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Abstract

Cordycepin, which is an analogue of a nucleoside adenosine, exhibits a wide

variety of pharmacological activities including anticancer effects. In this study,

ADA1- and ADA2-expressing HEK293 cells were established to determine the

major ADA isoform responsible for the deamination of cordycepin. While the

metabolic rate of cordycepin deamination was similar between ADA2-express-

ing and Mock cells, extensive metabolism of cordycepin was observed in the

ADA1-expressing cells with Km and Vmax values of 54.9 lmol/L and

45.8 nmole/min/mg protein. Among five natural substances tested in this study

(kaempferol, quercetin, myricetin, naringenin, and naringin), naringin strongly

inhibited the deamination of cordycepin with Ki values of 58.8 lmol/L in

mouse erythrocytes and 168.3 lmol/L in human erythrocytes. A treatment of

Jurkat cells with a combination of cordycepin and naringin showed significant

cytotoxicity. Our in silico study suggests that not only small molecules such as

adenosine derivatives but also bulky molecules like naringin can be a potent

ADA1 inhibitor for the clinical usage.

Abbreviations

3D, three-dimensional; ADA, adenosine deaminase; Cordycepin, 30-deoxyadenosine;
EHNA, erythro-9-(2-hydroxy-3-nonyl) adenine; HPLC, high-performance liquid

chromatography; HUS, hemolytic uremic syndrome; MD, molecular dynamics.

Introduction

Cordycepin (30-deoxyadenosine), which is an analogue of

the nucleoside adenosine, was originally extracted from

the fungi of the genus Cordyceps (Cunningham et al.

1950). Cordyceps has been used as a Chinese medicine as

it exhibits a wide range of biological functions such as

aphrodisiac (Bhattarai 1993), analgesic (Koyama et al.

1997), immune modulation (Gong et al. 2000), and free

radical scavenging activity (Yamaguchi et al. 2000).

Recent in vivo and in vitro studies have further demon-

strated that cordycepin exhibits anticancer effects (Yoshik-

awa et al. 2004; Lee et al. 2012). Treatment of various

leukemia and cancer cells, such as L1210, P388, CEM,

and OEC-M1, with cordycepin resulted in decreased cell

proliferation (Johns and Adamson 1976; Glazer et al.

1978; Wu et al. 2007). In vivo studies have also supported

the effectiveness of cordycepin, as a treatment by cordyce-

pin had a curative effect on mice infected with Trypanoso-

ma evansi, Candida albicans, and Candida krusei (Sugar

and McCaffrey 1998; Dalla et al. 2013). It was proposed

that those pharmacological effects of cordycepin were lar-

gely attributed to its inhibitory effect of poly (A) synthesis

and thus it interferes with the processing and maturation

of both cellular and viral mRNA (Johns and Adamson

1976). However, the half-life of cordycepin elimination is

significantly short in vivo in rats (t1/2 = 1.6 min) (Tsai

et al. 2010).

Adenosine deaminase (ADA, EC 3.5.4.4), which has

been found in plants, bacteria, and mammals including

humans and others, catalyzes the hydrolysis of adenosine

to yield inosine (Cristalli et al. 2001). It was demon-

strated that ADA also catalyzes the hydrolysis of the

derivatives of nucleoside adenosine such as 20-deoxyade-
nosine (Cristalli et al. 2001). ADA is expressed on the

surface of T and B cells and plays an important role in
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the development of immune system. Therefore, deficiency

of ADA activity is associated with the defect in immuno-

logical development, which can result in the development

of hematologic malignancies (Dong et al. 1997). Because

cordycepin has an extremely high structural similarity to

adenosine (Fig. 1), it was suggested that cordycepin, too,

could be a substrate of ADA. Indeed, Frederiksen et al.

(1965) identified a metabolite of cordycepin, 30-deoxyino-
sine. Further study revealed that the conversion from

cordycepin to 30-deoxyinosine was catalyzed by ADA

(Cristalli et al. 2001). Human ADA has two distinct iso-

zymes, ADA1 and ADA2. ADA1 is ubiquitous in all cells

including lymphocytes and monocytes (Gakis 1996).

