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Abstract
Adenylate kinase is a small, usually monomeric, enzyme found in every living thing due to its crucial role in energetic 
metabolism. This paper outlines the most relevant data about adenylate kinases isoforms, and the connection between 
dysregulation or mutation of human adenylate kinase and medical conditions. The following datadases were consulted: 
National Centre for Biotechnology Information, Protein Data Bank, and Mouse Genomic Informatics. The SmartBLAST 
tool, EMBOSS Needle Program, and Clustal Omega Program were used to analyze the best protein match, and to perform 
pairwise sequence alignment and multiple sequence alignment. Human adenylate kinase genes are located on different 
chromosomes, six of them being on the chromosomes 1 and 9. The adenylate kinases’ intracellular localization and organ 
distribution explain their dysregulation in many diseases. The cytosolic isoenzyme 1 and the mitochondrial isoenzyme 2 
are the main adenylate kinases that are integrated in the vast network of inflammatory modulators. The cytosolic isoenzyme 
5 is correlated with limbic encephalitis and Leu673Pro mutation of the isoenzyme 7 leads to primary male infertility due 
to impairment of the ciliary function. The impairment of the mitochondrial isoenzymes 2 and 4 is demonstrated in neuro-
blastoma or glioma. The adenylate kinases are disease modifier that can assess the risk of diseases where oxidative stress 
plays a crucial role in pathogenesis like metabolic syndrome or neurodegenerative diseases. Because adenylate kinases has 
ATP as substrate, they are integrated in the global network of energetic process of any organism therefore are valid target 
for new pharmaceutical compounds.

Keywords  Adenylate kinase · Nucleotide metabolism · Phosphotransfer enzymes · AMP-activated protein kinase · Adenine 
nucleotide · Homeostasis

Abbreviations
ADP	� Adenosine diphosphate
AK	� Adenylate kinase
AMP	� Adenosine monophosphate
AMPK	� AMP-activated protein kinases
Ap5A	� P1,P5-di(adenosine-5′)

pentaphosphate
ATP	� Adenosine triphosphate
B4P	� Bis(adenosine)-5′-tetraphosphate
BLAST	� Basic local alignment search tool
BLOSUM	� BLOcks SUbstitution Matrix
CDP	� Cytidine diphosphate

dNTP	� Deoxy-nucleoside triphosphates
DGYP	� Aspartic acid glycine tyrosine proline
GTP	� Guanosine triphosphate
hCINAP	� Human coilin interacting nuclear 

ATPase protein
MGI	� Mouse genomic informatics
MMAF	� Multiple morphological abnormali-

ties of the sperm flagella
NCBI	� National Centre for Biotechnology 

Information
NTP	� Nucleoside triphosphates
P-loop	� Phosphate-binding loop
PCD	� Primary ciliary dyskinesia
PDB	� PROTEIN data bank
PRKACB	� Protein kinase c-AMP activated cata-

lytic subunit beta
RNAi	� RNA-mediated interference
RNP	� Ribonucleoprotein

 *	 Mihaela Ileana Ionescu 
	 mionescu@umfcluj.ro

1	 Department of Microbiology, Faculty of Medicine, Iuliu 
Haţieganu University of Medicine and Pharmacy, 6 Louis 
Pasteur, Cluj‑Napoca 400349, Romania

2	 County Emergency Clinical Hospital, Cluj‑Napoca, Romania

http://orcid.org/0000-0002-8019-118X
http://crossmark.crossref.org/dialog/?doi=10.1007/s10930-019-09811-0&domain=pdf


121Adenylate Kinase: A Ubiquitous Enzyme Correlated with Medical Conditions﻿	

1 3

SGK	� Serine glycine lysine
UMP-CMP kinase	� Uridine monophosphate-cytidine 

monophosphate kinase

1  Introduction

Adenylate kinase (AK)—ATP: AMP phosphotransferase; 
EC 2.7.3.4—is a small enzyme that belong to the nucleo-
side monophosphate (NMPs) kinase family which are key 
enzyme of nucleotide metabolism [1, 2]. It is described in 
archaea, bacteria, and as well eukarya and catalyses a critical 
reaction in cell life ATP + AMP ↔ 2ADP. Although ATP is 
the substrate for most AKs [3], the isoenzyme 3 uses GTP 
instead (GTP: AMP phosphotransferase; EC 2.7.4.10).

The structural and biochemical properties has been thor-
oughly studied for a long time [4] and a lot of AKs mutants 
has brought new details insight the conformational transition 
during catalysis [5, 6]. Why this tiny enzyme may claim for 
attention of so many research groups? At first glance, one 
might say there are no many new things to say about this 
subject, but recent outstanding studies reveal unexpected 
substantial elements which position AKs at the top of the 
list of markers that could help early diagnosis of the most 
diverse diseases or design AKs as valuable targets for inno-
vative treatments. However, we must first look at AK par-
ticular features. Trying to find out which are the most impor-
tant AKs’ properties raises many difficulties. For instance, 
biochemical studies bring into attention their kinetic proper-
ties whereas crystallographic studies focused on decipher the 
intimate relationships between AK segments and different 
ligands. Looking only at one approach may deflect our atten-
tion from the big picture. In fact, why should someone pay 
attention at AKs?

