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A straightforward method for the rapid detection of the presence

of glutathione S-transferase (GST)-tagged proteins from sample

solutions using glutathione (GSH)-bound gold nanoclusters

(Au@GSH NCs) with luminescence properties as the detection

probes by simple observation with the naked eye was proposed in

this study.

Recombinant proteins are generally designed to be tagged by

glutathione S-transferase (GST), which can then be easily

purified from complex cell lysates by using glutathione

(GSH)-bound affinity chromatography via GSH–GST inter-

actions.1 For quantitative analysis, sandwich enzyme-linked

immunosorbent assay (ELISA) has been developed by using

an antifusion protein antibody for recognition of GST fusion

protein, followed by detection with a labelled second anti-

body.2 Antibodies are expensive, so developing alternative

approaches for reducing cost and analysis time should be

desirable. Because of their high surface-to-volume ratio,

nanoparticles (NPs) have been used as effective affinity probes

to trap specific targets such as histidine-tagged proteins,3

phosphorylated peptides/proteins,4 and GST-tagged proteins.5

The surfaces of the NPs are functionalized to have the

capability to interact with target species. Lately, there have

been a number of studies done on NP-based affinity chromato-

graphy to enrich target species such as histidine-tagged

proteins3 and phosphorylated proteins/peptides;4 however,

only a few reports5 have addressed the use of NPs in the

binding of GST fusion proteins from complex samples.

GSH, a tripepetide consisting of N-g-glutamyl-cysteinyl-

glycine, has been used as a linker to bind with gold NPs

through its thiol group.6 Gold NPs with sizes below 2 nm with

luminescence are especially denoted as gold nanoclusters

(NCs).7 A feature unique to gold NCs, which distinguishes

them from NPs is their photoluminescence property. Thus,

fluorescent gold NCs are suitable for use in chemical sensing

and biosensing.8 In addition, gold NCs have other remarkable

features such as good water solubility, excellent stability, and

low-toxicity, which also make them potentially applicable to

bioanalytical and biomedical research. Luminescent GSH-bound

gold NCs (Au@GSH NCs) were generated by one step

synthesis,7 which was conducted by stirring GSH with

HAuCl4 for 72 h under room lighting. This method was quite

straightforward. We reduced the reaction time by slightly

raising the reaction temperature. The Au@GSH NCs used

were generated by stirring GSH (2.5 mM, 1 mL) and HAuCl4
(2.5 mM, 1 mL) at 32 1C for 36 h under room lighting. The

generated Au@GSH NCs had good water solubility and

stability, as well as good luminescence. Since the reaction

was mainly based on Zheng’s study,7 the characteristics of

the as-prepared Au@GSH NCs are similar to the properties

reported previously. Nevertheless, the absorption spectrum

(Fig. S1a), fluorescence spectrum (Fig. S1b), XPS result

(Fig. S2) of the as-prepared NCs, and additional discussion

are provided in the ESI.w
The generated NCs from the aqueous solution did not readily

settle down when subjected to centrifugation at B15 682 g.

We suspected that when the Au@GSH NCs bound with

GST/GST-tagged proteins via GSH–GST interactions, the

NC-target species conjugates could be readily spun down with

centrifugation atB15 682 g as a result of the attachment of the

proteins on the NCs. Based on these premises, we performed

the experiment by simply mixing the Au@GSH NCs with

cell lysates containing GST and GST-tagged proteins to

demonstrate the feasibility of using the Au@GSH NCs as

the detection probes for GST-tagged proteins from complex

samples. To further confirm the presence of GST-tagged

proteins, matrix-assisted laser desorption/ionization (MALDI)

mass spectrometric analysis was employed for protein

identification.

Figs. 1a–f display the photographs obtained after reacting

GSH with HAuCl4 for 30 min, 2 h, 4 h, 16 h, 24 h, and 36 h,

respectively. The solution gradually became yellowish.

Panels g–l in Fig. 1 display the same samples as shown in

panels a–f in Fig. 1, but these were observed under the

illumination of an ultraviolet (UV) lamp (lmax = 365 nm).