While ADA2 is not ubiquitous and is only found in

monocytes (Gakis 1996), its expression can be increased

in certain diseases such as psoriasis (Bukulmez et al.

2000). As several inhibitors isoform-specifically inhibit

ADA, there is a ligand specificity in ADA-catalyzed deam-

ination of substrates.

Extended half-life of cordycepin leads to successful

treatment by cordycepin in vivo. Since cordycepin is

metabolized by ADA, a potent inhibitor of ADA, such as

pentostatin and erythro-9-(2-hydroxy-3-nonyl) adenine

(EHNA), can be coadministered to extend the half-life of

cordycepin (Adamson et al. 1977; North and Cohen

1978). However, due to the potency of the inhibitory

effect of pentostatin and EHNA on ADA, administration

of the potent ADA inhibitors can cause hemolytic uremic

syndrome (HUS), leukopenia, thrombocytopenia, and

anemia in clinical applications (Spiers et al. 1984; Leach

et al. 1999).

Cordycepin is a valuable phytochemical that can be used

for the treatment of various diseases including cancer. To

extend the half-life of cordycepin without developing coad-

ministered substance-induced adverse reactions, effective

but less toxic inhibitors need to be identified. In this study,

first, the ADA isozyme responsible for the deamination of

cordycepin was determined. Second, inhibitory effects of

natural substances, such as kaempferol, quercetin, myrice-

tin, naringenin, and naringin, on the ADA-catalyzed deam-

ination of cordycepin were examined. Finally, human T

lymphocytes (Jurkat cells) were cotreated with cordycepin

and natural ADA inhibitors to investigate the effects of the

natural substance on cordycepin-induced cell death.

Figure 1. Secondary structures of ADA substrates and inhibitors. Secondary structure of ADA substrates (cordycepin, adenosine, 20-
deoxyadenosine) and inhibitors (EHNA, pentostatin, and flavonoids) are shown.
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Materials and Methods

Chemicals and reagents

Cordycepin, adenosine, and 20-deoxyadenosine were pur-

chased from Wako Pure Chemical (Osaka, Japan). Pen-

tostatin, 1-deazaadenosine, and EHNA were obtained

from Tocris Bioscience (Bristol, UK). Kaempferol, myrice-

tin, naringin, and naringenin were purchased from TCI

Chemical Industries (Tokyo, Japan). Quercetin was pur-

chased from Sigma–Aldrich (St Louis, MO). Anti-ADA1

antibody (H-300) and anti-ADA2 (anti-CECR1) antibody

were purchased from Santa Cruz Biotechnology (Santa

Cruz, CA) and Abcam (Cambridge, MA), respectively.

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium

bromide (MTT) assay kit was purchased from Nacalai

Tesque (Kyoto, Japan). Human erythrocytes were pur-

chased from Lee Biosolutions (St Louis, MO). All other

chemicals and solvents were of analytical grade or the

highest grade commercially available.

Establishment of stable expression systems
of human ADA1 and ADA2 in HEK293 cells

Complementary DNA (cDNA) of human ADA1 and

ADA2 was prepared by a reverse transcription-PCR

method from human liver total RNA with sense and anti-

sense oligonucleotide primers (ADA1 sense, 50-GGC CCG

TTA AGA AGA GCG T-30; ADA1 antisense, 50-GTG ACT

CCA CAG GGT GAA GG-30; ADA2 sense, 50-ATC CCG

ATG TTG GTG GAT GG-30; and ADA2 antisense, 50-AGA
GGA AGT GAC AGC GTG TG-30). The PCR products