First, the interconversion of adenine nucleotide is a 
crucial step in energetic metabolism. AKs involvement in 
ATP regulation is linked with other intracellular process 
like stress, circadian rhythm, and malignant transformation 
in cancer [7–9]. Second, AK is subjected to large confor-
mational changes during catalysis, therefore the interest 
in resolving quaternary structure of enzymes of different 
origins [10]. More, the conformational changes during 
catalyses, bring new perspective into the field of molecular 
mechanisms of other enzymes [11]. The substrate-free AK 
is in so-called open conformation. The substrates binding 
first trigger a minor movement of the AMP binding site, then 
large movement of the LID domain over the ATP resulting 
in a closed conformation [2, 6, 12]. Also, AK isoforms are 
separated in short-AK and long-AK, the last with 27-resi-
dues long insertion in the central part of the enzyme [13, 
14]. The divergence of the long and short AK isoenzymes 
occurs before differentiation in subcellular localization or 
substrate specificity [15].

Interest in the implications of adenylate kinases on human 
pathology is not new, regulation of intracellular AMP levels 
being essential for multiple cellular processes [8, 16, 17]. Due 
to its ubiquities, AK may be a solution for some cancers or 
could be a valid target for new antibiotics. If we discuss cancer 
therapy, the nine human AK isoezymes are, for sure, viable 
issues. The aim of the present paper is to get fresh data into the 
classification and medical applications of AKs. It is not only 
a revision of implication of AK in human diseases, but rather 
a deep search of connections of AKs with other metabolic 
pathways. The study was organized in two main parts: the first 
part is an overview of human AKs and the second part is an 
analysis of the connection of human AKs and their mutants 
with pathological conditions is a meta-analysis of relevant con-
nections of AKs with clinical conditions.

2 � Materials and Methods

In order to find out the relevant data about structural features 
of human AKs, two protein databases have been used—
National Centre for Biotechnology Information (NCBI) 
(https​://www.ncbi.nlm.nih.gov/prote​in) and Protein Data 
Bank (https​://www.rcsb.org/pdb/home/home.do) (PDB). The 
NCBI was used for retrieving sequences and for Standard 
Protein BLAST or SmartBlast search. The PDB was used 
for crystal structure searching. The SmartBLAST tool was 
used to analyze the best protein match between 27 well-
studied organisms included in the landmark database. While 
Homo sapiens is included in the SmartBLAST search for 
the best matches, we believe SmartBlast meets the needs of 
this study. When a deeper analysis of human isoezymes was 
required, the pairwise sequence alignment, the EMBOSS 
Needle Program was used [18]. The default parameters were 
applied—Matrix EBLOSUM62, which is a variant of BLO-
SUM62, gap penalty 10.0 and extend penalty 0.5. Multiple 
sequence alignment was by the Clustal Omega program 
(https​://www.ebi.ac.uk/Tools​/msa/clust​alo/). The following 
gene databases have been consulted: NCBI (https​://www.
ncbi.nlm.nih.gov/gene/) and Mouse Genomic Informatics 
(MGI) (http://www.infor​matic​s.jax.org/). The Dassault Sys-
tèmes BIOVIA—Discovery Studio Modeling Environment, 
Release 2017, San Diego: Dassault Systèmes, 2016—allows 
the visualization of the protein structures and the analysis 
of protein–ligand interactions of the residues mutated or 
deleted in some diseases where AKs activity is reduced 
(http://accel​rys.com).

3 � Human Adenylate Kinases

There are nine isoezymes and several sub-forms of AKs 
described in eukaryotes, but only few of them are noticed 
in bacteria and archaea. Very often, attempts to understand 

https://www.ncbi.nlm.nih.gov/protein
https://www.rcsb.org/pdb/home/home.do
https://www.ebi.ac.uk/Tools/msa/clustalo/
https://www.ncbi.nlm.nih.gov/gene/
https://www.ncbi.nlm.nih.gov/gene/
http://www.informatics.jax.org/
http://accelrys.com
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human AKs begin with the search for a similar isoenzyme 
and carry out experiments that allow, by deduction, the 
understanding of implications in human pathology. Attempts 
to classify AKs have been hampered by the identification of 
new isoenzymes, which inevitably imposes their annotation 
[19]. If isoenzymes 2–9 belong to the adenylate kinase fam-
ily members in TIGR01351, human isoenzyme 1 is more 
closely to the subfamily of eukaryotic UMP-CMP kinases 
(TIGR01359) [20].The nine AKs described in eukaryotes 
are distributed in different intracellular compartments, 
where they play a central role in the maintenance of ener-
getic homeostasis by regulation of nucleotide ratio. AKs 
isoezymes 1, 5, 7 and 8 are located in cytosol, the isoezymes 
6 is found in nucleus, and the isoezyme 9 shows a free difu-
sion between the cytosol and the nucleus [21]. The AKs 
isoezymes 2, 3, and 4 are mitochondrial isoezymes but while 
the AK3 and AK4 are found in the mitochondrial matrix, 
the AK2 is located in the intermembrane space instead. 
Although human AKs have many in common, especially 
their structures and functional properties, intracellular 
localization explains some of their distinct properties. Not 
only intracellular localization is relevant, but their expres-
sion in some body organs is correlated with specific patholo-
gies. The most striking example is isoezyme 5, which is 
expressed exclusively in the brain. In the Fig. 1, are shown 
the cytosolic and mitochondrial human adenylate kinases 
isoenzymes and the chromosomes were their corresponding 
genes are located. Most human AKs genes are located on the 
chromosomes 1 and 9. The AK7 gene is the only exception 
cytosolic AK that is found on chromosome 14.

