International Journal of Nanomedicine Dove

3

ORIGINAL RESEARCH

ATP synthesis in the energy metabolism pathway:
a new perspective for manipulating CdSe quantum
dots biosynthesized in Saccharomyces cerevisiae

Rong Zhang'?

Ming Shao'=

Xu Han'?

Chuan Wang*+

Yong Li**

Bin Hu**

Daiwen Pang**

Zhixiong Xie'?

'Hubei Key Laboratory of Cell
Homeostasis, 2College of Life
Sciences, Wuhan University, *Key
Laboratory of Analytical Chemistry
for Biology and Medicine (Ministry of
Education), *College of Chemistry and

Molecular Science, Wuhan University,
Wouhan, People’s Republic of China

Correspondence: Zhixiong Xie
College of Life Sciences, Wuhan
University, 299 Bayi Road, Wuhan
430072, People’s Republic of China
Tel +86 27 6875 2090

Fax +86 27 6875 2560

Email zxxie@whu.edu.cn

This article was published in the following Dove Press journal:
International Journal of Nanomedicine

19 May 2017
Number of times this article has been viewed

Abstract: Due to a growing trend in their biomedical application, biosynthesized nanomaterials
are of great interest to researchers nowadays with their biocompatible, low-energy consump-
tion, economic, and tunable characteristics. It is important to understand the mechanism of
biosynthesis in order to achieve more efficient applications. Since there are only rare studies
on the influences of cellular energy levels on biosynthesis, the influence of energy is often
overlooked. Through determination of the intracellular ATP concentrations during the biosyn-
thesis process, significant changes were observed. In addition, ATP synthesis deficiency caused
great decreases in quantum dots (QDs) biosynthesis in the Aatpl, Aatp2, Aatp14, and Aatpl7
strains. With inductively coupled plasma-atomic emission spectrometry and atomic absorption
spectroscopy analyses, it was found that ATP affected the accumulation of the seleno-precursor
and helped with the uptake of Cd and the formation of QDs. We successfully enhanced the
fluorescence intensity 1.5 or 2 times through genetic modification to increase ATP or SeAM
(the seleno analog of S-adenosylmethionine, the product that would accumulate when ATP is
accrued). This work explains the mechanism for the correlation of the cellular energy level and
QDs biosynthesis in living cells, demonstrates control of the biosynthesis using this mechanism,
and thus provides a new manipulation strategy for the biosynthesis of other nanomaterials to
widen their applications.
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Introduction

Nanomaterials,' due to their unique properties, have been widely used in cell imaging,**
diagnosis,** biosensing,*’ electro-optic device,® and so on, especially on medical
imaging because of their (surface modified nanomaterials) high biocompatibility
to cells. Thus, tremendous interest has arisen in the synthesis of well-dispersed and
uniform-sized nanomaterials.’!® Nanoparticles biosynthesized by organisms, without
involving the toxic solvents, strict conditions, or expensive processes that are needed
in chemical methods, have become a popular subject.!’ Various nanoparticles are
reported that are biosynthesized by bacteria,'> * fungi,'>'® plants,'”'® mammalian cells,"
or even earthworms.?® Considering the simple culture methods, the low cost of the
equipment, and the easy way to get the gradients, the biosynthesis of nanoparticles
using microorganisms is the most economic and common approach.

There have been many investigations on the biosynthesis of nanomaterials,
mainly concerning their applications.?' In order to obtain nanoparticles with a defined
expectation in the biosynthesis, whether through optimizing the culture conditions
or adjusting the concentrations of primary substrates, former studies were devoted
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to manipulating the biosynthesis by extrinsic factors, and
few were on the intrinsic characters of the microorganisms
applied in the biosynthesis. Ayano et al*?> found that the
optimal culture conditions to biosynthesize CdSe nanopar-
ticles by Pseudomonas aeruginosa were when the cells were
cultured at 25°C—40°C, 0.05-10 g L' of NaCl concentration,
and neutral pH. According to Gericke and Pinches,* the size
and shape of gold nanoparticles biosynthesized by fungus
could be manipulated by changing crucial growth param-
eters. They successfully obtained spherical, hexagonal, and
triangular-shaped nanoparticles with different sizes through
culturing under various pH and temperature conditions.
Besides the studies of the adscititious substances and the
culture conditions, there have also been some studies focused
on the intrinsic metabolisms of the bioreactor used in the
biosynthesis. For example, for Sb,O, nanoparticles biosyn-
thesized by yeast, reported by Jha et al,** it was suggested
that the membrane-bound and cytosolic oxidoreductases and
quinines might be the key influential factors of the process.
Phenol oxidases in the Lentinus edodes were proved to
be responsible for the biosynthesis of Au nanoparticles.?
In general, current research has mostly focused on the culture
conditions or the substances, while the role of energy has
hardly been mentioned.

