growth. Selective inhibition of STPKSs, including the STPKs of
symbionts, can alter the composition of the microbiota without
kiling the indigenous microbes, though their growth and
activity will be slightly affected. A good example here is growth
inhibition of opportunistic Actinomyces and Corynebacterium
belonging to groups Il and IV, according to our classification
[19]. Thus, a good STPK inhibitor can correct the composition
of the human microbiota.

Because of the structural similarity of ATP-binding sites in
human and bacteria, there is a chance of unintended inhibition
of human protein kinases. Although catalytic domains of
bacterial and human kinases are only 30 % identical, human
protein kinases should be taken into account when developing
selective inhibitors of bacterial STPKs. The human kinome
encompasses 518 protein kinases. Using multiple alignment,
we established that 324 of them contain Hanks subdomains
usually found in eukaryotic STPKs. To distribute human
kinases into groups according to our classification scheme,
we identified 9 signature amino acids in the selected 324
kinases. It turned out that human kinases can be attributed
to only 4 groups: I, Il, VII, and Xl (Fig. 3). Of all analyzed
human protein kinases, only 8.6 % ended up in “bacterial”
groups. It should be noted that inhibition of unclassified human
protein kinases by the compounds targeting classified STPKs
is unlikely due to certain differences in their binding sites.

The need may arise to obtain selective inhibitors of STPKs
of pathogens. Such inhibitors must be selective towards both
human protein kinases and STPKs of microbial symbionts.
Therefore, three clusters should be formed based on the groups
that contain STPKs of pathogens, STPKs of symbionts; these

Fig. 1. A simplified representation of the adenine-binding pocket showing the
signature amino acid residues (Tyr94 is not shown). The first three residues
belong to the glycine loop (residues 17-38). They form the “ceiling” of the
adenine-binding pocket. The hinge sequence consists of residues 92-96 (Met92
is the gatekeeper), but residues 93 and 96 contribute to ligand binding only
with their backbone atoms, therefore, they were excluded from consideration
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clusters should be screened for pathogen-specific kinases. For
this purpose, we built a Venn diagram (Fig. 3).

Fig. 3 shows that kinases belonging to groups VII, X, XVIlI,
and XIX (see the Table) should be considered when developing
selective inhibitors of STPKs found in pathogens. These groups
include only kinases of pathogens, and the inhibitors targeting
these groups are very unlikely to interact with human protein
kinases or STPKs of symbiotic bacteria.

Groups VIl and XIX include STPKs of M. tuberculosis,
namely PknK and Pknl. PknK is involved in the translation
control at different stages of bacterial growth, contributes to
adaptation and pathogenicity mechanisms in mycobacteria [50,
51]. It was demonstrated experimentally that pknK expression
is higher in the virulent strain H37Rv of M. tuberculosis than
in the avirulent strain H37Ra [50]. Pknl has strong homology
to Stk of Streptococcus agalactiae promoting virulence [52].

Streptomyces, Mycobacterium,
Bifidobacterium, Actinomyces, Bacillus,
Lactobacillus, Staphylococcus,
Streptococcus, Nocardia, Frankia,
Corynebacterium, Saccharopolyspora,
Clostridium, Rhodococcus,
Thermobifida

Frankia

Streptomyces, Frankia,
Nocardia, Actinomyces,
Mycobacterium,
Corynebacterium,

Rhodococcus
Bifidobacterium,
Lactobacillus

20 groups
Saccharopolyspora,
Thermobifida Mycobacterium,
Rhodococcus
Rhodococcus

Streptomyces

Fig. 2. Groups of STPKs of gram-positive bacteria (Zakharevich et al., [19])

Mycobacterium,
Nocardia, Actinomyces

Staphylococcus

Human STPKs

Fig. 3. This Venn diagram represents distribution of groups of serine/threonine protein kinases into three clusters. Roman numerals represent kinase groups according
to our classification (Zakharevich et al., [19]). Groups XIV, XV, XVII, and XX are not included because: 1) the microorganisms belonging to these groups are neither
pathogens nor symbionts of the human microbiota and 2) no similarities were detected between STPK signatures of these 4 groups and signatures of human protein

kinases
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The profile of STPKs from groups VII, X, XVIII, and XIX, characteristic for pathogens

Group STPK Signature Genus (species) Pathology
VI XIX PknK, [IVIVAVMYHLT, | Mycobacterium Tuberculosis, Buruli ulcer, Fish tank granuloma,
! Pknl LSVVMYIVK (M. tuberculosis, M. bovis, M. smegmatis, M. marinum, M. ulcerans) | opportunistic infections
X Stk LVAVMYILF Staphylococcus Endocarditis, sepsis, peritonitis, abscesses,
(PknB) (S. aureus, S. haemolyticus, S. epidermidis) skin infections
Bacillus - ’
XVII YbdM | ITVPMYMLJ[IV] (B. weihenstephanensis, B. cytotoxicus) Food poisoning (diarrhea)

Having said that, we assume that inhibition of these kinases will
suppress M. tuberculosis growth and diminish pathogenicity
and virulence of its strains.

Group Xincludes STPKs of Staphylococcus. Staphylococcal
STPKs modulate the cell wall structure and are involved in
promoting bacterial virulence [563]. Consequently, inhibition
of kinases belonging to this group will reduce virulence of
Staphylococcus.

Group XVIII is represented by the YbdM protein kinase
of Bacillus that phosphorylates the two-component system
DegS/U. In turn, this system affects biofilm formation, formation
of complex colonies and microbial motility [54]. Therefore,
selective inhibitors of STPKs of this group will disrupt the above
mentioned processes.

Human protein kinases whose signatures coincided
with the signatures of bacterial protein kinases belong to the
following kinase classes: AGC', CAMK?, CMGC?®, STE*, and
also to the families of yet unclassified protein kinases, such as
IKK and NEK. The role of these protein kinases in the human
body is varied. For example, kinases of the ROCK family
participate in the Rho-induced formation of actin stress fibers
and focal adhesion formation, as well as in platelet activation,
smooth muscle contraction, neutrophil chemotaxis, etc.
[65]. PAK kinases phosphorylate some cytoskeletal proteins
and regulate their activity. Some authors indicate their role in
the regulation of MAPK signal pathways in mammalian cells
[66, 57]. Kinases of the NDR family were shown to have a role
in embryonic development, neurological processes and cancer
mechanisms [58]. However, it does not mean that inhibition
of these human kinases should be avoided in every single
case. For example, the increased expression of ROCK kinases
is associated with a number of disorders (bladder cancer,
breast carcinoma, etc.), and PAK1 kinase is associated with
joint diseases (osteoarthritis, rheumatoid arthritis) because
activation of certain signaling cascades in which this kinase is
a major mediator leads to the increased expression of marker
genes linked to osteoarthritis [59].

TAGC — a class of protein kinases whose activity is regulated by cyclic GMP/
AMP. This class includes the so-called protein kinases C; their activity can be
regulated by diacylglycerol, phospholipids and calcium ions.

2CAMK — calcium/calmodulin-dependent protein kinases.

3 CMGC — a class of protein kinases consisting of cyclin-dependent protein
kinases (C), the so-called MAP-kinases (M) and enzymes that can phosphorylatie
glycogen synthase (G).

4STE — serine/threonine kinases first identified in yeasts.
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