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N
anomaterials with the unique prop-
erities1�3 have wide applications in
diagnosis,4 biosensing,5 catalysis,6

and electro-optic devices.7 These applica-
tions, particularly applications in biomedi-
cine, require the proper design and synthesis
of nanomaterials.8 Conventional strategies
used for the production of nanomaterials
often involve toxic reagents, strong reducing
agents, and high temperatures and pressures,
which have been proven to be environmen-
tally unfriendly, energy-inefficient, and diffi-
cult to control.8 Currently, the useof biological
systems to synthesize nanomaterials repre-
sents an under-explored but promising alter-
native for addressing these issues.9�13 Many
environmental organisms have developed
the natural mechanisms to synthesize nano-
materials.14�17 On the other hand, some
model microorganisms could also be utilized
for the synthesis of nanomaterials.18�23 The
rational coupling of the intrinsic biochemical
pathways in themodelmicroorganism allows

for the precise and efficient production of
nanomaterials.18

The biosynthesis of nanomaterials occurs
within the mild and highly organized cellu-
lar environment. The distinct aspects of the
intracellular synthesis of nanomaterials, such
as the preparation of precursors, the forma-
tion of nanocrystals, and the encapsulation of
final products, are dictated by the expression
of specific genes.24,25 These synthesis-specific
genes are further integrated through the com-
plex networks of cellular metabolism and reg-
ulation. Therefore, the controllability of nano-
material biosynthesis is coupled with the
concerted actions of different biological pro-
cesses in timeandspace.18Understandinghow
these biological processes contribute to the
formation of nanomaterials will enable further
designofbiosyntheticpathways for theoptimal
production of nanomaterials. The main chal-
lenge of such efforts is to reliably and con-
veniently define the role of a given gene and
metabolic pathway in nanomaterial formation.
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ABSTRACT Microbial cells have shown a great potential to biosynthesize inorganic

nanoparticles within their orderly regulated intracellular environment. However, very

little is known about the mechanism of nanoparticle biosynthesis. Therefore, it is

difficult to control intracellular synthesis through the manipulation of biological

processes. Here, we present a mechanism-oriented strategy for controlling the

biosynthesis of fluorescent CdSe quantum dots (QDs) by means of metabolic engineering

in yeast cells. Using genetic techniques, we demonstrated that the glutathione

metabolic pathway controls the intracellular CdSe QD formation. Inspired from this

mechanism, the controllability of CdSe QD yield was realized through engineering the

glutathione metabolism in genetically modified yeast cells. The yeast cells were homogeneously transformed into more efficient cell-factories at the single-

cell level, providing a specific way to direct the cellular metabolism toward CdSe QD formation. This work could provide the foundation for the future

development of nanomaterial biosynthesis.
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In our previous work, the budding yeast Saccharo-
myces cerevisiae was employed as a biosynthesizer to
manufacture fluorescent CdSe quantum dots (QDs).18

By temporally and spatially coupling the intracellular
irrelated biochemical reactions, this strategy realized
the controllable biosynthesis of CdSe QDs in a model
microorganism, which is different from the naturally
evolved nanomaterial formation in the environmental
organisms. The intracellular routes for CdSe QDs have
also been applied to direct the in vitro synthesis of
size-tunable gold nanoparticles,26 Au�Ag alloy nano-
particles,27 gold clusters,28 PdSe nanocubes,29 and
near-infrared Ag2Se QDs.30 Therefore, exploring the
mechanism of intracellular CdSe QD formation will be
informative for further engineering microorganism
toward nanomaterial syntheses, and it will expand
our view of the fundamental relationship between
biological processes and the formation of inorganic
materials at the nanoscale.
Herein, using genetic techniques and CdSe QD

fluorescence as an intracellular indicator, we explored
the biosynthetic mechanism of CdSe QDs in living
yeast cells. We found that the glutathione metabolic
pathway is important for the biosynthetic yield of CdSe
QDs. Further evidence showed that the intracellular
formation of CdSe QDs is tightly controlled by the
expression of the glutathionemetabolic gene. Inspired
from this intrinsic mechanism, the glutathione meta-
bolic pathway was engineered to improve the biosyn-
thetic yield of CdSe QDs in genetically modified yeast
cells. In this mechanism-oriented strategy, the key
gene required for the biosynthesis of CdSe QDs was
specifically modified, and the yeast cells were homo-
geneously transformed into more efficient cell-factories
at the single-cell level.

