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Abstract
Background

Adenylate kinase (AK) de�ciency is an uncommon form of congenital non-spherocytic haemolytic
anaemia. To date, only 13 families have been affected by this disorder exhibiting symptoms like chronic
anaemia supported by recurrent blood transfusions, jaundice, hepatosplenomegaly, and mental and
psychomotor retardation in exceptional cases. This study aimed to identify a pathogenic mutation in the
undiagnosed case of haemolytic anemia and to offer a parental diagnosis in the subsequent pregnancy.

Method

Next-generation sequencing (NGS) was performed to identify pathogenic variants in the patient. Prenatal
diagnosis during the second pregnancy was performed on genetic testing was performed on chronic
villus sample (CVS) collected in 11 weeks of pregnancy from the mother and intravenous blood was
drawn from both the parents.

Results

Novel causative mutation (p. Gln101Lys) in the AK gene was identi�ed in a 5-year-old male child with
severe transfusion-dependent hemolytic anemia. Bioinformatics tools predicted the deleterious effect of
the novel variant on the structure of the protein. Prenatal diagnosis of the fetus was found to be
heterozygous for the mutation. Both the parents were heterozygous for the variant c.301C > A, p.
Gln101Lys.

Conclusion

We have presented a review of the literature and novel mutations in the AK1 gene (p. Gln101Lys)
associated with adenylate kinase de�ciency. It is �rst a prenatal diagnosis AK de�ciency report from India
where heterogeneity is too high in the population and custom of intra-community marriages are
prevalent.

Background
Adenylate kinase (AK) de�ciency is an inherited blood disorder associated with rare hereditary non-
spherocytic haemolytic anaemia [1]. Adenylate kinase (ATP-AMP phosphotransferase, EC 2.7.4.3) is a
ubiquitous enzyme, catalyzes the reversible transfer of phosphate moiety among ATP, ADP, and AMP and
enriches the homeostasis of the adenine nucleotide composition in the cell [2]. Common symptoms
include haemolytic crisis supported by regular blood transfusion, jaundice, hepatosplenomegaly, and
psychomotor retardation in exceptional cases [3]. AK1 is mainly expressed in tissue with a high turnover
rate in blood, brain, and muscles. AK de�ciency is caused due to a defect in the AK1 gene which is
located on the ninth chromosome (9q34.11). Panayiotou C et. al. study suggests six isoforms of AK
enzyme expressed in different mammalian tissues. AK1 is mainly expressed in tissue with a high turnover
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rate in blood, brain, and muscles. In mammals, there are three isoenzymes of AK have been characterized.
AK1 is present in the erythrocyte cytosol as well as in skeletal muscle and brain [4]. Adenylate kinase
de�ciency is rarely reported as a cause of congenital non-spherocytic haemolytic anaemia. AK de�cient
patient is usually transfusion-dependent; however, splenectomy has resolved AK de�ciency. AK is an
important enzyme in the red cell for nucleotide metabolism and responsible for correct interconversion of
nucleotide phosphate which is available for physiological function. Recently the molecular organization
of the AK1 gene has been established. The gene is 12 kb long and it has seven exons. The mRNA is
present in two sizes of 0. 9 and 2.5 kb, which differ at the 3’end. According to the available literature, 13
unrelated families with only 10 different AK1 gene mutations have been reported, mainly seven missense,
one frameshift, one nonsense, and one deletion mutation. There are three mutations (p. Arg97Trp and p.
Arg107Stop, c.138delG) that are associated with psychomotor retardation whereas other mutations are
associated with only moderate to severe transfusion dependant haemolytic anaemia (Table-1)[5-8].

