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SHORT ABSTRACT:

Protocols for studying the binding domain of Au(III) in bovine serum albumin (BSA) are presented. 
LONG ABSTRACT:

[bookmark: _Hlk33124625]The purpose of the presented protocols is to determine the domain of Au(III) binding in BSA. BSA-Au(III) compound exhibits ultraviolet (UV)-excitable red luminescence (λem = 640 nm), with unusual Stokes shifts compared to the innate UV/blue fluorescence arising from the aromatic residues. Red-luminescent complexes are formed in highly alkaline conditions above pH 10 and require a conformational change within the protein to occur. In addition, preservation of Cys-Cys disulfide bonds in BSA is necessary to obtain this red luminescence. In order to understand the mechanism of this luminescence, elucidation of the luminophore-forming Au(III) binding site is essential. A facile way to assess the luminophore-forming site would be to (1) predictably fragment the protein by enzymatic digestion, (2) react the obtained fragments with Au(III), then (3) perform gel electrophoresis to observe the well-separated fragment bands and analyze the in-gel red luminescence. However, due to the alkaline conditions and the reaction with metal cations, new limited proteolysis techniques and gel electrophoresis conditions must be applied. Particularly, the presence of metal cations in gel electrophoresis can make the band separations technically difficult. We describe this new protocol in steps to identify the red-luminophore-forming metal binding domain in BSA. This protocol can thus be applied for analyzing protein fragments that must remain in a non-denatured or a partially denatured state, in the presence of metal cations. Because the majority of proteins need metal cations to function, analyses of metal-bound proteins are often desired, which have relied on x-ray crystallography in the literature. Our method, on the other hand, could be used in supplement to study the interactions of proteins with metal ions without requiring the protein crystallization and at a desired pH condition.  

INTRODUCTION:

[bookmark: _Hlk28249225][bookmark: _Hlk33124985][bookmark: _Hlk33125011][bookmark: _Hlk33125057]Bovine serum albumin1-3 (BSA)–gold (Au) complexes have unique luminescence properties. These complexes are obtained by the addition of gold(III) chloride (HAuCl4) to aqueous solution of BSA and subsequently adjusting the pH above 10,4,5 yielding ultraviolet (UV)-excitable red luminescence (λem = 640 nm). The initial report by Xie et al.6 spurred intensive investigations of this unusual luminescence and applications including sensing,7-9 imaging,10-12 and nanomedicine.13-15 However, the mechanism of the luminescence is not fully understood. 
[bookmark: _Hlk33125207]
[bookmark: _Hlk33125147]BSA comprises 583 amino acid residues (66.4 kDa), and has 35 Cysteine residues, with one surface-exposed Cys34 and the others forming the internal backbone of the tertiary structure by one Cys-Cys disulfide bond and eight Cys-Cys/Cys-Cys bond clusters.1-3 We previously demonstrated that pH-controlled dynamic conformation change of BSA, followed by a Au(III) binding, is the cause of the red luminescence in the BSA–Au compound.4 Specifically, a Au(III) binds to one of the Cysteine disulfide bond locations that becomes solvent-accessible as a result of the pH-induced conformation change.4,5 Presence of Cys-Cys bond was necessary for the red luminophore formation (Figure 1).16 Of the five reversible conformations at various pH values,2,3 it was found that only the “aged form,” or A-form of BSA above pH=10, allows for such solvent accessibility of a Cys-Cys disulfide bond, followed by the Au(III) binding.5 However, the exact location of the luminophore formation remained elusive. A way to assess the luminophore-forming site would be to predictably fragment the protein by enzymatic digestion, and react the obtained fragments with Au(III). The purpose of the present protocol is to identify the domain in which the luminophore resides. We employed limited enzymatic proteolysis as the method of protein fragment preparations, while preserving the Cys-Cys bonds. In conventional proteolysis, cleaving of all disulfide bonds and linearization of a protein (by denaturing agents such as dithiothreitol and urea, as well as heat) is necessary. Herein, we demonstrate a Cys-Cys bond-preserving proteolysis using trypsin, and evaluate the obtained fragments and their luminescence. 

