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Abstract

The DNA alkylating agent busulfan is used to ‘precondition’ patients with leukemia, lymphomas 

and other hematological disorders prior to hematopoietic stem cell transplants. Busulfan is 

metabolized via conjugation with glutathione (GSH) followed by intramolecular rearrangement to 

the GSH analog γ–glutamyl-dehydroalanyl-glycine (EdAG). EdAG contains the electrophilic 

dehydroalanine, which is expected to react with protein nucleophiles, particularly proteins with 

GSH binding sites such as glutaredoxins (Grx’s). Incubation of EdAG with human Grx-1 or Grx-2 

results in facile adduction of cys-23 and cys-77, respectively, as determined by ESI-MS/MS. The 

resulting modified proteins are catalytically inactive. In contrast, the glutathione transferase A1-1 

includes a GSH binding site with a potentially reactive tyrosinate (Tyr-9) but it does not react with 

EdAG. Similarly, Cys-112 of GSTA1-1, which lies outside the active site and is known to form 

disulfides with GSH, does not react with EdAG. The results provide the first demonstration of the 

reactivity of any busulfan metabolites with intact proteins, and they suggest that GSH-binding 

sites containing thiolates are most susceptible. The adduction of Grx’s by EdAG suggests the 

possible alteration of proteins that are normally regulated via Grx-dependent reversible 

glutathionylation or deglutathionylation. Dysregulation of Grx-dependent processes could 

contribute to cellular toxicity of busulfan.
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The myleoablative agent busulfan is the ‘drug of choice’ to precondition patients with 

leukemia, lymphomas, or nonmalignant blood diseases prior to bone marrow transplant, or 

hematopoietic stem cell transplant (HSTC). Although busulfan has clear advantages over 
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total body irradiation for preconditioning, and it has become a standard component of 

HSTC, it has a narrow therapeutic index that makes it difficult to dose optimally (1–3). 

Toxicity associated with busulfan treatment includes pulmonary injury, seizures, cataracts 

and hepatic sinusoidal obstruction syndrome (SOS), which is frequently fatal in patients in 

whom it develops (4–11). Many very recent studies have aimed to improve busulfan safety 

by varying dosing regimens or to establish predictive pharmacokinetic biomarkers, and these 

efforts emphasize the urgent need for more complete understanding of busulfan system 

pharmacology (12,13). The recent high level of interest in pharmacokinetic strategies for 

busulfan dosing provides a striking contrast to the paucity of information concerning the 

molecular mechanisms for its toxicity. Increased understanding of the mechanisms of 

busulfan toxicity could lead to improved safety of HSTC protocols.

Metabolites of busulfan have been considered as potential sources of toxicity, and the 

enzymes responsible for the metabolism have been considered as genetic factors in toxicity, 

but no definitive mechanisms have been demonstrated (14–16). The metabolite pool of 

busulfan is derived from its initial Glutathione Transferase (GST)-catalyzed reaction with 

GSH and includes tetrahydrothiophene (THT+) and oxidized THT+ variants (17,18). In 

addition, the dehydroalanine analog of GSH, or EdAG (γ-glutamyl-dehydroalanyl-glycine), 

is formed, as shown in Figure 1A. EdAG demands consideration as a source of toxicity due 

to its chemical reactivity. EdAG is known to react with additional GSH to form the 

nonreducible lanthionine GSG (Figure 1B), and it has been speculated to react with protein 

thiols to yield lanthionine linkages in irreversibly glutathionylated proteins (19,20). This 

reaction has not been experimentally demonstrated, however.

The possibility of irreversible glutathionylation has important implications for the 

mechanism of busulfan toxicity, because it could lead to dysregulation of many proteins that 

are normally regulated by reversible glutathionylation. Proteins that contribute to many 

different cellular functions are regulated via reversible glutathionylation in response to the 

redox status of the cell, including transcriptional activators, cytoskeletal proteins, 

mitochondrial electron transfer components, signaling proteins, and enzymes involved in 

intermediary metabolism (21–23). Normally, such regulation relies on formation and 

reduction of mixed disulfides of GSH with protein cys residues in response to redox status. 

Therefore, EdAG could globally impair cellular homeostasis if it forms irreversible 

lanthionine linkages with proteins, or if it formed such a linkage with enzymes that control 

reversible glutathionylation.

