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Abstract Cyclin-dependent kinase 5 (CDKS) is an unusual
CDK whose function has been implicated in protecting the
central nervous system (CNS) from oxidative damage.
However, there have been few studies of CDKJ in insects.
In this study, we identified the AccCDK5 gene from Apis
cerana cerana and investigated its role in oxidation resistance.
We found that AccCDKS is highly conserved across species
and contains conserved features of the CDKS5 family. The
results of qPCR analysis indicated that AccCDKS is highly
expressed during the larval and pupal stages and in the adult
head and muscle. We further observed that AccCDK35 is in-
duced by several environmental oxidative stresses. Moreover,
the overexpression of the AccCDKS5 protein in E. coli en-
hances the resistance of the bacteria to oxidative stress. The
activation of CDKS5 requires binding to its activator.
Therefore, we also identified and cloned cyclin-dependent ki-
nase 5 regulatory subunit 1, which we named AccCDK5r1,
from Apis cerana cerana. AccCDKS5rl contains a conserved
cell localization targeting domain as well as binding and
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activation sites for CDKS5. Yeast two-hybrid analysis demon-
strated the interaction between AccCDKS5 and AccCDKb5rl.
The expression patterns of the two genes were similar after
stress treatment. Collectively, these results suggest that
AccCDKS5 plays a pivotal role in the response to oxidative
stresses and that AccCDKS5rl is a potential activator of
AccCDKS.

Keywords Cyclin-dependent kinase 5 - Cyclin-dependent
kinase 5 regulator subunit I - Oxidative stress - Yeast
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Introduction

The Chinese honeybee (Apis cerana cerana) is the most wide-
ly distributed of all native honeybee species in China. Apis
cerana cerana has many advantages over Apis mellifera, in-
cluding the use of sporadic nectariferous plants, a long honey
period, and better resistance to cold, mites, and disease (Chen
et al. 2015; Radloff et al. 2010; Zhao et al. 2015). Chinese
honeybees also play a crucial role in ecological balance and
the agricultural industry. However, in recent years, due to the
introduction of western honeybees, diseases, pesticide abuse,
and environmental pollution, the number of Chinese honey-
bee colonies has plummeted, and the survival of the species
has been seriously threatened (Yang 2005). Numerous stresses
could lead to oxidative stress in the habitat of honeybees,
including chemical stresses (pesticides, metals, etc.), physical
stresses (radiation, temperature, etc.), and physiological stress-
es (An and Choi 2010; Espin et al. 2014; Kodrik et al. 2015;
Meng et al. 2009). Oxidative stress occurs when the equilib-
rium between reactive oxygen species (ROS) production and
antioxidant defense mechanisms is dysregulated (Halliwell
1991). This results in oxidative damage, as manifested by
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modifications of cellular lipids, proteins, and DNA (Green and
Reed 1998; Imlay and Linn 1988; Lushchak 2011).

Cyclin-dependent kinases (CDKs), a family of serine/
threonine kinases, form complexes with cyclins, components
that are essential for the kinase activity of CDKs (Malumbres
et al. 2009). The functions of CDKs in signal integration to
regulate gene transcription and cell division have been clearly
established (Morgan 1997). Cyclin-dependent kinase 5
(CDKS), an unusual member of the CDK family, was discov-
ered in the 1990s and is known as neuronal CDC-2-like kinase
(Hellmich et al. 1992; Lew et al. 1992; Meyerson et al. 1992).
CDKS5 is a versatile CDK member that regulates many cellular
processes, including neuronal migration, actin dynamics, mi-
crotubule stability and transport, cell adhesion, axon guidance,
synaptic structure and plasticity, and neuronal survival
(Dhavan and Tsai 2001). Dysregulation of CDKS5 activity
is neurotoxic and may lead to disease, including
Alzheimer’s disease (AD) and Parkinson’s disease (PD)
(Giese 2014; Sun et al. 2008; Zhang et al. 2016).

CDKS5 regulatory subunit 1 (CDK5rl), encoding the
CDKS activator p35, plays a crucial role in the kinase activity
of CDKS5 (Moncini et al. 2016). Activation of CDKS requires
binding to p35, which is a non-cyclin protein that has a short
half-life (Tang et al. 1995; Tsai et al. 1994). As an activator of
CDKS, p35 contains two domains, including the N-terminal
cell localization targeting domain and the CDKS5 activation
domain. The N-terminal region of p35, known as p10, con-
tains an N-myristoylation consensus sequence (MGXXXS/T)
that may be essential for binding to regulatory proteins (Lee
et al. 1996) and that functions in targeting CDKS5 to the cell
membrane (Minegishi et al. 2010). Furthermore, residues
150-200 of p35 bind CDKS5, and residues 279-291 are
required for the activation of CDKS5 in vitro (Poon et al.
1997). Because of the higher expression level of CDKS5
relative to p35 in neurons, the kinase activity of CDKS5 is
mainly determined by the expression level of p35. After
treatment with neurotoxins, including hydrogen peroxide
and glutamate, p35 is degraded via ubiquitin-dependent
and ubiquitin-independent pathways to p25, which has a
longer half-life than p35 (Kusakawa et al. 2000; Lee et al.
2000; Takasugi et al. 2016).