were subcloned into pTARGET Mammalian Expression

Vector (Promega, Madison, WI) and the DNA sequences

of the inserts were determined using a BigDye Terminator

v3.1 Cycle Sequencing kit (Applied Biosystems, Foster

City, CA) with a sequence analyzer (3130 Genetic Ana-

lyzer, Applied Biosystems). HEK293 cells were obtained

from the Cell Resource Center for Biomedical Research,

Tohoku University (Sendai, Japan) and were maintained

at 37°C in a humidified atmosphere containing 5% of

CO2. Culture medium consisted of Dulbecco’s modified

Eagle’s medium, 100 U/mL penicillin, 100 mg/L strepto-

mycin, and 10% fetal bovine serum. Ten micrograms of

the ADA1 and ADA2 expression vectors was transfected

into HEK293 cells in six-well plates with Lipofectamine

(Invitrogen, Carlsbad, CA). To establish the stable expres-

sion systems, the cells transfected with the vectors were

grown in Dulbecco’s modified Eagle’s medium containing

100 U/mL penicillin, 100 mg/L streptomycin, 600 mg/L

antibiotic G418 sulfate, and 10% fetal bovine serum. Sev-

eral clones were isolated and the clone highly expressing

ADA was selected for the following study.

Western blot analysis

To determine the protein expression of ADA1 and ADA2

in the ADA1- and ADA2-transfected cells, sodium dode-

cyl sulfate–polyacrylamide gel electrophoresis (SDS-

PAGE) followed by immunoblotting was carried out

using anti-ADA1 and anti-ADA2 antibodies. The total cell

homogenates (50 lg of protein) were separated on 4–
12% NuPAGE Bis-Tris polyacrylamide gels (Invitrogen).

Separated proteins were transferred to a PVDF mem-

brane. The membrane was washed with phosphate-buf-

fered saline (PBS) three times and blocked with skim

milk for 1 h. The membrane was probed overnight with

the anti-ADA1 (1:2000) or anti-ADA2 (1:1000) primary

antibodies diluted with PBS. The membrane was then

washed with PBS three times and incubated with HRP-

conjugated antibody for 1 h. After the membrane was

washed three times, the immunoreactive proteins were

visualized with Chemi-Lumi One L (Nacalai).

Enzyme assays

Blood was collected from C57BL/6 mice (SLC, Shizuoka,

Japan). Mouse erythrocytes were prepared to determine

the ADA activity in mouse blood according to the

method described previously (Meyskens and Williams

1971). To determine the ADA activity in the stable

expression systems, cells were harvested by centrifugation.

The protein concentrations were determined according to

Bradford (1976). A typical incubation mixture (200 lL
total volume) contained 400 mmol/L sodium acetate buf-

fer (pH 5.8), substrate, and enzyme sources (erythrocytes

or ADA-expressing cells). After a 3 min-preincubation at

37°C, the reaction was initiated by adding substrates

(adenosine, cordycepin, or 20-deoxyadenosine; Fig. 1).

The incubation mixture was incubated for 2 min at 37°C
and then the reaction was terminated by adding 400 lL
of acetonitrile. It was confirmed that the deamination

activities against adenosine, 20-deoxyadenosine, and cord-

ycepin were linear over 10 min. The reaction mixture was

centrifuged at 10,000g for 3 min and 50 lL aliquot of the

supernatant was subjected to a high-performance liquid

chromatography (HPLC). The analytical column was a

Mightysil RP-18 GP 150-4.6 (4.6 9 250 mm; 5 lm)

(Kanto Chemical, Tokyo, Japan). The mobile phase was

6% acetonitrile and the flow rate was 1.0 mL/min. The

column elute was monitored at 260 nm (Ikeda et al.

2008). The retention times of 30-deoxyinosine, inosine,

and 20-deoxyinosine were 4.1, 3.3, and 3.7 min, respec-

tively.

The metabolic data were analyzed by the Michaelis–
Menten Equation (1):
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V ¼ Vmax � S

Km þ S
(1)

where V is the metabolic rate, S is the substrate concen-

tration, Vmax is the maximum metabolic rate, and Km is

the Michaelis constant.

To estimate the inhibitory effects of ADA inhibitors

(Fig. 1), analyses were conducted using varied

concentrations of cordycepin. The type of inhibition and

the Ki values were determined by a Dixon plot analysis.

Enzyme assays were also conducted in the presence of

heparin (40 lmol/L) and bovine serum albumin (BSA)

(6 lmol/L).