Hypothetically, proteins that contain reactive cys residues within GSH binding sites would 

be particularly susceptible to EdAG covalent binding. Because EdAG is a direct structural 

analog of GSH, it would likely have affinity for GSH-binding sites including those in 

glutaredoxins (Grx’s), Thioredoxins (Trx’s) or other GSH-binding proteins. Grx motifs 

include a conserved GSH binding site, or Grx fold, that occurs in many proteins (24–27). In 

many cases Grx domains include a nucleophilic cys that forms disulfide bonds with GSH 

during enzymatic catalysis (26). Glutaredoxin-1 (Grx-1), for example, utilizes cys-23 to 

form a mixed disulfide with GSH (Grx-S-SG) to catalyze the glutathionylation of proteins at 

their free thiols, or it can reduce protein-S-SG disulfides to result in their deglutathionylation 

with intermediate formation of Grx-S-SG. Grx-2 utilizes cys-77 for a similar, but 
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mechanistically distinct, reaction. Thus, Grx-1 and Grx-2 are critically important enzymes in 

the regulation of the ‘glutathiome’, or the set of proteins normally regulated via reversible 

glutathionylation.

Here, we demonstrate that exposure of EdAG to cytosolic Grx-1 or mitochondrial Grx-2 

leads to facile formation of a lanthionine linkage with their active site cys residues. 

Formation of covalent linkage leads to the expected inhibition of function. This combination 

of effects has significant implications for the mechanism of busulfan toxicity. Most 

importantly, the results establish the chemical competence of EdAG for reacting with cys 

residues in folded proteins.

Materials and Methods

Chemicals

All chemicals were purchase from Sigma-Aldrich unless otherwise stated.

Synthesis of γ-Glutamyl-dehydroalanyl-glycine (EdAG)

EdAG was synthesized via elimination of 2,4-dinitrothiophenolate from S-(2,4-

dinitrophenyl)glutathione as previously described by Asquith et al. (28). Specifically, the 

intermediate S-(2,4-Dinitrophenyl)glutathione was synthesized as described by Younis (29). 

Briefly, a solution of 1-chloro-2,4-dinitrobenzene (10 mmol in 20 ml of methanol) was 

added drop wise to a solution of reduced glutathione-(10 mmol in 40 ml of 1 N NaHCO3) 

and the mixture was then stirred at room temperature. After one hour the reaction was 

complete, as determined by 1H NMR. The reaction mixture was then filtered, and the 

product precipitated by acidification with 1 M HCl. The yellow precipitate was collected by 

vacuum filtration, recrystallized from hot water, desiccated at 60 °C for 48 hours and 

characterized by 1H NMR [DMSO-d6: δ 1.79 (m, 1H), 1.94 (m, 1H), 2.24–2.37 (m, 2H), 

3.27 (m, 1H), 3.34 (m, 1H), 3.64 (dd, 1H), 3.67–3.79 (m, 2H), 4.60 (td, J = 9.3, 4.1 Hz, 1H), 

7.97 (d, J = 9.1 Hz, 1H), 8.47 (dd, J = 8.9, 2.5 Hz, 1H), 8.68 (d, J = 8.7 Hz, 1H), 8.87 (d, J = 

2.5 Hz, 1H), and 8.98 (t, J = 5.8 Hz, 1H)] and ESI-MS (positive ion mode, [MH]+ = 474.1 

m/z). The yield of S-(2,4-dinitrophenyl)glutathione was 75%.

γ-Glutamyl-dehydroalanyl-glycine (EdAG) was synthesized from this product. Two mmol 

of S-(2,4-dinitrophenyl)glutathione were dissolved in 50 ml of 0.5 M NaOH, and the 

solution was stirred at room temperature. After 45 min the reaction was complete, as 

determined by 1H NMR. The solution was then extracted with n-butanol (6 × 20 ml) and the 

organic layers (containing the 2,4-dinitrothiophenolate) were discarded. To remove sodium 

ions, the orange aqueous layer (pH ~ 12) was titrated with Dowex 50W-X8 cation exchange 

resin (hydrogen form, Biorad, 20–50 mesh, pre-equilibrated with n–butanol saturated water) 

until the pH approached a value of ~ 4.0. The resulting pale yellow aqueous solution was 

filtered and concentrated to a small volume (~ 0.5 ml) by a rotary vacuum evaporator. The 

EdAG was then precipitated by addition of 100 ml of cold (-20 °C) ethanol (200 proof, 

Decon Labs., Inc.). Upon centrifugation (4100 rpm for 5 min at 4 °C), a light brown solid 

was recovered and subsequently dried at room temperature and under atmospheric pressure. 