Previous studies have illustrated that the role of CDKS5
under oxidative stress is complex. Exposure of neurons to
oxidative stress activates calpain, a calcium-dependent
protease that converts p35 to p25. This conversion results
in the overactivation of CDKS5 (Nath et al. 2000).
Moreover, the increased stability of p25 relative to p35
leads to the inappropriate localization of CDKS5 (Patrick
et al. 1999). The dysregulation of CDKS5 may affect the
cellular antioxidant defense system and could lead to in-
creased oxidative stress (Sun et al. 2008). Increased oxi-
dative stress could also cause an increase in ERK activa-
tion, and the continuous activation and nuclear
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localization of ERK could promote neuronal cell death
(Dabrowski et al. 2000; Ruffels et al. 2004; Stanciu and
DeFranco 2002). Additionally, it has been reported that
the H,O,-induced activation of nuclear CDKS5 could pro-
tect cells from H,0O,-induced apoptosis via VRK3 phos-
phorylation, which could lead to the inhibition of ERK
activation (Song et al. 2016).

In this study, we isolated AccCDKY5 from A. cerana cerana.
We verified AccCDK5 expression patterns at different devel-
opmental stages and in several tissues. Additionally, we deter-
mined the expression patterns of AccCDKJ5 in response to
several oxidative stressors. We evaluated the antioxidant abil-
ity of AccCDKS5 overexpressed in E. coli. Due to the peculiar
relationship between CDKS and p35, we cloned AccCDK5r1
and confirmed that AccCDK5r1 is a homolog of CDK5r! in
A. cerana cerana. Moreover, we obtained evidence for the
interaction between AccCDKS5 and AccCDK5rl. We also de-
termined the expression patterns of AccCDKS5r1 after several
treatments. Based on our results, we speculate that AccCDK5
plays a crucial role in oxidative stress management and that
AccCDK5rl is an activator of AccCDKS.

Methods
Insects and treatment

In this study, Chinese honeybees (A. cerana cerana) were
obtained from the College of Animal Science and
Veterinary Medicine, Shandong Agricultural University
(Taian, China). Honeybees of various developmental
stages, including 4th, 5th, and 6th day instar larvae,
white-eyed (Pw), pink-eyed (Pp), and dark-eyed (Pd) pu-
pae, and adult workers (Ad), were obtained. Three sam-
ples were analyzed for each stage. The bees were divided
into 11 groups, and each group contained 40 randomized
individuals. Groups 1-3 were exposed to 4 °C, 42 °C, or
UV (254 nm, 30 mJ/cm?), respectively. Group 4 was
injected with 2 mM H,0; (0.5 pL). Groups 5 and 6 were
fed with CdCl, and HgCl, (6 mg/L was added to the basic
adult diet). Groups 7-10 were treated with pesticides
(spirodiclofen, acaricide, acetamiprid, imidacloprid, and
phoxim), which were diluted to the final concentration
(20 pg/mL was added to food), and the sources of the
pesticides and their purity are listed in Table S1. The
control groups were fed a basic adult diet, which
contained water, 70% powdered sugar, and 30% honey
from the source colonies. All bees were maintained in
an incubator (at a constant temperature of 34 °C with
relative humidity at 70%, in a 24-h dark environment),
and three honeybees were sampled randomly from each
group at appropriate times. Bees were snap-frozen in lig-
uid nitrogen after treatment and were stored at =70 °C.
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RNA extraction and cDNA synthesis

Using standard methods for A. mellifera anatomy and dissec-
tion as a reference (Carreck et al. 2013), adult workers were
dissected into different tissues, including head, epidermis,
muscle, midgut, and poison gland. Total RNA was extracted
from the samples using RNAiso Plus (TaKaRa, Japan). The
concentration and quality of RNA samples were measured
using a NanoDrop™ 2000/2000¢ spectrophotometer
(NanoDrop products, Wilmington, DE, 19810, USA), and
the RNA samples were stored at =70 °C. Then, the RNA
samples (1000 + 200 ng/ul) were reverse transcribed using
5% All-In-One RT MasterMix (with the AccuRT Genomic
DNA Removal Kit) (Applied Biological Materials Inc.,
Richmond, BC, Canada), which uses oligo dT to prime the
reverse transcription. This kit can effectively remove gDNA
from RNA samples. Nuclease-free water was used as a nega-
tive control in the RT process. The RT procedure was as fol-
lows: add the RNA template (up to 2 pg), AccuRT Reaction
Mix (4x) (2 uL), and nuclease-free H,O (up to a total volume
of 8 ul) to the tube and incubate at 42 °C for 2 min, then add
AccuRT Reaction Stopper (5x) (2 uL), 5% All-In-One RT
MasterMix (4 pL), and nuclease-free H,O (6 pL). The tem-
peratures and times used for the reaction were 10 min at 25 °C,
15 min (for gPCR) or 50 min (for PCR) at 42 °C, and 5 min at
85 °C. The samples were chilled on ice after the RT process
and stored at —20 °C.

Isolation of the AccCDK5 ORF sequence

Recently, genomic sequencing of A. cerana cerana has
been completed (Park et al. 2015). To clone the ORF se-
quence of AccCDKS3, the specific primers AccCDK5-5 and
AccCDKS5-3 (as shown in Table 1) were designed based on
the AccCDKS5 genomic sequence. The primer design meth-
od and PCR protocol introduced by a previous study
(Templeton 1992) were used. A 25-uL reaction volume
was used in the PCR reaction, which contained 2.5 uL
Taq buffer (TransGen Biotech, Beijing, China), 1 puL
dNTP Mixture (Sangon Biotech, Shanghai, China), 1 uL
of each primer (10 mM), 1 uL complementary DNA
(cDNA) template, 0.25 pL Taq DNA Polymerase
(TransGen Biotech, Beijing, China), and 18.25 pL double
distilled water. The PCR amplification conditions are as
shown in Table 2. The PCR product was purified and li-
gated into the pEASY-T1 simple vector (TransGen
Biotech, Beijing, China) and transformed into Trans1-T1
Phage Resistant Chemically Competent Cells (TransGen
Biotech, Beijing, China) for sequencing. The sequencing
was carried out by Biosune Biotechnology (Shanghai) Co.,
Ltd. (Shanghai, China), using a 3730x] DNA Analyzer
(Applied Biosystems, Foster City, CA, USA) with M13
universal sequencing primers (as shown in Table 1).