3.1 � Cytosolic Adenylate Kinases

The AK1 (accesion number: AAH01116)—194 residues—is 
one of the most studied human isoenzyme. The AK1 gene is 
located on the chromosome 9 on the location 9q34.11 (NCBI 
Gene ID: 203) and is highly expressed in skeletal muscle, 
brain and erythrocytes. It has the crystal structure estab-
lished in complex with bis(adenosine)-5′-tetraphosphate 
(B4P) and malonate ion (PDB ID: 2C95) or in complex 
with P1,P5-di(adenosine-5′)pentaphosphate (Ap5A) (PDB 
ID: 1Z83). It is similar to the enzyme of many organisms—
shows 88% identity with Mus musculus counterparts and 
60% with Caenorhabditis elegans, respectively.

The AK5 (accesion number: AAH33896)—537 resi-
dues—is very well conserved in Eukarya domain. It is 
very similar to the enzyme from different organism, show-
ing more than 90% identity with its eukaryotes counter-
parts and an interesting similarity with AK1—58% with 
human AK1 and 49% with Caenorhabditis elegans AK. 
The AK5 gene is located on the chromosome 1 on the loca-
tion 1p31.1 (NCBI Gene ID: 26289). It was crystallized in 

two conformations—in closed conformation with adenosine 
monophosphate and in open conformation without substrate 
(PDB ID: 2BWJ).

The AK7 (Accesion number: NP_689540)—723 resi-
dues, and the AK8 (Accesion number: NP_689785)—479 
residues, are also well conserved in eukaryotes. The human 
isoenzyme 7 shows particular structural and functional prop-
erties among AK family [22]. It is particularly expressed 
in bronchus and testis [23]. AK7 contains three conserved 
domains. Near the N-terminus part of the protein between 
the 147 and 310 residues there is WcaG domain which 
belong to nucleoside-diphosphate-sugar epimerase super-
family, between the 367 and 548 residues there is the ade-
nylate kinase domain, and between the 678 and 720 residues, 
near the C-terminus part of the protein there is located Dpy-
30 motif which may be a dimerisation motif. The isoenzyme 
8 shows conserved residues when compared with AK from 
anaerobic or anaerobic aerotolerant bacteria − 31% sequence 
identity with AK from Streptococcus pneumoniae, 28% 
with Shewanella oneidensis, and 29% with Clostridioides 
difficile, respectively. The most relevant conserved residues 
belong to the Walker A motif (P-loop)—phosphate-binding 
loop. The gene encodes AK7 is located on the chromosome 
14 on the location 14q32.2 (NCBI Gene ID: 122481) and the 
AK8 gene is on the chromosome 9 on the location 9q34.13 
(NCBI Gene ID: 158067).

The AK9 subcellular localisation of AK9 (NCBI Gene 
ID: 221264) is not clearly established, recent studies suggest 
a free difusion between the cytosol and the nucleus [21]. 
Probably there are more AKs isoenzymes to be discovered or 
AK9 has unique characteristics that are not fully understood. 

Fig. 1   Intracellular localization of cytosolic and mitochondrial AKs 
and chromosomal localization of the corresponding genes. C means 
cytosol, M means mitochondria, chr means chromosome. The AK7 
gene is the only exception cytosolic AK that is found on chromosome 
14
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The details about AK9 are done along with the AK6, another 
isoenzyme found in the nucleus.