RESULTS AND DISCUSSION

The role of Glutathione Metabolism in the Biosynthesis of
CdSe QDs. It is important to identify the key biomole-
cules and metabolic pathways involved in the intra-
cellular synthesis of nanomaterials. As a ubiquitous
tripeptide, glutathione (L-γ-glutamylcysteinylglycine)
possesses a unique γ-glutamylcysteine peptide bond
and thiol group. These features mediate the cellular
metabolism of inorganic compounds,31,32 and can be
used to inspire in vitro synthesis of QDs.29,30 However,
the intracellular correlation between glutathione me-
tabolism andQD formation remains unclear and some-
what controversial.19,33

Weused the genedeletion technique to explore the
role of glutathione metabolism in the biosynthesis of
CdSe QDs. This technique allowed us to determine
gene functions by completely and specifically remov-
ing such a gene from wild-type (WT) cells.34,35 In yeast,
the GSH1 gene encodes γ-glutamylcysteine ligase (GCL),
which catalyzes the first and rate-limiting reaction of

cellular glutathione synthesis (Scheme 1).36 Deletion of
GSH1 gene generates the Δgsh1 mutant strain, which is
unable to produce glutathione.36 To determine whether
the glutathione metabolic pathway is involved in the
intracellular synthesis of CdSe QDs, we compared the
ability of WT and Δgsh1 mutant cells to biosynthesize
CdSe QDs.

By using the previously established method,18 the
WT yeast cells showed strong intracellular fluorescence
(Supporting Information, Figure S1). The isolated fluo-
rescent materials were well-dispersed nanoparticles,
which had lattice spacings of 0.21 and 0.18 nm, corre-
sponding to the (111) and (201) facets of CdSe
(Supporting Information, Figure S2). The photolumi-
nescence (PL) emission peak of isolated CdSe QDs was
at 575 nmwith good photostability and quantum yield
of 4.7% (Supporting Information, Figure S3). These
results suggested that the fluorescence of biosynthe-
sized CdSeQDs can be used as a visual and intracellular
indicator to testing mutant strains. Compared with the
WT cells, Δgsh1 mutant cells exhibited a significantly
lower fluorescence intensity of intracellular CdSe QDs
(Figure 1). Owing to the complete loss of glutathione
synthesis in Δgsh1 mutants, these results suggested
that the glutathione metabolic pathway is important
for the biosynthesis of CdSe QDs.

The GSH2 gene encodes glutathione synthetase
(GS), which catalyzes the second reaction of glutathione
synthesis (Scheme 1).37 Cells harboring a deletion of the
GSH2gene (Δgsh2mutant strain) cannot produce gluta-
thione, but they accumulate dipeptide γ-glutamyl-
cysteine.37 As an intermediate in the glutathione meta-
bolic pathway, the γ-glutamylcysteine has nearly all of
the features of glutathione, including a γ-glutamylcys-
teine peptide bondand a thiol group. However, deletion
of theGSH2gene also led to a significant decrease in the
intracellular CdSe QD fluorescence intensity (Figure 1).

Scheme 1. Glutathione metabolic pathway in yeast cells.
The first and rate-limiting reaction of cellular glutathione
synthesis is the formation of dipeptide γ-glutamylcysteine,
which is catalyzed by the GSH1-encoded γ-glutamylcys-
teine ligase (GCL). The γ-glutamylcysteine is further reacted
with the glycine to produce glutathione, which is catalyzed
by the GSH2-encoded glutathione synthetase (GS). The
GLR1 gene encodes glutathione reductase (GR), which
catalyzes the reduction of oxidized glutathione (GSSG) to
reduced glutathione (GSH).
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This result indicated that the γ-glutamylcysteine can-
not act as a substitute for the role of glutathione in the
biosynthesis of CdSe QDs. Therefore, the naturally
evolved structure and composition of glutathione are
crucial for the biosynthesis of CdSe QDs.

