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Abstract

Histone deacetylases (HDACs) catalyze the hydrolysis of €-acetyl-lysine residues of his-
tones. Removal of acetyl groups results in condensation of chromatin structure and repres-
sion of gene expression. Human class |, Il, and IV HDACs are said to be zinc-dependent in
that they require divalent zinc ions to catalyze the deacetylase reaction. HDACs are consid-
ered potential targets for the treatment of cancer due to their role in regulating transcription.
They are also thought to play important roles in the development of organisms such as honey
bees. The fatty acid, 10-hydroxy-2E-decenoic acid (10-HDA), which can account for up to
5% of royal jelly composition has been reported as an HDAC inhibitor. The crystal structure
of the HDAC3:SMRT complex possesses two monovalent cations (MVCs) labeled as potas-
sium with one MVC binding site near the active site Zn(ll) and the second MVC binding site
>20 A from the active site Zn(Il). We report here the inhibitory effects of excess Zn(ll) on the
catalytic activity of histone deacetylase 3 (HDAC3) bound to the deacetylase activating
domain of nuclear receptor corepressor 2 (NCOR2). We also report the effects of varying
concentrations of potassium ions where [K*] up to 10 mM increase HDACS activity with a
maximum k../Ky, of approximately 80,000 M™'s™" while [K*] above 10 mM inhibit HDAC3
activity. The inhibition constant (K;) of 10-HDA was determined to be 5.32 mM. The regulatory
effects of zinc, potassium, and 10-HDA concentration on HDAC3 activity suggest a strong
correlation between these chemical species and epigenetic control over Apis mellifera caste
differentiation among other control mechanisms.

Introduction

The different morphological, reproductive, and behavioral phenotypes observed in the Apis
mellifera queen and worker bee is interesting considering they are genetically identical. Because
they possess the same genome yet display these substantial differences, nutritional control
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Abbreviations: HDAC, Histone deacetylase; SMRT,

silencing mediator for retinoid or thyroid-hormone
receptor; NCOR, nuclear receptor corepressor;
MVC, monovalent cation; DMSO, dimethyl
sulfoxide; EDTA, Ethylenediaminetetraacetic acid;
10-HAD, 10-hydroxy-2E-decenoic acid; TSA,
trichostatin A.

mechanisms are thought to be involved in queen-worker differentiation [1]. These mechanisms
are related, in part, to nutritional differences present during development. Queen larvae are fed
royal jelly throughout development while worker larvae are fed royal jelly for only the first 1-2
days followed by feeding of worker jelly. Both jellies are a mixture of sugars, amino acids, pro-
teins, fatty acids and minerals. The two jellies have significant quantitative differences [2, 3].
Epigenetic control mechanisms are thought to be modulated by nutritional differences present
during queen and worker bee development. DNA methylation appears to play an important
role in honey bee caste differentiation and its role appears to be tied to nutrition [4-8]. Another
study found that a fatty acid, 10-hydroxy-2E-decenoic acid (10-HDA), present in royal jelly at
higher concentrations than in worker jelly reactivated the expression of epigenetically silenced
genes in mammalian cells without inhibiting DNA methylation, suggesting 10-HDA is a histone
deacetylase (HDAC) inhibitor [9].

HDACs comprise an ancient enzyme family found in plants, animals, fungi, archaebacteria
and eubacteria [10]. Histone deacetylases (HDACs) catalyze the removal of acetyl groups from
€-acetyl-lysine residues of histones. Histone acetyltransferases (HATSs) acetylate lysine residues
of histones thereby activating gene expression. Decreased histone acetylation downregulates
affected genes and is associated with cancer development [11]. HDAC inhibitors increase his-
tone acetylation and serve as potential cancer therapeutics [12]. There are at least two FDA-
approved drugs, vorinostat (suberoylanilide hydroxamic acid or SAHA) and romidepsin, for
treatment of cutaneous T-cell lymphoma with several others in clinical trials [13].

There are four classes of HDACs. Class III HDACs are NAD(+)-dependent and are referred
to as sirtuins [14]. This class of HDAC share no sequence similarity with class I and Il HDACs
and use a different catalytic mechanism [15]. Class Il HDACs are subclassified as class ITa
(HDACY4, -5, -7, and -9) and class IIb (HDAC6 and -10) and are homologs of yeast HDA1 protein
[16, 17]. All members of class IIa can shuttle between the nucleus and cytoplasm. The only class
IV deacetylase is HDACI1 [18]. It is a homolog of yeast HOS3. Class I HDACs include HDACI,
-2, -3, and -8 and are homologs of yeast RPD3 [16, 19]. HDACs 1-3 require association with
large multisubunit corepressor complexes and are considered inactive by themselves. HDACS is
tully active in and of itself and is the only extensively kinetically characterized HDAC [20-23].

HDACS3 is unique in that it has a unique domain structure with both nuclear localization
and nuclear export sequences [24]. Recombinant HDAC3 cannot be expressed in bacterial cell
culture as it is inactive due to improper folding. HDAC3 requires HSC70, TRiC, and most
likely HSP90 for proper folding [25, 26]. HDACS3 also requires complex formation with silenc-
ing mediator for retinoid or thyroid-hormone receptor (SMRT or NCOR?2) or nuclear recep-
tor corepressor 1 (NCOR1) in order to be fully active [27, 28]. The crystal structure of the
HDAC3/SMRT shows a channel leading to the active site Zn(II) that is likely obstructed in the
absence of SMRT or NCOR1 [29]. Based on the crystal structure of HDACS, this channel is
open offering an explanation for HDACS being fully active by itself [30]. It has also been
shown that the Zn(II) of HDACS can be chelated using EDTA forming apo-HDACS and that
activity can be recovered by the addition of Zn(II), Co(II), and Fe(II) [20]. It was also shown in
the same study that activity was greater for Co(II)-HDAC8 and Fe(II)-HDACS and that excess
Zn(II) inhibits the Zn(II)-HDACS, Fe(II)-HDACS, and Co(II)-HDAC forms.

The catalytic mechanism for HDAC3 and other class I HDAC: is based on the crystal struc-
ture of histone deacetylase-like protein (HDLP) from Aquifax aeolicus [31]. His-142 functions
as a general base that deprotonates the metal-activated catalytic water molecule for attack on
the substrate amide. A second histidine (His-143) in the active site serves as the acid and pro-
tonates the leaving group.