In the previous work of our laboratory, we constructed a
convenient way to biosynthesize CdSe quantum dots (QDs)
with baker’s yeast Saccharomyces cerevisiae*® and then
promoted the QDs production by genetic modification.?
Glutathione (L-y-glutamylcysteinylglycine, GSH) was found
to be a vital compound in the biosynthesis of CdSe QDs,
the intracellular content of which showed synchronized
increase with the fluorescence intensities when selenium-
ized cells were initially incubated with CdCl,.”” Besides the
substances that assisted with the biosynthesis of CdSe QDs,
GO (gene ontology) analysis revealed that the proteins that
encapsulated the CdSe QDs biosynthesized by yeast mostly
functioned in cell energy metabolism (unpublished data);
thus, this may indicate that energy has a noticeable role in the
process. There may be a need for not only micromolecular
polypeptides (such as GSH)? but also cell energy to ensure
the ambient temperature and strict conditions for the stable
biosynthesis of CdSe QDs with good dispersal and unifor-
mity. With its favorable biocompatibility characteristic, the
system was successfully applied to construct a cell beacon
using Staphylococcus aureus as a bioreactor.?

Figuring out the actual role that energy plays in the bio-
synthesis would be conducive to further understanding of the
mechanism.?*?’ The present study used the concentrations of

intracellular ATP (the most commonly used direct energy
resource) and fluorescence intensities as indicators to investi-
gate the influences of energy on the biosynthesis of CdSe QDs
in yeast. Intracellular Se or Cd concentrations were checked
during the cell-seleniumized phase or the crystallization
phase? with inductively coupled plasma-atomic emission
spectrometry (ICP-AES) and atomic absorption spectroscopy
(AAS) to confirm the influences on the absorption of the
substrates and the crystallization of CdSe QDs. Finally, the
fluorescence intensities were improved by genetic modifica-
tion of the ATP metabolism pathway. In consequence, the
biosynthesis can be controlled with defined expectation and it
can be used as guidance for the biosynthesis of other similar
nanoparticles with yeast or other microorganisms. The pres-
ent work provides a new perspective for future research on
the biosynthesis mechanisms of nanomaterials and makes
it easier to convert the biosynthesized nanomaterials into
applications.

Materials and methods

Strains and media

Saccharomyces cerevisiae BY4742 (MAT o his3-Al leu2-A0
lys2-A0 ura3-A0) (wild-type, WT) and the Aatpl, Aatp2,
Aatpl4, Aatpl7, Apfkl, and Argt2 mutant strains were
obtained from the European Saccharomyces cerevisiae
Archive for Functional Analysis (Bad Homburg, Germany)
(all strain information is listed in Table S1). The P, -ADK1
and P, -SAM?2 strains were constructed in this study
(Table S2). Strains were cultured in 1 g L' yeast extract and
2 g L' peptone (YP), supplied with 2 g L™! glucose (YPGlu)
or YP supplied with 2 g L' galactose (YPGal) media. Unless
otherwise indicated, the reagents used in the present work
were obtained from the Sinopharm Chemical Reagent Co.
(Shanghai, China).

Biosynthesis of CdSe QDs

The biosynthesis of CdSe QDs with yeast was performed
according to the previous study,’ with a slight adjustment,
as follows: stationary phase cells were co-incubated with
Na,SeO, at a final concentration of 2.5 mM for 24 hours
to get seleniumized (hereafter referred to as seleniumized
cells), and then the cells were collected by centrifugation at
3,000 g for 1 min. The cell pellets were resuspended in an
equal volume of fresh medium and then co-incubated with
CdCl, at a final concentration of 1 mM to synthesize CdSe
QDs (the biosynthesis procedure was presented in Figure S1).
After incubation for 24 hours, the fluorescence intensity
was measured. The cells were cultivated under 30°C at 200
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revolutions per minute (rpm) (cells’ growing curves are
shown in Figure S2).

To avoid influences of the cell biomass, all the cultures
were adjusted to the same cell density (optical density
[OD],,=12.0) before co-incubating with Na SeO,.

600

Intracellular CdSe QD fluorescence

intensity measurement

Cell samples were collected after biosynthesis for fluores-
cence measurement (with the OD of 6.0) and washed
with 1 mL of 1x phosphate-buffered saline (PBS, pH 7.5)
and then resuspended with 1 mL of 1x PBS (pH 7.5) before
fluorescence intensity determination. The intracellular CdSe
QDs fluorescence intensity was calculated by subtraction
of the cellular autofluorescence (seleniumized cells) from
the total fluorescence. All fluorescence spectra of the cells
synthesizing QDs and seleniumized cells were acquired with
a Cytation3 Multi-mode Reader from BioTek (Winooski,
VT, USA), with an excitation wavelength of 400 nm and the
detection emission spectrum of 450 to 700 nm.