Cell culture and MTT assay

The human T-cell leukemia (Jurkat) cells were maintained

in RPMI-1640 medium supplemented with 10%

fetal bovine serum, 1% penicillin–streptomycin-mixed

solution (Nacalai), 2.0 g/L NaHCO3, and 0.3 g/L

glutamine. The cells were grown in a humidified atmo-

sphere with 5% CO2 at 37°C. Jurkat cells were seeded

into 96-well plates at the density of 1 9 104 cells/well.

After 24 h, the cells were treated with cordycepin

(100 mmol/L or 1 mmol/L) with or without pentostatin

(50 lmol/L) or naringin (50 lmol/L) for 24 h. MTT

assay was carried out according to the manufacturers’

instructions.

MD simulation and docking studies

The three-dimensional (3D) structure of human ADA1

(PDB code: 3IAR) was used in the in silico analysis.

Molecular dynamics (MD) simulations of ADA1 and

docking studies were carried out according to a method

described previously (Handa et al. 2013). Briefly, MD

simulations of the 3D structure were carried out with a

Maestro program from the Schrödinger Suite 2010

(Schrödinger K.K., Tokyo, Japan). Minimizations of the

protein structure were carried out using force field

OPLS_2005 until the average root-mean-square devia-

tion (RMSD) of the heavy atoms reached 0.3 �A. The

two-dimensional (2D) structure of naringin was con-

verted into the 3D structure using the LigPrep program

from the Schr€odinger Suite 2010. The final step of a

LigPrep preparation was an energy minimization of the

3D conformers using OPLS_2005. For conformational

search of the compound, the CongGen program from

the Schr€odinger Suite 2010 was used. The computa-

tional docking was carried out using the Glide SP

docking program from the Schr€odinger Suite 2008

(Schr€odinger K.K.).

Statistical analysis

Data were presented as means � SD and were analyzed

by analysis of variance (ANOVA) and Dunnett’s proce-

dure for multiple comparisons. P < 0.05 was considered

significant.

Results

Stable expression systems of human ADA1
and ADA2

Several clones were isolated from the ADA1- and ADA2-

transfected HEK293 cells. By conducting an immunoblot-

ting analysis of the clones with the anti-ADA1 and

anti-ADA2 antibodies, the clones with the highest ADA

protein levels were selected for the subsequent analyses

(Fig. 2). In Mock cells, faint bands of ADA1 and ADA2

were observed, indicating that HEK293 cells endogenously

express ADAs.

Kinetic analysis of ADA-catalyzed
deamination of substrates

To determine the ADA isoform responsible for the

metabolism of cordycepin, ADA1- and ADA2-expressing

HEK293 cells and Mock cells were subjected to the

enzyme assay with cordycepin. While the ADA1-express-

ing HEK293 cells exhibit high enzyme activity toward

cordycepin, the cordycepin-deamination activity in the

ADA2-expressing HEK293 cells was low and comparable

to that in the Mock cells (Fig. 3). The cordycepin deami-

nation by the ADA1-expressing HEK293 cells followed

the Michaelis–Menten Equation (1), yielding Km =
54.9 lmol/L and Vmax = 45.8 nmol/min/mg (Fig. 3A and

Table 1).

The established ADA1- and ADA2-expressing HEK293

cells were further subjected to the enzyme assays using

known ADA substrates, adenosine, and 20-deoxyadeno-
sine. It has been demonstrated that adenosine and 20-de-
oxyadenosine are mainly metabolized by ADA1 (Cristalli

et al. 2001). The ADA1-expressing HEK293 cells exhibited

(A) (B)

Figure 2. Western blot analysis of human ADA1 and ADA2. The

total cell homogenates (50 lg protein) from the ADA-expressing

HEK293 cells were subjected to western blot analysis with anti-ADA1

(A) or anti-ADA2 (B) antibodies. As a loading control, bands obtained

with antiactin antibody are also shown.
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much higher deamination activities toward adenosine and