To determine the effect of deleting both the GSH1

and GSH2 genes on the biosynthesis of CdSe QDs, a
Δgsh1Δgsh2 double mutant strain was constructed
(Supporting Information, Figure S4). The intracellular
CdSe QD fluorescence intensity ofΔgsh1Δgsh2 cells was
similar to those of Δgsh1 and Δgsh2 cells (Supporting
Information, Figure S5), indicating that the double dele-
tion of the GSH1 and GSH2 genes did not have more
significant effect on the biosynthesis of CdSe QDs. This
could be attributed to the fact that the glutathione
synthesis is a serial but not a parallel process.36,37

Oxidized glutathione (GSSG) is another cellular
metabolic form of glutathione (Scheme 1). The exis-
tence of GLR1 gene maintains the high ratio of re-
duced-to-oxidized glutathione in yeast cells.38 Dele-
tion of this gene leads to the accumulation of high
levels of GSSG in Δglr1 mutant cells.38 Thus, the
Δglr1 mutant strain was used to test the role of glu-
tathione redox state in the biosynthesis of CdSe QDs.
We found that the Δglr1 mutant cells also exhibited
the decreased intracellular CdSe QD fluorescence
intensity (Figure 1), suggesting that the redox state

of glutathione is an important factor for the bio-
synthesis of CdSe QDs.

As previously reported,18,19 the biosynthesis of QDs
is also correlated with the cell growth phase. The
growth curves of the WT and glutathione metabolic
mutant strains tested above were analyzed bymeasur-
ing the optical density at 600 nm (Supporting Informa-
tion, Figure S6). All of the strains entered the stationary
phase after 24 h of culturing. However, the Δgsh1 and
Δgsh1Δgsh2 strains showed a decreased cell density in
the stationary phase. These results were consistent
with the role of GSH1 gene in the cell growth.39

To examine the effect of growth phase on the
biosynthesis of CdSe QDs, the cultures of all strains in
the exponential and stationary phase were adjusted to
the same cell density (OD600 = 12) before biosynthesis.
For each strain, the stationary phase cells showed a
much stronger intracellular CdSe QD fluorescence
intensity than the exponential phase cells (Supporting
Information, Figure S7). These results indicated that the
stationary phase cells have a greater capability to
biosynthesize CdSe QDs, and were consistent with
the previous reports on QD biosynthesis.18,19 This is
probably explained by the enhanced ability of station-
ary phase cells to respond to cadmium and selenite.40,41

Furthermore, compared with the WT strain, glutathi-
one metabolic mutant strains showed a significantly
decreased intracellular CdSe QD fluorescence inten-
sity in all growth phases (Supporting Information,
Figure S7). These results suggested the important role of
glutathione metabolic pathway in the biosynthesis of
CdSe QDs.

To further investigate the mechanism of intracellu-
lar CdSe QD formation, the biosynthesized CdSe QDs
were isolated from the WT and glutathione metabolic
mutant strains. The first excitonic absorption peak
intensity of CdSe QDs isolated from the mutant cells
was lower than that of CdSe QDs isolated from WT
cells (Figure 2a). Because the first excitonic absorption
peak intensity reflects the contents of QDs in a given
sample,42 our measured values were used to evaluate
the biosynthetic yield of CdSe QDs. As shown in
Figure 2b and Supporting Information, Table S1, dele-
tion of the GSH1, GSH2, and GLR1 genes led to the
significant reduction of CdSe QD yield. These results
were consistent with the decreased CdSe QD fluores-
cence intensity in the glutathione metabolic mutant
cells, and suggested that the biosynthetic yield of
CdSe QDs is controlled by the glutathione metabolic
pathway.

Glutathione-Based Control of Intracellular CdSe QD Forma-
tion. As previously reported,18 there are two steps that
are coupled in the biosynthetic procedures of CdSe
QDs: The first step is the cellular reduction of Na2SeO3

leading to the accumulation of selenocystine, which is
the precursor for CdSe QDs; the second step is the
treatment of seleniumized yeast cells with CdCl2, which