The intensity of the fluorescence of the solution was noted to

be gradually increased, and a bright reddish orange fluorescence

was observed at the end of the reaction. After removing large

particles by centrifugation, the generated Au@GSH NCs were

rinsed several times by deionized water before use. The

quantum yield (QY) was estimated ca. 1.4%, which was

determined by using riboflavin 50-mono-phosphate as the

standard (QY = 26%) (lexcitation = 395 nm; lemission = 610 nm)

for estimation. The size of the NCs was ca. 2.2 � 0.3 nm

(see Fig. 2).

Five standard proteins were used as the samples to examine

the binding affinity of the Au@GSH NCs for their target

species. Fig. 3a–h present the photographs obtained after

incubation of the Au@GSH NCs with phosphate buffer

solution (PBS), cytochrome C, myoglobin, carbonic
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anhydrase, GST, and bovine serum album (BSA), the mixture

containing four standard proteins (cytochrome C, myoglobin,

carbonic anhydrase, and BSA) (10�5 M each), and the mixture

containing the five standard proteins (cytochrome C, myoglobin,

carbonic anhydrase, BSA, and GST) (10�5 M each)

respectively, followed by centrifugation at B15 682 g. Results

show that conjugates at the bottom of the sample vials visible

under UV light illumination were seen only in the vials

containing GST (tubes e and h).

Clumping factor A (ClfA) is a surface protein of

Staphylococcus aureus that can bind fibrinogen g chain

C-terminus with a high affinity and destroy thrombus formation.9

The fibrinogen-binding segment of ClfA located at residues

221–550 with GST tag (GST-ClfA221–550) has been produced

by recombinant technology.9,10 To demonstrate the current

approach’s applicability in real cases, we employed the cell

lysates containing GST and GST-ClfA221–550 as the samples to

examine the feasibility of the trapping capacity of the

Au@GSH NCs with proteins with the GST tag. The cell

lysate resulting from E. coli DH5a-competent cells not

containing GST/GST-ClfA221–550 plasmid were used as the

control samples for comparison. Fig. 4 presents the photo-

graphs of the samples obtained by incubating the Au@GSH

NCs with the cell lysate samples for 15 min refrigerated at 4 1C

for 1 h followed by centrifugation at 15 682 g. The Eppendorf

tubes marked a and b are the samples of the cell lysates

containing GST and GST-ClfA221–550, respectively. Tube c

contains the cell lysate of E. coli-competent cells (DH5a) as the
control sample. Bright spots are observed to be aggregated on