Bioinformatics and phylogenetic analysis of AccCDKS5

Conserved domains of AccCDKS were analyzed using
BLAST by NCBI (http://blast.ncbi.nlm.nih.gov/Blast.cgi).
Multiple protein sequence alignments were performed using
DNAman software 6.0.3 (Lynnon Biosoft Corporation, San
Ramon, CA, USA). The theoretical isoelectric point and
molecular weight of AccCDK5 were predicted using
ExPASy (http://web.expasy.org/compute pi/). The
phylogenetic analysis was conducted using MEGAS.1
software based on the neighbor-joining method.

Real-time quantitative PCR

To determine the expression patterns of AccCDKJ, real-time
quantitative PCR was performed using the SYBR®
PrimeScript™ RT-PCR Kit (TaKaRa, Japan), individual
PCR tubes 8-tube strip (clear) (Bio-Rad, Hercules, CA,
USA), and the CFX96™ Real-Time System (Bio-Rad,
Hercules, CA, USA) with specific primers (AccCDKS5-F and
AccCDKS5-R, shown in Table 1) based on the cDNA sequence
as described above. The qPCR primers for AccCDK5 were
designed and tested according to previously reported proce-
dures (Bustin et al. 2009; Giulietti et al. 2001). The [3-actin
gene (GenBank: HM640276) (as shown in Table 1) was se-
lected as a reference gene (Scharlaken et al. 2008) and was
used to normalize the variations in RNA extraction yield and
efficiencies of reverse transcription and amplification. The
efficiency values and correlation coefficients (R*) of the
qPCR primers are listed in Table S2. We also tested and com-
pared additional reference genes (ribosomal protein 49 and
thp-association factor) using Genorm software (versions
3.5) (as shown in supplemental Table S3). A 25-uL reaction
volume was used for the qPCR reaction, which contained
9.5 uL double distilled water, 2 uL cDNA template, 0.5 pL
of each primer (10 mM), and 12.5 uL. SYBR® Premix Ex
Taq™. The qPCR protocol was as follows: 95 °C for 30 s,
40 cycles of 95 °C for 5 s, 55 °C for 15 s, and 72 °C for 15 s,
and a final melt cycle from 65 to 96 °C. All of the experimen-
tal samples were analyzed in triplicate, and the data from the
gPCR were analyzed with the Bio-Rad CFX Manager 3.1
(Bio-Rad, Hercules, CA, USA). The relative expression levels
of AccCDK5 were calculated using the QAL comparative
CT method (Livak and Schmittgen 2001), and the error bars
were calculated by Bio-Rad CFX Manager 3. The mean + SE
from three independent experiments is shown.

The protein expression of AccCDKS and the antibody
preparation

To obtain recombinant AccCDKS protein, the coding region

of AccCDKY5 flanked by BamH 1 and Sal 1 restriction sites was
ligated into the pET-30a(+) vector (Novagen, Darmstadt,
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Table 1 Primers used in this

study Abbreviation

Primer sequence (5'-3")

Description

AccCDK5-5
AccCDK5-3
AccCDK5rl-5
AccCDK5rl1-3
AccCDKS5-Y-5

AccCDKS5-Y-3
AccCDKS5-F
AccCDK5-R
AccCDK5rl-F
AccCDK5r1-R
AccCDK5-BD-5

AccCDKS5-BD-3
AccCDK5rl1-AD-5
AccCDKS5r1-AD-3
B-s

B-x

MI13F

M3R

CGCTAACCACTTTTCATTATTCCGC
GGTCGTTGCACTACTCGCG
GCCACCACCACCGCCTCAAC
CGAGGTCGATGCGGAGGGGTC

GGATCCATGCAAAAATATGAGAAACT
CGAG
GTCGACCTGACAACGATCGTTTTTAATGG

CGAACGCCGGTAGACCCTTG
CCTTGAGCGGGATGATAAAGTGG
CAACACGCACAACCCGAC
GGAAGTCTCTTAAACGGGTGC
CATATGATGCAAAAATATGAGAAACT

CGAG
GGATCCCTGACAACGATCGTTTTTAATGG
CATATGATGGGTACCGTGTTGTCGTTC
GAGCTCAGCCGCCTTGGTGGGTAC

AGAATTGATCCACCAATCCA
GGTACCATGCAGCACATATTATTG
TGTAAAACGACGGCCAGT

CAGGAAACAGCTATGACC

c¢DNA sequence primer, forward
cDNA sequence primer, reverse
c¢DNA sequence primer, forward
cDNA sequence primer, reverse

Protein expression primer, forward

Protein expression primer, reverse
qPCR primer, forward
qPCR primer, reverse
qPCR primer, forward
qPCR primer, reverse
pGBKT?7 construction
primer, forward
pGBKT?7 construction
primer, reverse
pGADT7 construction
primer, forward
pGADT?7 construction
primer, reverse
Standard control primer, forward
Standard control primer, reverse
Universal sequencing
primer, forward