Figure 1. Fluorescence microscopic images (a) and the intra-
cellular CdSe QD fluorescence intensity (b) of the WT, Δgsh1,
Δgsh2, andΔglr1 cells. Exposure time, 200ms; scale bar, 5 μm.
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initiates the formation of CdSe QDs. This raised the
question of whether glutathione metabolism has an
effect on the intracellular preparation of selenocystine
precursor, or whether it plays a direct role in the
intracellular formation of CdSe QDs during the cad-
mium treatment. TheΔgsh1 strain was used to address
this question because of the inability of this strain to
synthesize glutathione.36 High-performance liquid
chromatography coupled with inductively coupled
plasma mass spectrometry (HPLC�ICP�MS) measure-
ments showed that the major intracellular low-valence
selenium43 could be well separated and detected in
our experiments (Figures 3a�c). By comparing the
HPLC�ICP�MS results obtained from the selenium-
ized WT and Δgsh1 cells, we found that the deletion
of the GSH1 gene causes a moderate decrease in
the intracellular contents of selenocystine precursor
(Figures 3b,c). This result indicated that glutathione
metabolism only has a limited effect on the intracellu-
lar preparation of the selenocystine precursor.

It should be noted that although the glutathione
metabolic pathway does not play a central role in the
intracellular preparation of the selenocystine precur-
sor, its contribution to the biosynthesis of CdSe QDs is
still significant. This implies that the importance of the
glutathione metabolic pathway is mainly reflected in
the process of CdSe QD formation after the addition of
CdCl2. To confirm this hypothesis, the seleniumized
Δgsh1 mutant cells were incubated with either CdCl2
alone or CdCl2 plus 1 mM reduced glutathione. As

shown in Figure 3d, the ability of Δgsh1 cells to
biosynthesize CdSe QDs was partially recovered as a
result of the addition of exogenous glutathione during
the cadmium treatment. This result indicated that
glutathione and its metabolic pathway plays a direct
role in the intracellular formation of CdSe QDs.

In a cell, nearly all of the biological processes are
dictated by the gene expression patterns.44 To under-
stand how cells control CdSe QD formation, the ex-
pression of glutathione metabolic genes was analyzed
by the real-time reverse transcription polymerase chain
reaction (qRT-PCR). The transcription levels of the GSH1,
GSH2, and GLR1 genes in the seleniumized yeast cells
were similar to those in normal yeast cells (Figure 4a),
which was consistent with the limited effect of glu-
tathione metabolism on the intracellular preparation
of the selenocystine precursor. However, exposure of
seleniumized yeast cells to CdCl2 resulted in an 8-fold
increase in the expression of theGSH1gene (Figure 4a).
It has been previously reported that GSH1-encoded
GCL catalyzes the rate-limiting reaction in the cellular
glutathione synthesis.36 The regulation of GSH1 expres-
sion is vital for modulation of cellular glutathione con-
tents. Therefore, theenhancedGSH1expressionobserved
here indicated that there is an increased glutathione
requirement during intracellular CdSe QD formation.

Despite the significant effect of the GSH2 and GLR1

genes on the biosynthesis of CdSe QDs, the expression
of the two genes was not up-regulated dramatically in
the presence of cadmium (Figure 4a). This observa-
tion can be explained by the fact that intracellular
glutathione contents are tightly regulated by the
rate-limiting role of the GSH1 gene. Furthermore, the

Figure 3. HPLC�ICP�MS chromatograms of selenium spe-
cies standards (a) and selenoamino acids isolated from the
seleniumized WT (b) and Δgsh1 (c) cells. The selenium
species standards are: L-selenocystine (Cys-Se)2, Se-methyl-
seleno-L-cysteine (SeMC), and D,L-selenomethionine (Se-Met).
(d) Intracellular CdSe QD fluorescence intensity of seleniu-
mizedΔgsh1mutant cells incubatedwith either CdCl2 alone or
CdCl2 plus 1 mM reduced glutathione (GSH).

Figure 2. Measurement of CdSe QD yields in the WT and
glutathione metabolic mutant cells. (a) UV�vis spectra of
CdSeQDs isolated from theWT,Δgsh1,Δgsh2,Δgsh1Δgsh2,
andΔglr1 cells. (b) Biosynthetic yield of CdSeQDs in theWT,
Δgsh1, Δgsh2, Δgsh1Δgsh2, and Δglr1 cells.
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up-regulation of the rate-limiting GSH1 gene as op-
posed to other glutathionemetabolic genes suggested
a precise and economic way for yeast cells to control
CdSe QD formation.