The crystal structures of HDAC3 and -8 show that each bind two monovalent cations
(MVCs), likely Na* or K7, in addition to the catalytic divalent metal ion [23, 29, 30, 32]. The
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two MVC binding sites have been designated as site 1 and site 2 with site 1 located approxi-
mately 7 A from the divalent catalytic center and site 2 is > 20 A from the divalent metal center
[29, 30]. The crystal structures of other class I and II human HDACs also bind K™ at these
same sites in addition to bacterial histone deacetylase-like amidohydrolase [33-35]. A study
on the effects of varying concentrations of Na* or K" on catalysis of Co(II)-HDACS have been
reported [21]. Catalytic activity of Co(II)-HDACS was nominally affected by Na™ concentra-
tion and this MVC was bound to sites 1 and 2 with lower affinity. This study also showed that
catalytic activity of Co(II)-HDACS is affected by K* concentration to a greater extent with acti-
vation of activity up to 1 mM KCI. Higher concentrations of KCl inhibited activity of Co(II)-
HDACS. It was determined that site 1 of HDACS is the inhibitory MV C binding site and bind-
ing of MVC to site 2 increases activity. KCI concentration was also shown to affect SAHA inhi-
bition of Co(II)-HDACS [21].

The present study seeks to determine the effects of excess Zn(II) on catalytic activity of
HDACS3 in complex with the deacetylase activating domain (amino acids 395-489) of NCOR2
(or SMRT). We have also examined the effects of varying concentrations of KCl on catalytic
activity of HDAC3:NCOR2. The results from these studies confirm and demonstrate that both
Zn(II) and K* ion concentrations modulate the activity of HDAC3. We also report the inhibi-
tion constant (Kj) of 10-HDA for HDAC3:NCOR2. In the context of honey bee development
and caste differentiation, these results suggest a possible link between Zn(I), K¥, and 10-HDA
composition of royal and worker jelly and HDAC activity.

Materials and methods
2.1. Materials

10-HDA (>98%) was purchased from Cayman Chemical. All other chemicals were purchased
from Sigma Aldrich. Chelex 100 resin was purchased from BIO-RAD. >90% purity (by
SDS-PAGE) human HDAC3:NCOR2 in 25 mM HEPES pH 7.5, 300 mM NaCl, 5% glycerol,
0.04% triton X-100, and 0.2 mM TCEP was purchased from Active Motif. All enzyme came
from the same lot number. The recombinant complex consists of full length human HDAC3
(accession number NP_003874.2) with a C-terminal FLAG tag and human NCOR2 amino acids
395-489 (accession number NP_006303.4) with an N-terminal 6xHis tag expressed in Sf9 cells.
All buffers used in this study were treated with chelex resin prior to use in the enzyme assays.

2.2. HDAC3:NCOR?2 activity assay

The deacetylase activity of the HDAC3:NCOR2 complex was measured using the commer-
cially available Fluor de Lys HDAC3/NCORI assay kit from Enzo Life Sciences. Before assay-
ing, HDAC3:NCOR?2 was incubated with varying concentrations of KCI. Fluor de Lys-SIRT1
(p53 379-382) substrate (Cat. # BML-KI177) used in the assays comprises an acetylated lysine
side chain. Enzyme assays were performed in 96-well plates and reactions were stopped at
varying time points using Developer II solution containing 1 uM TSA (an HDAC inhibitor).
Fluorescence was measured using a SpectraMax i3x 96-well plate reader with excitation and
emission wavelengths of 360nm and 460nm, respectively. Read height was set to 1 mm, 6
flashes per read, and PMT gain set to medium. The concentration of product at each time
point was calculated from a standard curve prepared using solutions containing known con-
centrations of the product (0-40 pM). Except for the zinc inhibition study, all assays were per-
formed in 25 mM Tris pH 8.0 with 500 uM EDTA (free acid) at room temperature.

For Zn(II) inhibition assays, 2 pM HDAC3:NCOR?2 was incubated on ice for 1 hour with
varying concentrations of Zn(II). The mixture was then diluted to 0.2 uM by the addition of
assay buffer and substrate (50 uM) and assayed as above. For assays of HDAC3:NCOR2
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dependency on [KCl], varying concentrations of KCl in Tris base, pH 8.0, were incubated with
0.1 uM HDAC3:NCOR? for 1 hour on ice. In all assays, the final NaCl concentration contrib-
uted by the enzyme storage buffer is < 6 mM.

The bell-shaped MVC dependence of HDAC3:NCOR?2 on [KCI] was fit by Eq 1 based on
Fig 1 [21]. The concentration of KCl is represented by [MCI], E,,, is the total enzyme concen-
tration, and the apparent binding affinities for activation and inhibition are represented by
K30t and Ky /2 innin- The present study does not analyze concentration effects of NaCl due to
its low affinity for MCl binding sites 1 and 2 of HDAC8 accounting for the 100 mM concentra-
tion of NaCl needed for full activation of HDAC8 [21]. This study also uses a maximum KCl
concentration of 50 mM as it has been shown that the HDAC3:SMRT complex dissociates at
salt concentrations exceeding 50 mM [29].

k,.E

obs1 ™~ tot

+ k0b52Etot Eq 1
(1_|_K1/2.m_|_ [MCL]) <1+K1/2.uchl/2.mhib+Kfﬁg£}]xib)

[Mmcr] K1 /2,inhib [McL)?

Yy =

2.3. Inhibition by 10-HAD

Inhibition of HDAC3:NCOR2 (5 nM final concentration) by 10-HDA (1-10 mM final con-
centration) was studied by mixing SirT1 substrate (1 uM final concentration) with 10 mM KCl
solution and adding this mix to the enzyme on a 96-well plate to initiate the assay. The inhibi-
tion constant (K;) was determined by plotting fractional activity versus [10-HDA] and fitting
the data using Eq 2. Since the 175 mM 10-HDA stock solution was dissolved in 100% DMSO,
uninhibited control assays containing the equivalent percentage of DMSO were performed at
each inhibitor concentration for fractional activity calculation.