20-deoxyadenosine with the Km = 125.8 lmol/L and

Vmax = 621.9 nmol/min/mg protein (adenosine) and the

Km = 51.3 lmol/L and Vmax = 467.8 nmol/min/mg pro-

tein (20-deoxyadenosine). In the ADA2-expressing

HEK293 cells, the enzyme activities toward adenosine and

20-deoxyadenosine were comparable to those in Mock

cells. These findings indicate that cordycepin is mainly

metabolized by ADA1, which is similar to adenosine and

20-deoxyadenosine.
Substrates of ADA are extensively metabolized in ery-

throcytes in vivo (Meyskens and Williams 1971; Agarwal

et al. 1977). To obtain the kinetic parameters for deami-

nation of cordycepin, we carried out the enzyme assays in

mouse and human erythrocytes (Fig. 3B). The enzyme

activities toward cordycepin were relatively low in the

erythrocytes compared to those in the ADA1-expressing

HEK293 cells. In the mouse erythrocytes, the estimated

kinetic parameters were Km = 350.3 lmol/L and Vmax =
12.1 nmol/min/mg protein (cordycepin) (Table 1). In the

human erythrocytes, the estimated kinetic parameters

were Km = 70.4 lmol/L and Vmax = 0.1 nmol/min/mg

protein (cordycepin) (Table 1). The Km value obtained in

human erythrocytes was similar to that in ADA1-expressing

cells.

Inhibitory effects of ADA inhibitors on
ADA1-catalyzed cordycepin deamination

Pentostatin, EHNA, and 1-deazaadenosine are known

ADA inhibitors. It has been demonstrated that EHNA

specifically inhibits ADA1, while pentostatin and 1-deaza-

adenosine can inhibit both ADA1 and ADA2 (Ratech

et al. 1981; Cristalli et al. 1993, 2001; Dalla et al. 2013).

The cordycepin deamination in the erythrocytes was dra-

matically inhibited by pentostatin and 1-deazaadenosine,

while EHNA partially inhibited the deamination of cord-

ycepin (Fig. 4). This indicates that not only ADA1 but

(A)

(B)

Figure 3. The deamination of cordycepin in ADA1- and ADA2-expressing cells, Mock cells, human erythrocytes, and mouse erythrocytes.

Cordycepin was incubated with total cell homogenates of ADA1- and ADA2-expressing cells, and Mock cells (0.05 mg protein/mL) at 37°C for

2 min (A). Cordycepin was also incubated with human (left) and mouse (right) erythrocytes (0.5 mg protein/mL) at 37°C for 30 min (B). The

metabolite was quantified with HPLC analysis. Data are the means � SD of three independent determinations.

Table 1. Kinetic parameters of deamination of cordycepin in ADA1-

and ADA2-expressing cells and mouse and human erythrocytes.

Km (lmol/L) Vmax (nmol/min/mg)

Cordycepin

ADA1 54.9 � 2.4 45.8 � 0.6

ADA2 165.2 � 126.4 17.2 � 8.8

Mouse erythrocytes 350.3 � 78.7 12.1 � 0.4

Human erythrocytes 70.4 � 17.9 0.1 � 0.005
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also ADA2 might contribute to the metabolism of cord-

ycepin in erythrocytes (Fig. 4). The inhibition pattern of

pentostatin and EHNA against the cordycepin deamina-

tion in mouse erythrocytes was competitive and noncom-

petitive with Ki values of 4.9 nmol/L and 139 nmol/L,

respectively (Table 2).

Pentostatin has been used to extend the half-life of

cordycepin in vivo (Dalla et al. 2013). However, it has

been shown that pentostatin can cause severe adverse

reactions due to their extreme potency as ADA inhibitors.