Determination of intracellular ATP levels

Samples of 1x107 cells (OD,,=1.0) were harvested and
washed with 200 pL sterilized ice-cold deionized water three
times. Then, cell pellets were resuspended in 500 uL of ATP
determination lysis solution and transferred to 2 mL snap-cap
tubes with 0.5 g glass beads (425-600 wm in diameter; Sigma,
St Louis, MO, USA). Cells were ruptured with a Mini-Bead
beater-16 (BioSpec, Bartlesville, OK, USA) for 1 min on
and 1 min pause on ice to dissipate heat, and repeated for
two times. Then, the tubes were centrifuged at 16,000 g, at
4°C, for 5 min, and the supernatants were collected in new
centrifuge tubes. Samples were then processed and intracel-
lular ATP concentrations were determined as described in the
protocol of the ATP Assay Kit (S0026; Beyotime, Shanghai,
China) with a Cytation3 Multi-mode Reader from BioTek.

Determination of intracellular GSH levels

Samples of 1x107 cells (OD,=1.0) were centrifuged and
harvested, and then the pellets were washed with 200 uL of
sterilized ice-cold 1xX PBS (pH 7.5) two times. The cell pellets
were resuspended with 160 pL of sterilized ice-cold deionized
water, followed by the addition of 160 UL of sterilized ice-
cold 20 mM HCl and 80 pL of sterilized ice-cold 5% (wt/vol)
5-sulfosalicylic acid. The suspensions were transferred to
2 mL snap-cap tubes with 0.5 g acid-washed glass beads, and
the cells were ruptured with a Mini-Bead beater-16 (BioSpec)
for 1 min on and 2 min pause on ice, and repeated once.

Then, the tubes were centrifuged at 13,000 g, at 4°C, for
15 min, and the supernatants were collected in new centrifuge
tubes. Samples were then processed and the intracellular GSH
concentrations were measured as described in the protocol
of the Total Glutathione Assay Kit (S0052; Beyotime) by a
Cytation3 Multi-mode Reader from BioTek.

ICP-AES and AAS analysis

Cell suspensions (2 mL) were centrifuged at 5,000 g for
3 min, and then the supernatants were collected in centri-
fuge tubes before filtering with a 0.22-um filter unit (Merck
Millipore, Billerica, MA, USA). HNO, and water (Milli-Q,
18.2 MQ; Merck Millipore) were added to the solutions to get
a final concentration of 1% (vol/vol), and the samples were
stored at 4°C until needed. The cell pellets were collected
and washed with ice-cold 1x PBS before resuspension with
500 puL of water (Milli-Q, 18.2 MQ), and then transferred
to polytetrafluoroethylene reactors. After 2 mL of HNO, had
been added to the samples, they were placed on a heating
plate at 120°C for 2 hours and then at 90°C until the residues
were around 100 puL. HNO, (1%, vol/vol) was added to make
a total volume of 1 mL and diluted to 10 mL with water
(Milli-Q, 18.2 MQ) prior to determination. The Se concentra-
tions in the supernatants or inside the cells were determined
with ICP-AES (IRIS II; Thermo Fisher Scientific, Fair Lawn,
NJ, USA). The Cd concentrations were characterized using
AAS with a ContrAA 700 high-resolution continuous light
source atomic absorption spectrophotometer (Analytik Jena,
Jena, Germany).

Seleno-compounds separation and

characterization

A wet weight of 0.5 g seleniumized cells was collected and
washed with 1x PBS (pH 7.5), and the cell pellet was then
resuspended with 1x PBS (pH 7.5). Cells were disrupted
with a Mini-Bead beater-16 (BioSpec) for 1 min on and
2 min pause on ice, twice. Samples were centrifuged to get
the lysate, the protein concentrations of the samples were
determined by the Bradford method,? and then adjusted to
the same value in all samples. Trypsin (100 mg) (Amersco,
Solon, OH, USA) and TCS buffer (10x, 0.1 M Tris—Cl,
pH 7.5, 10 mM CaCl,, 0.5% SDS) were added to the samples
and then they were incubated at 37°C for 20 h. After cen-
trifugation, the supernatants were collected and filtered with
0.22-um filter units. Then, the samples were subjected to
step-by-step ultrafiltration with 100 KD, 50 KD, 10 KD, and
3 KD Millipore ultrafiltration tubes at 4,500 rpm for 15 min.
Then, the prepared samples were used for high-performance
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liquid chromatography (HPLC) with ICP mass spectrometry
(MS) (HPLC-ICP-MS) measurement, which was performed
on an Agilent 7500 ICP-MS system (Agilent, Santa Clara,
CA, USA), coupled with a HPLC system (Shimadzu, Kyoto,
Japan) equipped with a CAPCELL PAK CI18 column
(Shiseido, Tokyo, Japan).