The product was then re-dissolved in water containing 0.1% Formic acid (F.A.) and purified 
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by C18 RP-HPLC (Syncronis aQ, 250 × 10 mm, 5 μm particle size, Thermo Scientific). A 

water + 0.1% F. A. mobile phase was employed and the flow rate was set to 3 ml/min. 

EdAG eluted at 9.39 min. The fractions containing EdAG were pooled and lyophilized, 

yielding a white solid with purity > 98-% as determined by 1H NMR. The product was fully 

characterized by 1H, 13C and 1H-13C NMR (30). 1H NMR (D2O, pH ~ 3): δ 2.17 (q, J = 7.3 

Hz, 2H), 2.58 (td, J = 7.3, 4.5 Hz, 2H), 3.82 (t, J = 6.4 Hz, 1H), 4.00 (s, 2H), 5.68 ppm (s, 

1H), 5.74 ppm (s, 1H). ESI-MS (positive ion mode, [MH]+ = 274.1 m/z). The yield of 

EdAG from starting S-(2,4-dinitrophenyl)glutathione was 60%. A scheme depicting the 

overall two step synthesis is shown in the accompanying reference 30 along with detailed 

methods and spectral data.

Recombinant human Grx-1 and Grx-2(41-164) expression and purification

The plasmids for expression in E.coli of human Grx-1 and Grx-2(41-164) [this engineered 

truncation is referred as Grx-2 for the remainder of the manuscript] were kindly donated by 

Prof. Caryn E. Outten (Department of Chemistry and Biochemistry, University of South 

Carolina, U.S.A.).

Expression and purification of Grx-1 and Grx-2 were accomplished as previously described 

(31, 32), although tris(2-carboxyehtyl)phosphine (TCEP) was used instead of DTT. Both 

proteins were obtained at a purity > 90% as determined by SDS-PAGE. In all instances, 

protein concentrations were determined by UV-Vis absorbance using molar extinction 

coefficients (ε280 nm) of 3160 and 6400 M−1cm−1 for Grx-1 and Grx-2(41-164), 

respectively. MS characterization indicates that Grx-1 expressed in E. coli is obtained 

without the N-terminal Met.

Determination of glutaredoxin activity (HED assay)

The catalytic activities of purified hGrx-1 and hGrx-2 were determined using a standard 

coupled enzyme assay and monitoring reduction of the model substrate 2-hydroxyethyl 

disulfide (HED), as previously described (33). Briefly, 0.7 mM HED was added to a mixture 

containing 100 mM Tris•HCl, pH 7.9, 1 mM GSH, 0.2 mM NADPH, 2 mM EDTA, 0.1 

mg/ml bovine serum albumin and 6 μg/ml (~ 3 units/ml) baker’s yeast glutathione reductase 

(Sigma-Aldrich, 500 units/mg protein). After 3 min incubation glutaredoxin was added to 

the sample cuvette (Grx-1 at 10 nM or Grx-2 at 100 nM), and an equal amount of buffer to 

the reference cuvette. All the aforementioned concentrations are intended as the final values 

in the cuvette. The decrease in absorbance at 340 nm (due to the NAPDH oxidation) was 

followed using a Varian Cary 3E UV-Vis and the data were fitted to a linear regression 

using GraphPad Prism version 4.00 (GraphPad Software, San Diego, CA, USA). The 

activity was expressed in units/mg protein (i.e. micromoles of NADPH oxidized/min/mg 

protein) using a molar extinction coefficient of 6220 M−1cm−1 and was determined after 

subtracting the spontaneous reduction rate observed in the absence of glutaredoxin. The 

specific activities were 220 and 25 units/mg for Grx-1 and Grx-2, respectively.