Universal sequencing
primer, forward

Germany). The recombinant plasmid was transformed into
E. coli BL21 (DE3) (TransGen Biotech, Beijing, China). A
positive clone was cultured in LB medium with 50 pg/mL
kanamycin at 37 °C overnight. Then, 100-200 uL of the cul-
ture was subcultured into 10 mL of fresh LB medium contain-
ing 50 pg/mL kanamycin and incubated at 37 °C for 1-2 h
until the optical density at 600 nm reached 0.4-0.6.
Expression of recombinant AccCDKS protein was induced
by isopropyl-1-thio-3-D-galactopyranoside (IPTG)
(CWhbiotech, Beijing, China) at a final concentration of
75 ug/mL at 28 °C for 6-8 h. After induction, the bacterial

cells were collected by centrifugation at 13,000 rpm at room
temperature for 2 min. SDS-PAGE loading buffer was mixed
with the bacteria at a 1:1 ratio, and the mixture was heated at
100 °C for 10 min. Then, the mixed metaprotein was separat-
ed by 12% sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis (SDS-PAGE). The target protein band was excised
and macerated with a defined amount of normal saline.
Recombinant AccCDKS protein was injected subcutaneously
into white mice to produce antibodies. The mice were injected
once a week for 4 weeks. Four days after the last injection,
blood from the mice was collected and maintained at 37 °C for

Table 2 PCR amplification

conditions Primer pair

Amplification conditions

AccCDKS5-5/AccCDK5-3

AccCDKS5-Y-5/AccCDKS5-Y-3

AccCDKS5-BD-5/AccCDK5-BD-3

AccCDK5r1-5/AccCDK5r1-3

AccCDK5rl1-AD-5/AccCDK5r1-AD-3

10 min at 94 °C, 40 s at 94 °C, 40 s

at 53 °C, 1 min at 72 °C for 35 cycles, 10 min at 72 °C
10 min at 94 °C, 40 s at 94 °C, 40 s

at 50 °C, 1 min at 72 °C for 35 cycles, 10 min at 72 °C
10 min at 94 °C, 40 s at 94 °C, 40 s

at 50 °C, 1 min at 72 °C for 35 cycles, 10 min at 72 °C
10 min at 94 °C, 40 s at 94 °C, 40 s

at 55 °C, 90 s at 72 °C for 35 cycles, 10 min at 72 °C
10 min at 94 °C, 40 s at 94 °C, 40 s

at 50 °C, 70 s at 72 °C for 35 cycles, 10 min at 72 °C
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1 h and then 4 °C for 6 h. The serum was collected by centri-
fugation at 3000 rpm at 4 °C for 15 min, after which the serum
was aliquoted and stored at =70 °C.

Western blot analysis

Total protein lysate from adult worker bees that were
treated with several stressors (4 °C, H,O,, phoxim, or
acaricide) was extracted using a Tissue Protein
Extraction Kit (CWbiotech, Beijing, China). The total
protein lysate was subjected to SDS-PAGE, and the target
band was excised and electrotransferred onto a PVDF
membrane (Millipore, Bedford, MA, USA) in a semi-dry
transfer apparatus. Three replicate blots were produced
from each sample. Western blot analysis was performed
according to a previously reported procedure (Meng et al.
2014). The anti-AccCDKS5 serum was used as the primary
antibody at a 1:1000 (v/v) dilution. Peroxidase-conjugated
goat anti-mouse immunoglobulin G (Dingguo, Beijing,
China) was used as the secondary antibody at a 1:2000
(v/v) dilution. The development process was performed
using the FDbio-Dura ECL Kit (Fudebio, Hangzhou,
China). The western blot results were analyzed using
Image-Pro Plus 6.0 (Media Cybernetics, Rockville, MD,
USA).

Disc diffusion assay of recombinant AccCDKS protein

Disc diffusion assays for cumyl hydroperoxide and HgCl,
were performed using a method modified from Burmeister
et al. (2008). The recombinant AccCDKS5 protein was
overexpressed in E. coli BL21, and empty pET-30a(+)
vector-transformed E. coli BL21 cells were used as the con-
trol. Approximately 5 x 10% cells were plated on LB-
kanamycin agar plates and incubated at 37 °C for 1 h. Then,
filter discs (7 mm diameter) soaked in different concentrations
of cumyl hydroperoxide or HgCl, were placed on the surface
of the agar. The cells were cultivated at 37 °C for 24 h, after
which the inhibition zones around the filter discs were mea-
sured. The diameters were measured three times from differ-
ent angles with a vernier caliper, and three replicate plates
were made for every treatment.

The isolation of the ORF sequence of AccCDK5r1
and a yeast two-hybrid analysis

Because CDKS5 and p35 have been shown to interact, we
used the p35 protein sequence of Homo sapiens
(GenBank: CAA56587.1) as a reference to perform a lo-
cal BLAST (BLAST-2.3.0+) analysis to search for the p35
homolog in A. cerana cerana. From our analysis, an un-
annotated protein was found, and the specific primers
AccCDKS5r1-5 and AccCDK5r1-3 (as shown in

Table 1) were designed based on this sequence. The
PCR product was ligated into a pEASY-T1 vector and
transformed into Trans1-T1 Phage Resistant Chemically
Competent Cells for sequencing. Bioinformatics and phy-
logenetic analyses of AccCDK5rl were performed as de-
scribed above.

A yeast two-hybrid analysis was performed using The
Matchmaker Gold Yeast Two-Hybrid System (Clontech,
Dalian, China) after obtaining the sequences of
AccCDK5 and AccCDKS5rl. The ORF of AccCDKS,
flanked by Nde 1 and BamH 1 restriction sites, was ampli-
fied and subcloned into the pGBKT7 vector. Similarly, the
ORF of AccCDK5rl, flanked by Nde 1 and Sac 1 restric-
tion sites, was ligated into the pGADT?7 vector. To obtain
positive clones, the plasmids AccCDK5-BD and
AccCDK5r1-AD were co-transformed into the Y2H
Gold yeast strain and then cultured on selective SD me-
dium (DDO, SD/-Leu/-Trp and QDO, SD/-Ade/-His/-Leu/
-Trp). After 3-5 days, the positive clones were
subcultured onto QDO medium, to which X-x-Gal
(QDO/X) was added for a second round of selection. In
this analysis, pGBKT7-53 and pGADT7-T were used as
positive controls, whereas pGBKT7-lam and pGADT7-T
were used as negative controls.