Improving the biosynthesis of CdSe QDs
The promoter of gene ADKI or SAM?2 was replaced with a

stronger promoter, P . =, through homologous recombination

GALI®
(details of the construction process are in Supplementary
materials) to get overexpression. The modified strains were
used to biosynthesize CdSe QDs cultured in YPGal medium

(with galactose as an inducer of the overexpression).

Statistical analysis

All statistical analyses were performed using Origin 2016.
The schematic diagram was made with Photoshop CC. Graph
data are presented as means and SD. Two-sample #-tests were
used on the data where appropriate.

Results

Intracellular ATP concentrations during
yeast QDs biosynthesis

To confirm the influence of cellular ATP levels on the
CdSe QDs biosynthesis in S. cerevisiae, cells of different
processing stages of CdSe QDs biosynthesis were collected
to determine the concentrations of intracellular ATP. The
intracellular ATP concentrations of the WT cells were
measured during a 12-hour incubation with Na,SeO, at a
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Figure | Intracellular ATP concentrations during CdSe QDs biosynthesis.

final concentration of 2.5 mM; a sharp peak appeared at
2 hours after the introduction of Na,SeO, into the culture
(Figure 1A). Starting from the exponential phase, the ATP
concentrations of the sample cells all sharply increased right
after either Na,SeO, or CdCl, was added to the culture, and
then rapidly reduced. The ATP concentrations of the control
group remained stable, with a slight fluctuation at 24- to
48-hour cultivation; and after the cells were transformed to
fresh medium at 48 hours, the concentrations decreased at
first and then increased substantially. Clearly, the intracellular
ATP concentrations had obvious changes during the process
of QDs biosynthesis in the sample cells, while the control
group had no such changes (Figure 1B).

CdSe QDs biosynthesis under low ATP

synthesis conditions

To inspect the relation between ATP synthesis and CdSe
QDs biosynthesis, several ATP-synthesis-deficient strains
were introduced. S. cerevisiae strain Aatpl displays a com-
plete loss of ATP synthase activity.® The determination
of the intracellular ATP concentration, with half the value
of WT cells, proved that the Aafp! strain was deficient in
ATP synthesis (Figure 2). The fluorescence intensity of
Aatpl was just a quarter of that in the WT cells (Figure 2),
which was consistent with the ATP concentration changes
of the two strains. Other gene knock-out strains that were
deficient in ATP synthesis, Aatp2,*! Aatp14,** and Aatp17,>
were also applied in the synthesis of QDs to further con-
firm the results, with an outcome concurrent with that
for the Aatpl strain, namely much lower intracellular

w

304~ Sample
— @ - Control

2.5

2.0 1

Cellular ATP levels (uM/OD_, )
[$)]

Time (h)

Notes: (A) ATP concentrations during the 12-hour incubation with Na,SeO; (B) ATP concentrations at different collection times during the whole process, from the cells
in exponential phase to 24 hours after seleniumized cells were co-incubated with CdCl,. Vertical lines divide the process into three phases. The cell’s growing phase is from
0 to 24 hours; Na,SeO, was added at 24 hours. At 48 hours, cell pellets were transferred to fresh medium and CdCl, was added to the culture.

Abbreviations: OD, optical density; QDs, quantum dots.
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Figure 2 (A) Intracellular fluorescence intensities and (B) ATP concentrations of WT and Aatp | cells, (C) intracellular fluorescence intensities and (D) ATP concentrations

of some ATP-synthesis-deficient strains.

Abbreviations: CPS, counts per second; FL, fluorescence; OD, optical density; WT, wild-type.

ATP concentrations and QDs fluorescence intensities than
for WT cells (Figure 2C and D). The fluorescence intensities
of Aatp2, Aatp14, and Aatpl7 cells were 1/2, 2/5, and 1/4
(Figure 2C) of the WT cells, whereas the ATP concentra-
tions were 1/2, 1/10, and 1/8 (Figure 2D) of the WT cells,
respectively. The fluorescence intensities roughly conformed
to the intracellular ATP concentrations.

Total intracellular GSH of the Aatp |

strain and its QDs synthesis ability

As to the specific reason for the influence of ATP on QDs
biosynthesis, we suspected it was due to effects on intra-
cellular GSH synthesis. In our previous study, we found
that GSH was important for the QDs biosynthesis and the
intracellular GSH content showed synchronized increase
with the fluorescence intensity,?*?’ so the GSH contents
were checked in this study too. Interestingly, when the total
GSH concentrations were measured in the Aazp strain after
seleniumized cells were treated with CdCl,, that tendency
referred to above disappeared. Instead, the GSH level kept

steady around a certain value (about 9 uM per 1 OD_  cells)

600
with only a slight fluctuation, yet somehow was higher than
that of WT cells (Figure 3A). At time 0, when the CdCl,
was added to the culture, GSH concentrations in Aatp! and
WT cells were 6.72 and 2.95 UM per 1 OD, cells, respec-
tively. Nevertheless, GSH concentrations in the WT cells
presented a trend of gradual increase with culturing time for
seleniumized cells incubated with CdCl,. The intracellular
fluorescence intensities, however, had the same tendency of
gradual increase in both WT and Aatp! strains, but with a

growing difference between them (Figure 3B).