Therefore, mild but effective ADA inhibitors need to be

identified. In this study, inhibitory effects of natural sub-

stances, kaempferol, quercetin, myricetin, naringenin, and

naringin, on the ADA-catalyzed deamination of cordyce-

pin were examined. The inhibitory effects of kaempferol,

quercetin, myricetin, and naringenin on ADA-catalyzed

deamination of cordycepin were slight, as they inhibited

only 0–10% of the enzyme activity (Fig. 4). In contrast,

naringin moderately inhibited the deamination of cord-

ycepin. The ADA1-catalyzed deamination of cordycepin

at 100 lmol/L cordycepin was inhibited by 20% by

100 lmol/L naringin (Fig. 4). The inhibition pattern of

naringin against cordycepin was competitive and the Ki

value was 58.8 lmol/L (Fig. 5A and Table 2). It was fur-

ther demonstrated that naringin was able to inhibit the

deamination of adenosine and 20-deoxyadenosine with Ki

values of 371 lmol/L and 197 lmol/L, respectively

(Table 2). This indicates that naringin is more potent as

an inhibitor of the deamination of cordycepin vs. the

other substrates. To further add the significance of this

study, we conducted the inhibition assay using human

erythrocytes. Naringin competitively inhibited the deami-

nation of cordycepin with Ki values of 168.3 lmol/L

(Fig. 5B and Table 2).

ADA-catalyzed cordycepin deamination in
mouse tissues

To determine the tissue important for the metabolism of

cordycepin in vivo, cordycepin deamination was exam-

ined in mouse erythrocytes as well as in mouse liver, kid-

ney, heart, spleen, lung, stomach, and small and large

intestines. While it has been widely recognized that blood

is responsible for deamination of compounds in vivo, our

results demonstrated that cordycepin deamination in tis-

sues such as liver, lung, and intestines were comparable

to that in erythrocytes (Fig. 6). This finding indicates that

not only blood and liver, which are important tissues for

metabolism but also other tissues such as lung and intes-

tines would contribute to the metabolism of cordycepin

in vivo.

Naringin increases the cytotoxic effect of
cordycepin on Jurkat cells

Our study indicated that naringin could be an inhibitor

for the deamination of cordycepin. To investigate whether

naringin can increase the cytotoxicity of cordycepin, cell-

based assays were conducted using human T lymphocytes

(Jurkat cells). Cordycepin concentration-dependently

decreased the cell viability of the Jurkat cells (Fig. 7),

which agrees with a previous report that cordycepin had

a cytotoxic effect toward L1210 or P388 (Johns and Ad-

amson 1976). By cotreating the cells with pentostatin,

cordycepin exhibited stronger cytotoxicity, possibly due

to the protective effect of pentostatin on the cordycepin

metabolism. Although the effect of naringin on the cyto-

toxic effect of cordycepin was weaker than that of pen-

tostatin, naringin significantly increased the cytotoxic

effect of cordycepin (Fig. 7).

As shown in Figure 8A, ADA1 was highly expressed

in Jurkat cells. This is in agreement with a previous

Table 2. Inhibition constants of pentostatin, EHNA, and naringin for

deamination of cordycepin, adenosine, and 20-deoxyadenosine in

mouse and human erythrocytes.

Substrates Inhibitors Ki (lmol/L)

Mouse Cordycepin Pentostatin 0.0049 � 0.00085

EHNA 0.139 � 0.020

Naringin 58.8 � 0.7

Adenosine Naringin 371.0 � 10.1

20-Deoxyadenosine Naringin 197.2 � 49.3

Human Cordycepin Naringin 168.3 � 22.4

Figure 4. Inhibition of deamination of cordycepin. Cordycepin

(100 lmol/L) was incubated at 37°C with erythrocytes in the presence

of inhibitors (100 lmol/L). Data are the means � SD of three

independent determinations. *P < 0.05 compared to control.
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(A) (B)

Figure 5. Analyses of inhibitory pattern. Inhibitory effects of naringin on deamination of cordycepin was examined in mouse (A) and human (B)

erythrocytes (0.5 mg protein/mL). Data are the means � SD of three independent determinations.

(A) (B)

Figure 6. Cordycepin deamination in mouse tissues. Cordycepin (100 lmol/L) were incubated with erythrocytes or tissue homogenates of liver,

kidney, heart, spleen, lung, stomach, small and large intestines. Metabolic rates of the deamination of cordycepin were shown as nmol/min per

mg protein (A) or nmol/min per tissue (B). Data are the means � SD of three independent determinations.

Figure 7. Cell viability assays. Jurkat cells were treated with

cordycepin, pentostatin, cordycepin, and naringin as indicated.

Twenty-four hours after the treatment, cell viability was determined

by MTT assays. Data are the means � SD of three independent

determinations. *P < 0.05.