We have developed next-generation sequencing (NGS) technology panel for congenital haemolytic
anaemia to know the cause of unexplained transfusion dependant haemolytic anaemia. The panel
mainly includes targeted genes that are associated with red cell haemolglobinopathies, enzymopathies,
red cell membrane disorders, congenital dyserythropoietic anaemias, and bone marrow failure
syndromes. These NGS gene panels covered a sequence of coding regions, splice site junctions, and deep
intronic regions, and regulatory regions, which has the advantages to overcome all the problems in the
diagnosis of unexplained haemolytic anaemia cases, especially in identifying de novo mutations [9]. This
NGS panel gives fast and accurate results for identifying the genetic diagnosis in patients with
unexplained congenital haemolytic anaemia. The pathogenic nature of the identi�ed variant by NGS
needs to be further con�rmed by the published literature and a set of bioinformatics tools like 1000
Genome database, ClinVar, GWAS, and OMIM. The non-synonymous variant’s effect also requires to
study by multiple algorithms such as Mutation Taster2, PolyPhen-2, SIFT, and Mutation Assessor.
However, integrated patient family history, clinical and molecular testing, and pedigree analysis are
bene�cial for these patients and families. We have reported a rare case of unexplained haemolytic
anaemia due to a novel mutation c.301C>A, (p.Gln101Lys) in the AK1 gene in a non-consanguineous
Indian family, that subsequently helped the family in prenatal diagnosis, and also we have updated the
mutations spectrum of adenylate kinase including a novel mutation found in this study.

Methods

Patients
The proband is a 5 years old male child, resident of Kolhapur Maharashtra (India), born of a non-
consanguineous Indian family. He had severe anaemia (Hb-5.7g/dl) at the age of 3 months and was
given packed red blood cell support. Since then he is on regular blood transfusions requiring the interval
of every 2-3 months. The patient was extensively studied at the biochemical level to �nd out the cause of
haemolysis. HPLC of proband and parents performed during the initial investigation indicates the
absence of haemoglobinopathies. The peripheral blood smear shows a dimorphic picture. Bone marrow
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examination shows erythroid hyperplasia with megaloblasts. He has hepatosplenomegaly with liver-
4cms in size and spleen up to umbilicus. He has no history of fever and skin rashes. After informed
consent from the parents, 10 ml of blood was collected in an EDTA bulb. Test for the common cause of
haemolytic anaemia which mainly includes haemoglobinopathies (Thalassemia and sickle cell anaemia),
red cell enzymopathies (G6PD, PK, and GPI), and membranopathies were performed and found to be
within the normal limit. After all these investigations, the patient had an unexplained cause of haemolytic
anaemia.

Molecular studies
Eventually, targeted NGS was performed to rule out the rare cause of haemolysis. DNA extracted from
blood was used to perform targeted gene capture using a custom capture kit. The libraries were
sequenced to mean >80-100X coverage on the Illumina sequencing platform. The variant identi�ed was
further con�rmed with both the parent’s DNA sample by DNA Sanger sequencing, also further con�rmed
by measuring enzyme AK enzyme activity in a freshly collected blood sample. Further, the family decided
to undergo prenatal diagnosis at the time of the second pregnancy based on the severe presentation in
the proband.

Prenatal diagnosis and Detection of the familial AK de�ciency
causative mutation
Chronic Villus Sample (CVS) was collected under the supervision of a gynecologist during the 11 weeks
of pregnancy from the mother. Genomic DNA was isolated from the CVS sample by Qiagen FlexiGene
DNA Kit also intravenous blood was drawn and genomic DNA was isolated from both the parents.
Primers used for DNA ampli�cation and identi�cation of variants are based on the standard protocol
mentioned previously [5]. DNA Sanger sequencing was run on the Applied Biosystems 3730XL DNA
analyzer to detect the disease-causing mutations. Kleihauer-Betke (KB) staining test was performed to
check for the intervention of the mother's sample in the fetus sample. The parents and family were
counseled accordingly.

Bioinformatics analysis

The crystallographic model of the recombinant human Adenylate kinase (EC 2.7.4.3) was downloaded
from the Protein Data Bank (www.rcsb.org/pdb/; PDB-ID: IZ83) [10] and the impact of an amino acid
substitution on the structure and function of the protein was analyzed using PyMol software (DeLano
Scienti�c, San Carlos, CA, USA) (http://www.pymol.org/ ) and Swiss Protein databank viewer
(https://spdbv.vital-it.ch/) which help us to visualize the position and molecular surroundings within the
AK protein [11].