Se and Cd concentrations during
co-incubation with yeast cells while
synthesizing QDs (ICP-AES and AAS
assays)

Both the intracellular and extracellular concentrations of
Se and Cd were measured during the QDs biosynthesis
processes of WT and Aatp! strains. Within error, nearly
all Se or Cd lost from the medium was absorbed into the
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Abbreviations: CPS, counts per second; FL, fluorescence; GSH, glutathione (I-y-glutamylcysteinylglycine); OD, optical density; WT, wild-type.

cells (Figure 4). Although compared with the amount of
Na,SeO, (final concentration of 2.5 mM) or CdCl, (final
concentration of 1 mM) added to the culture (which was
the optimized amount for CdSe QDs biosynthesis, data
not shown), WT and Aatp! both just took a small amount
inside the cells; they did have the same trend of absorp-
tion of both compounds (Figure 4). The differences were
evident between WT and Aatp! strains. The Se uptake of
WT was quite conspicuous at first and then slowed down
and stabilized after incubation for 12 hours, reaching a
final concentration of 0.48+£0.029 mM, whereas the Se
concentration inside Aatp! cells was negligible with a
concentration of 0.04£0.016 mM. The intracellular Se
differences between Aatpl/ and WT began to emerge
2 hours after the addition of Na,SeO, and increased during
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the culturing over the following 24 hours (Figure 4A).
A similar result was observed with the uptake of Cd, the
increase tendency of the two strains was the same, only with
a lower concentration in Aatp! cells. The final concentration
in Aatp cells was 0.10+0.004 mM, less than half of that in
WT cells, which was 0.27+0.045 mM (Figure 4B).

Major seleno-amino acid determination
in Aatp! and WT cells

Seleniumized cells of WT and Aatp1 strains were collected,
and their total proteins were extracted and digested to oli-
gopeptides with trypsin to measure the main reduced Se
species inside. On the basis of the previous study,? organoSe
compounds selenocystine [(Se-Cys),], Se-methylseleno-
L-cysteine (SeMC), and d,L-selenomethionine (Se-Met)

B
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Figure 4 Se (A) and Cd (B) concentrations inside (in) and outside (out) wild-type (WT) and Aatp | cells, and the recovery rate of total Se or Cd added to the culture. Se/Cd-

WT/Aatp I -infout stands for Se/Cd concentrations inside/outside the WT/Aatp | cells.
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Figure 5 HPLC-ICP-MS chromatogram of Se species standards (ST) and seleno-
amino acids characterized from WT and Aatp/ cells after treatment with Na,SeO,.
The Se species standards are: |, L-selenocystine; 2, Se-methylseleno-L-cysteine; 3,
d,L-selenomethionine.

Abbreviations: HPLC-ICP-MS, high-performance liquid
inductively coupled plasma mass spectrometry; WT, wild-type.

chromatography—

were checked. HPLC-ICP-MS showed that the major
seleno-amino acid (Se-Cys), signal in the WT sample was
obviously stronger than that in the Aa#p/ sample (Figure 5).
The peak height of (Se-Cys), in Aatpl cells was half that
of WT cells.
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CdSe QDs biosynthesis under the
influences of oxidative phosphorylation

inhibitor or uncoupler

To investigate the effects of ATP on the absorption of
Cd and QDs crystallization, the intracellular fluorescence
intensities of cells under different concentrations of oxida-
tive phosphorylation inhibitor (NaN,) or uncoupler (2,4-
dinitrophenol, DNP), which were added to the culture
during the incubation of seleniumized cells with CdCl,,
were measured. The results in Figure 6A show that the
intracellular fluorescence intensities decreased to less
than half of the normal value along with the increase in
the NaN, concentrations from 75 to 200 mM, indicating
the remarkable influence of the addition of NaN, on QDs
biosynthesis. When DNP was introduced into the culture,
intracellular fluorescence intensities had a slight yet notice-
able reduction (Figure 6B). At the same time, Cd concen-
trations of seleniumized cells incubated with CdCl, were
checked in the presence of 150 mM NaN, or 2 mM DNP,
with concentrations that had visible impacts on CdSe QDs
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Figure 6 Intracellular fluorescence intensities of WT cells treated with different concentrations of NaN, (A) or DNP (B), and Cd concentrations in the culture supernatants
of cells samples treated with 150 mM NaN, and 2 mM DNP (C) and when co-incubated with CdCl,.

Abbreviations: DNP, 2,4-dinitrophenol; FL, fluorescence; WT, wild-type.
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Figure 7 Intracellular ATP concentrations (A) and FL intensities (B) of WT and P_, -ADK/ strains.