Expression patterns of AccCDKS5rI under environmental
stress

To determine the expression patterns of AccCDK5r1 in re-
sponse to environmental stresses, real-time quantitative PCR
was performed as described above.

Primers

The primers used in this study are listed in Table 1. All primers
were synthesized by Biosune Biotechnology (Shanghai) Co.,
Ltd. (Shanghai, China).

Data analysis

The results of the gene expression analyses and the diam-
eters of disc diffusion assay are presented as the
mean + SE from three independent experiments. All data
were tested for violations of the assumptions for paramet-
ric analyses. Significant differences, labeled with different
letters, were determined by Duncan’s multiple range tests
using the Statistical Analysis System (SAS) version 9.1
software program (SAS Institute, Cary, NC, USA). The
same letters indicate that there was no significant differ-
ence between the experimental groups, whereas different
letters and overlapped letters indicate that there was a
significant difference and a non-significant difference be-
tween the experimental groups, respectively.
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Fig. 1 Characterization of cyclin-dependent kinase 5 (CDKS5) from
various species. a Multiple amino acid sequence alignments of
AccCDKS protein sequences with other CDKS proteins, AmCDKS,
DmCDKS5, and HsCDKS. Thrl4 and Tyrl5 are marked by black

Results
Bioinformatics and phylogenetic analysis of AccCDKS5

Using reverse-transcription PCR, AccCDK5 was cloned
from A. cerana cerana. The open reading frame (ORF)
of AccCDK5 is 900 bp and encodes a 299-amino acid
polypeptide with a predicted molecular weight of
34.05 kDa and an isoelectric point of 7.6. Multiple se-
quence alignments of several CDKS5s from different spe-
cies revealed that the putative AccCDKS5 has high homol-
ogy with the other CDKS5 genes. AccCDKS5 shows high
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triangles. The activation loop (T-loop) is boxed. The binding sites of
non-cyclin regulators of CDKS5 are marked by horizontal lines. b
Phylogenetic analysis of CDKS5 from several species. AccCDKS is boxed

identity with AmCDKS (A. mellifera, NP_001161897.1),
DmCDKS5 (Drosophila melanogaster, GI: 17137070), and
HsCDKS5 (H. sapiens, GI: 30584911). The high degree of
homology indicates that CDKS5 is conserved across spe-
cies. As shown in Fig. la, the putative AccCDKS
contained the typical features of CDKS5, including Thrl4
and Tyrl5 sites, an activation loop, and binding sites for
non-cyclin regulators.

As shown in Fig. 1b, AccCDKS5 has a close evolutionary
relationship with AmCDKS5 from Apis mellifera, which is in
agreement with the multiple amino acid sequence alignments
of CDKS5.
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Relative expression Q)
—
&)l

0
L4 L5 L6 Pw Pp Pb Pd Ad
Different developmental stages

Fig. 2 The relative expression of AccCDKY in different developmental
stages and tissues. a Different developmental stages: larval (L1-L5, from
the first to fifth instars), pupal (Pw, white-eyed pupae; Pp, pink-eyed
pupae; Pb, brown-eyed pupae; and Pd, dark-eyed pupae), and adult
workers (Ad). b Tissue distribution: EP (epidermis), PG (poison gland),

Developmental and tissue-specific expression patterns
of AccCDK5

To investigate the expression patterns of AccCDK? at different
developmental stages and in several tissues, qPCR was used.
We found that there were significant differences (P < 0.001,
F =273.76) among different developmental stages in the rel-
ative expression of AccCDK35. As shown in Fig. 2a specifical-
ly, AccCDKS5 was highly expressed during the larval and pu-
pal stages. During the larval stage, the relative expression of
AccCDKS5 increased from L4 to L6 and was highest at L6.
During the pupal stage, AccCDK5 expression levels in dark-
eyed pupae were higher than in the other pupae. The
AccCDKS5 expression level during the adult stage was lower
than in the other stages. We then analyzed AccCDK5 expres-
sion in different tissues and found that the expression level
was higher in head and muscle tissue than in the other three
tissues (Fig. 2b, P < 0.001, F' = 41.87). The expression pattern
was consistent with our expectations given the functions of
AccCDKS5.

Expression patterns of AccCDKS5 under environmental
stresses

To investigate the expression patterns of AccCDKS5 under
environmental stresses, adult workers were subjected to
ultraviolet light (UV), H,0,, 4 °C, 42 °C, heavy metals
(HgCl,, CdCl,), or pesticides (spirodiclofen, acaricide,
acetamiprid, imidacloprid, and phoxim) treatments. As
shown in Fig. 3, the relative expression of AccCDKS
was upregulated in the majority of the treatments except
the H,O, treatment. Data analysis demonstrated that there
were significant differences (P < 0.001) between samples
from treated bees and the controls, and the F statistics are
listed in Table S4. As shown in Fig. 3a, b, the relative
expression level of AccCDK5 was increased by 3.7-fold
after 0.5 h of exposure to 4 °C and 3.2-fold after 5 h of

Relative expression "

o = N W O

c
¢ c

EP PG MU HA MI
Tissues distribution

MU (muscle), HA (head), and MI (midgut). The error bars represent the
mean + SE from three independent experiments. The letters above the
columns represent significant differences (P < 0.001) based on Duncan’s
multiple range tests

exposure to 42 °C. After UV treatment, the relative ex-
pression levels of AccCDKJ5 increased by 2-fold at 2.5 h
(Fig. 3c). The H,0, treatment caused a nearly 80% de-
crease in the relative expression of AccCDKS5 at 30 min
(Fig. 3d). The relative expression levels of AccCDKS5 in-
creased by 4.7- and 2.4-fold at 3 and 4.5 h after HgCl,
and CdCl, treatments, respectively, and then decreased
back to the basal levels (Fig. 3e, f). Spirodiclofen treat-
ment changed the messenger RNA (mRNA) levels of
AccCDKS5 only slightly, with a 1.7-fold increase at 1.5 h
(Fig. 3g). By contrast, acaricide, acetamiprid,
imidacloprid, and phoxim treatments increased the rela-
tive expression levels of AccCDK5 by 15.7-, 6-, 5.9-,
and 10-fold, respectively, at different time points
(Fig. 3h-k).