We further investigated the correlation between
cellular glutathione contents and CdSe QD formation.
Figures 4b,c showed a synchronized increase in the
contents of intracellular glutathione and fluorescence
intensity of CdSe QDs during initial cadmium incuba-
tion, suggesting that the CdSe QD formation was syn-
ergistic with the intracellular regulation of the glu-
tathione contents. Together, our results demonstrated
a mechanism for the glutathione-based control of
CdSe QD formation, in which the rate-limiting GSH1

gene was up-regulated to meet the increased require-
ment of glutathione contents during the intracellular
formation of CdSe QDs. This intrinsic mechanism could
provide a guideline for optimization of intracellular
CdSe QD synthesis.

Mechanism-Oriented Controllability of Intracellular CdSe QD
Synthesis. A challenge in the biosynthesis of nanoma-
terials is to rationally control the intracellular synthetic
processes. Inspired from the mechanism characterized
above, we further attempted to control the intracellu-
lar CdSe QD formation by engineering the glutathione
metabolic pathway. To accomplish this, the PGAL1-
GSH1, PGAL1-GSH2, and PGAL1-GLR1 strains were con-
structed using standard genetic techniques (Figure 5a
and Supporting Information, Figure S8).35 In these
strains, the expression of genetically modified GSH1,
GSH2, and GLR1 genes could be induced by galactose
respectively.

The growth curves of the WT and the genetically
modified strains were analyzed under galactose-in-
duced conditions (Supporting Information, Figure S9).
Compared with the WT strain, the genetically modified
strains showed a slower growth rate in the exponential
phase. However, in the stationary phase, the cell den-
sity of the genetically modified strains was not affected
by the genetic manipulation. Because the biosynthesis
of CdSe QDs was performed in the stationary phase,
our results suggested that these genetically modified

strains are good candidates for exploring the controll-
ability of intracellular CdSe QD formation.

As described above, the intracellular glutathione
contents are crucial for CdSe QD formation. Induction
of the GSH1 gene significantly increased the glu-
tathione contents in the PGAL1-GSH1 cells (Supporting
Information, Figure S10). Consistently, the PGAL1-GSH1
cells indeed exhibited a 5-fold higher intracellular CdSe
QD fluorescence intensity than the WT cells under
galactose-induced conditions (Figure 5b). Moreover,
the PGAL1-GSH1 cells had a greater ability to biosynthe-
size CdSe QDs in the stationary phase (Supporting In-
formation, Figure S11). Transmission electronmicroscopy
(TEM) and high resolution TEM (HRTEM) measurements
confirmed that the crystal structure of PGAL1-GSH1

Figure 4. The expression levels of glutathione metabolic genes and intracellular glutathione contents of yeast cells. (a)
Expression levels of the GSH1, GSH2, and GLR1 genes. The expression levels of the different samples were normalized to
normal yeast cells that were not treated with Na2SeO3 and CdCl2. (b) Intracellular glutathione contents of seleniumized yeast
cells and seleniumized yeast cells treatedwith CdCl2. (c) Intracellular CdSeQDfluorescence intensity of the seleniumized yeast
cells during CdCl2 treatment.

Figure 5. (a) Strategy for the construction of genetically
modified strains. PCR products containing the galactose-
inducible PGAL1 promoter and the KanMX6 selectable marker
were inserted at the upstream of the open reading frame
(ORF) of the GSH1, GSH2, and GLR1 genes, yielding PGAL1-
GSH1, PGAL1-GSH2, and PGAL1-GLR1 strains. (b) Intracellular
CdSe QD fluorescence intensity of the WT, PGAL1-GSH1,
PGAL1-GSH2, and PGAL1-GLR1 cells under galactose-induced
conditions.
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synthesizedCdSeQDs isconsistentwithpreviously reported
structures (Supporting Information, Figure S12a,b).45

Further characterization showed that the PL emission
peak of these CdSe QDs was at 575 nm (Supporting
Information, Figure S12c). The first excitonic absorp-
tion intensity of CdSe QDs isolated from PGAL1-GSH1
cells was stronger than that of the corresponding
CdSe QDs isolated fromWT cells (Figure 6a). Therefore,
the genetic modification of the rate-limiting GSH1

gene improved the biosynthetic yield of CdSe QDs
in the PGAL1-GSH1 strain (Figure 6b and Supporting
Information, Table S1). These results indicated that the
controllability of the biosynthetic yield of CdSe QDs
was successfully realized by engineering the glutathione
metabolic pathway.