Our protocol generally describes the gel electrophoresis of fragmented proteins, in the presence of metal cations. Because the majority of proteins need metal cations to function, analyses of metal-bound proteins are often desired, which have relied on x-ray crystallography in the literature. Structures of BSA, and their fragments, is not known for non-neutral pH conformations including A-form. Therefore, the structural details of the Au(III) coordination cannot be analyzed by gel electrophoresis alone. Our method, on the other hand, could be used in supplement to study the interactions of proteins with metal ions without requiring the protein crystallization (usually performed at neutral pH), which may not be possible at a desired pH condition. The presence of metal cations causes significant “smearing” of the gel bands. The focus of this paper is to overcome this technical difficulty and to present a protocol to minimize the metal-induced band smearing. 
 
PROTOCOL:
1. Synthesis of BSA-Au and HSA-Au Complexes

1.1.  Dissolve 5 mg of BSA in 1 mL of high-performance liquid chromatography (HPLC) grade water in a 5 mL reaction vial. 

1.2.  Dissolve gold (III) chloride trihydrate (chloroauric acid) to a concentration of 750 µM in 1 mL of HPLC grade water. 
Note: The solution will appear faintly yellow. Chloroauric acid prepared at this concentration will result in a protein to Au ratio of 1:10.
1.3. Place the reaction vial of BSA in a 37oC water bath, stirring vigorously at 750 rpm using a magnetic stirrer. 

1.4. Immediately after stirring begins, add 1 mL of as prepared chloroauric acid to the solution. The color of the solution should transform from clear to a faint yellow and the pH of the solution should be approximately 6.0.

1.5. Stir the mixture for 2 minutes at 37oC and at 750 rpm using a magnetic stirrer. 

1.6. Into the reaction vial, add 75 µL of 1 M NaOH to the solution to bring the pH to 12.5.

1.7. Continue to stir the solution at 750 rpm for 2 hr and at 37oC. The color of the solution should change from faint yellow to a faint orange. This color change should be indicative of the red luminescent complex.

1.8. The final product was used immediately without further purification.

2. Synthesis of Enzyme-Digested BSA-Au Complex Fragments.  

2.1. Dissolve 5 mg of BSA in 1 mL of HPLC water containing 50 mM Tris-HCl and 50 mM NaCl with a pH of 8.0 in a 5 mL vial. 

2.2. Dissolve 2 mg of bovine trypsin in 1 mL of a freshly prepared solution of HPLC water containing 50 mM Tris-HCl and 50 mM NaCl with a pH of 8.0.

2.3. Place the reaction vial of BSA in a 37oC water bath and stir vigorously at 750 rpm using a magnetic stirrer. 

2.4. Immediately after stirring begins, add 50 µL of the freshly prepared bovine trypsin to the solution. 
Note: No sodium dodecyl sulfate (SDS), dithiothreitol (DDT), or urea is added to the solution, as is conventionally added to enzyme digestion reactions. Also, no temperature annealing is performed. Due to this limited proteolysis, cysteine disulfide bonds will be kept intact and only surface accessible random coil segments will be cleaved.
2.5. Dissolve chloroauric acid in 1 mL of HPLC grade water to a concentration of 750 µM.

2.6. Into the reaction vial, add the chloroauric acid solution.

2.7. Stir the mixture for 2 minutes at 37oC and at 750 rpm using a magnetic stirrer.

2.8. Add 100 µL of 1 M NaOH to the reaction vial to achieve a pH of 12.5. 
Note:  The high alkaline conditions of the reaction should induce the formation of the red luminescent complex and quench the enzymatic activity of bovine trypsin. 
2.9. Stir the mixture vigorously at 750 rpm for 2 hours at 37oC.

2.10. The final product was used immediately without further purification.

3. Gel Electrophoresis of BSA-Au Complex Fragments.

3.1. Rinse a pre-cast 4-12% gradient Bis-Tris (NuPAGE) gel using deionized water and place in a gel electrophoresis tank. 

3.2. Prepare 500 mL of MES running buffer solution (NuPAGE) from a concentrated stock solution, diluting with deionized water. 

3.3. Prepare for each well lane by diluting samples to 1 µg of protein/µL in a 20% glycerol solution. This dilution brings the pH from 12.5 to ~8.
Note: No SDS, DTT, or urea is used in the sample buffer. Additionally, temperature annealing of samples is not performed. 
3.4. Add 10 µL of each sample solution to one lane of the gel.