Notes: The results are expressed as mean + standard deviation, n=3. *P<0.05.
Abbreviations: FL, fluorescence; OD, optical density; WT, wild-type.

biosynthesis (Figure 6C). Differences were not noticeable
in the fluorescence intensities.

QDs biosynthesis manipulation on the
basis of ATP synthesis

To investigate the use of energy influence in the manipu-
lation of biosynthesis, genetic modification of the energy
metabolism pathway was introduced. Overexpression of the
ADK]1 gene leads to an accumulation of ATP levels inside
the cells. When the promoter of ADK/ gene was replaced
with a stronger promoter, the intracellular ATP concentration
increased nearly two times (Figure 7A). Figure 7B shows
that the intracellular fluorescence intensity was twice that
in the WT cells.

Discussion

This study was approached to determine the specific influ-
ence of energy on CdSe QDs biosynthesis by yeast and took
advantage of it to manipulate the biosynthesis process, for the
reason that most of the proteins that encapsulated the QDs
were functioned in cell energy metabolism (with the result
of bioinformatics analysis, data not shown).

According to Li et al,”’ the system in the present work
uses “temporally—spatially coupling strategy” to biosynthe-
size CdSe QDs. Within this system, there are three phases:
the cell-growing phase, the cell-seleniumized phase, and the
CdSe QDs crystallization phase. Herein, the influence of ATP
on the biosynthesis is carried out through the three crucial
phases and mainly through the latter two phases.

To confirm the importance of the influence of ATP on
biosynthesis, the intracellular ATP concentrations were
determined. The ATP levels had significant variations not
only in the cell-seleniumized phase (Figure 1A) but also in

GALI

the whole procedure (Figure 1B). In contrast, the intracellular
ATP concentrations of the control group (Figure 1B) were
consistent with the cell growing state.** To further confirm our
suspicions, we used ATP-synthesis-deficient strains (Aatp1,
Aatp2, Aatpl4, and Aatpl7) to biosynthesize CdSe QDs.
The fluorescence intensities of the strains were as expected
(Figure 2A and C). The fluorescence intensities and ATP
concentrations of Aatp2, Aatp14, and Aatp17 (fermentation-
related genes were not taken into consideration because cells
were not undertaking fermentative metabolism to generate
ATP in the cell-seleniumized phase, Figures S3 and S4) were
not exactly accordant (Figure 2C and D), which may be due
to other influential factors. In this case, we proposed that
CdSe QDs biosynthesis by yeast cells is an energy-consuming
process, besides having many other necessary conditions.” In
the quasi-biosystem referred to by Gu et al,* they only need
several substrates and co-factors to synthesize nanomaterials,
but the temperature must reach at least 80°C—90°C, which
was significantly higher than that for the biosynthesis. Hence,
it may suggest that ATP synthesis inside the cells meets with
the request of energy in the biosynthesis.

As already reported, GSH synthesis is an energy-
consuming process.* It was reasonable to hypothesize that
the ATP effects may be due to its influence on the synthesis of
GSH with its important role in our system.?*?” Interestingly,
when the GSH contents were determined in the Aafp ! strain,
the tendency of GSH levels increasing with fluorescence
intensities, referred to above, did not appear (Figure 3A).
The content level was higher than that of WT cells during the
testing period, which may be because the addition of CdClI,
in seleniumized cells stimulated an increase of GSH.?” And
because the addition of Na,SeO, would trigger the upregula-
tion of GSH,* with lower intracellular Se concentration, the
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GSH cannot be used effectively®® and results in the higher
GSH content in Aatp cells at time 0 than that of WT cells.
These results (Figure 3A and B) attested that within the low
ATP synthesis strains (such as Aatp/) mentioned, it was the
utilization rather than synthesis of GSH that was impeded
by the ATP levels.

With the results above, it was shown that ATP had a
significant influence on CdSe QDs biosynthesis by yeast.
Determining where ATP had its effects was important and
urgent for its not insignificant role in the biosynthesis. Since
there were two critical phases in the biosynthesis process,
the influences of ATP were investigated through these two
phases. Figure 4 shows the intracellular and the extracel-
lular concentrations of the Se or Cd measured during the
cell-seleniumized phase or the crystallization phase. The
shortage of ATP synthesis caused an absorption deficiency
of both elements constructing CdSe QDs, resulting in poor
fluorescence intensity. We suspected this could be linked to
the way that SeO,* or Cd** entered the cells, which might
need ATP. 34