;Y
Vi _ ’”“’[CI] Eq2
v, 1+

Results
3.1. Zinc inhibition of HDAC3:NCOR2 activity

Attempts at producing apo-HDAC3:NCOR?2 complex via dialysis against the chelators EDTA,
dipicolinic acid, and/or 1,10-phenanthroline at various concentrations were unsuccessful.
EDTA and dipicolinic acid were successfully used for the preparation of apo-HDACS and
development of a metal-switching model for the regulation of HDACs [20]. In the present

K1/2,act EM+ K1/2,inhib M+
inactive M+

k bs1 k bs2

o) o

E

Fig 1. Binding of MVC to HDAC3:NCOR2. The binding of the first MVC activates HDAC3:NCOR?2. The second MVC binding
partially inhibits.

https://doi.org/10.1371/journal.pone.0204538.9001

PLOS ONE | https://doi.org/10.1371/journal.pone.0204538 December 10, 2018 4/12


https://doi.org/10.1371/journal.pone.0204538.g001
https://doi.org/10.1371/journal.pone.0204538

@°PLOS | ONE

Regulation of histone deacetylase 3 by metal cations and 10-HDA

A 25-

[Product] (uM)

study, dialyzing against EDTA concentrations up to 1 mM did not affect HDAC3:NCOR?2 activ-
ity. At higher concentrations (>1 mM) of EDTA and 1,10-phenanthroline, a decrease in activity
was observed. However, this activity was unrecoverable upon attempted reconstitution of the
treated enzyme using Zn(II) solution suggesting denaturation of HDAC3:NCOR?2 and/or disso-
ciation of the complex itself. These observations are supported by refolding studies illustrating
the importance of Zn(II) as well as KCl in proper folding of the enzyme [36]. These observations
also support the possible role the metal center may play in maintaining a properly folded
HDACS3. Based on active site tunnel residues, HDAC3 likely possesses a more hydrophobic
environment than HDACS8 preventing the active site metal from dissociating completely from
the active site during the shift in solution equilibrium caused by addition of EDTA. For these
reasons, HDAC3:NCOR2 used in this study was as isolated.

The addition of 0.1 pM Zn(II) to 50 nM HDAC3:NCOR2 reduced the observed rate 5-fold
(Fig 2), indicating a second Zn(II) binding site that is inhibitory of HDAC3:NCOR?2 as
observed for HDACS8 [20] and other metalloenzymes [37-39]. The baseline sample buffer con-
tained 500 uM EDTA which would have chelated contaminating Zn(II) present in substrate
and/or elsewhere. Assays with final concentrations of Zn(II) at 0.1 uM, 0.125 uM, and 0.2 uM
did not contain EDTA since it would have chelated the added Zn(II). An attempt was made to
treat the substrate by washing with chelex 100 resin but this resulted in a substantial decrease
in fluorescent signal from the treated substrate suggesting it was bound and removed from
solution by chelex resin.

3.2. Potassium ions modulate HDAC3:NCOR2 activity

The roles of the two monovalent cations observed in the HDACS crystal structures have been
previously studied [21]. However, such a study of HDACS3 has yet to be completed. The activity
of HDAC3:NCOR?2 and its dependency on KCl concentration was determined by producing
Michaelis-Menten plots (a representative plot is shown in Fig 3, panel A) at five different con-
centrations of KCI to a maximum of 50 mM. The kinetic parameters Ky, kcop, and ke,/ Ky were
determined by fitting the data to the Michaelis-Menten equation at each concentration of KCI
(Table 1). The KCl dependence of HDAC3:NCOR? is bell-shaped with maximal deacetylase
activity at approximately 10 mM KCl (Fig 3, panel B). The data in Fig 3, panel B, were fit to Eq 1

e Baseline ° B 104
= 0.1pM Zn(ll) %
204 a 0.125uM Zn(ll) 1
v 0.2uM zn(ll) 2 0.8 .
15- 4 s
o 0.6 "
2 i
104 o © 0.4-
(] N
(14 .
54 . . . 0.2 M .
0' L) L) L) 0-0 L) L) L) L
0 5 10 15 0.00 0.05 0.10 0.15 0.20
Time (minutes) [Zn(11)] (M)

Fig 2. HDAC3:NCOR2 Inhibition by Zn(II). HDAC3:NCOR?2 (2 uM final concentration) was incubated with various concentrations of Zn
(II) for one hour on ice and then diluted to 50 nM and assayed using the Fluor de Lys assay (panel A). Assay buffer was composed of 25 mM
Tris, pH 8, and 10 mM KCI. The baseline sample buffer contained 500 uM EDTA and no added Zn(II). Observed rates at each concentration of
Zn(II) were normalized to the baseline rate (panel B).

https://doi.org/10.1371/journal.pone.0204538.9002
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Fig 3. KCl regulates HDAC3:NCOR2 catalytic activity. HDAC3:NCOR?2 activity and its dependency on KCI concentration was determined by
constructing Michaelis-Menten plots (a representative plot is shown in panel A at 5mM [KCl]) at varying concentrations of KCl (0.05 mM-50
mM), Fluor de Lys SIRT1 substrate (1.56 uM-100 uM) and 0.1 uM HDAC3:NCOR2 in 25 mM Tris pH 8.0 with 500 uM EDTA. Initial velocities
were determined from time course data based on changes in fluorescence. Catalytic parameters were determined and are summarized in Table 1.
Eq 1 was used to fit the bell-shaped dependency of HDAC3:NCOR?2 activity with varying [KCI] (panel B) yielding K 5t and Kj 2 innib values.

https://doi.org/10.1371/journal.pone.0204538.9003

derived from a two-state sequential binding model (Fig 1) [21]. In this model applied to
HDAC3:NCOR, the enzyme is inactive until the binding of one ion of K™ at the activating site.
The binding of a second ion of K results in a decrease in activity. Potassium ion was bound to
the higher affinity activation site with a K/, ,; of 1.78 mM and to the lower affinity inhibitory
site with a Kj/ jnhib of 46.1 mM. Comparing these values with those determined for HDACS
[21], HDAC3 shows a two-fold greater affinity for K" binding at the activating MVC site while
showing a two-fold decrease in affinity for K* binding at the inhibiting MVC site. From 0.05
mM KCl to 10 mM KCl, K" binding to HDAC3:NCOR2 increased enzymatic activity 140-fold.
At its maximum activity, HDAC3:NCOR2 shows an approximate 3.5-fold increase in k.,«/ Ky
versus HDACS. Due to the ionic strength limitations of maintaining the HDAC3:NCOR2 com-
plex, a complete range of KCl concentrations cannot be performed above 50 mM KCI. There-
fore, the k /Ky of the HDAC3:NCOR2 complex with a higher percentage of the two K™ ions
bound form cannot be experimentally determined. The modulation of HDACS activity by NaCl
has been determined previously [21]. The maximum k_,/Ky was found to occur at 100 mM
NaCl. The same limitation prevents a similar study of HDAC3:NCOR?2.