3.5. Run the gel for 1 hour at a constant voltage of 150 V.

3.6. After running the gel, remove the gel from the cast and rinse 3 times for 1 minute each using deionized water to remove running buffer.

3.7. Store the gel in 200 mL of deionized water and immediately measure the in-gel fluorescence, using a gel imaging system (Azure Biosystems C400). 

3.8. Prepare a fresh staining solution containing 100 mg Coomassie Brilliant Blue in methanol, acetic acid, and water at a volume ratio of methanol : acetic acid : water = 50 : 10 : 40.

3.9. Wash the gel in 200 mL of staining solution for 30 minutes using gentle rocking.

3.10. Prepare a fresh destaining solution by mixing methanol, acetic acid, and water at a volume ratio of methanol : acetic acid : water = 50 : 10 : 40.

3.11. Wash the gel in 100 mL of destaining solution for 1 hour using gentle stirring. 

3.12. Repeat the above procedure 4 times and finally store the fixed gel deionized water at room temperature. 

REPRESENTATIVE RESULTS:

[bookmark: _Hlk33125625]Trypsin cleaves C-terminus side of Lys and Arg residues, except when followed by Pro. It is expected that five fragments connected by Cys-Cys bonds are produced by the limited tryptic proteolysis of BSA. These fragments are: [A] (7.3 kDa, residues 1 – 64); [B] (5.9 kDa, residues 65 – 114); [C] (20.1 ~ 22.4 kDa, residues 115/117 – 294/312); [D] (21.3 ~ 23.4 kDa, residues 295/313 – 499); and [E] (9.5 kDa, residues 500 – 583) as shown in Table of Figure 2. The tryptic cuts will produce large units connected by Cys-Cys bonds, while there are segments that are outside these units. For example, the sequence #vi (residues 107 – 114; 0.9 kDa) and #xi (residues 295 – 312; 2.1 kDa) can appear as a part of either fragment [B] or [C] (#vi), and [C] or [D] (#xi). Thus, a small ambiguity in these residual sequences are indicated by the slanted borders in the color-coded column in Table.

[bookmark: _Hlk28255195][bookmark: _Hlk33125699][bookmark: _Hlk37404287][bookmark: _Hlk33125774][bookmark: _Hlk33125837]The limited proteolysis of BSA yielded the fragment gel bands after electrophoresis, with molecular weights ranging from ~8 kDa to ~50 kDa. Twelve bands were observed in the gel (Figure 2a,d). These were: Band(1) = undigested BSA;  as well as the Cys-Cys bond-preserving fragment bands: Band(2) ~50 kDa; Band(3) ~44 kDa; Band(4) ~42 kDa; Band(5) ~36 kDa; Band(6) ~32 kDa; Band(7) ~26 kDa; Band(8) ~21 kDa; Band(9) ~15 kDa; Band(10) ~12 kDa; Band(11) ~10 kDa; and Band(12) ~8 kDa. No bands were found below 8 kDa. Dimers (above ~66 kDa) were also observed, due to the lack of denaturing processes in the limited proteolysis. Others reported similar numbers of bands resulting from the limited proteolysis of BSA.17-20 In these references, the cut locations were identified in the random coil sequences, and that the major sub-structures (secondary structures) including α-helices and β-strands were preserved. More recent survey of the limited proteolysis confirmed this trend in many additional proteins.21

[bookmark: _Hlk33125991][bookmark: _Hlk28256091][bookmark: _Hlk28259627]A combination of the five expected fragments from Table in Figure 2 reproduced the observed gel bands consistently. Namely, Band(1) = [ABCDE] (undigested); Band(2) = [ABCD] (connected fragments); Band(3) = [BCD]; Band(4) = [CD]; Band(5) = [A]+[ABC]; Band(6) = [ABC]; Band(7) = [BC]; Band(8) = [D]; Band(9) = [A]+[A]; Band(10) = [AB]; Band(11) = [E]; Band(12) = [A] (Figure 2a,d). These fragments are depicted in Figure 3. Band(5) and Band(9) contain two [A] (residues 1 – 64) fragments. This can be justified by a dimerization through Cys34, via a formation of disulfide bond.2