Incubation of glutaredoxins with EdAG

All incubations were performed in phosphate-buffered saline (PBS) at pH 7.4, containing 

250 μM TCEP, under agitation at 120 rpm and at a temperature of 37 °C, unless otherwise 
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stated. The initial EdAG/protein molar ratio was invariably set to 20 (i.e. 50 μM 

Glutaredoxin and 1 mM EdAG).

For the reaction time course experiments, aliquots were taken at variable time points and 

immediately stored at −80 °C. Each aliquot was then thawed immediately before mass 

spectrometry analysis.

Reaction aliquots subjected to glutaredoxin activity determination were not, in any case, 

frozen before analysis. In these instances, a small portion of the time point aliquot was taken 

and immediately tested for activity.

Glutaredoxins tryptic digestion

hGrx-1, hGrx-2(41-164), and their EdAG-ylated counterparts were proteolyzed with trypsin 

for mass spectrometry analysis. Briefly, aliquots containing ~ 5 μg protein at ~ 500 μg/ml 

were denatured at room temperature by adding urea at a final concentration of 8 M. After 

addition of Tris•HCl, pH 8.0, to a final concentration of 50 mM, dithiothreitol (DTT) was 

added to a final concentration of ~ 10 mM and the mixture was left for 1 hour at room 

temperature. Subsequently, iodoacetamide (IAM) was added to a final concentration of ~ 20 

mM and the mixture kept in the dark and at room temperature for one hour, after which 

fresh DTT was added to a final concentration of ~ 10 mM to quench the unreacted IAM. The 

mixture was then diluted 80 fold with 50 mM ammonium bicarbonate, pH 8.0, 1 mM CaCl2, 

and added with sequencing grade trypsin to a 1:20 trypsin/protein mass ratio and incubated 

overnight at 37 °C. Acetonitrile was then added to a final concentration of 5% and the pH 

decreased to ~ 2.5 by addition of formic acid 88%.

Mass Spectrometry

All mass analyses were performed on a SYNAPT G2-Si quadrupole time of flight 

spectrometer (Waters, Milford, MA). To ensure high mass accuracy throughout an analysis, 

a lock mass (leucine enkephalin, [M+H]+ = 556.2771 Da) was sampled every 60 seconds 

during the run.

For the intact protein analysis, ~ 5 μg were applied to a POROS-R1 column (150 × 2.1 mm, 

10 μm particle size, Applied Biosystem) and subjected to a binary mobile phase linear 

gradient (A = 0.1% F.A.; B = ACN + 0.1% F.A.) from 10% to 95% B over the course of 17 

min, at a flow rate of 0.3 ml/min. The MS spectra acquisition was done in positive mode, 

scanning through a m/z range of 200–3000 Da.

In all instances where it was necessary to estimate the EdAG-protein/protein molar ratio in a 

protein/EdAG reaction mixture, smoothed peaks of identical charge states were integrated 

and the fractional area (i.e. A+x/(A+x + B+x), where A+x and B+x are intended as the 

computed integrals of the EdAG-ylated protein and the unmodified protein, respectively) 

calculated. This approach is based on the assumption/approximation that both the native and 

the EdAG-ylated proteins shared equivalent ionization efficiency.

For the tryptic digestion LC-MS/MS analysis, ~ 350 ng digested protein were resolved on an 

UPLC BEH C18 column (100 × 1.0 mm, 1.7 μm particle size, Waters) and subjected to a 
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linear gradient (A = 0.1% F.A.; B = ACN + 0.1% F.A.) from 5% to 50% B over the course 

of 24 min, at a flow rate of 0.08 ml/min.

The MS spectra were acquired with data dependent acquisition (DDA), with a survey scan 

of 1 second through a m/z range of 50–2000 Da, and a subsequent MS/MS scan from 50 to 

1200 Da for 1 second with the trap collision energy of 30 eV. The mass error was found, in 

all instances, to be under 5 ppm.

All data acquisition, processing and visualization were performed using MassLynx (Waters). 

Peptides were manually assigned using exact mass and MS/MS spectra with the aid of 

protein prospector (prospector.ucsf.edu).

Results

Characterization of EdAG

Although the synthesis of EdAG has been reported (17, 29), no complete characterization is 

published. Therefore, we performed a full NMR characterization as a measure of purity and 

as a confirmation of structure. The simple 1-dimensional 1H and 13C NMR spectra are 

shown in Figure 2, which indicates that the purity of our final product is at least 99%. The 

full characterization via DQF-COSY, TOCSY, NOESY, 1H-13C HSQC and 1H-13C HMBC 

is provided elsewhere (30).