3.2 � Mitochondrial Adenylate Kinases

The AK2 gene is located on the chromosome 1 on the loca-
tion 1p35.1 (NCBI Gene ID: 204) and is highly expressed 
in the mitochondrial intermembrane space of heart, liver, 
spleen and kidney [24, 25]. The AK2 isoenzyme (Accesion 
number: AAC52061)—239 residues—has been co-crystal-
lized with bis(adenosine)-5′-tetraphosphate (B4P) (PDB ID: 
2C9Y). Although it is very conserved in Eukarya domain, it 
shows a remarkable identity with other isoenzymes—45% 
identity with human AK3, 39% with Drosophila mela-
nogaster, 40% with human AK4, 52% with Glycine max 
AK4, 41% with Mus musculus AK4, 55% with Arabidopsis 
thaliana AK1—or with its prokaryotes counterparts—54% 
with AK from Escherichia coli str. K-12 substr. MG 1655 
and 50% with AK from Pseudomonas aeruginosa PAO1. 
Probably the similarity of human AK2 with Gram-negative 
prokaryotes’ AKs, could be related with the mitochondrial 
origin from α-Proteobacteria symbiont [26]. However, the 

multiple sequence alignment of human AK2 with other 
bacterial adenylate kinases presented in the Fig. 2, do not 
reveals striking differences on the residues belonging to the 
catalytic sites.

The AK3 is a GTP:AMP phosphotransferase (accesion 
number: AAH13771) with 227 residues and is found in 
mitochondrial matrix. It was crystallized without co-factor 
as a monomeric protein (PDB ID: 1ZD8). The AK3 gene is 
located on the chromosome 9 on the location 9p24.1 (NCBI 
Gene ID: 50808), and is expressed ubiquitously in all tissues.

The AK4 gene is located on the chromosome1 on the 
location 1p31.3 (NCBI Gene ID: 205). The AK4 (accesion 
number: P27144), named also AK3-like due to its homology 
with AK3—99% identity, is a GTP:AMP phosphotransferase 
with 223 residues and is found in mitochondrial matrix. As 
its structure was intensively studied, there are three crys-
tal structure deposited in Protein Data Bank—two of them 
permit to observe the well-known motion of AK4. While 
2AR7 was crystallized in open conformation, 2BBW was 
co-crystallized with diguanosine pentaphosphate in closed 
conformation, demonstrating that this isoenzyme follow the 
typical motion during catalysis. More, the point-mutation 

Fig. 2   Multiple sequence alignment of the human AK2 and 
AKs from Thermotoga maritima, Escherichia coli, Pseu-
domonas aeruginosa, Clostridioides difficile, and Staphylococ-
cus aureus. On black background was selected the Walker A 
motif GXXXXGKGT/S which is the phosphate-binding loop, 
in italic were selected the lysine and valine very well conserved 
residues, and on grey background were selected the aspar-
tic acid and arginine residues, well conserved in the adenylate 

kinase family, residues which belong to the consensus sequence 
[LIVMFYWCA] − [LIVMFYW] (2) − D − G − [FYI] − P − R − Z

(3) − [NQ] , * (asterisk) indicates positions which have a single, fully 
conserved amino acid residue; : (colon) indicates conservation indi-
cates positions which have a single, fully conserved amino acid resi-
due; : (colon) indicates conservation between groups of strongly simi-
lar properties
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of a well-conserved residue—Leu171Pro—located in one 
hinge that connect the CORE and LID domains, demon-
strates a different closed conformation, so-called twisted-
and-closed conformation, without substrate triggering (PDB 
ID: 3NDP) [27]. Apart of similarity with human mitochon-
drial AK3 and AK2, shows 40–42% identity with AK1 from 
Arabodopsis thaliana, AK2 from Saccharomyces cerevisiae, 
or its counterparts from Pseudomonas aeruginosa, Escheri-
chia coli, Plasmodium falciparum, Caenorabditis elegans.

3.3 � Adenylate Kinases Found in Nucleus

The AK6 gene is located on the chromosome 5 on the 
location 5q13.2 (NCBI Gene ID: 102157402). The AK6 
(accesion number: AAO16520)—536 residues—is almost 
identical with AK5 (99%). Human adrenal gland protein 
AD-004 (PDB ID: 1RKB)—173 residues—was identify as 
AK6 isoform with unique properties important for cellular 
functional activities. By its nuclear localization, AK6 has 
a central role in phosphotransfer network, all types of NTP 
(nucleoside triphosphates) and dNTP (deoxy-nucleoside 
triphosphates) could be phosphate donors to produce ADP 
(adenosine diphosphate) and CDP (cytidine diphosphate), 
but CTP shows fivefold higher activity than that of ATP. It 
is so versatile thus it could regulate simultaneously the ATP/
ADP and GTP/GDP ratios [28]. We can assume that this 
isoenyme’ functions is much more complex as recent data 
demonstrated that human coilin interacting nuclear ATPase 
protein (hCINAP), previously designated as AK6 exhibit an 
extended catalytic activity which control the Cajal bodies 
assembly and disassembly in the nucleus of human cells 
[29].

AK9 is a nucleoside mono- and diphosphate kinase due 
to its broad phosphatase activity, the local concentration 
of substrates probably influences catalytic activity [21, 
30]. The AK9 gene is located on the chromosome 6 on the 
location 6q21 (NCBI Gene ID: 221264). There are two 
human isoforms of AK9. The isoforme 1 (accesion number: 
NP_001138600) with 1911 residues is very similar with 
AK9 of different origin. By SmartBLAST search a 30% 
identity with AK5 chloroplast-like protein from Glycine max 
was noticed. The isoform 2 (accesion number: NP_659462) 
with 421 residues shows some interesting similarities—29% 
identity with AK1 from Plasmodium falciparium and 26% 
identity with AK from Pseudomonas aeruginosa PAO1, 
24% identity with UMP-CMP kinase-like from Glycine 
max. For both AK9 isoforms, the most important conserved 
residues are SGK from Walker A motif and DGYP residues 
from consensus sequence.