Table 1. Reactivity of HDAC3:NCOR?2 and [KCI] dependency™®.

[KCI] keat Ky kear/ Kt
(mM) (min™) (1M) M's™h
0.05 nd® nd nd
0.3 492 65.5 12500
1 6.60 2.70 41000
5 6.00 1.28 78000
10 7.14 1.56 76500
50 20.0 6.31 53000

*HDAC3:NCOR?2 was assayed as described in the legend of Fig 3.

b Steady-state kinetic parameters were determined from a fit of the Michaelis-Menten equation to the dependence of
the initial rate on the substrate concentration at 0.1 uM HDAC3:NCOR2.

€ Value not determined.

https://doi.org/10.1371/journal.pone.0204538.t001

PLOS ONE | https://doi.org/10.1371/journal.pone.0204538 December 10, 2018 6/12


https://doi.org/10.1371/journal.pone.0204538.g003
https://doi.org/10.1371/journal.pone.0204538.t001
https://doi.org/10.1371/journal.pone.0204538

@°PLOS | ONE

Regulation of histone deacetylase 3 by metal cations and 10-HDA

3.3. HDAC3:NCOR?2 inhibition by 10-HAD

The IC50 for 10-HDA and HDAC3 has been reported as 6.5 mM [9]. In the present study, the
fractional activity of HDAC3:NCOR?2 was determined as a function of 10-HDA concentration
and fit using Eq 2 (Fig 4). The K; from the fit was 5.32 mM and is in agreement with the
reported IC50 value. Increasing concentrations of KCl did not significantly affect the K; (data
not shown). As expected, the results suggest 10-HDA inhibits HDAC3:NCOR?2 activity with
low affinity in vitro.

Discussion
4.1. Zinc inhibition of HDAC3:NCOR2

A detailed analysis of metal specificity of HDAC3:NCOR2 was complicated by an inability of
metal chelators (EDTA, dipicolinic acid, and 1,10-phenanthroline) to remove the metal center
occupying the active site as isolated. HDAC3:NCOR?2 activity was decreased 25-50% using
higher concentrations of EDTA or 1,10-phenanthroline but this activity was not recovered fol-
lowing reconstitution. Several possible explanations can account for these observations. The
metal center is essential to maintain structural integrity of the enzyme and removing it leads to
denaturation. Second, the observation that dialysis against 1 mM EDTA and 10 uM dipicolinic
acid, conditions that successfully prepared apo-HDACS8 [20], produced no detectable decrease
in activity suggest the active site metal cannot be removed by equilibrium dialysis with EDTA
and/or other metal chelators. The identity of the in vivo HDAC3 metal is important as the
metal occupying the active site has been shown to modulate HDACS activity [20]. If Zn(II) of
HDACS3 cannot be removed in vitro, is it inserted in vivo into HDAC3 during folding by
another zinc-carrying protein? Can Zn(II) of HDACS3 be replaced via metal-switching as has
been demonstrated with HDAC8 and is Zn(II)-HDAC3 the most catalytically active form?
Excess Zn(II) inhibits HDAC3:NCOR?2 as has been demonstrated with many other metallohy-
drolase enzymes [39, 40] including HDACS [20]. HDACS8 may not necessarily exist in vivo as Zn

1.0
0.8 &
Zc: 0.6-
-3
0.4
®
0.2
0.0 | 1) | T 1 |
0 2 4 6 8 10

[10-HDA] (mM)

Fig 4. 10-HDA inhibition of HDAC3:NCOR2. A solution containing Fluor de Lys SIRT1 substrate (1 uM final
concentration) and 10 mM KCl (final concentration) was added to 5 nM HDAC3:NCOR?2 (final concentration) in 25
mM Tris pH 8 with 500 uM EDTA. Initial velocities were determined from fluorescence changes over time,
normalized, plotted versus 10-HDA concentration, and fit using Eq 2.

https://doi.org/10.1371/journal.pone.0204538.g004
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(II)-HDACS leading to the hypothesis of a metal substitution model for HDAC regulation where
HDACS may exist in vivo as Zn(II)-HDACS, Fe(II)-HDACS, or even Co(II)-HDACS with the Fe
(IT) and Co(II) forms showing substantially larger k,./Ky [20]. It was also shown in the same
study that Zn(II) can inhibit each form of HDACS. The inhibitory metal binding site on zinc
metalloenzymes has been proposed as a potential regulatory mechanism as well [41]. It is interest-
ing to note that the royal jelly fed to queen larvae is significantly higher in zinc content than jelly
fed to developing worker bees [3] and the queen is fed royal jelly throughout her life. In addition,
the important zinc-binding protein vitellogenin has been positively correlated to high zinc levels,
low juvenile hormone, decreased foraging, and longer lifespan in Apis mellifera [42-47]. Juvenile
hormone has also been positively correlated to stress while vitellogenin protects cells from anti-
oxidative damage [46, 47]. We hypothesize that there is a link between dietary zinc levels related
to juvenile hormone/vitellogenin titer during development as well as the adult life of Apis melli-
fera. It has been previously shown Fe(II)-HDACS can readily be oxidized to an inactive form Fe
(II1)-HDACS [20]. The capability of HDACs to substitute other MVCs for Zn(II) is appealing
based on our knowledge of vitellogenin and juvenile hormone. In the case of high oxidative stress,
Fe(II)-HDAC:s could be readily oxidized to the Fe(III) form resulting in inactive HDAC thereby
changing levels of gene expression. In this scenario, vitellogenin and zinc levels are low and there-
fore foraging activity is high. As oxidative stress increases, levels of juvenile hormone increase
resulting in increased foraging behavior and an increase in dietary iron and zinc. The two largest
quantities of divalent metals found in worker jelly and royal jelly are zinc and iron with royal jelly
possessing statistically significantly greater quantities of zinc than worker jelly [3]. It is also possi-
ble that an increased level of Zn(II)-HDAC over Fe(II)-HDAC form would lead to a decrease in
oxidative stress and an increase in longevity.

4.2. Potassium modulates HDAC3:NCOR?2 activity

As demonstrated in a previous study with HDACS [21], HDAC3:NCOR?2 activity is regulated
by potassium ions. The crystal structure of HDAC3 in complex with SMRT [29] displayed two
bound potassium ions as was observed in the crystal structures of HDACS [30, 32]. Like
HDACS, HDAC3:NCOR?2 is inactive without potassium and possesses an activation site and
an inhibitory site for potassium binding. The activating site of potassium binding has a lower
dissociation constant (K, . of 1.78 mM) than that of the inhibitory site (Kj/2 jnhib 0f 46.1
mM). Royal jelly fed to queen larvae has been shown to contain significantly higher concentra-
tions of potassium than that of jelly fed to worker bee larvae [3]. The same study also reported
levels of potassium in royal jelly at 3 to 4 times the level of sodium. In the context of the present
study, potassium levels in royal and worker jelly likely modulate HDAC activity and levels of
gene expression.