Protein expression levels of AccCDKS
under environmental stresses

To study the expression patterns of AccCDKS in response
to environmental stresses, we performed western blot
analysis. Total protein lysates from A. cerana cerana
treated with 4 °C, H,O,, phoxim, or acaricide were
probed using anti-AccCDKS5 antibody. The analysis of
the densities (as shown in supplemental Tables S5-S8
and Fig. S1) indicated that the amounts of protein from
each sample were approximately equal. As shown in
Fig. 4a (P < 0.001, F = 69.82) and supplemental
Table S3, the levels of AccCDKS5 expression were re-
duced after exposure to 4 °C for 0.5 and 1 h and induced
after 2 and 2.5 h. The expression of AccCDKS5 was down-
regulated after H,O, treatment (Fig. 4b, P < 0.001,
F = 67,379.2, as well as supplemental Table S4). As
shown in Fig. 4c, d and supplemental Tables S5 and S6,
the levels of expression of AccCDKS were reduced slight-
ly after phoxim (P < 0.001, F = 270.43) and acaricide
(P =0.003, F =15.71) treatment.
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Fig. 3 Expression profiles of AccCDKS5 under environmental stress.
Total RNA was extracted from Apis cerana cerana treated with various
stresses at the indicated time; the treatments include a4 °C, b 42 °C, ¢ UV,
d H,0,, e HgCl,, f CdCl,, g spirodiclofen, h acaricide, i acetamiprid, j

Characterization of recombinant AccCDKS protein

Next, we determined the protective effects of recombinant
AccCDKS protein using the disc diffusion method. Our re-
sults show that the inhibition zones around the filters soaked
with HgCl, or cumyl hydroperoxide were smaller in diameter
on the plates containing E. coli overexpressing AccCDKS5
than on the control plates (as shown in Fig. 5 and
supplemental Tables S9 and S10). Analysis of the diameter
of the inhibition zones revealed that there were significant
differences between E. coli that overexpressed AccCDKS5
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and the controls at the same concentration of HgCl,
(P < 0.001, F =71.15) or cumyl hydroperoxide (P < 0.001,
F'=94.35).

Cloning and sequence analysis of AccCDK5r1

Therefore, to understand the functional mechanism of
AccCDKS, we isolated AccCDK5r1, the homolog of mamma-
lian p35. The ORF of AccCDK5r1 is 1083 bp, and it encodes a
360-amino acid protein. The predicted molecular mass of
AccCDK5rl is 40.42 kDa, whereas its predicted isoelectric
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point is 9.47. As shown in Fig. 6, multiple sequence align-
ments suggested that AccCDKS5r1 has a high amino acid iden-
tity in the region of the N-myristoylation consensus sequence
(MGXXXS/T) and the binding and activation site with cyclin-
dependent kinase 5 regulator 1 from H. sapiens, M. musculus,
and Danio rerio. Next, phylogenetic analysis results show that
AccCDK5rl1 has a close evolutionary relationship with cyclin-
dependent kinase 5 activator 1 from A. mellifera.

Yeast two-hybrid analysis

To investigate the interaction between AccCDKS and
AccCDK5rl, a yeast two-hybrid analysis was performed. As
shown in Fig. 7a, cells transformed with the pGBKT?7 vector
or the AccCDK5-BD plasmid do not grow on SD Medium-
His and SD Medium-Ade, which precludes the self-activation
of the AccCDKS5-BD plasmid. As shown in Fig. 7b, cells
transformed with the pGBKT7 vector or the AccCDK5-BD

Time after treatment (h)

plasmid grew to similar extents, which suggests that
AccCDKS5-BD is a non-toxic protein. Next, AccCDK5-BD
and AccCDKS5r1-AD were co-transformed into the Y2H
Gold yeast strain. Cells were able to grow on SD Medium-
Leu/-Trp plates, which indicates that the plasmids were trans-
formed successfully. The indicated strain was inoculated on
plates of SD Medium-Ade-/His-/Leu-/Trp, and cells trans-
formed with AccCDK5-BD and AccCDK5r1-AD grew on
SD Medium-Ade/-His/-Leu/-Trp. The positive, interacting
clones grew on the SD Medium-Ade/-His/-Leu/-Trp with
X-x-gal, which confirmed the interaction between
AccCDKS and AccCDKS5rl (Fig. 7c).

Expression profiles of AccCDKSr1 under environmental
stress

To explore the relationship between AccCDKS5 and
AccCDKS5rl, we analyzed the expression patterns of
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Fig. 5 Disc diffusion assays. a
Disc diffusion assays using E. coli
overexpressing AccCDKS.
AccCDKS5 was overexpressed in
E. coli, and bacteria transformed
with pET-30a(+) were used as
negative controls. Filter discs
soaked with different
concentrations of HgCl, or cumyl
hydroperoxide were placed on the
agar plates. The killing zones
around the filters were measured
after overnight exposure. The
error bars represent the b
mean + SE from three
independent experiments. The
letters above the columns
represent significant differences
(P < 0.001) based on Duncan’s
multiple range tests

HgCl,

Control

AccCDK5rl after several stress treatments. Expression of
AccCDK5rl was induced after stress treatments (Fig. 8).
Notably, the expression patterns of AccCDKJ5r1 were approx-
imately consistent with those of AccCDKJ5 after the same
treatment.