In looking for AKs similarities, I have noticed that human 
isoezymes are very similar to AKs orthologs identified in 
other eukaryotes. There remains an open discussion about 
the correlation between the specific subcellular localization 

of the AKs isoenzymes and their involvement in other regu-
latory pathways in addition to nucleotide metabolism.

4 � Implication of Adenylate Kinases 
in Human Diseases

Current approaches attempt to measure specific markers for 
many diseases that are silent in treatable stages. It is not 
unusual to find out that deregulation of particular enzymes 
add new insight in early diagnosis of cancers or other dis-
eases. Because adenylate kinase has ATP as substrate—the 
universal energy molecule—more definitely is integrated in 
the global network of energetic process of any organs of 
human body. More, there are three AKs izoenzymes located 
in mitochondria, a dynamic organelle whose dysfunction is 
directly linked with metabolic diseases, cancer, neurodegen-
eration, and aging [31].

4.1 � Clinical Implication of Adenylate Kinases

4.1.1 � Human Adenylate Kinases and Immunity 
and Inflammation

Adenylate kinase phenotypes are not random but associated 
with human adaptability on environmental conditions. A 
retrospective study demonstrates a connection between the 
AK1 phenotypes and the season of conception and foetal 
sex. The explanation could reside on metabolic adaptability 
and immune modulation to environmental changes during 
conception [32]. It is not a new concept of adapting life 
to seasonal changes but the exact role of AK is not estab-
lished—the enzyme plays a role in shaping human life or 
its phenotypic variation is a consequence of the adaptation 
process.

The immune modulation in helmints infections—very 
often long-standing infections—is characterized by releas-
ing of mediators and other products of parasitic origin, 
which redirect the host immune system [33, 34]. A recent 
study shows that recombinant AK1 from Shistosoma japoni-
cum elicit partial immune protection and the induction of 
Th1-response, by IL-2 and IFN-γ (Fig. 3a). More, AK1 is 
expressed most in the worm stages related to egg develop-
ment [35]. So, AK could be a valid option to control the 
zoonosis due to the nematode Shistosoma japonicum, oth-
erwise widespread in China, the Philippines, Indonesia and 
Japan [36].

One of the most recent study, demonstrate that AK1 from 
the human vitreous fluid is responsible for maintaining an 
inflammatory status in diabetic eyes (Fig. 3a) [37]. Also, 
the ATP, ADP, and AMP ratio is crucial in ocular diseases 
like age-related macular degeneration, glaucoma or retinal 
degeneration [38–40].
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The AK2 is essential for mitochondrial respiration and, 
due its location on the intermembrane space of mitochon-
drial, plays an important role in controlling the energy 
metabolism of cells that requires high levels of energy, like 
hematopoietic stem cells or adipocyte differentiation [41, 
42]. Therefore, AK2 impairment is reflected in early onset 
clinical conditions characterized by severe combined immu-
nodeficiency. The absence of AK2 expression, as a result 
in AK2 gene mutation, causes congenital neutropenia syn-
dromes or reticular dysgenesis characterized by severe neu-
tropenia, lymphopenia and bilateral sensorineural deafness 
[43–45] (Fig. 3a). Since mitochondria function contributes 
greatly to the control of inflammation [46], the AKs present 
in mitochondrial compartments are certainly integrated into 
the network of inflammatory modulators [47]. Dzeja and 
colab. design an elegant illustration of AK-catalyzed energy 
transfer shuttle from generation to utilization sites without 
apparent changes in metabolite concentration [8]. Thus, due 
to the intimate connection of cytosolic and mitochondrial 
AKs, a deeper understanding of the functions of AK iso-
forms can be a new approach to elucidating the inflamma-
tory process of various diseases.

Limbic encephalitis is part of autoimmune neurological 
disorder, basically characterized by inflammation of limbic 
system. Recent studies demonstrate the presence of AK5 
autoantibodies in cerebrospinal fluid and sera of patients 
with limbic encephalitis [48, 49]. The first study of neuro-
pathology limbic encephalitis, clearly confirmed the correla-
tion of inflammatory process with antibodies against intra-
cellular antigens, histopathological examination confirmed 
T-lymphocytic infiltrates, mostly CD8 subtype [50].