[bookmark: _Hlk33126042][bookmark: _Hlk33126069][bookmark: _Hlk37404428]The [tryptic BSA fragment]–Au bands in the gel were not as well-defined compared to the tryptic BSA fragments, due to smearing. We attribute this smearing to interaction of the surface-bound Au(III)5 with the gel matrix.22,23 Overall, the clarity of [tryptic BSA fragment]–Au bands was sufficient, when our protocol was followed. Out of the twelve bands in Figure 2a,d, nine bands were visible after reacting with Au(III) (Figure 2b,e). These bands were Band(1), (2), (3), (6), (7), (8), (9), (10), and (12). We limit our further gel analysis to these nine bands (Figure 3), because Band(4), (5), and (11) from the tryptic BSA fragment gel (Figure 2a,d) were not detectable after reacting with Au(III). Multimer bands (above ~66 kDa) were pronounced, due to aggregation caused by surface-bound Au(III).12 

[bookmark: _Hlk33126152][bookmark: _Hlk33099688][bookmark: _Hlk33126176]We measured the in-gel red luminescence of the [tryptic BSA fragment]–Au bands under UV excitation (λex = 365 nm) using a red-bandpass filter (λ = 685 ± 25 nm). The red luminescence of the bands was centered around λem = 640 (± ~30) nm, and there was no significant luminescence within the spectral region of 500 < λ < 600 nm, which was confirmed from the excitation-emission map measured in solution (Figure 4). Out of the nine bands in Figure 2b,e, only five bands were found to exhibit red luminescence (Figure 2c,f). These bands were Band(1) = [ABCDE] (undigested BSA); Band(2) = [ABCD]; Band(3) = [BCD]; Band(6) = [ABC]; Band(7) = [BC]. Luminescent bands were absent at other molecular weights, including Band(8) = [D], Band(10) = [AB], and Band(12) = [A] (Figure 3). 

[bookmark: _Hlk33126213]This in-gel luminescence band pattern can be explained by the presence of a red luminophore in the tryptic fragment [C] (residues 115/117 – 294/312). Trypsin alone (23.3 kDa) was also found to react with Au(III), producing the identical red luminescence (λem = 640 nm). However, the presence of the small amount of trypsin (<0.1 μg) did not affect the evaluation of the in-gel luminescence.
  
[bookmark: _Hlk33126269][bookmark: _Hlk33100343][bookmark: _Hlk31890707]These results are also consistent with the non-luminophore-forming specific Au(III) binding sites in BSA that were previously identifed.4 These sites are “Asp fragment” at the N-terminus (Asp1-Thr2-His3) and Cys34, both in the fragment [A]. We additionally verified that in-gel red luminescence is absent below ~20 kDa even after extended digestion times in the limited proteolysis (Figure 5), thus excluding likelihoods of the fragment [A] (7.3 kDa), as well as [B] (5.9 kDa) and [E] (9.5 kDa), as locations of the red luminophore. However, the smearing was exacerbated with long digestion times. Examples of non-optimized gel electrophoresis are shown in Figures 6-9, to demonstrate the factors affecting the limited tryptic proteolysis and the gel electrophoresis in the presence of metal cation.

FIGURE AND TABLE LEGENDS:

[bookmark: _Hlk28268167]Figure 1. Cys-Cys disulfide bond is necessary for the Au binding and the luminophore formation. (A) Cleaving of the Cys-Cys disulfide bonds in the BSA–Au complex quenched the UV (λ = 365 nm)-excited red fluorescence of the BSA–Au complex. The red fluorescence of the dithiothreitol (DTT)-treated BSA–Au complex was readily quenched. The blue fluorescence is from the aromatic residues of BSA at pH = 12. We note that this blue fluorescence is identical to that of BSA at pH = 12, without the addition of Au. (B) Disulfide bonds in BSA were cleaved with tris(2-carboxyethyl)phosphine (TCEP), and capped with N-ethylmaleimide (NEM). This thiol-capped BSA did not yield the red luminescence upon reaction with Au. The excitation-emission maps for BSA–Au and [Thiol-capped-BSA]-Au were measured at 48 h. This figure has been modified from Dixon, J. M., Tomida, J. & Egusa, S. J. Phys. Chem. Lett. 153 11248-11255, (2020).