Grx’s form covalent adducts with EdAG

In order to test the hypothesis that EdAG efficiently reacts with Grx’s, it was incubated 

separately with purified human Grx-1 or Grx-2, which represent cytosolic and mitochondrial 

isoforms respectively. Both isoforms play critical roles in cellular redox regulation and 

control reversible glutathionylation of a wide range of proteins (24,27). The incubations 

included 50 μM protein with a 20-fold excess of EdAG, at physiologic pH at 37 °C, where 

the majority of protein thiols are protonated, and not highly reactive. The reaction was 

monitored with ESI-MS at varying times after mixing. Both the intact, unmodified protein 

and the expected adduct were monitored. Figure 3 shows the time course of the appearance 

of the adduct expressed as percent of the total protein for Grx-1 and Grx-2. Both proteins 

show a similar time course under these conditions wherein 50% of the protein is adducted in 

~ 10 hrs.

Identification of the site of modification

In order to determine the site of modification, ESI-MS/MS was performed with trypsin 

digested samples of either Grx-1 or Grx-2 incubated with EdAG. The results for Grx-1 and 

Grx-2 are shown in Figure 4 and Figure 5 respectively. Fragmentation of the peptide 

corresponding to VVVFIKPTCPYCR clearly reveals EdAG adduction at cys-23 (bold 

underlined) for Grx-1. In addition to the ions resulting from fragmentation at the peptide 

backbone, a neutral loss of the pyroglutamic acid (loss of 129 m/z) is observed for many 

fragments, consistent with the γ-glutamyl linkage on EdAG, which is a well-established 

fragmentation for GSH adducts (34, 35). The ions corresponding to loss of pyroglutamic 

acid from the EdAG-adducted peptide are labeled with ‘yx - pGlu’ in Figure 4. Similar 
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results are observed for Grx-2 incubated with EdAG. Here cys-77 is clearly adducted in the 

peptide TSCSYCTMAK, where the adducted cys-77 is bold and underlined.

Each of the other cys-containing peptides showed no adduction as determined by MS. 

Specifically, the peptides containing cys-8, cys-79 and cys-83 of Grx-1 and cys-68 and 

cys-153 of Grx-2 were found to be unmodified, and the data are shown elsewhere (30). 

Interestingly, the two non-active site cys residues in Grx-2, as well as the two active site cys 

residues were found to slowly form disulfides during the incubation time in the presence or 

absence of EdAG (30), by the progressive mass shift of the arbitrarily selected [M+11H]11+ 

charge species during the incubation. These species were easily reduced by TCEP, but no 

cysteines other than Cys-23 of Grx-1 or Cys-77 of Grx-2 were ever adducted by EdAG. 

However, this disulfide heterogeneity made it difficult to quantify catalytic activity of the 

individual species present, as described below.

Catalytic activity of EdAG-adducted Grx

The formation of a lanthionine linkage at the catalytic cys residues would be expected to 

inactivate Grx-1 and Grx-2. To demonstrate this, the standard hyroxyethyl disulfide (HED) 

assay was used to compare the catalytic activities with native Grx’s. In this assay the HED 

disulfide is reduced and a mixed disulfide is formed between hydroxyl ethyl thiol and GSH. 

This disulfide is reduced by Grx to yield a mixed disulfide between the active site cys and 

GSH, which in turn is reduced by GSH to yield GSSG. The GSSG is reduced by Grx 

utilizing NADPH as a source of reducing equivalents. The GSH-dependent oxidation of 

NADPH was monitored spectrophotometrically (33). For both Grx-1 and Grx-2 some 

catalytic activity was lost during the time of incubation with EdAG, even in the absence of 

EdAG. This was particularly evident with the Grx-2 construct, which is a deletion of the 

wild type. Also, as noted above, during the incubation we observed formation of disulfides 

between non-active site cysteines, and separately between active site cysteines, in the intact 