Discussion

CDKS is an atypical member of the CDK family. In the early
1990s, CDKS5 was first discovered in bovine brain tissue (Lew
et al. 1992), and since then, great advancements have been
made in determining the function and the mechanism of this
gene. Activators of CDKS5 as well as the activation mechanism
of CDKS5 and the cellular processes that require CDKS5 are
distinctly different from those of the other CDK family mem-
bers (Cheung and Ip 2007). The proper localization and reg-
ulation of CDKS35 is crucial for its functions, and the absence of
CDKS is lethal (Trunova and Giniger 2012). However, the
majority of research on CDKS5 has focused on humans and
other mammals. Few CDKS studies in insects have been sys-
tematically performed.

In this study, we isolated AccCDKS5 from A. cerana cerana.
The sequence analysis of AccCDKS revealed that there was
high identity with other CDKS5s from different species and that
AccCDKS contained conserved features of the CDKS family.
These two observations indicated that CDKS5 is conserved
across species. Phylogenetic analysis showed that AccCDKS5
belonged to the CDK5 group and had a close evolutionary
relationship with AmCDKS. In summary, we infer that

@ Springer

Cumyl hydroperoxide

HgCl,

u Control a
" AccCDK5

Ho

bc

o

Zone diameter(mm)
]
1}
—®o

0 5 10 20 50
Concentration (mM)

AccCDK5

Cumyl hydroperoxide

2571 mControl
“AccCDK5 a a
20 b

bc

>
HOQ
o)
)
HO

Zone diameter(mm)

0 165 218 324 626
AccCDK5

Concentration (mM)

AccCDKS5 is a member of the CDKS5 family and has functions
similar to those of other reported CDKS5s.

It has previously been reported that CDKS5 kinase activity is
indispensable for neurite outgrowth during the course of neu-
ronal differentiation (Nikolic et al. 1996). The central nervous
system mass increases exponentially up to 6 days after hatch-
ing in D. melanogaster (Power 1952). Adult-specific head
sensory structures form during the larval and pupal stages in
D. melanogaster and A. mellifera, and mushroom bodies de-
velop abundantly during the larval stage (Farris et al. 1999).
Moreover, CDKS5 is involved in the regulation of remodeling
of mushroom body neurons in D. melanogaster (Smith-
Trunova et al. 2015). The specific expression pattern of
AccCDKS5 in different developmental stages may reflect
unique demands in the development processes and nervous
system formation. CDKS is ubiquitously expressed through-
out the organism, but the highest kinase activity of CDKS is
detected in postmitotic neurons (Cheung and Ip 2007). Tissue-
specific expression analysis showed that AccCDK3 is
expressed in different tissues but is most highly expressed in
the head and muscle, the main locations of the nervous system
in bees (Carreck et al. 2013).

There are numerous stresses in the habitat of honeybees,
including unsuitable temperatures, UV, H,0,, heavy metals,
and pesticides, which can induce ROS production and even-
tually lead to oxidative stress (Lushchak 2011). However, the
expression patterns of CDKS5 under environmental stresses
have not been studied extensively in insects. Previous studies
demonstrated that downregulation of nestin caused by oxida-
tive stress in neuronal precursor cells led to activation of
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Fig. 6 Characterization of
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CDKS regulatory subunit 1 (p35) M.musculus SSVKKAPHP. ATTSAGTFKRVI 201
(AAHS58697.1). The N-
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sequence (MGXXXS/T) is boxed. Apis mellifera 277
CDKS5 binding sites are marked H.sapiens 281
. . M.musculus 281
by horizontal lines. CDKS5
activation sites are marked by
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97 {Harpegnathos saltator CDK5 activator 1 (XP_011136739.1)
% 95 Solenopsis invicta CDK5 activator 1 (XP_011168627.1)
Zootermopsis nevadensis CDK5 activator 1 (KDR21648.1)
Bombyx mori CDKS5 activator 1 (XP_004926292.2)
Drosophila melanogaster CDKS5 regulatory subunit (AAF36977.1)
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CDKS5 (Sahlgren et al. 2006), and that CDK5 modified p53
posttranslationally and increased p53 stability in response to
H,0, (Lee et al. 2008). In our study, AccCDKS5 was induced
by the exposure of honeybees to 42 °C, 4 °C, H,O,, UV,
HgCl,, CdCl,, and several pesticides.

The normal temperature of a hive is between 33 and 36 °C
(Tautz et al. 2003). High and low temperatures can lead to
oxidative stress (Bagnyukova et al. 2007; Malek et al.
2004). Heat shock and cold stress can induce the phosphory-
lation of tau, a substrate of CDKS5, which is associated with
increases in CDKS5 (Lau et al. 2002). In our study, AccCDK5
transcript levels increased quickly after exposure to 42 and
4 °C, suggesting that AccCDKS5 is involved in protecting hon-
eybees from ROS damage caused by dramatic temperature
fluctuations. UV radiation is absorbed by DNA bases and
eventually causes DNA damage and increased ROS produc-
tion (Gomez-Mendoza et al. 2016; Kottuparambil et al. 2012).
In addition, CDKS5 has been reported to be a mediator of the
response to DNA damage (Zhu et al. 2011). After UV expo-
sure, AccCDK5 was induced. This effect suggests that

AccCDKS5 is related to the DNA damage and ROS response
after UV treatment.