Figure 2. Cys-Cys bond-preserving limited proteolysis of BSA by trypsin. Table: Tryptic cleaving in the random coil regions can result in 15 (#i–xv) fragments, but Cys-Cys bonds connect the sequences as indicated. (a) Gel-electrophoresis of the tryptic fragments of BSA obtained by the limited proteolysis. A total of twelve bands were observed. (b) Tryptic BSA fragments reacted with Au(III). (c) In-gel luminescence of (b). (d,e,f) Line sections of (b,c,d). This figure has been modified from Dixon, J. M., Tomida, J. & Egusa, S. J. Phys. Chem. Lett. 153 11248-11255, (2020).

[bookmark: _Hlk33125969][bookmark: _Hlk47100668]Figure 3. Drawing of the observed in-gel bands that resulted from limited tryptic proteolysis of BSA, reconstructed from the theoretical fragments [A], [B], [C], [D], and [E]. Out of the nine bands observed from [BSA-trypsin]–Au (indicated by †), the in-gel red luminescence was observed with Band(1) = undigested BSA, Band(2) = [ABCD], Band(3) = [BCD], Band(6) = [ABC], and Band(7) = [BC] (indicated by ‡). This figure has been modified from Dixon, J. M., Tomida, J. & Egusa, S. J. Phys. Chem. Lett. 153 11248-11255, (2020).

[bookmark: _Hlk28268238]Figure 4. Excitation-emission maps of BSA-Au and [BSA-trypsin]–Au. BSA was digested using the limited tryptic proteolysis, then was reacted with Au. This [BSA-trypsin]–Au, containing the mixture of the BSA fragments reacted with Au, showed the luminescence pattern identical to that of BSA–Au in excitation-emission measurements (at 12 h). This figure has been modified from Dixon, J. M., Tomida, J. & Egusa, S. J. Phys. Chem. Lett. 153 11248-11255, (2020).

[bookmark: _Hlk28268256][bookmark: _GoBack]Figure 5. Limited tryptic proteolysis performed overnight. The extended duration of enzymatic digestion enables more cuts. (A) Limited tryptic proteolysis of BSA after 12 h show significantly increased fragment bands at <20 kDa. (B) These fragments were reacted with HAuCl4, and (C) in-gel luminescence was measured. The fragment bands were well-separated and visible around 20 kDa and at smaller molecular weights. The luminescence was absent in the bands below ~15 kDa. This figure has been modified from Dixon, J. M., Tomida, J. & Egusa, S. J. Phys. Chem. Lett. 153 11248-11255, (2020).
[bookmark: _Hlk47100784]Figure 6. Optimizing the time of reaction with Au. (A) BSA; (B) BSA-Au (reacted for 2 hr); (C) BSA-Au (reacted for 1 hr); (D) BSA-Au (reacted for 30 min); (E) BSA-Au (reacted for 5 min). The red luminescence of BSA-Au complexes required at least 30 min at 37oC, and luminescence was most intense in the gel after reaction for 2 hours. However, the longer reaction time led to more smearing in the gel electrophoresis bands. In order to maximize the luminescence intensity and to minimize the smearing, the optimum reaction time was chosen to be 2 hours.

Figure 7. Optimizing the timings of the addition of trypsin for digestion, and Au for reaction. The reaction time with Au was explored in the range of 2 to 24 hrs. (A) BSA; (B) [BSA-trypsin]-Au (after 2 hrs); (C) [BSA-trypsin]-Au (after 4 hrs); (D) [BSA-trypsin]-Au (after 8 hrs); (E) [BSA-trypsin]-Au (after 24 hrs). Longer reaction time resulted in more smearing of the gel bands.

Figure 8. Effects of metal cations and the gel band smearing. The smearing of the gel bands by the additions of and reactions with Au(III) were similarly observed with Cu(II) and Ni(II). (A) BSA; (B) BSA-Au; (C) [BSA-trypsin]-Au (2-hour digestion); (D) [BSA-trypsin]-Au (overnight digestion); (E) [BSA-trypsin]-Cu (2-hour digestion); (F) [BSA-trypsin]-Cu (overnight digestion); (G) [BSA-trypsin]-Ni (2-hour digestion); (H) [BSA-trypsin]-Ni (overnight digestion). The red luminescence was not observed upon reactions with Cu(III) or Ni(II).