The involvement of nucleus-localized AKs in human dis-
eases has not been studied as much as mitochondrial and 
cytosolic AKs. It was recently demonstrated the connection 
of the AK6 with the grow of Caenorabditis elegans [51] or 
Arabidopsis thaliana [52]. Definitely, the parasites life cycle 
is influence not only by inflammatory modulators of the host, 
but the complex relationship parasite–host is reflected in 
energetic metabolism of the parasite. A BLAST search show 
that human AK6 is very much alike with cytosol AK5 (99% 
identity) which complicated more the precise involvement 
of the nuclear AK6.

4.1.2 � Adenylate Kinases and Motility

The implication of AK in ciliary function has been demon-
strated long time ago [53]. ATP availability, by its subcel-
lular compartmentation, has a direct role in cell arrangement 
control, most probably by controlling local actomyosin. 
Though, at least one missense mutation (Leu673Pro) 
near the Dpy-30 dimerisation motif of the isoform AK7, 
expressed in ciliated cells, is demonstrated to induce asthe-
nozoospermia due to multiple morphological abnormalities 
of the sperm flagella (MMAF) but not primary ciliary dys-
kinesia (PCD) [54]. PCD is a congenital cause of respira-
tory disorders characterized by impairment of the ciliary 
function [55, 56]. The heterogeneity of genetic abnormali-
ties and of clinical phenotypes, hampers the development 
of unique diagnosis algorithm [57]. Regarding attempts to 
decipher PCD genetics, experimental studies have suggest 
that genetically uncharacterized cases of PCD may be due 
to mutations of AK7 [58].

Fig. 3   Comparative AK1 and 
AK2 disregulations a in inflam-
mation and in neurodegen-
erative diseases; b in skeletal 
muscle
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4.1.3 � Adenylate Kinases and Metabolic Syndrome 
and Neurodegenerative Diseases

In the tissues with high energy demand, AK activity greatly 
influences the energy supply. In skeletal muscle, the activity 
of some AKs isoforms is up or down regulated as a response 
to normal muscular exercise, hypoxia or muscular diseases. 
For instance, the mitochondrial AK2 is elevated in intense 
physical activity [59, 60] and AK1 expression is reduced 
in Duchenne muscular dystrophy [61] (Fig. 3b). Skeletal 
muscle activity is intrinsically linked to the use of ATP and 
energy homeostasis, so AK activity have an important role 
in metabolic syndrome [62]. More, the metabolic disorders 
of type 2 diabetes may be the origin of pathophysiology of 
neurodegenerative diseases—Parkinson’s disease and Alz-
heimer’s disease. A diminished activity of 5′-AMP activated 
kinase (AMPK) followed by accumulation of misfolded pro-
teins along with decreased mitochondrial biogenesis could 
explain the molecular mechanisms of these diseases [63, 64]. 
Further, besides of the constellation of metabolites modified 
in these disorders, the antioxidant defenses mechanisms are 
also reduced, brain is one of the most vulnerable tissue when 
face to oxidative damage [65, 66]. A big picture of dysregu-
lation of different enzymes expressed in the neurons sug-
gests that the dynamic of some enzymes in different stage of 
Parkinson disease are distinctive. Speaking just about AKs, 
the authors demonstrated the down regulation of AK2, AK3, 
and AK4 in the substantia nigra at stages 3–6 and the up 
regulation of AK1 in the frontal cortex area 8 in the stages 
5–6, the later manifestation was explained as a compensa-
tion of altered purine metabolism [67] (Fig. 3a). Therefore, 
AK together with other biomarkers can help assess the risk 
of diseases where oxidative stress plays a crucial role in 
pathogenesis.

4.1.4 � Adenylate Kinases and Cancer

There are many efforts in identifying new biomarkers for 
early-stage cancers. The AKs, along with other regula-
tory protein kinases has been extensively studied. It is well 
known that malignant cells’ growth is favored by fermenta-
tive glycosis by so-called “Warburg effect”, but there are 
clear evidence that oxidative phosphorylation could be used, 
to some extent by some tumors to derived their energy [68, 
69]. During cancerogensis energetic metabolism is differ-
ently regulated, total AK activity being almost three times 
higher in nullipotent embryonal carcinoma cells compared 
to normal pluripotent human embryonic stem cells [70]. 
More, there are evidence of production of ATP by mito-
chondrial oxidative phosphorylation in neuroblastoma cells, 
two enzymes being involved in this process—AK2 and 
hexokinase-2 [71]. An extensive study, by mapping > 1000 
mitochondrial proteins, identify a correlation between AK4 

and glioma patient survival [1]. An explanation could be in 
distinct characteristics of AK4. Although AK4 share struc-
tural similarities with other isoenzymes, it shows catalytic 
activity only in vivo in response to various stress conditions 
protecting cells from H2O2 induced cell death [72].