Once inside the cells, Se (+4) ions are reduced to Se (—2)
ions, then the Cd** interacts with the seleno-precursors and
forms QDs crystals. The main seleno-amino acids emerging
during the biosynthesis, as the previous study suggested,?
were detected by HPLC—ICP-MS.* In Figure 5, it is shown
that the major seleno-amino acid peak heights in Aatpl and
WT samples were consistent with the fluorescence intensities
between them (Figure 2B). The result was proofthat the accu-
mulation of the seleno-precursor was an energy-consuming
process. A similar conclusion was reached for the crystalliza-
tion phase. For the reason that Aa#p! cells cannot normally
accumulate seleno-precursors, the oxidative phosphorylation
inhibitor and uncoupler were introduced into the system
instead. Both the inhibitor and uncoupler could induce the
decline of the intracellular ATP concentration, except that the
uncoupler had no influence on oxidoreduction.*** The intro-
duction of the DNP (uncoupler) was to ensure that the reduc-
tion of the selenite was unaffected. It turned out that NaN, had
an evident impact on the crystallization (Figure 6A), whereas
DNP had a lesser yet noticeable influence (Figure 6B). Under
their influence, the uptake of Cd was nearly impervious
(Figure 6C) at the concentration when the intracellular ATP
concentration became lower (Figure S5) (glycolysis inhibitor
had been taken into consideration because the influence on
ATP generation was not obvious, Figure S6). As a conse-
quence, without altering the Cd absorption, the importance
of ATP in the QDs crystallization was confirmed.

Thus, the specific influence of ATP was made clear.
Figure 8 briefly describes the QDs biosynthesis process

.
S0 (aP)
\

cdcl,
(ATP) /

Cdz_ (ATP) Se-Cys

GSH(ATP)

Figure 8 Schematic illustration of the points of action of ATP in the CdSe QDs
biosynthesis process in Saccharomyces cerevisiae.
Abbreviations: GSH, glutathione (I-y-glutamylcysteinylglycine); QDs, quantum dots.

in yeast and shows the points of ATP action. It shows that
ATP guarantees the uptake of the two inorganic compounds,
helps with the accumulation of the seleno-precursors, and
facilitates the utilization of the GSH accumulated during
the crystallization phase. As the most direct energy resource
in the organisms, ATP plays indispensable roles in many
biological processes,** but its influence in the biosynthesis
of nanomaterials has often been overlooked. With the pres-
ent work, we have determined the difference between the
intrinsic processes and the constructed ones, thus allowing
better application of the connection to bilaterally control the
biosynthesis process.

It was quite feasible that we could increase the pro-
duction of the QDs through accumulation of intracellular
ATP according to our findings. The overexpression of the
ADK]1 gene leads to the augmentation of ATP content.*®
-ADK1

GALI
strain was constructed (Figures S7 and S8). The phenotype

Through standard genetic techniques,*’ the P

was confirmed (Figure 7A), and the fluorescence intensity
was consistent with the ATP levels. As it was reported,
S-adenosylmethionine (SAM), one of the intermediate species
of the methionine and cysteine metabolism pathway, needs
methionine as a substrate and ATP for synthesis under the
action of acyltransferase.*® Its seleno analog, SeAM, the syn-
thesis of which is also affected by ATP content,* is believed
to be an important intermediate compound in the biosynthesis
of CdSe QDs in yeast (unpublished data). An increase in ATP
could lead to the accumulation of SAM, and under Se-rich
culture, it would be SeAM. By direct overexpression of SAM?2
o ~SAM?2 strain
was successfully constructed (Figures S7 and S9A), and
the intracellular SAM content was checked (Figure S9B).
Figure 9 shows that the fluorescence intensity of the

gene to achieve the SAM accumulation, a P

International Journal of Nanomedicine 2017:12

submit your manuscript

3873

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Zhang et al Dove
_ 3.0x10° and the Laboratory (Innovative) Research Fund of Wuhan
2 University. We are grateful to XS Feng for ICP-AES and
2.5%10°
e AAS measurement.
2
‘m 2.0x10° .
g Disclosure
et
£ 1.5%x108¢- The authors report no conflicts of interest in this work.
-
TH
T 1.0x10% References
E 1. Alivisatos AP. Semiconductor clusters, nanocrystals, and quantum
O 5.0x10°- dots. Science. 1996;271(5251):933-937.
] 2. Shinchi H, Wakao M, Nagata N, et al. Cadmium-free sugar-chain-
£ 0.0 immobilized fluorescent nanoparticles containing low-toxicity ZnS-

WT P, ~SAM2

GAL1

Figure 9 Intracellular fluorescence intensities of WT and P_, -SAM2 strains.

Abbreviations: FL, fluorescence; SAM, S-adenosylmethionine; WT, wild-type.

P, ,-SAM?2 strain was about 1.5 times of that in the WT strain,
which was consistent with the results of P, -ADKI strain.
In summary, it does not matter whether the ATP content was
indirectly increased or an intermediate compound in the pro-
cess was directly increased, as it would give the same result,

namely, a prominent increase in QDs biosynthesis ability.