Grx-2 in the absence and presence of EdAG, resulting in a heterogeneous mixture of 

reduced, partially oxidized, and fully oxidized species (shown in ref. 30). We presume that 

these disulfides were formed during the incubation, rather than being present before the 

incubation, because the sample included 250 μM TCEP at the start. With the accumulation 

of these disulfide-bonded forms it was not possible to determine the catalytic activity of the 

differentially oxidized Grx species. It was also difficult to determine whether any disulfide 

bonding between nonactive site cys residues had an impact on the EdAG adduction of the 

active site cys-77 as we could not resolve the reduced, partially oxidized or fully oxidized 

protein, so the percent of protein adducted with EdAG was based on total protein, and not 

fully reduced protein. In addition, due to uncertainty about the ionization efficiency of 

unmodified vs. EdAG-modified proteins in the mass spectrometer, quantitation of the 

amount of protein adducted is only semi-quantitative. As a result of these complexities, it 

was difficult to quantitatively correlate the loss of catalytic activity with EdAG adduction. 

This made it very difficult to determine KI and kinact parameters for this active site directed 

inhibitor. Qualitatively, however, EdAG adduction clearly correlated with loss of activity. 

For partially adducted samples of Grx-1, the enzyme that was estimated to be 32% adducted 

at cys-23, based on mass spectrometry, lost 47% of the catalytic activity of a control sample 

that was not treated with EdAG. An essentially identical result was obtained with Grx-2. 
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Thus both Grx-1 and Grx-2 are nearly equally susceptible to EdAG adduction and the 

resulting loss of catalytic activity. The greater loss of activity compared to extend of 

adduction may reflect multiple pathways of inactivation, such as the disulfide bond 

formation described above and some time-dependent unfolding. Data demonstrating the loss 

of activity for partially adducted Grx-1 and Grx-2 are shown in Figure 6.

Molecular models of Grx-1 and Grx-2 were generated from available crystal structures (36, 

37), and the location of the adducted cys residues is shown in Figure 7. The active sites of 

the two isoforms are similar, and it is not surprising that they would be similarly sensitive to 

EdAG. The structures emphasize that the adducted cys residues are not exposed on the 

surface of the proteins, but are within the GSH binding sites.

EdAG does not react with glutathione transferase

For comparison, hGSTA1-1 was incubated with EdAG and monitored for adducts 

corresponding to glutathionylated protein. GSTA1-1 is the predominant hepatic isoform that 

catalyzes the conjugation of GSH to many electrophilic drugs, including busulfan. GSTA1-1 

provides a useful comparison because it contains a glutaredoxin motif that binds GSH in the 

active site and has been shown qualitatively to have some affinity for EdAG (17). Although 

there is no reactive cysteine in the active site of GSTA1-1, the active site residue Tyr-9 is 

partially ionized at pH 7.4 due to a low pKa and the tyrosinate potentially has some 

nucleophilic character (38). Therefore, reaction of tyrosinate-9 with EdAG was considered 

as a possibility. Moreover, Cys 112 of GSTA1-1 lies far from the active site but is known to 

form a disulfide with GSH (39). Therefore, the possibility of adduct formation of EdAG at 

Cys-112 was considered. In effect, GSTA1-1 provides a test of the reactivity of EdAG in 

GSH binding sites with nucleophiles other than cys and a test of the ability of GSH-reactive 

thiols on proteins to adduct EdAG. In contrast to Grx-1 and Grx-2, GSTA1-1- does not react 

with EdAG. We observe no adduction at either Cys-112 or Tyr-9. MS data for the intact 

protein are shown in reference 30.

Discussion

The results are the first to demonstrate the ability of EdAG to form irreversible lanthionine 

linkages with proteins. The reaction of EdAG with Grx-1 and Grx-2 has significant 

implications for the cellular toxicity of busulfan. Many proteins spanning a wide range of 

function are regulated by reversible glutathionylation and Grx’s play a critical role in 

regulating their glutathionylation in response to redox status. These processes are 

schematized in Figure 8. The fact that both the cytosolic Grx-1 and the mitochondrial Grx-2 

are irreversibly inactivated suggests that a wide range of cellular functions would be 

dysregulated in response to sufficiently high concentrations of EdAG. Presumably, the 

highest concentrations of EdAG achieved in vivo would be in hepatocytes which contain the 

highest concentrations of GSH and GSTs. It is reasonable to speculate that EdAG 

contributes to the hepatic sinusoidal obstruction syndrome, or other toxicities, associated 

with busulfan treatment. Of course, toxicity in other organs would be possible if EdAG 

reaches the systemic circulation. For example, the mechanism of action of busulfan as a 

myeloablative agent might include its effects on glutathionylation status. Speculatively, the 
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ability of busulfan to affect cancerous bone marrow cells may not be limited to its activity as 

a DNA alkylator. Possibly the effects of EdAG on bone marrow cells could contribute to its 

therapeutic effects, if it were generated in those cells or if it reached the bone marrow after 

being generated in the liver.