(A) (B)

Figure 8. ADA1 expression and activity in Jurkat cells. The total cell

homogenates (2 lg protein) of the ADA1-expressing HEK293 cells,

Mock cells, and Jurkat cells were subjected to Western blot analysis

with anti-ADA1 or antiactin antibodies (A). Cordycepin deamination

activities were determined using the cell homogenates in the absence

or presence of pentostatin (P), EHNA (E), and naringin (N) (B).

Concentrations of substrate and inhibitors were 100 lmol/L and

50 lmol/L, respectively. *P < 0.05.
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publication that demonstrated that Jurkat cells primarily

express ADA1. As shown in Figure 8B, pentostatin and

naringin strongly and moderately inhibited deamination

of cordycepin in Jurkat cell homogenates. Therefore, it is

likely that the decreases of cell viability by pentostatin

and naringin were attributed to inhibition of ADA1-cata-

lyzed deamination of cordycepin in the cells.

In silico docking study

ADA1 metabolizes adenosine and its derivatives such as

20-deoxyadenosine. However, the secondary structure of

naringin, which was found to inhibit ADA1 in this study,

is relatively bulky (Fig. 1). Our inhibition study revealed

that naringin competitively inhibited deamination of

adenosine and cordycepin. To investigate whether narin-

gin binds to the substrate recognition site of ADA1, an in

silico docking study was carried out. The 3D structure of

human ADA1 was obtained from Protein Data Bank

(http://www.rcsb.org/pdb). As shown in Figure 9, our

docking study revealed that naringin bound to the active

site of ADA1 with six hydrogen bonds (Fig. 9B), which is

comparable to the number of hydrogen bonds observed

in the docking model of ADA1 with adenosine (Fig. 9A).

In the docking model of ADA1 with naringenin, which

did not inhibit ADA1 in this study, there were only two

hydrogen bonds between the ligand and the active site

(Fig. 9C). Therefore, it is notable to mention that the

extra hydrogen bonds around the active site of ADA1

make a bulky ligand possible to bind the binding pocket

of ADA1.

Discussion

Human genome encodes two different ADA isoforms,

ADA1 and ADA2. Specific inhibitors for certain ADA iso-

form have been used to determine the ADA isoform

responsible for the deamination of substrates. EHNA has

(A)

(B)

(C)

Figure 9. In silico docking study of ADA1 with adenosine (A), naringin (B), and naringenin (C). The ligand-binding pocket of ADA1 is shown as a

transparent surface (left panels). Interactions between amino acid residues of ADA1 and ligands, such as hydrogen bonds (pink) and pi-pi stacking

interactions (green), are shown (right panels).
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been known as an ADA1-specific inhibitor, while pentost-

atin nonspecifically inhibits both ADA1 and ADA2 (Ra-

tech et al. 1981). However, accumulated evidence

indicates that EHNA is able to inhibit ADA2 at a high

concentration (Ratech et al. 1981). To fully understand

the substrate specificity of ADA1 and ADA2, therefore, an

enzyme assay utilizing recombinant systems of human

ADAs was conducted in this study. The ADA isoform

responsible for the metabolism of cordycepin was unclear.

To date, the nonspecific ADA inhibitor, pentostatin, has

been widely used to protect cordycepin from its degrada-

tion in order to increase the efficacy of the cordycepin

therapy (Ratech et al. 1981). Our data indicate that cord-

ycepin is mainly metabolized by ADA1, since not ADA2-

expressing cells but ADA1-expressing HEK293 cells exten-

sively generated a metabolite of cordycepin. This finding

leads to a speculation that a combination of cordycepin

with a specific ADA1 inhibitor would further make it

possible to increase the efficacy of the cordycepin therapy

without inducing adverse reactions associated with an

inhibition of ADA2.