the tubes a and b, while no such aggregations are visible at the

bottom of tube c. We initially suspected that the aggregated

spots resulted from the formation of the Au@GSH–GST/

GST-ClfA221–550 conjugates, which were heavier than the free

Au@GSH NCs. As a result, the heavy conjugates were easily

spun down after centrifugation. On the other hand, in the

absence of GST and GST-ClfA221–550 proteins, Au@GSH

NCs remain suspended in the solution after the same

treatment. The results imply that Au@GSH NCs can

selectively bind with GST and GST-ClfA221–550 from the

complex cell lysates. Furthermore, the presence of

GST/GST-tagged proteins in the sample solution can be easily

observed by the naked eye by using this approach, as

supported by the observation of the bright conjugates on

the bottom of the sample tubes after centrifugation under

illumination of UV light. To further characterize the species

trapped by the Au@GSH NCs, we isolated the conjugates

from tubes a and b and rinsed the conjugates by phosphate

buffer solution (PBS, 0.1 mL � 3) containing Triton X-100

(1%) to remove non-specific binding species. The conjugates

were then re-dissolved in deionized water (10 mL) and mixed

with sinapinic acid (15 mg mL�1) prepared in acetonitrile/

deionized water (2 : 1, v/v) containing 0.1% trifluoroacetic

acid. It appears that the peaks at m/z 27 k and 63 k, which

match to the molecular weights of GST and GST-ClfA221–550,

dominate the mass spectra (see Fig. S3 in ESIw). Protein

identifications using proteomics strategies was also conducted

(see ESIw). The detection limit of this approach by simple

observation with the naked eye was also examined. Fig. 5a

displays the photograph obtained by incubating our NCs with

GST-ClfA221–550 at the concentrations of 0–10�5 M followed

by centrifugation at 15 682 g. It appears that the Au@GSH

NC-GST conjugates are still visible at the concentration of

7.5 � 10�7 M. However, as the concentration of GST was

further decreased to 5 � 10�7 M, the conjugates became less

visible to the naked eye. Therefore, the detection limit of

this approach by simple observation with the naked eye is

ca. 7.5 � 10�7 M. We also subjected the supernatant of these

samples to fluorescent spectroscopy. Fig. 5b displays the

fluorescence spectra of the supernatant obtained after incubation

of the Au@GSH NCs with the aqueous samples containing

GST-ClfA221–550 at 0–10�5 M. The results show that there

is a slight decrease in the band at the wavelength of 610 nm of

the supernatant obtained from the GST-ClfA221–550 sample

at the concentration of 2.5 � 10�7 M incubated with the

Au@GSH NCs. The results indicate that the detection

limit with fluorescent spectroscopy is ca. 2.5 � 10�7 M,

which is slightly lower than that observed simply with the

naked eye.

Fig. 1 Photographs obtained during one-pot-synthesis of Au@GSH

NCs. Panels (a)–(f) were obtained at the reaction time of 30 min, 2 h,

4 h, 16 h, 24 h, and 36 h, respectively. Panels (g)–(l) were obtained at

the reaction time of 30 min, 2 h, 4 h, 16 h, 24 h, and 36 h, respectively,

under illumination of a UV lamp (365 nm).

Fig. 2 TEM image of the Au@GSH NCs.

Fig. 3 Photographs obtained after incubation of the Au@GSH NCs

with (a) PBS buffer only; (b) cytochrome C (10�5 M); (c) myoglobin

(10�5 M); (d) carbonic anhydrase (10�5 M); (e) GST (10�5 M); (f) BSA

(10�5 M); (g) the protein mixtures including cytochrome C, myoglobin,

carbonic anhydrase, and BSA (10�5 M each); (h) the protein mixtures

including cytochrome C, myoglobin, carbonic anhydrase, BSA, and

GST (10�5 M each) followed by centrifugation at 15 682 g. All the

samples were prepared in PBS buffer.
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In conclusion, a straightforward method for targeting GST-

fusion proteins by using Au@GSH NCs as detection probes

was demonstrated in this study. Under UV light illumination,

fluorescent Au@GSH NC-GST-tagged protein conjugates

were visible at the bottom of the sample vial after centrifugation.

To the best of our knowledge, this is the first report on using

fluorescent NCs as the visible probes for direct examination of

the presence of GST/GST-tagged proteins in complex cell

lysate samples. This approach is uncomplicated and only

requires a short period of time for analysis and examination.

Furthermore, expensive antibodies are not required in this

approach. The main advantages of using this approach for the

detection of GST/GST fusion proteins include short analysis

time and low cost. On the basis of the results demonstrated in

this study, we believe this approach could be very suitable for

use in the rapid examination and characterization of the

presence of GST-fusion proteins from complex cell lysates.

We thank the National Science Council (NSC) of Taiwan

for supporting this work financially.
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Fig. 4 Photographs obtained after incubation of the Au@GSH NCs

with the cell lysates containing (a) GST and (b) GST-ClfA221–550

followed by centrifugation at 15 682 g. Panel (c) was obtained by

incubating the same NCs with the cell lysate of E. coli DH5a in the

absence of GST-related plasmids.

Fig. 5 (a) Photographs obtained after incubation of the Au@GSH

NCs with the aqueous samples containing GST-ClfA221–550 at 0 M,

10�5 M, 7.5 � 10�6 M, 5 � 10�6 M, 2.5 � 10�6 M, 10�6 M, 7.5 � 10�7

M and 5 � 10�7 M (from left to right) followed by centrifugation at

15 682 g, under illumination of a UV lamp (lmax = 365 nm).

(b) Fluorescence spectra of the supernatants obtained after incubation

of the Au@GSH NCs with the aqueous samples containing

GST-ClfA221–550 at 0 M, 2.5 � 10�7 M, 5 � 10�7 M , 7.5 � 10�7 M,

10�6 M, 2.5 � 10�6 M, 5 � 10�6 M, 7.5 � 10�6 M, and 10�5 M

(lexcitation = 395 nm) (from top to bottom).
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