4.1.5 � Gene Adenylate Kinases Mutations

The crystal structures of some AKs isoforms allow us to 
thoroughly analyze the mutations described in various dis-
eases. The deficiency of the cytosolic AK1 was long time 
ago associated with chronic hemolytic anemia and research-
ers already identify some of the molecular basis of this con-
dition. In a patient, a transition (C → T) in exon 6 on an 
allele derived from the mother results in the substitution 
Arg128Trp [73]. A different study showed in a patient two 
missmutations 118G > A and 190G > A result to substitu-
tions Gly40Arg and Gly64Arg respectively, while another 
patient is homozygous for an inframe deletion (GAG) pre-
dicting deletion of either Asp140 or Asp141 [74]. Observ-
ing AK1 sequence and structures crystallized with different 
ligands (PDB ID: 2C95 and 1Z83), there are two residues—
Arg128 and Gly40—that are involved in both ligands bind-
ing as it is shown in the Fig. 4. More, the residues Gly40 
and Gly64 belong to NMP-binding region and the residues 
Asp140 and Asp141 belong to LID-region are nearby. In 
the Table 1 there are shown the interactions of the AK1 
residues mutated in hemolytic anemia with the ligands B4P 
and Ap5A.

Different mutations in AK2 gene of patients with human 
immunodeficiency syndrome, like reticular dysgenesis, 
impair differentiation of granulocyte lineage and T and NK 
lymphoid lineage. The mutations or deletions associated 
with reticular dysgenesis have different location on AK2 
sequence—start, NMP bind, LID domain or Stop region. 
Looking at the 3D structure of AK2 (PDB ID: 2C9Y) the 
residues mutated—Cys40Val, Ser213Aap, and Tyr152Thr—
are not involved in specific interactions with the ligand B4P 
(Fig. 5), but enzymatic activity is dramaticaly impaired [43].

A mutation of the polar His79 with the polar residue Gly 
in the nuclear hCINAP—an AK6 izoenzyme—drastically 
deregulates the number and the appearance of Cajal bod-
ies in nucleus of human cells [29]. Cajal bodies role pass 
beyond the RNA metabolism and ribonucleoprotein (RNP) 
formation, protein–protein and protein–RNA interactions are 
essential for intracellular organization. Thus, understanding 
of the thermodynamic process which drive these molecular 
interactions would elucidate substantial aspect of protein 
aggregation and neurodegenerative diseases [75].

Recently a specific mutation in AK9 gene associated with 
nucleotide deficiency in limb girdle type congenital myas-
tenic syndrome was reported [76]. Since more than 20 genes 
which impaired the N-glycosylation pathway in congenital 
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myastenic syndrome have been reported so far, in a recent 
study the authors have used the single-nucleotide polymor-
phism genotype array to homozygosity mapping for the 
disease-causing gene of one patient [77]. After filtering the 
variants which alter the protein function, the authors were 
able to identify the NM_001145128.2(AK9):c.332-14A > G 
variant of the AK9 gene at a carrier of the disease with the 
chromosome 6 inherited form the mother. More, defective 
N-glycosylation due to mutated AK9 gene, could be compen-
sated by uridine dietary supplements [78].

It was previously mentioned that the homozygous trans-
version c.2018T > G leads to a missense mutation Leu-
673Pro in AK7 leads to primary male infertility due to the 
absence of the AK7 in sperm cells although the AK7 is pre-
sent in airways epithelial cells, the mutation being in the 
the adenylate kinase domain but toward C-terminal near a 
dimerisation motif Dpy-30 [54]. In the Fig. 5 are presented 

Fig. 4   a 3D interactions of the human AK1 ligands with the reference 
residues which are mutated or deleted in hemolytic anemia; The 2C95 
ligand is B4P, the 1Z83 ligand is Ap5A; b 2D interactions; Code 

color for interactions: in  light green  are shown—carbon hydrogen 
bonds, orange—Pi-cation interactions, pink—alkyl/Pi-alkyl, green—
van der Waals. (Color figure online)

Table 1   AK1 mutations involved in hemolitic anemia and the interac-
tions of the residues substituted or deleted with the ligand co-crystal-
lized in the 3D structures deposed in ProteinData Bank—2C95 and 
1Z83

PDB ID 2C95 1Z83
Ligand B4P Ap5A

Carbon–hydrogen bonds Gly40 : HA2—O1A Gly40 : HA2—O2A
Arg128: HD2—O4J

(Electrostatic) Pi-cation Arg128 : NH1
Arg128 : NH2

Arg128 : NH1
Arg128 : NH2

(Hydrophobic) Pi-alkyl Arg128 Arg128
van der Waals Asp140 Gly64

Asp140
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Fig. 5   The connections of human AKs and their mutations to human diseases
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the connections of human AKs isoenzymes, their mutations, 
to human diseases.

4.2 � Adenylate Kinases and Diagnosis Assay

The presence of AKs—autoantibodies does not always sug-
gest a pathogenetic role, but proved to be a valuable marker 
in early recognition of certain disorders. These kinds of 
assays are important mostly in rapidly progressive diseases, 
like autoimmune limbic encephalitis, when early treatment 
strategies could impede severe damages of vital body organs. 
The challenge is to establish clear criteria for determining 
the patients to whom AK—autoantibody screening is useful. 
As it was demonstrated limbic encephalitis it is not a para-
neoplastic syndrome, but is related with underlying immune 
disorder [48–50]. AK5 auto-antibodies could be a valuable 
assay for this destructive disease.