Importantly, evidence that functional ADA2 was

expressed in the stable expression system was not

obtained in this study, since the adenosine deamination

activity in the ADA2-expressing cells was comparable to

that in the Mock-transfected cells (Fig. 3), even though

adenosine has been suggested as a substrate of ADA2. It

was reported that freeze–thaw cycles decreased ADA2

activities (Andreasyan et al. 2005). It was also reported

that heparin and BSA increased ADA2 activities (Sargis-

ova et al. 2012). Under these experimental conditions,

however, the enzyme activity of ADA2 was still indistin-

guishable from mock-transfected cells (Fig. S1). While

our data strongly suggest that ADA1 mainly contributes

to the metabolism of cordycepin, a possibility that ADA2

might also contribute to the metabolism cannot be

excluded. Indeed, coincubation of mouse erythrocytes

with EHNA resulted in a partial inhibition of the deami-

nation of cordycepin (Fig. 4), indicating that the other

enzyme, probably ADA2, partially contribute to the

metabolism of cordycepin in erythrocytes.

Cordycepin therapy requires coadministration of an

ADA inhibitor to protect cordycepin from its rapid

metabolism. However, potent ADA inhibitors could

induce severe adverse reactions, which is because ADA is

involved in the development of immune system in the

body. Previous studies demonstrated that natural sub-

stances such as quercetin, myricetin, and kaempferol were

able to inhibit deamination of adenosine (Koch et al.

1992; Melzig 1996). In this study, we investigated the

inhibitory effects of natural substances on deamination of

cordycepin, finding that while quercetin, myricetin, and

kaempferol did not, but naringin showed the inhibitory

effect on the deamination of cordycepin (Fig. 4). We fur-

ther demonstrated that a treatment of Jurkat cells with a

combination of cordycepin and naringin exhibited stron-

ger cytotoxic effect compared to a single treatment of the

cells with cordycepin (Fig. 8), indicating that naringin is

promising as an in vivo ADA inhibitor.

To date, several research groups carried out in silico

docking study to discover new molecules that bind strongly

to the active site of human ADA1. Because small molecules

such as adenosine and pentostatin have been known to

bind to the active site of ADA1, only these and their deriva-

tives compounds have been used in pharmacophore model-

ing parameters (Terasaka et al. 2003, 2005). It should be

noted that the secondary structure of naringin is quite

bulky compared to that of ADA substrates (adenosine and

20-deoxyadenosine) and known ADA inhibitors (EHNA

and pentostatin) (Fig. 1). Our in silico study indicated that

naringin forms hydrogen bonds not only with the active

site of ADA1 but also with the surface of the ADA protein

around the substrate pocket (Fig. 9). This suggests that

bulky molecules like naringin might have a potency to be a

potent ADA1 inhibitor. As cordycepin exhibits a wide

range of biological functions including anticancer effects,

derivatives of adenosine could be a promising candidate for

a new drug. However, to protect the molecules from the

rapid degradation by ADA, noncytotoxic but effective ADA

inhibitors need to be coadministered, except for a case like

vidarabin that a metabolite of an ADA substrate still exhib-

its the pharmacological activity (Shipman et al. 1976). Fur-

ther in silico investigation is required to discover more

potent bulky ADA inhibitors.

In conclusion, this study identified the ADA isoform

responsible for the deamination of cordycepin by conduct-

ing enzyme assays in the developed ADA1- and ADA2-

expressing HEK293 cells. Inhibition assays revealed that

naringin exhibited an inhibitory effect against the deamina-

tion of cordycepin. Strong inhibition of ADA activities by

potent ADA inhibitors such as pentostatin or deficiency of

ADA1 gene can cause immune deficiency (Kraut et al.

1990; Ozsahin et al. 1997). Meanwhile, the inhibitory effect

of naringin was moderate, suggesting that severe adverse

reactions such as immune deficiency would not occur with

naringin. We further demonstrated that naringin forms

extra hydrogen bonds with the active site and the surface of

the ADA1 protein, suggesting that not only small molecules

such as known ADA substrates and inhibitors but also

bulky molecules can be a potent ADA inhibitor.
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Supporting Information

Additional Supporting Information may be found in the

online version of this article:

Figure S1. Adenosine deamination activities in Mock cells

and ADA2-expressing cells. Adenosine deamination activi-

ties were determined using the cells that were frozen or

nonfrozen in the presence or absence of heparin (H) or

BSA.
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