Results
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His complete blood count, at time of study was WBC 9.1 x 103/ul, RBC-2.14x106/ul, HB-6.2g/dl, HCT-
18.5%, MCV-86.4�, MCH-28.5pg, MCHC-33 g/dl, PLT-111x103/ul, RDW-23.9%. He showed elevated indirect
bilirubin, LDH, and reticulocyte count (8.8%), total bilirubin- 2.3mg/dl, indirect bilirubin-1.5mg/dl, LDH-
3400 IU/L. All investigations were suggestive of haemolytic crisis. RBC membranopathies were found to
be normal reveals by the EMA test showed − 980 MCF (Mean channel �uorescence). This implies that he
would be a case of RBC enzymopathy. Although the common red metabolic enzymes study were found to
be normal. G6PD-5.6 IU/gHb, PK-9.1 IU/gHb, GPI-59.6 IU/gHb. The haematological biochemical and
molecular data of the proband and parents are summarized in Table-2.

The proband sample was subjected to targeted NGS. The human reference genome (GRCh37/hg19) and
obtained sequence are aligning by the BWA software and Picard and GATK version 3.6 used to analyze to
identify relevant variants associated with the clinical presentations. The clinically relevant variant was
annotated with the published literature and aggregates the information using databases likes ClinVar,
OMIM, GWAS, HGMD, and SwissVar. NGS result revealed a novel homozygous substitution in exon 4 of
AK1 gene - c.301C > A, p. Gln101Lys. DNA Sanger sequencing con�rmed the homozygosity status of the
proband and heterozygous in the parents (Figure-1). This was later con�rmed with both the parent’s DNA
sample and validated by DNA Sanger sequencing, also further con�rmed by measuring enzyme AK
enzyme activity in a freshly collected blood sample. AK activity was found to be (38.0 IU/g Hb) de�cient,
mother showed 192.0 IU/gHb and the father showed 208.0 IU/gHb activity, whereas 50 normal healthy
controls showed in the range of 297–360 IU/gHb. Further, the family decided to undergo prenatal
diagnosis at the time of the second pregnancy based on the results of the proband. Subsequent
biochemical analysis of the proband and the parents con�rmed the molecular study result.

The fetus, as well as parent genomic DNA, was subjected to DNA Sanger sequencing based on the
identi�ed variant in the AK1 gene in Exon-4 c.301C > A, p. Gln101Lys in the index case by NGS. The fetus
and both the parents were heterozygous, whereas only the proband was homozygous for the
aforementioned variant. After recon�rmation from KB staining that there is no indication of the remnant
of the mother's sample in the fetus, the results were discussed with the couples. The couples were
thoroughly counselled and given necessary genetic advice. The pregnancy was continued and the normal
healthy child was born post gestation period of 9 months.

This novel variant changes the structure of AK protein as it has a deleterious effect which was con�rmed
by bioinformatics tools. According to the available list of mutations in HGMD, this substitution has not
been mentioned in the database. All the prediction tools -Polyphen-2, SIFT, PROVEAN, Mutation taster,
Mutation Assessor, PMUT, MutPred2, have been explored to evaluate the effect of the variants on the
structure of the protein. Table-3 summarizes the multiple bioinformatics software’s prediction results of p.
Gln101Lys. The entire prediction tool suggested the damaging effect of the amino acid change from
glutamine to lysine. AK1 protein (PDB ID-1Z83) consists of three chains A, B, C, spanning to the length of
194 residues. Each chain consists of one large central "CORE" domain and two small peripheral domains,
NMP binding domain, and the LID domain. Upon ATP binding, the LID domain closes over the phosphoryl
transfer site. The amino acid residue position Q101 is an important AMP binding site, along with
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39,44,138, 149 residues. Any changes at these AMP binding sites possibly hamper the catalytic cycle of
the enzyme. Figure 2A showed complete ribbon representation of protein (PDB ID-1Z83) with chain A, B, C
which highlights the three chains of the AK1 enzyme, along with insight at the Q101 position’s helical
structure and amino acid change from wild type (glutamine) to mutant type (lysine), (B) Secondary
structure of the protein (PDB ID-1Z83) showing amino acid residue at position 101(Q101), (C) Wild type
amino acid residue Glutamine 101 (Q101), (D) Mutant type amino acid residue Lysine101 (K101) and (E)
showed the residue (Q) at positions 101 of AK-1 is highly conserved across species. Bioinformatics
prediction tools have con�rmed the damaging effect of the variant on the structure of the enzyme and
demonstrated its conversation throughout the species [10–11].