However, the intracellular CdSe QD fluorescence
intensity of the PGAL1-GSH2 and PGAL1-GLR1 cells was
similar to that of the WT strain (Figure 5b and Support-
ing Information, Figure S11). Meanwhile, the biosyn-
thetic yield of CdSe QDs in the PGAL1-GSH2 and PGAL1-
GLR1 cells was not significantly improved (Figure 6 and
Supporting Information, Table S1). These results indi-
cated that genetic modification of the GSH2 and GLR1

genes has a limited effect on the biosynthesis of CdSe
QDs. This result is reasonable because the induction of
the GSH2 and GLR1 genes did not increase the glu-
tathione contents in the PGAL1-GSH2 and PGAL1-GLR1
cells (Supporting Information, Figure S10). These re-
sults were consistent with the notion that the intracel-
lular CdSe QD formation is tightly controlled by the
expression of rate-limiting GSH1 gene.

Because the PGAL1-GSH1 strain had an improved
ability to biosynthesize CdSeQDs, we further examined
the individual homogeneity of this strain. The CdSe QD

fluorescence intensity of the individual PGAL1-GSH1 cells
was much stronger than that of WT cells (Figures 7a,b).
This observation was further confirmed by the flow
cytometry measurements, which can quantitatively re-
cord the fluorescent signals from single cells. Figure 7c
showed that nearly all of the PGAL1-GSH1 cells (95.5%)
can be well distinguished from the WT cells through
measuring the CdSe QD fluorescence intensity in the
single cells. These results suggested that the improved
ability of PGAL1-GSH1 to biosynthesize CdSe QDs could be
attributed to the homogeneously engineered yeast cells.

Our results presented a mechanism-oriented strat-
egy for the controllable biosynthesis of CdSe QDs in
the genetically modified PGAL1-GSH1 strain. As a result,
the yeast cells were homogeneously transformed into
more efficient cell-factories at the single-cell level. This
mechanism-oriented strategy could provide a specific
way to direct the cellular metabolism toward the bio-
synthesis of CdSe QDs. In view of the recent progresses
in the intracellular synthesis of nanomaterials,21,22 the
homogeneously engineered PGAL1-GSH1 strain may be a
valuable tool for some fundamental applications, suchas
synthetic biology and cell-based sensors.46,47

CONCLUSION

In summary, we have demonstrated the important
role of glutathionemetabolic pathway in the biosynthesis

Figure 6. Measurement of the CdSeQD yields in theWT and
geneticallymodified strains. (a) UV�vis spectra of CdSeQDs
isolated from the WT, PGAL1-GSH1, PGAL1-GSH2, and PGAL1-
GLR1 cells. (b) Biosynthetic yield of CdSe QDs in the WT,
PGAL1-GSH1, PGAL1-GSH2, and PGAL1-GLR1 cells under galactose-
induced conditions.

Figure 7. Fluorescence microscopic images of WT (a) and
PGAL1-GSH1 (b) cells after biosynthesis of CdSe QDs: exposure
time, 100 ms; scale bar, 10 μm. (c) Flow cytometry measure-
ment of CdSeQDfluorescence intensity in the individual PGAL1-
GSH1 (red) andWT (blue) cells. Thenearly complete separation
of the twocell populations emphasized the improvedability of
the single PGAL1-GSH1 cells to biosynthesize CdSe QDs.
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of CdSe QDs. Compared with the WT strain, the glu-
tathione metabolic mutant strains showed significantly
decreased fluorescence intensity and biosynthetic yield
of CdSe QDs. This provides a genetic support for the
important role of the glutathione metabolic pathway in
the biosynthesis of CdSe QDs. Several lines of evidence
strongly suggest that the intracellular formation of CdSe
QDs is stringently controlled by the glutathione meta-
bolic pathway. First, the glutathione plays a direct role in
the biosynthesis of CdSe QDs. Second, the expression of
rate-limiting GSH1 gene is up-regulated to meet the
increased requirement for glutathione during CdSe QD

formation. Third, the CdSe QD formation is synergistic
with the intracellular regulation of glutathione contents.
Inspired from these findings, the biosynthetic yield of
CdSe QDs has been improved in the homogeneously
engineered PGAL1-GSH1 cells, providing a specific way to
direct the cellular metabolism toward CdSe QD forma-
tion. This work will facilitate the future development of
QDbiosynthesis, aswell as the design of quasi-biological
systems,26�30 which have applied the principle of tem-
porally and spatially coupling the intracellular irrelated
biochemical reactions to the in vitro synthesis of nano-
materials.