Figure 9. Effects of pH and the order of the additions of trypsin and Au. The fragmented compounds were prepared by reacting Au with digested BSA ([BSA-trypsin]-Au), or by digesting the pre-formed BSA-Au ([BSA-Au]-trypsin), and then run in gel as is or after adjusting the pH to 7 in sample buffer. (A) BSA; (B) BSA-Au (as is); (C) BSA-Au (pH=7); (D) BSA-trypsin; (E) [BSA-trypsin]-Au (as is); (F) [BSA-Au]-trypsin (as is); (G) [BSA-trypsin]-Au (pH=7); (H) [BSA-Au]-trypsin (pH=7). The presence of the red luminescence was not affected by the order of the additions of trypsin and Au, however the smearing of the gel bands was more pronounced for [BSA-Au]-trypsin. The adjustment of pH to neutral in the sample buffer did not significantly improve the gel band smearing, however increased the aggregation of fragments as indicated by the gel bands above the molecular weight of 66.4 kDa.     



DISCUSSION:

The purpose of the present protocol was to identify the red-luminophore-forming domain in BSA-Au complexes. We employed limited tryptic proteolysis to obtain the BSA fragments, while preserving the Cys-Cys bonds that are necessary to produce the red luminescence. We optimized the conditions for proteolysis and electrophoresis in the presence of Au(III). These protocols broadly describe the gel analyses of fragmented proteins in the presence of metal cations.

We performed multiple optimizations to enable the analysis of BSA-Au fragments and their in-gel luminescence. The red luminescence of BSA-Au complexes and [BSA-trypsin]-Au fragments required at least 30 min of reaction time at 37oC to be observable in gels, and luminescence was most intense in the gel after reaction for 2 hours (Figure 6, 7). However, the longer reaction time led to more smearing in the gel electrophoresis bands. In order to maximize the luminescence intensity and to minimize the smearing, the optimum reaction time was chosen to be 2 hours.

The presence of metal cations appears to be the major cause of the gel band smearing. Similar observations were made in gel electrophoresis in the presence of Cu(II).22,23 The smearing of the gel bands were observed by the additions of and reactions with Au(III), as well as with Cu(II) and Ni(II) in our experiments (Figure 8). We also assessed the effects of the order of the addition of trypsin and Au, and the sample loading buffer pH (Figure 9). We observed the in-gel red luminescence regardless of the order of the additions of trypsin and Au. However, smearing of the gel bands was suppressed for [BSA-trypsin]-Au, namely by digesting BSA first and then reacting the obtained fragments with Au. The adjustment of pH to neutral in the sample loading buffer for the gel electrophoresis did not significantly improve the gel band smearing, rather, increased the aggregation of fragments as indicated the gel bands above the molecular weight of 66.4 kDa. Other factors that we note to optimize the gel-band analysis are the ratio of BSA : Au (maximum intensity was obtained for the ratio of 1 : 25, but we optimized it to 1 : 10 to minimize the metal cation-induced gel smearing, while maximizing the red luminescence intensity) and the gel loading (10 µg of protein per lane, to maximize the in-gel band luminescence intensity while avoiding the overloading).

Majority of proteins need metal cations to function, and at a particular physiological pH. For a complete understanding of these proteins, x-ray crystallography is ultimately required for the structural analyses and the identification of metal coordination. However, protein crystallization is often difficult and is not always possible at desired (physiologically functional) pH. Taking the experiments presented herein as an example, the structures of BSA, and their fragments, are not known for the non-neutral pH conformation that is required to produce the red luminescence. Yet we were able to obtain critical functional information of the metal-bound BSA fragments at the desired pH. Our method could therefore be used in supplement to study the interactions of proteins with metal cations in a facile manner without requiring the protein crystallization. 

The finding from the limited proteolysis and gel electrophoresis can be validated by molecular cloning of the protein fragments. Molecular cloning can be technically difficult in some cases, due to low solubility of the product fragment or low expression in E. coli., and is usually time-consuming. The facile method based on the limited proteolysis presented here can complement the molecular cloning approach. 
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