Discussion
In this paper, we have described the family with a very rare red cell enzymopathies of Adenylate kinase
de�ciency is an autosomal recessive disease. We have presented our novel method for diagnosis of
unexplained hemolytic anemia for couple would be at risk of disease. We have presented a review of the
literature and novel mutations in the AK1 gene (p. Gln101Lys) associated with adenylate kinase
de�ciency. It is the �rst of its kind report from India where heterogeneity is too high in the population and
custom of intra-community marriages are prevalent. Prenatal diagnosis is a very useful technique to
guide healthcare professionals and affected families regarding the decision for pregnancy management,
delivery options, and postnatal treatment. However, accurate genetic advice accomplished with a prenatal
diagnosis by use of NGS can help in managing the genetic disorder [12]. Prenatal diagnosis results of the
fetus sample showed a heterozygous missense mutation in the AK1 gene in Exon 4- c.301C > A
(p.Gln101Lys). During the pregnancy period, it was monitoring closely, and prenatal ultrasonography
results suggested a normal intrauterine growth and were born healthy and asymptomatic. NGS has
helped in identifying rare metabolic enzyme defects like AK de�ciency; however, its utilization for routine
diagnosis needs to be explored. Besides, genetic variability is still extremely high in our community, close-
knit marriages only worsen the situations [13–14]. In this family study, the proband was the outcome of a
non-consanguineous marriage; even then both the parent and fetus were heterozygous for the variant.
This increases the chance of homozygosity in the community if intra-community marriages prevailed.
However, accurate genetic advice accomplished with prenatal diagnosis and awareness among people
can keep a check on the growth of genetic disorders [15]. This is the rare report of AK de�ciency from
India where heterogeneity is too high in the population and custom of intra-community marriages are
prevalent. However, accurate genetic advice accomplished with a prenatal diagnosis can help in
managing the genetic disorder.

Molecular approaches for the diagnosis of rare congenital anaemia defects include Sanger sequencing
and NGS. Now as days, conventional Sanger sequencing, is generally used in a routine diagnostic tool for
many genetic disorders but has its limitation in identifying de novo mutations whereas the variant is very
rare and that is located outside of the captured regions, NGS targeted panel is very useful for identifying
rare blood disorder. NGS has a higher diagnostic value as it has high accuracy and rapidly adapted in the
genetic analysis [9]. Therefore, we used a targeted NGS panel for the analysis of 100 genes responsible
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for rare congenital anaemias, which successfully helped in identifying novel mutations in the AK1 gene in
Indian patients.

Conclusion
In conclusion, the targeted NGS panel help to identify a novel causative mutation in the AK1 gene in a 5-
year-old male child with severe transfusion-dependent haemolytic anaemia. Identi�cation of the
pathogenic mutation helps us to offer a prenatal diagnosis in this family. This study also re-emphasizes
the importance of NGS for the diagnosis and treatment of unexplained haemolytic anaemia in affected
individuals.
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Sr.
No

Type of
Mutation

Nucleotide
change

Amino acid
change

Origin References

1.     
 

Missense  c.71A>G  p.Gln24Arg Indian R. Dongerdiye et al
(2019) [4]

2.     
 

Missense c.118G>A p.Gly40Arg Spanish V. Corrons et

al (2003)[11]

3.     
 

Frameshift  c.138delG Framshift

 

Italian Fermo et al

(2004)[3]

4.     
 

Missense c.190G>A p.Gly64Arg Spanish V. Corrons et

al (2003) [11]

5.     
 

Missense c.289C>T p.Arg97Trp* Japanese Niizuma et al

(2017) [1]

6.     
 

Missense c.301C>A p. Gln101Lys Indian This Paper

7.     
 

Nonsense c.319C>T p.Arg107Stop* Italian P. Bianchi et al (1999)
[2]

8.     
 

Missense c.382C>T p.Arg128Trp Japan Matsuura et al(1989)
[9]

9.     
 

Missense c.413G>A p.Arg138His Indian R. Dongerdiye et al
(2019)[4]

10. 
 

Deletion c.418_420delGAC DeletionD140 English V. Corrons et

al (2003) [11]

11. 
 