As depicted in Figure 8, in principle EdAG may also form lanthionine linkages with cys 

residues that are not in GSH binding sites. The major determinants of reactivity would be 

the pKa of the cys and its steric accessibility. This likely explains the differential reactivity 

of the cys residues in Grx’s, which have pKa’s near 4 and are nucleophilic (26, 27) vs. the 

surface cys-112 of GSTA1-1, which likely has a pKa near 9.5. Figure 7 includes the 

speculation that thioredoxins, which have nucleophilic cys residues with low pKas, also 

would react with EdAG, although we have not explicitly looked for that in this initial 

demonstration of EdAG reactivity. With regard to cys residues with ‘normal’ pKas, here we 

have only sampled cys-112 of GSTA1-1, which is known to form disulfides with GSH (39), 

and found that EdAG does not react with it, indicating that differential reactivity of EdAG 

with cys residues across the proteome is likely. An additional in vivo parameter that would 

be important determinant of reactivity would be concentration. Proteins that are more highly 

expressed might be adducted preferentially over proteins with more accessible cys residues 

or more reactive cys residues. In light of this, it would be useful to perform proteomic 

experiments aimed to identify any additional proteins that react with EdAG in vivo. If EdAG 

reacts with cys residues that are reversibly glutathionylated as part of a regulatory 

mechanism, then this could also dysregulate the glutathiome. Thus, EdAG could alter the 

glutathiome by reacting with cys residues that normally participate in regulation via 

reversible glutathionylation and by its inactivation of Grx’s or Trx’s that control the process 

of glutathionylation/deglutathionylation. In addition to Grx’s and Trx’s, sulfiredoxins utilize 

GSH to catalyze deglutathionylation (40) and GST omega may play a role in GSH-

independent deglutathionylation processes (41). Thus, these enzymes are potential targets of 

EdAG as well. We have limited Figure 8 to Grx’s and Trx’s because they appear to be the 

major determinants of glutathionylation status but these other proteins could also be affected 

in as much as they have reactive cys residues in potential GSH binding sites. Similarly, 

GSTP1-1 has been suggested to mediate protein glutathionylation, but the only reactive cys 

(Cys-47) is not part of the canonical GSH binding site. Still, GSTP1-1 could be an additional 

interesting target for EdAG.

The results are novel from a biochemical perspective. We are unaware of other examples of 

irreversible protein glutathionylation caused by any drug or drug metabolite. Thus, any 

effects of busulfan on the glutathiome, might represent a novel drug-dependent mechanism 

of toxicity. In addition it is interesting to emphasize that the EdAG reaction with proteins 

represents the only example of which we are aware, of a drug (busulfan) creating a ‘reactive 

metabolite’ from an endogenous peptide (GSH). Note that, as depicted in Figure 1, none of 

the atoms originally found in busulfan are maintained in the ultimate GSH adduct with 

EdAG, and this is confirmed by the results with protein adducts. The irreversible protein 

adduct with EdAG contains only atoms from GSH and none from busulfan. This is an 

intriguing variation on the more common situation in which a drug is metabolized to a 

reactive species that results in incorporation of the drug scaffold into the protein. In addition, 
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lanthionine linkages have been observed in antibiotic natural products and the enzymes that 

catalyze their formation represent potential tools for incorporation of novel lanthionines in 

engineered proteins (42). The reaction with EdAG represents an interesting source of ‘non-

natural’ lanthionines. Taken together, the results demonstrate that the frequently used drug 

busulfan can participate in interesting chemical reactivity with proteins by novel 

mechanisms.
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Highlights

• Busulfan is used in hematopoietic stem cell transplants, but its system 

pharmacology has not been described.

• The busulfan metabolite EdAG irreversibly gluathionylates active site cysteines 

of glutaredoxins in vitro.