In many clinical disorders it is difficult to identify and 
to measure a specific parameter effective to reveal specific 
pathological changes. Because the nucleotide metabolism is 
altered in many diseases, the energy metabolism plasticity 
of malignant cells could be helpful for developing new tools 
for accurate diagnosis in oncology. An interesting approach 
about usefulness of evaluation of metabolic phenotypes in 
human oral cancers was recently published. The metabo-
lomic analysis of the oral cancer cell, after the knockdown 
of AK2 and phosphorylate glycerol kinase 1, enables the 
measure the level of different metabolites following the inhi-
bition of metabolic enzymes [79]. The murine model tests 
demonstrated that AK is a useful biomarker for immunodi-
agnostic and vaccine development against tuberculosis [80].

Detection of the ATP along with AMP and ADP is sanita-
tion monitoring system, applicable to stainless steel exposed 
to raw meat, intelligent alternative to conventional methods 
involving cultivation, species identification and counting 
colonies [81].

4.3 � Adenylate Kinases as Drugs Target

The eukaryotic AMP-activated protein kinases (AMPK), 
as important regulator of energy homeostasis, proved to be 
potential therapeutical target for type-2 diabete, cancer or 
other metabolic diseases [82, 83].

Also, nucleoside monophosphate kinases have been 
investigated as potential targets for drug development. Struc-
tural and kinetics studies of wild type or mutated nucleoside 
monophosphate kinases show that non-nucleoside/nucleo-
tide inhibitors should be investigated [84]. In a recent study, 
new thiazolidine derivatives have been shown to specifically 
inhibit bacterial AKs [85]. The differences between bacterial 
and human AKs could be exploited in designing new com-
pounds suitable for the treatment of infection with multidrug 
resistant strains.

Further, do not forget HIV infection and drug resistance 
which remains one of the most demanding problems of HIV/
SIDA treatment. Essential host factors, like AK, are valid 
options to develop new drugs. To confirm this, genome-wide 
RNA-mediated interference (RNAi) screens proved to be a 
powerful instrument to demonstrate the link between the 
knockdown of certain regulatory protein and phenotypic 
changes [86]. RNAi turned out to successfully demonstrate 
an intrinsic connection of HIV-1 phenotypic changes and 
host regulatory protein kinase. So, human AK 1, along with 
other protein kinase—PRKACB—is in positive control of 
HIV-1 activity [87]. Notice, that adenyte kinase work in 
concert with other regulatory proteins, therefore experimen-
tal systems which permit high throughput screening may 
answer questions of medical importance.

5 � Conclusions

Cellular energetic homeostasis depends on many regulatory 
proteins, AKs having an essential role. By focusing on the 
AK topic, I was trying to show how enzymes involved in 
energetic metabolism could be a solution for deciphering 
serious human diseases. Sometimes tissue distribution of the 
nine human adenylate kinases may suggest clinical manifes-
tation for instance the association between AK5 and limbic 
encephalitis. More interesting are the isoenzymes AK1 and 
AK2 whose up or down regulations provide new perspec-
tive on immune modulation, metabolic syndrome or neuro-
degenerative diseases, but the molecular interplay between 
different AKs and other enzymes are not fully understood.

Some malignant cells are not exclusively glycolitic, but 
can produce ATP by mitochondrial oxidative phosphoryla-
tion; even it is not established the way of reorganization of 
respiratory chain. While AK2 is expressed in mitochondrial 
intermembrane space, its intracellular level is a valid marker 
to follow in metabolic dysregulation of malignant cells, heart 
hypertrophy or keloid disease.

AKs and AK—autoantibodies could be considered as 
relevant markers for severe diseases, like rapidly progres-
sive dementia, when early immunotherapy is critical. AK 5 
being specifically expressed in brain, AK5—autoantibodies 
should be considered in limbic encephalitis prior to irrevers-
ible damages. Also, AKs bring new hope for the diagnosis 
and prevention of infectious diseases, such as tuberculosis, 
where the lack of an effective vaccine is a pressing issue.

Taken together, the present review brings fresh insights 
in the open-ended field of AKs. The most demanding aspect 
of AK research is medical application either for clearing 
up molecular mechanisms underlying some clinical condi-
tions, or for finding new positive links between AK genes 
impairment and functional changes associated with rather 
severe, difficult to treat human diseases. Since ATP is the 
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“exchange currency” most commonly used for cell energetic 
exchanges, AK2, which is located in the mitochondrial inter-
membrane space, is directly influenced by the alteration of 
cellular energy metabolism. Of the nine human AKs, eight 
isoenzymes—AK1, AK2, AK3, AK4, AK5, AK6, AK7, and 
AK9—have been in depth studied about their connection 
with pathological conditions. Further studies on AK and its 
mutants will bring new data to establish clear benchmarks 
to allow the comparison with other parameters in certain 
diseases.
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