4.3. 10-HDA inhibits HDAC3:NCOR2

The IC50 of 10-HDA for several HDACs have been reported in the low mM range [9]. In the
present study, the K; was determined to be 5.32 mM confirming our expectation of 10-HDA as
a weak competitive inhibitor of HDAC3:NCOR?2. Royal jelly is composed of 2-5% 10-HDA
and is therefore a compelling potential epigenetic regulation factor as previously proposed [9].
Though the IC50 and K; are high, the concentration of 10-HDA present in royal jelly is
approximately 100 mM (at a minimum). A level significantly higher than in worker jelly [3].
Also, the developing queen is fed royal jelly throughout her life providing further support for
its role in differentiation and maintenance of health and longevity of the queen.
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Conclusions

HDAC3:NCOR?2 is regulated by zinc, potassium, 10-HDA, availability of NCOR1 and NCOR2
as well as inositol phosphates which function in HDAC3:NCOR complex formation [29, 48,
49]. We propose a strong link between queen-worker differentiation, oxidative stress, longev-
ity and dietary levels of zinc, iron, and potassium during the developmental stages and
throughout the adult life of Apis mellifera based on the modulation of histone deacetylase
activity by these chemical species. Based on the complex regulation of HDAC:s alone, it is
unlikely that a single queen determining factor exists but consists of multiple factors that are
temporally and behaviorally dependent to include but not limited to the concentrations of
zing, potassium, and iron in some complex regulatory mechanism of modulating vitellogenin
and juvenile hormone titer. The possible epigenetic mechanism by which vitellogenin and
juvenile hormone expression is controlled requires further exploration. The present study pro-
poses the potential important epigenetic roles of metals present at varying levels in royal and
worker jelly leading to plasticity in caste differentiation and behavior.

Author Contributions
Conceptualization: Gregory A. Polsinelli.
Data curation: Gregory A. Polsinelli.

Formal analysis: Gregory A. Polsinelli.
Funding acquisition: Gregory A. Polsinelli.
Investigation: Gregory A. Polsinelli.
Methodology: Gregory A. Polsinelli.

Project administration: Gregory A. Polsinelli, Hongwei D. Yu.
Resources: Hongwei D. Yu.

Writing - original draft: Gregory A. Polsinelli.
Writing - review & editing: Hongwei D. Yu.

References
1. Haydak MH. Larval food and development of castes in the honeybee. J Econ Entomol. 1943; 36
(5):778-92.

2. Rembold H. Biologically active substances in royal jelly. Vitam Horm. 1965; 23:359-82. Epub 1965/01/
01. PMID: 5326344,

3. WangY, Mal, Zhang W, Cui X, Wang H, Xu B. Comparison of the nutrient composition of royal jelly
and worker jelly of honey bees (Apis mellifera). Apidologie. 2016; 47(1):48-56. https://doi.org/10.1007/
513592-015-0374-x

4. Wang, Jorda M, Jones PL, Maleszka R, Ling X, Robertson HM, et al. Functional CpG methylation sys-
tem in a social insect. Science. 2006; 314(5799):645—7. Epub 2006/10/28. https://doi.org/10.1126/
science.1135213 PMID: 17068262.

5. LykoF, Foret S, Kucharski R, Wolf S, Falckenhayn C, Maleszka R. The honey bee epigenomes: differ-
ential methylation of brain DNA in queens and workers. PLoS Biol. 2010; 8(11):e1000506. Epub 2010/
11/183. https://doi.org/10.1371/journal.pbio.1000506 PMID: 21072239; PubMed Central PMCID:
PMCPMC2970541.

6. Kucharski R, Maleszka J, Foret S, Maleszka R. Nutritional control of reproductive status in honeybees
via DNA methylation. Science. 2008; 319(5871):1827-30. Epub 2008/03/15. https://doi.org/10.1126/
science.1153069 PMID: 18339900.

7. ShiYY,HuangZY, Zeng ZJ, Wang ZL, Wu XB, Yan WY. Diet and cell size both affect queen-worker dif-
ferentiation through DNA methylation in honey bees (Apis mellifera, Apidae). PLoS One. 2011; 6(4):

PLOS ONE | https://doi.org/10.1371/journal.pone.0204538 December 10, 2018 9/12


http://www.ncbi.nlm.nih.gov/pubmed/5326344
https://doi.org/10.1007/s13592-015-0374-x
https://doi.org/10.1007/s13592-015-0374-x
https://doi.org/10.1126/science.1135213
https://doi.org/10.1126/science.1135213
http://www.ncbi.nlm.nih.gov/pubmed/17068262
https://doi.org/10.1371/journal.pbio.1000506
http://www.ncbi.nlm.nih.gov/pubmed/21072239
https://doi.org/10.1126/science.1153069
https://doi.org/10.1126/science.1153069
http://www.ncbi.nlm.nih.gov/pubmed/18339900
https://doi.org/10.1371/journal.pone.0204538

@°PLOS | ONE

Regulation of histone deacetylase 3 by metal cations and 10-HDA

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

€18808. Epub 2011/05/05. https://doi.org/10.1371/journal.pone.0018808 PMID: 21541319; PubMed
Central PMCID: PMCPMC3082534.

Wojciechowski M, Lowe R, Maleszka J, Conn D, Maleszka R, Hurd PJ. Phenotypically distinct female
castes in honey bees are defined by alternative chromatin states during larval development. Genome
Res. 2018; 28(10):1532—42. Epub 2018/08/24. https://doi.org/10.1101/gr.236497.118 PMID:
30135090; PubMed Central PMCID: PMCPMC6169885.

Spannhoff A, Kim YK, Raynal NJ, Gharibyan V, SuMB, Zhou YY, et al. Histone deacetylase inhibitor
activity in royal jelly might facilitate caste switching in bees. EMBO Rep. 2011; 12(3):238—43. Epub
2011/02/19. https://doi.org/10.1038/embor.2011.9 PMID: 21331099; PubMed Central PMCID:
PMCPMC3059907.