Cadmium can induce oxidative stress and, consequently,
neuronal death pathways (Antoniali 2014). MeHg-induced
hyperphosphorylation of tau can lead to neuropathological
changes in the mouse brain (Fujimura et al. 2009). In our
study, AccCDK5 was induced by the heavy metals HgCl,
and CdCl,. As mentioned above, phosphorylation of tau is
associated with increases in CDKS5. HgCl, and CdCl, treat-
ment may lead to hyperphosphorylation of tau and oxidative
stress in the nervous system, thus resulting in increases in
AccCDKS5. The strong oxidizing agent H,O, also causes oxi-
dative damage. Although the transcription and translation
levels of AccCDKS were downregulated, the results of the
disc diffusion assay revealed that overexpression of
AccCDKS enhances the resistance of bacteria to oxidative
stress, indicating that AccCDKS5 may be involved in the re-
sponse to oxidative stress.

One of the main features of pesticide toxicity is the induc-
tion of oxidative stress (Asghari et al. 2016). Several other
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Fig. 7 Yeast two-hybrid analysis a
of AccCDKS and AccCDK5rl. a
Self-activation test for
AccCDKS5-BD and b toxicity test
for AccCDK5-BD. ¢ AccCDKS5-
BD and AccCDKS5r1-AD fusion
constructs were co-transformed
into the Y2H Gold yeast strain
and grown on DDO and QDO SD
media. The positive clones were
confirmed on QDO/X SD media

pGBKT7 AccCDK5-BD

SD/-Trp/-His

Cc

pGBKT7-53+pGADT7-T

pGBKT7-lam+pGADT7-T

AccCDK5-BD+AccCDK5r1-AD

AccCDK5-BD+pGADT7

pGBKT7+AccCDK5r1-AD

studies also showed an increase in oxidative stress after expo-
sure to pesticides, and chronic systemic pesticide exposure
results in features of Parkinson’s disease, which is connected
to the dysregulation of CDKS5 (Betarbet et al. 2000; Piner et al.
2007; Thomaz et al. 2009). Our results revealed that the ex-
pression level of AccCDK5 was upregulated after pesticide
treatments. These results suggest that the ingestion of food
containing pesticides may lead to oxidative stress and the dys-
regulation of AccCDKS. We also detected the downregulation
of AccCDKS5 at the protein level after acaricide and phoxim
treatments, a result that was different from the mRNA expres-
sion data. The upregulation of AccCDK} at the transcriptional
level may be a compensatory mechanism to account for de-
creased protein levels. For different genes, the protein-per-
mRNA ratio is different; additionally, the ratio might change
after different treatments. The square of Pearson’s correlation
coefficient (R%) between the mRNA and protein concentra-
tions averages 0.09 to 0.46 (Abreu et al. 2009).

Furthermore, the stability of proteins is essential to their
structure and function (Becktel and Schellman 1987). After
exposure to stress, the stability of the AccCDKS5 protein may
decrease and eventually lead to a decrease in AccCDKS pro-
tein levels. The different concentrations, intensities, and
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mechanism of the stresses (such as heat shock and cold stress,
UV, heavy metal, and pesticides) may lead to diverse
responses.

Previous studies have demonstrated that most substrates
mediate their interaction with CDKS5 through p35 and that
the regulation of the p35 mRNA level is a major determinant
of CDKS activity. The p35 protein may act as both an activator
and an adaptor for CDKS, and this protein plays an indispens-
able role in CDKS5 function (Lim et al. 2003; Ross et al. 2002).
CDKS and p35 form a complex that participates in cellular
processes (Biichner et al. 2015). Therefore, we cloned the
gene from A. cerana cerana that codes for p35 and named it
AccCDK5rl.

The deduced dCdk5a protein, the D. melanogaster protein
homologous to p35, is much longer than p35 (Ma and Haddad
1999). In our study, the molecular weight of AccCDK5rl is
greater than 35 kDa, but the high homology of the N-
myristoylation consensus sequence (MGXXXS/T) and the
CDKS5 binding and activation domains, which are required
for CDKS5 activation, suggests that AccCDK5rl may play
the role of CDKS5 activator and adaptor in A. cerana cerana
(Amin et al. 2002). Phylogenetic analysis revealed that
AccCDKS5rl has a closer evolutionary relationship with the
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corresponding proteins in insects than in other species. The activity of CDKS5 is primarily determined by the avail-

Based on the sequence and phylogenetic analyses, we  able amount of CDKS5 activator (Hisanaga and Endo 2010;
propose that AccCDKS5rl in A. cerana cerana is the  Hisanaga and Saito 2003). In this study, the expression pat-
homolog of CDKS5ri. Yeast two-hybrid analysis indi-  terns of AccCDK5 and AccCDKS5rl were similar, which indi-
cates that AccCDKS5rl interacts with AccCDKS5, which cates a correlation between AccCDK5 and AccCDK5rl.

supports our hypothesis.

Notably, AccCDKS5rl was downregulated after H,O,
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treatment, and a similar mechanism may be responsible for the
downregulation of AccCDK35. These results provide further
evidence that AccCDK5r! is the homolog of CDKS5rl in
A. cerana cerana.

Apis cerana cerana, like other insects, encounters multiple
environmental stresses. In this study, we employed bioinfor-
matics, phylogenetic analyses, expression profiling, and inter-
action studies to elucidate the relationship between AccCDKS5
and AccCDKS5r1. We identified and characterized a potential
physiological function of AccCDKS. The results revealed that
AccCDKS and AccCDKS5rl play a role in the response to
oxidative stresses. Our work forms the basis for future studies
of AccCDKS and its activator AccCDK5rl.
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