Missense c.491A>G p.Tyr164Cys Italian Qualtieri et al(1997)
[10]

*Mutations associated with psychomotor retardation.

Table-2 : Haematological biochemical and molecular data of the proband and parents



Page 12/15

Parameters Proband Father Mother Normal
Range

Age/Sex 5yrs/M 36yrs/M 30yrs/F -

Place of origin Kolhapur Maharashtra (India)

Haematological

White Blood cell (x103/µl) 9.1 8.0 9.1 4-10

Red blood cell (x106/µl) 2.14 5.03 4.53 M-4.5-
5.5; F-
3.8-4.8

Haemoglobin(g/dl) 6.2 14.1 11.6 M-13-
17; F-
12-16

Haematocrit (%) 18.5 45.7 35.7 M-45-
50; F-
37-45

Mean Corpuscular Volume(�) 86.4 91.0 78.8 80-100

Mean Corpuscular Haemoglobin (Pg) 28.5 28.0 25.6 27-32

Mean Corpuscular Haemoglobin
Concentration (g/dl)

33 30.8 32.5 32-36

Platelet (x103/µl) 111 487 291 150-
400

Red cell distribution width (%) 23.9 13.5 15.8 11.6-
14

Retic count (%) 8.8 ND ND <2.0

Biochemical and enzyme activity

Lactate Dehydrogenase (U/L) 3400 ND ND 140-
280

Total Bilirubin (mg/dl) 2.3 ND ND 0.1-1.2

Direct Bilirubin (mg/dl) 0.8 ND ND <0.3

Hemoglobin F (%) 1.3 0.0 0.0 <2.0

Hemoglobin A2 (%) 3.0 3.2 3.0 1.5-3.5

Glucose-6 Phosphate dehydrogenase
(IU/gHb)

5.6 6.3 5.0 4.0-
13.0

Pyruvate kinase (IU/gHb) 9.1 10.3 8.2 8.0-
14.0

Adenylate kinase (IU/gHb) 38 192 208 297–
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y ( g )
360

Glucose Phosphate Isomerase (IU/gHb) 59.6 62.5 63 45-75

EMA (MCF) 980.97 956.70 946.85 900-
1300

Molecular

Nucleotide Change c.301C>A  

Amino acid change p. Gln101Lys  

Zygosity Homozygous Heterozygous Heterozygous  

Table-3 : The multiple bioinformatics software’s prediction results of p. Gln101Lys

Tool Score Prediction results

Polyphen-2 1.00 Damaging

PROVEAN -3.969 Deleterious

Mutation Taster - Disease-causing

Mutation Assessor 4.965 HIGH

MUTPRED2 0.882 Pathogenic                    

SIFT 0.001 Damaging

PMUT 94% Disease

The results of the prediction are as shown in the table, and the meaning of scores is as follows:

1. PolyPhen-2: Scores are evaluated as 0.000 (most probably benign) to 1.000 (most probably
damaging).

2. PROVEAN: Variants with a score above −2.5 are considered ‘neutral’; score equal to or below −2.5 are
considered ‘deleterious.

3. Mutation Taster: A probability close to 1 indicates high security of prediction.

4. Mutation Assessor: It employs information based on the analysis of evolutionary conservation
patterns in protein family multiple sequence alignments

5. MUTPRED2: This web application is developed to classify amino acid substitutions as pathogenic or
benign in human

�. SIFT: Scores range from 0 to 1, the score ≤0.05 (damaging), > 0.05 (tolerated).

7. PMUT: A web-based toolfor the annotation of pathological mutations on proteins

Figures
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Figure 1

(A) Pedigree of the family, (B) Electropherogram of the AK1 gene shows a variant in Exon 4- c.301C>A
p.Q101K in the parent, proband and fetus sample.
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Figure 2

(A) Complete ribbon representation of protein (PDB ID-1Z83) with chain A, B, C. (B) Secondary structure of
the protein (PDB ID-1Z83) showing amino acid residue at Position 101(Q101) (C) Wild type amino acid
residue Glutamine 101 (Q101) (D) Mutant type amino acid residue Lysine101 (K101) (E) The residue (Q)
at positions 101 of AK-1 is highly conserved across species