EXPERIMENTAL SECTION
Yeast Strains and Growth Conditions. All Saccharomyces cerevi-

siae strains used in this study were derived from the WT BY4742
strain (MATR his3-Δ1 leu2-Δ0 lys2-Δ0 ura3-Δ0). The Δgsh1,
Δgsh2, and Δglr1 single mutant strains were obtained from
the Saccharomyces Genome Deletion Project.34 The Δgsh1-
Δgsh2, PGAL1-GSH1, PGAL1-GSH2, and PGAL1-GLR1 strains were
constructed in this study (for details, see Supporting Information).
YP (1 g/L yeast extract and 2 g/L peptone) was supplemented
with 2 g/L glucose or galactose toproduce YPDor YPGalmedium,
respectively. Cultures of yeastwith a volumenomore than20%of
the vessel maximum were shaken at 200 rpm and 30 �C.

Biosynthesis of CdSe QDs. The biosynthesis of CdSe QDs was
performed according to our previously described “time-space
coupling” strategy.18 Briefly, the stationary phase cells were first
coincubated with 5 mM Na2SeO3 for 24 h to accumulate
intracellular selenocystine precursors, and then the selenium-
ized yeast cells were harvested by centrifugation for 2 min at
3000g. The resulting cell pellets were resuspended in an equal
volume of fresh YPD medium, and coincubated with 1 mM
CdCl2 to synthesize the CdSe QDs.

To examine the effect of the growth phase on the biosynthe-
sis of CdSe QDs, cultures of all strains in the exponential and
stationary phase (after 10 and 24 h of growth, respectively) were
adjusted to the same cell density (OD600 = 12). The resulting
cultures were used for the biosynthesis of CdSe QDs as described
above.

For the induction of the PGAL1-GSH1, PGAL1-GSH2, and PGAL1-
GLR1 strains, the WT and the three genetically modified strains
were cultured in YPGal rather than YPDmedium to induce gene
expression during cadmium incubation.

Fluorescence Microscopy and Measurement of the Intracellular CdSe QD
Fluorescence Intensity. Fluorescence micrographs were captured
using an Olympus 1 � 51 inverted fluorescence microscope
equipped with U-MWU filters (330�385/400/420 nm). The
fluorescence spectra of the fluorescing and seleniumized cells
(as cellular autofluorescence reference) were acquired using a
Fluorolog-3 spectrometer (HORIBA Jobin Yvon France). The
fluorescence intensity of intracellular CdSe QDs was calculated
by subtraction of the cellular autofluorescence from the total
intracellular fluorescence intensity of the fluorescing yeast cells.
For the intracellular fluorescence intensity measurements and
fluorescencemicroscopy imaging, all sampleswerewashed and
adjusted to a cell density of 6� 107 cells mL�1 in 1� phosphate
buffered saline (PBS).

Purification and Characterization of Biosynthesized CdSe QDs. For the
separation of intracellular synthesized CdSe QDs, 2 g (wet
weight) of yeast cells were resuspended in 6 mL of lysis buffer
(10 mM Tris-Cl pH 7.5, 0.2% sodium dodecyl sulfate (SDS)), and
then disrupted with glass beads for six times of 1 min in a Mini-
Bead Beater (Biospec USA) with 2-min breaks between the runs.
Unbroken cells and cell debris were removed by centrifugation
(10 min, 16 000g). The fluorescent supernatant was concen-
trated using an Amicon Ultra-15 100K Centrifugal Filter device.
The resulting sample was loaded onto the top of a four-step

sucrose gradient (3 mL, 60%; 2 mL, 45%; 2 mL, 30%; 2 mL, 8%),
and centrifuged for 4 h at 134 000g and 4 �C. After centrifuga-
tion, the sucrose was removed by the gel electrophoresis and
dialysis. The purified samples were washed three times by an
Amicon Ultra-15 100K Centrifugal Filter device, and used for
subsequent analysis. All of the buffers used for CdSe QDs iso-
lation contained 1 � protease inhibitor cocktails. For transmis-
sion electron microscopy (TEM) and high resolution TEM
(HRTEM) characterization, the purified CdSe QDs were diluted
by 30-fold and dropped onto an ultrathin carbon-coated copper
grid. The TEM images were taken on a Tecnai G2 20 S-TWIN
transmission electron microscope at 200 kV, and the HRTEM
images were taken on a JEOL-JEM 2010EF transmission electron
microscope at 200 kV.