Leipe DD, Landsman D. Histone deacetylases, acetoin utilization proteins and acetylpolyamine amido-
hydrolases are members of an ancient protein superfamily. Nucleic Acids Res. 1997; 25(18):3693—7.
Epub 1997/09/15. PMID: 9278492; PubMed Central PMCID: PMCPMC146955.

Villar-Garea A, Esteller M. Histone deacetylase inhibitors: understanding a new wave of anticancer agents.
Int J Cancer. 2004; 112(2):171-8. Epub 2004/09/08. https://doi.org/10.1002/ijc.20372 PMID: 15352027.

Marks PA, Breslow R. Dimethyl sulfoxide to vorinostat: development of this histone deacetylase inhibi-
tor as an anticancer drug. Nat Biotechnol. 2007; 25(1):84—90. Epub 2007/01/11. https://doi.org/10.
1038/nbt1272 PMID: 17211407.

Wagner JM, Hackanson B, Lubbert M, Jung M. Histone deacetylase (HDAC) inhibitors in recent clinical
trials for cancer therapy. Clin Epigenetics. 2010; 1(3—4):117-36. Epub 2011/01/25. https://doi.org/10.
1007/s13148-010-0012-4 PMID: 21258646; PubMed Central PMCID: PMCPMC3020651.

Moazed D. Enzymatic activities of Sir2 and chromatin silencing. Curr Opin Cell Biol. 2001; 13(2):232-8.
Epub 2001/03/15. PMID: 11248558.

Blander G, Guarente L. The Sir2 family of protein deacetylases. Annu Rev Biochem. 2004; 73:417-35.
Epub 2004/06/11. https://doi.org/10.1146/annurev.biochem.73.011303.073651 PMID: 15189148.

Rundlett SE, Carmen AA, Kobayashi R, Bavykin S, Turner BM, Grunstein M. HDA1 and RPD3 are
members of distinct yeast histone deacetylase complexes that regulate silencing and transcription.
Proc Natl Acad Sci U S A. 1996; 93(25):14503-8. Epub 1996/12/10. PMID: 8962081; PubMed Central
PMCID: PMCPMC26162.

Carmen AA, Rundlett SE, Grunstein M. HDA1 and HDAS are components of a yeast histone deacety-
lase (HDA) complex. J Biol Chem. 1996; 271(26):15837—-44. Epub 1996/06/28. PMID: 8663039.

Gao L, Cueto MA, Asselbergs F, Atadja P. Cloning and functional characterization of HDAC11, a novel
member of the human histone deacetylase family. J Biol Chem. 2002; 277(28):25748-55. Epub 2002/
04/12. https://doi.org/10.1074/jbc.M111871200 PMID: 11948178.

Taunton J, Hassig CA, Schreiber SL. A mammalian histone deacetylase related to the yeast transcrip-
tional regulator Rpd3p. Science. 1996; 272(5260):408—11. Epub 1996/04/19. PMID: 8602529.

Gantt SL, Gattis SG, Fierke CA. Catalytic activity and inhibition of human histone deacetylase 8 is
dependent on the identity of the active site metal ion. Biochemistry. 2006; 45(19):6170-8. Epub 2006/
05/10. https://doi.org/10.1021/bi060212u PMID: 16681389.

Gantt SL, Joseph CG, Fierke CA. Activation and inhibition of histone deacetylase 8 by monovalent cat-
ions. J Biol Chem. 2010; 285(9):6036—43. Epub 2009/12/24. https://doi.org/10.1074/jbc.M109.033399
PMID: 20029090; PubMed Central PMCID: PMCPMC2825397.

Gantt SM, Decroos C, Lee MS, Gullett LE, Bowman CM, Christianson DW, et al. General Base-General
Acid Catalysis in Human Histone Deacetylase 8. Biochemistry. 2016; 55(5):820-32. Epub 2016/01/26.
https://doi.org/10.1021/acs.biochem.5b01327 PMID: 2680631 1; PubMed Central PMCID:
PMCPMC4747815.

Dowling DP, Gattis SG, Fierke CA, Christianson DW. Structures of metal-substituted human histone
deacetylase 8 provide mechanistic inferences on biological function. Biochemistry. 2010; 49(24):5048—
56. Epub 2010/06/16. https://doi.org/10.1021/bi1005046 PMID: 20545365; PubMed Central PMCID:
PMCPMC2895166.

Yang WM, Tsai SC, Wen YD, Fejer G, Seto E. Functional domains of histone deacetylase-3. J Biol Chem.
2002; 277(11):9447-54. Epub 2002/01/10. https://doi.org/10.1074/jbc.M105993200 PMID: 11779848.

Guenther MG, Yu J, Kao GD, Yen TJ, Lazar MA. Assembly of the SMRT-histone deacetylase 3 repres-
sion complex requires the TCP-1 ring complex. Genes Dev. 2002; 16(24):3130-5. Epub 2002/12/28.
https://doi.org/10.1101/gad. 1037502 PMID: 12502735; PubMed Central PMCID: PMCPMC187500.

Johnson CA, White DA, Lavender JS, O’'Neill LP, Turner BM. Human class | histone deacetylase com-
plexes show enhanced catalytic activity in the presence of ATP and co-immunoprecipitate with the
ATP-dependent chaperone protein Hsp70. J Biol Chem. 2002; 277(11):9590-7. Epub 2002/01/05.
https://doi.org/10.1074/jbc.M107942200 PMID: 11777905.