Conclusion

In summary, we have uncovered a vital role of ATP played in
the biosynthesis of CdSe QDs by yeast without changing the
QDs fluorescent properties (Figures S10 and S11). Through
investigating the specific interaction processes, the biosynthe-
sis could be promoted simply by genetic modification of the
WT strain. With the present work, we can integrate substance
flux and energy flux* in the biosynthesis process. To the best
of our knowledge, the role of energy in the biosynthesis of
nanoparticles in microorganisms has not been reported yet,
and this is the first study that has focused on energy influence,
filling the gap in the research about its mechanism. Other than
complementation of the understanding of the biosynthesis
process, what’s more important is that this could offer a new
perspective on the manipulation of nanoparticles biosynthesis
using microorganisms aiding further applications.
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Table S| List of strains

Strains Genotype Resources
BY4742 MATa his3-Al leu2-A0 lys2-A0 ura3-A0 EUROSCRAF
Aatpl MATo his3-Al leu2-A0 lys2-A0 ura3-A0 atp | ::KanMX4 EUROSCRAF
Aatp2 MATo his3-Al leu2-A0 lys2-A0 ura3-A0 atp2:KanMX4 EUROSCRAF
Aatpl4 MATo his3-Al leu2-A0 lys2-A0 ura3-A0 atp | 4:KanMX4 EUROSCRAF
Aatpl7 MAT e his3-Al leu2-A0 lys2-A0 ura3-A0 atp | 7:KanM X4 EUROSCRAF
P_..,-ADKI MAT o his3-Al leu2-A0 lys2-A0 ura3-A0 P_, -ADK[:KanMX6 This study
Py~ SAM2 MATa his3-Al leu2-A0 lys2-A0 ura3-A0 P_, -SAM2:KanMX6 This study

Note: EUROSCRAF, European Saccharomyces cerevisiae Archive for Functional Analysis (Bad Homburg, Germany).

Table S2 PCR primers used in this study

Primer name

Purpose

Primer sequence

adkl pGALI pf
adkl pGALI pr
sam2 pGALI pf
sam2 pGALI pr
adkl pGALI CKA
adkl pGALI CKB

sam2 pGAL| CKA
sam2 pGALI CKB

ADK| gene promoter substitution
ADK| gene promoter substitution
SAM2 gene promoter substitution
SAM2 gene promoter substitution
Certification of correct substitution
Certification of correct substitution

Certification of correct substitution
Certification of correct substitution

TTTTTTTTGATTTTCGACTTTTTCACTCTGGCTAGTT
TTATTACGCATATGAATTCGAGCTCGTTTAAAC
TGACTTTACCAGAGAAACGTTAATGTTTCTTTATTAA
AGCTCTCGTTTCTCATTTTGAGATCCGGGTTTT
AAGAAGGAGGTTATATCTGTCCTTTCTACAAAGTATT
TTCGAGAATCTTGGAATTCGAGCTCGTTTAAAC
TTATGTTTGTATATTGTCGTAAATACTGGATATATTGA
AGACAGTTATGTCATTTTGAGATCCGGGTTTT
TGTCCTTATTCGCCCATTTT
TTTGGAGCTTGAGTACCTTT
AGATATTAACCGAAGCCAAAATACC
CTAAGCTCTTTTCATAGTGCAGACC

F4 Certification of correct substitution GAATTCGAGCTCGTTTAAAC
R2 Certification of correct substitution CATTTTGAGATCCGGGTTTT
Abbreviations: PCR, polymerase chain reaction; SAM, S-adenosylmethionine.
Innovation Cultivation Na,SeO,
- ’ Harvesting

24 h 24 h

Fresh medium

24 h

/'\

Figure S1 Schematic flow chart of the biosynthetic procedure of the CdSe QDs in Saccharomyces cerevisiae.
Abbreviation: QDs, quantum dots.
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Figure S3 Sugar remaining in the supernatants of different strains after cultivation for 24 hours right before Na,SeO, was added into the culture.
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Figure S7 Schematic of the homologous recombination process (A) and diagnostic
polymerase chain reaction strategy (B). Gene specific primers CKA and CKB match
the upstream and downstream of the insert site on the chromosome; F4 and R2
primers match the inner sequences of the insert DNA.

replacement of the promoter of the P_, -ADKI strain, the primers used as referred,
templates were: |, transformant genome; 2, WT genome; 3, no template control.
Abbreviation: WT, wild-type.
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Figure S9 Electrophoresis image of the diagnostic PCR products using the primers
referred to in Figure S7; templates were: |, transformant genome; 2, WT genome;
3, no template control (A), and intracellular SAM concentration of the WT and
correct transformant cells (B).
Abbreviations: PCR, polymerase chain reaction; WT, wild-type.
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Figure S10 FL intensity of the same WT samples determined three times with a 24 hour interval.
Abbreviations: CPS, counts per second; FL, fluorescence; WT, wild-type.
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Figure SI1 Emission spectrums of the corresponding strains used in the present work cultured in YPGlu (A) or YPGal (B) medium.
Abbreviations: CPS, counts per second; FL, fluorescence; WT, wild-type.
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