Determination of the CdSe QD Biosynthetic Yield. To determine the
yield of CdSe QDs for the yeast strains used in this study, the
total protein concentrations in all purified CdSe QDs samples
were used as an internal control. Before the analysis, the total
protein concentrations of each sample were measured using
bicinchoninic acid (BCA) methods48 and adjusted to 0.5 mg/mL
in all samples. The UV�vis spectra of the adjusted samples were
recorded on a Shimadzu UV-2550 UV�vis spectrophotometer.
The obtained first excitonic absorption intensity of each sample
was used to calculate the CdSe QD yield according to previously
reported method.42

HPLC�ICP�MS. After treatment with Na2SeO3, approxi-
mately 1 g (wet weight) of WT or Δgsh1 mutant cells were
harvested and washed three times with 1 � PBS by centrifuga-
tion (2 min, 3000g). The cell pellets were resuspended in the
same buffer and disrupted in a Mini-Bead Beater (Biospec, USA)
for 1min. The resultant lysates were further treatedwith 200mg
of Trypsin in TCS buffer (0.1 M Tris-Cl pH 7.5, 10 mM CaCl2, 0.5%
SDS) for 18 h at 37 �C and then centrifuged at 10 000g for
10 min. The supernatant was filtered through a 0.22 μm filter
and used for HPLC�ICP�MSmeasurement. The measurements
were performed on an Agilent 7500 ICP-MS (Agilent, USA)
coupled with an HPLC system (Shimadzu, Japan). The undi-
gested proteins contained in samples were first removed by
size-exclusion chromatography using a Superdex 200 HR 10/30
column (GE Healthcare USA). The selenoamino acids were
separated using a CAPCELL PAK C18 column (Shiseido Japan)
and detected online by ICP�MS.

RNA Isolation and qRT-PCR. The yeast total RNA was isolated
according to the hot SDS/phenol extraction method.49 The
purified RNA was treated with DNase I to effectively remove
traces of genomic DNA. The synthesis of the first-strand cDNA
was performed with AMV reverse transcriptase and random
primers following the manufacturer's recommendations. A
sample of 25 ng of cDNA was used as a template for qPCR on
a Stratagene MX3000P (Stratagene, USA) using Platinum SYBR
Green qPCR kit and gene-specific primers (Supporting Informa-
tion, Table S2). Each assay included a standard curve of five
serial dilution points of cDNA, a no-template control, an RNA-
template control, and 25 ng of each cDNA as template. The
cycling program comprised initial incubations at 50 and 95 �C
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and 40 cycles of 30 s at 95 �C, 30 s at 55 �C, and 30 s at 72 �C. After
each run, amelting curve analysis was performed to ensure that
no primer dimers were formed. The three internal control genes
(ACT1, IPP1, and PDA1) were selected using the methods
described by Vandesompele et al.50 The expression levels of
the tested genes in each sample were calculated and normal-
ized to the selected internal control genes.

Measurement of Intracellular Glutathione. For measurement of
the intracellular reduced glutathione, the cells were harvested
and washed twice with ice-cold 1 � PBS by centrifugation for
2 min at 3 000g. The cell pellets were resuspended in the 1.3%
(wt/vol) of ice-cold 5-sulfosalicylic acid and broken with glass
beads in a Mini-Bead Beater for 1 min. The lysates was clarified
by centrifugation for 10 min at 12 000g. The resulting super-
natant was used to determine the total reduced glutathione
contents according to the microtiter-based method described
previously.51 The glutathione contents are expressed as micro-
moles per OD600, where one OD600 corresponds to a cell density
of 2.5 � 107 cells mL�1.

Flow Cytometry Measurement. The flow cytometry measure-
ments were performed on a BD FACSAria flow cytometer (BD
Biosciences, USA). The raw data were analyzed using FlowJo
software. Before the measurements, the WT and PGAL1-GSH1
cells werewashed and adjusted to 1� 105 cellsmL�1 in 1� PBS.
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