PLOS ONE | https://doi.org/10.1371/journal.pone.0204538 December 10, 2018 10/12


https://doi.org/10.1371/journal.pone.0018808
http://www.ncbi.nlm.nih.gov/pubmed/21541319
https://doi.org/10.1101/gr.236497.118
http://www.ncbi.nlm.nih.gov/pubmed/30135090
https://doi.org/10.1038/embor.2011.9
http://www.ncbi.nlm.nih.gov/pubmed/21331099
http://www.ncbi.nlm.nih.gov/pubmed/9278492
https://doi.org/10.1002/ijc.20372
http://www.ncbi.nlm.nih.gov/pubmed/15352027
https://doi.org/10.1038/nbt1272
https://doi.org/10.1038/nbt1272
http://www.ncbi.nlm.nih.gov/pubmed/17211407
https://doi.org/10.1007/s13148-010-0012-4
https://doi.org/10.1007/s13148-010-0012-4
http://www.ncbi.nlm.nih.gov/pubmed/21258646
http://www.ncbi.nlm.nih.gov/pubmed/11248558
https://doi.org/10.1146/annurev.biochem.73.011303.073651
http://www.ncbi.nlm.nih.gov/pubmed/15189148
http://www.ncbi.nlm.nih.gov/pubmed/8962081
http://www.ncbi.nlm.nih.gov/pubmed/8663039
https://doi.org/10.1074/jbc.M111871200
http://www.ncbi.nlm.nih.gov/pubmed/11948178
http://www.ncbi.nlm.nih.gov/pubmed/8602529
https://doi.org/10.1021/bi060212u
http://www.ncbi.nlm.nih.gov/pubmed/16681389
https://doi.org/10.1074/jbc.M109.033399
http://www.ncbi.nlm.nih.gov/pubmed/20029090
https://doi.org/10.1021/acs.biochem.5b01327
http://www.ncbi.nlm.nih.gov/pubmed/26806311
https://doi.org/10.1021/bi1005046
http://www.ncbi.nlm.nih.gov/pubmed/20545365
https://doi.org/10.1074/jbc.M105993200
http://www.ncbi.nlm.nih.gov/pubmed/11779848
https://doi.org/10.1101/gad.1037502
http://www.ncbi.nlm.nih.gov/pubmed/12502735
https://doi.org/10.1074/jbc.M107942200
http://www.ncbi.nlm.nih.gov/pubmed/11777905
https://doi.org/10.1371/journal.pone.0204538

@°PLOS | ONE

Regulation of histone deacetylase 3 by metal cations and 10-HDA

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

Schultz BE, Misialek S, Wu J, Tang J, Conn MT, Tahilramani R, et al. Kinetics and comparative reactiv-
ity of human class | and class llb histone deacetylases. Biochemistry. 2004; 43(34):11083—-91. Epub
2004/08/25. https://doi.org/10.1021/bi0494471 PMID: 15323567.

Guenther MG, Barak O, Lazar MA. The SMRT and N-CoR corepressors are activating cofactors for his-
tone deacetylase 3. Mol Cell Biol. 2001; 21(18):6091—101. Epub 2001/08/18. https://doi.org/10.1128/
MCB.21.18.6091-6101.2001 PMID: 11509652; PubMed Central PMCID: PMCPMC87326.

Watson PJ, Fairall L, Santos GM, Schwabe JW. Structure of HDAC3 bound to co-repressor and inositol
tetraphosphate. Nature. 2012; 481(7381):335—40. Epub 2012/01/11. https://doi.org/10.1038/
nature10728 PMID: 22230954; PubMed Central PMCID: PMCPMC3272448.

Vannini A, Volpari C, Filocamo G, Casavola EC, Brunetti M, Renzoni D, et al. Crystal structure of a
eukaryotic zinc-dependent histone deacetylase, human HDAC8, complexed with a hydroxamic acid
inhibitor. Proc Natl Acad Sci U S A. 2004; 101(42):15064—9. Epub 2004/10/13. https://doi.org/10.1073/
pnas.0404603101 PMID: 15477595; PubMed Central PMCID: PMCPMC524051.

Finnin MS, Donigian JR, Cohen A, Richon VM, Rifkind RA, Marks PA, et al. Structures of a histone dea-
cetylase homologue bound to the TSA and SAHA inhibitors. Nature. 1999; 401(6749):188-93. Epub
1999/09/18. https://doi.org/10.1038/43710 PMID: 10490031.

Somoza JR, Skene RJ, Katz BA, Mol C, Ho JD, Jennings AJ, et al. Structural snapshots of human
HDACS8 provide insights into the class | histone deacetylases. Structure. 2004; 12(7):1325-34. Epub
2004/07/10. https://doi.org/10.1016/j.str.2004.04.012 PMID: 15242608.

Nielsen TK, Hildmann C, Dickmanns A, Schwienhorst A, Ficner R. Crystal structure of a bacterial class
2 histone deacetylase homologue. J Mol Biol. 2005; 354(1):107-20. Epub 2005/10/26. https://doi.org/
10.1016/j.jmb.2005.09.065 PMID: 16242151.

Bottomley MJ, Lo Surdo P, Di Giovine P, Cirillo A, Scarpelli R, Ferrigno F, et al. Structural and functional
analysis of the human HDAC4 catalytic domain reveals a regulatory structural zinc-binding domain. J
Biol Chem. 2008; 283(39):26694—704. Epub 2008/07/11. https://doi.org/10.1074/jbc.M803514200
PMID: 18614528; PubMed Central PMCID: PMCPMC3258910.

Schuetz A, Min J, Allali-Hassani A, Schapira M, Shuen M, Loppnau P, et al. Human HDAC?7 harbors a
class lla histone deacetylase-specific zinc binding motif and cryptic deacetylase activity. J Biol Chem.
2008; 283(17):11355-63. Epub 2008/02/21. https://doi.org/10.1074/jbc.M707362200 PMID: 18285338;
PubMed Central PMCID: PMCPMC2431080.

Kern S, Riester D, Hildmann C, Schwienhorst A, Meyer-Almes FJ. Inhibitor-mediated stabilization of the
conformational structure of a histone deacetylase-like amidohydrolase. FEBS J. 2007; 274(14):3578—
88. Epub 2007/07/14. https://doi.org/10.1111/j.1742-4658.2007.05887.x PMID: 17627667.

Hernick M, Fierke CA. Zinc hydrolases: the mechanisms of zinc-dependent deacetylases. Arch Bio-
chem Biophys. 2005; 433(1):71-84. Epub 2004/12/08. https://doi.org/10.1016/j.abb.2004.08.006
PMID: 15581567.

Porter DJ. Escherichia coli cytosine deaminase: the kinetics and thermodynamics for binding of cyto-
sine to the apoenzyme and the Zn(2+) holoenzyme are similar. Biochim Biophys Acta. 2000; 1476
(2):239-52. Epub 2000/02/12. PMID: 10669789.

Jackman JE, Raetz CR, Fierke CA. UDP-3-O-(R-3-hydroxymyristoyl)-N-acetylglucosamine deacety-
lase of Escherichia coli is a zinc metalloenzyme. Biochemistry. 1999; 38(6):1902—11. Epub 1999/02/23.
https://doi.org/10.1021/bi982339s PMID: 10026271.

Larsen KS, Auld DS. Carboxypeptidase A: mechanism of zinc inhibition. Biochemistry. 1989; 28
(25):9620-5. Epub 1989/12/12. PMID: 2611251.