• Busulfan metabolism leads to inactivation of glutaredoxins via covalent 

modification by EdAG.

• EdAG may lead to dysregulation of the ‘glutathiome’ or the set of proteins 

normally regulated by reversible glutathionylation.
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Figure 1. 
Glutathione-dependent metabolites of busulfan. A) The GSH adduct of busulfan rearranges 

to the GS-THT+, which subsequently undergoes β-elimination to EdAG. B) EdAG 

undergoes additional reaction with GSH to form GSG.
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Figure 2. 
1H-NMR spectrum of ~ 5 mM EdAG in unbuffered D2O, pH ~ 3 and 13C-NMR spectrum of 

~ 40 mM EdAG in unbuffered H2O/D2O 90:10 at pH ~ 3. The spectra provided a criterion 

for purity, which was estimated at >98%. ‘FA’ is formic acid and ’DSS’ is 2,2-dimethyl-2-

silapentane-5-sulfonate.
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Figure 3. 
A, C) Deconvoluted ESI-MS spectra of the reaction mixture obtained from 1 mM EdAG and 

50 μM Grx-1 or Grx-2 at 8 and 10 hrs, respectively. B, D) Time course of the EdAG adduct 

formation with Grx-1 and Grx-2, respectively. The reactions were conducted at 37 °C in 

PBS, pH 7.4, and in presence of 250 μM TCEP. The percentage of adducted protein was 

calculated from the fractional area of the most intense charge state (i.e. [M+11H]+11 for 

Grx-1/EdAG-Grx-1 and [M+16H]+16 for Grx-2/EdAG-Grx-2) in the MS spectrum.
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Figure 4. 
High mass accuracy MS/MS spectrum of the Grx-1 tryptic peptide with EdAG adducted to 

cys23, derived from a precursor ion with mass 618.98 Da (i.e. [M+3H]3+). Selected 

fragment ions, including those corresponding to the neutral loss of 129 m/z which is 

diagnostic for the loss of pyroglutamic acid, are highlighted. The y4 and y7 ions identify 

cys23 as the site of EdAG adduction. The symbol ‘CAM’ in the peptide sequence indicates 

that the specific cys residue was the carbamidomethyl derivative, resulting from reaction 

with iodoacetamide.
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Figure 5. 
High mass accuracy MS/MS spectrum of the Grx-2 tryptic peptide with EdAG adducted to 

cys77, derived from a precursor ion with mass 712.78 Da (i.e [M+2H]2+). Selected fragment 

ions, including one corresponding to the neutral loss of 129 m/z which is diagnostic for the 

loss of pyroglutamic acid, are highlighted. The y5–7 and y8 ions unequivocally identify in 

cys77 the site of EdAG-ylation.

Scian and Atkins Page 18

Arch Biochem Biophys. Author manuscript; available in PMC 2016 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
Catalytic activity of Grx’s after reaction with EdAG. Samples of 50 μM Grx’s in PBS pH 

7.4 were incubated at room temperature (Grx-1) or at 4 °C (Grx-2) in presence or in the 

absence of 1 mM EdAG. After 24 hours, HED activity assays were conducted as described 

in the material and methods section. With partial (~35%) adduction by EdAG, Grx catalytic 

activity is decreased ~47%. The loss of activity above the level of adduction is likely due to 

oxidation and denaturation.
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Figure 7. 
Electrostatic potential surface and cartoon representations of A) hGrx-1 (adapted from pdb: 

1JHB, model 8), and B) hGrx-2 (adapted from pdb: 2FLS). The close ups show the 

structural details of the catalytic cys residues (23, 26 and 77, 80 for Grx-1 and Grx-2, 

respectively). Images were generated using the PyMol Molecular Graphics System, Version 

1.2r1, Schrödinger, LLC.
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Figure 8. 
Possible effects of EdAG on the Glutathiome. EdAG could alter the glutathiome directly by 

inhibiting Grx’s, as shown by the results presented here or, hypothetically, by inhibiting 

Trx’s. In addition EdAG could form irreversible adducts with cys residues on proteins that 

are normally activated or inhibited by glutathionylation. Adduction by EdAG could either 

activate or inhibit such proteins.

Scian and Atkins Page 21

Arch Biochem Biophys. Author manuscript; available in PMC 2016 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