Maret W, Jacob C, Vallee BL, Fischer EH. Inhibitory sites in enzymes: zinc removal and reactivation by
thionein. Proc Natl Acad Sci U S A. 1999; 96(5):1936—40. Epub 1999/03/03. PMID: 10051573; PubMed
Central PMCID: PMCPMC26715.

Nelson CM, Ihle KE, Fondrk MK, Page RE, Amdam GV. The gene vitellogenin has multiple coordinating
effects on social organization. PLoS Biol. 2007; 5(3):e62. Epub 2007/03/08. https://doi.org/10.1371/
journal.pbio.0050062 PMID: 17341131; PubMed Central PMCID: PMCPMC1808115.

Montorzi M, Falchuk KH, Vallee BL. Xenopus laevis vitellogenin is a zinc protein. Biochem Biophys Res
Commun. 1994; 200(3):1407—13. Epub 1994/05/16. https://doi.org/10.1006/bbrc.1994.1607 PMID:
8185593.

Amdam GV, Simoes ZL, Hagen A, Norberg K, Schroder K, Mikkelsen O, et al. Hormonal control of the
yolk precursor vitellogenin regulates immune function and longevity in honeybees. Exp Gerontol. 2004;
39(5):767-73. Epub 2004/05/08. https://doi.org/10.1016/j.exger.2004.02.010 PMID: 15130671.

Martin DJ, Rainbow PS. Haemocyanin and the binding of cadmium and zinc in the haemolymph of the
shore crab Carcinus maenas (L.). Sci Total Environ. 1998; 214:133-52. Epub 1998/07/01. PMID:
9646522.

PLOS ONE | https://doi.org/10.1371/journal.pone.0204538 December 10, 2018 11/12


https://doi.org/10.1021/bi0494471
http://www.ncbi.nlm.nih.gov/pubmed/15323567
https://doi.org/10.1128/MCB.21.18.6091-6101.2001
https://doi.org/10.1128/MCB.21.18.6091-6101.2001
http://www.ncbi.nlm.nih.gov/pubmed/11509652
https://doi.org/10.1038/nature10728
https://doi.org/10.1038/nature10728
http://www.ncbi.nlm.nih.gov/pubmed/22230954
https://doi.org/10.1073/pnas.0404603101
https://doi.org/10.1073/pnas.0404603101
http://www.ncbi.nlm.nih.gov/pubmed/15477595
https://doi.org/10.1038/43710
http://www.ncbi.nlm.nih.gov/pubmed/10490031
https://doi.org/10.1016/j.str.2004.04.012
http://www.ncbi.nlm.nih.gov/pubmed/15242608
https://doi.org/10.1016/j.jmb.2005.09.065
https://doi.org/10.1016/j.jmb.2005.09.065
http://www.ncbi.nlm.nih.gov/pubmed/16242151
https://doi.org/10.1074/jbc.M803514200
http://www.ncbi.nlm.nih.gov/pubmed/18614528
https://doi.org/10.1074/jbc.M707362200
http://www.ncbi.nlm.nih.gov/pubmed/18285338
https://doi.org/10.1111/j.1742-4658.2007.05887.x
http://www.ncbi.nlm.nih.gov/pubmed/17627667
https://doi.org/10.1016/j.abb.2004.08.006
http://www.ncbi.nlm.nih.gov/pubmed/15581567
http://www.ncbi.nlm.nih.gov/pubmed/10669789
https://doi.org/10.1021/bi982339s
http://www.ncbi.nlm.nih.gov/pubmed/10026271
http://www.ncbi.nlm.nih.gov/pubmed/2611251
http://www.ncbi.nlm.nih.gov/pubmed/10051573
https://doi.org/10.1371/journal.pbio.0050062
https://doi.org/10.1371/journal.pbio.0050062
http://www.ncbi.nlm.nih.gov/pubmed/17341131
https://doi.org/10.1006/bbrc.1994.1607
http://www.ncbi.nlm.nih.gov/pubmed/8185593
https://doi.org/10.1016/j.exger.2004.02.010
http://www.ncbi.nlm.nih.gov/pubmed/15130671
http://www.ncbi.nlm.nih.gov/pubmed/9646522
https://doi.org/10.1371/journal.pone.0204538

@‘PLOS | ONE

Regulation of histone deacetylase 3 by metal cations and 10-HDA

46.

47.

48.

49.

Seehuus SC, Krekling T, Amdam GV. Cellular senescence in honey bee brain is largely independent of
chronological age. Exp Gerontol. 2006; 41(11):1117—-25. Epub 2006/10/21. https://doi.org/10.1016/j.
exger.2006.08.004 PMID: 17052880; PubMed Central PMCID: PMCPMC2408864.

Seehuus SC, Norberg K, Gimsa U, Krekling T, Amdam GV. Reproductive protein protects functionally
sterile honey bee workers from oxidative stress. Proc Natl Acad Sci U S A. 2006; 103(4):962—7. Epub
2006/01/19. https://doi.org/10.1073/pnas.0502681103 PMID: 16418279; PubMed Central PMCID:
PMCPMC1347965.

Watson PJ, Millard CJ, Riley AM, Robertson NS, Wright LC, Godage HY, et al. Insights into the activa-
tion mechanism of class | HDAC complexes by inositol phosphates. Nat Commun. 2016; 7:11262.
Epub 2016/04/26. https://doi.org/10.1038/ncomms11262 PMID: 27109927; PubMed Central PMCID:
PMCPMC4848466.

Millard CJ, Watson PJ, Celardo |, Gordiyenko Y, Cowley SM, Robinson CV, et al. Class | HDACs share
a common mechanism of regulation by inositol phosphates. Mol Cell. 2013; 51(1):57—67. Epub 2013/
06/25. https://doi.org/10.1016/j.molcel.2013.05.020 PMID: 23791785; PubMed Central PMCID:
PMCPMC3710971.

PLOS ONE | https://doi.org/10.1371/journal.pone.0204538 December 10, 2018 12/12


https://doi.org/10.1016/j.exger.2006.08.004
https://doi.org/10.1016/j.exger.2006.08.004
http://www.ncbi.nlm.nih.gov/pubmed/17052880
https://doi.org/10.1073/pnas.0502681103
http://www.ncbi.nlm.nih.gov/pubmed/16418279
https://doi.org/10.1038/ncomms11262
http://www.ncbi.nlm.nih.gov/pubmed/27109927
https://doi.org/10.1016/j.molcel.2013.05.020
http://www.ncbi.nlm.nih.gov/pubmed/23791785
https://doi.org/10.1371/journal.pone.0204538

