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ABSTRACT
We have examined the catalytic activity of glutathione .S'-transferases
(GST) in the conjugation of busulfan with glutathione (GSH) in human
liver cytosol. purified human liver GST. and cDNA-expressed GST-al-1.
Human liver microsomes and cytosol were incubated with 40 /IM busulfan
and 1 m\i (.SII. Cytosol catalyzed the formation of the GSH-husulfan
tetrahydrothiophenium
ion i III I ' i in a concentration-dependent
man
ner, whereas microsomes lacked activity. The total and spontaneous rates
of THT+ formation increased with pH (pH range, 6.50-7.75), with the
maximum difference at pH 7.4. Due to the limited aqueous solubility of
busulfan, a Aâ€ž,
for husulfan was not determined. The intrinsic clearance
(Vnlav/Ã„,â€ž)
of husulfan conjugation was 0.167 /Â¿1/min/mgwith 50-1200 /IM
busulfan and 1 HIMGSH. GSH Vlnax and Km for busulfan conjugation
were 30.6 pmol/ntin/mg and 312 /IM. respectively. Ethacrynic acid
(0.03-15 /IMI inhibited cytosolic busulfan-conjugating activity with 40 /IM
busulfan and 1 HIMGSH. Knzyme-mediated
IIII
formation was de
creased 97% by 15 /IM ethacrynic acid with no effect on the spontaneous
reaction. In incubations with affinity-purified liver GST and GST-alâ€”1,
the intrinsic clearance for busulfan conjugation was 0.87 and 2.92 /il/min/
mg, respectively. Busulfan is a GST substrate with a high A',â€ž
relative to
concentrations

achieved clinically (1-8 /IMI.

INTRODUCTION
Busult'un is an alkylating agent widely used in preparative chemo
therapy regimens for peripheral blood stem cell and bone marrow
transplantation. Systemic exposure to busulfan is correlated with
regimen-related toxicity and graft rejection. At the standard 16-mg/kg
total dose of busulfan. average steady-state plasma busulfan levels
range 10-fold in children and adults, indicating that busulfan clearance
and/or bioavailability after oral drug administration is highly variable
(1).
Conjugation with GSH ' is the primary route of busulfan elimina

AND METHODS

Reagents and Chemicals.

produced following i.v. administration of busulfan to rats (4). Urinary
sulfur-containing metabolites of busulfan after intrapleural adminis
tration to rats and oral administration to humans have been identified.
Received 2/12/96; accepted 6/18/96.
The costs of publication of this article were defrayed in pan by the payment of page
charges. This article must therefore be hereby marked advertisement in accordance with
18 U.S.C. Section 1734 solely to indicate this tact.
1This work was supported in part by NIH Grants GM 32165. ES 07033. Ã‡A I8029.
CA 47748. and HL 53750 (J. T. S.).
2 To whom requests for reprints should be addressed, at Department of Pharmaceutics.
Box 357610. University of Washington. Seattle. WA 98185-3576. Phone: (206) 5437736: Fax: (2061 543-3204: E-mail: jts@ii.wa.shinglon.edu.
1The abbreviations used are: GSH. glutathione: THT '. tetrahydrothiophenium
ion:
THT. tetrahydrothiophene; GST. glutalhione S-transferase: GSTA. GSTM. and GSTP.
GST-a. GST-/ÃŒ.and GST-ir. respectively, numerals refer to specific monomers in the
dimeric enzyme: CDNB. I-chlor(i-2.4-dinitroben/enc:
GC-MS. gas chromatography-mass
spectroscopy.

Center [J. T. S.I,

and they include the /V-acetyl-cysteinyl-sulfonium ion. tetrahydrothio
phene 1-oxide, sulfolane, and 3-hydroxysulfolane (5, 6). On treatment
of urine with base. THT was produced. Each of these results is
consistent with the initial formation of a GSH conjugate.
GST is a supergene family of homodimers and heterodimers that
catalyze the conjugation of GSH with many reactive electrophiles.
GST nomenclature has been described by Mannervik et til. (7). The
human cytosolic GST expressed in liver include classes a, IT. and /u..
A membrane-bound form, microsomal GST, has been characterized
(8). In human liver, 3-4% of cytosolic proteins are GST, and 80-90%
of this is GST-a (9). Approximately 45% of the Caucasian population
does not express GST-/U. (8).
Marchand and Abdel-Monem (10) investigated the metabolism of
busulfan in rat liver cytosol incubations. Busulfan conjugation was not
demonstrated. However, a structural analogue, diiodobutane, was
shown to be a substrate for GST. We sought to reexamine the role of
GST catalysis, because 200 /J.Methacrynic acid, an inhibitor of GST
and a depletor of GSH. inhibits busulfan conjugation with GSH in the
isolated perfused rat liver (3).
The purpose of this investigation was to determine whether the
formation of the busulfan conjugate is catalyzed by human liver
cytosolic GST. We report that in incubations with human liver cy
tosol, affinity-purified human liver GST, and cDNA-expressed human
GSTA 1-1. human liver GST catalyzes busulfan conjugation with a
Knl at least 120 times concentrations achieved with the use of busulfan
in the bone marrow and peripheral blood stem cell transplantation
setting.
MATERIALS

tion. Initial work done by Roberts and Warwick (2) identified sulfurcontaining busulfan metabolites in rat urine and demonstrated that
busulfan reacted with GSH spontaneously at pH 8.O. Following ad
ministration of ['4Clbusulfan to the isolated perfused rat liver, y-glutamyl-ÃŸ-(i'-tetrahydrothiophenium)-alanyl-glycine,
a sulfonium ion
of GSH, was found in bile (3). Thirty-eight percent of the |'4C|busulfan dose was recovered in bile during the 4-h perfusion as the THT4
conjugate. No other metabolites were identified. THT1^ was also
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GSH. THT. busulfun. CDNB. I-bromopentune.

and ethacrynic acid were purchased from Sigma Chemical Co. (St. Louis,
MO). GC-MS grade hexane was purchased from Burdick and Jackson (Muskegon. Ml). All other solvents were analytical grade or higher.
Preparation of Cytosol and Microsomes. Human liver was obtained from
the human liver hank in the Departments of Pharmaceutics and Medicinal
Chemistry at the University of Washington. Cytosol and microsomes were
prepared from human liver by differential centrifugation. All steps were
performed at 4Â°C.Briefly, frozen liver was weighed and allowed to thaw in a
5-fold dilution of 1(X)niM potassium phosphate buffer containing 1 mM EDTA
(pH 7.4). This mixture was homogenized over ice with six 3-s strokes of a
VirTishear (Virtis. Gardiner. NY) homogenizer. Following centritugation at
K).(XX) X g for 25 min. the supernatant was filtered through gauze and
centrifuged at I(X),()00 x # for 70 min. and cytosol was decanted. The
microsomal pellet was resuspended by hand in I(X) HIMpotassium phosphate
buffer containing 1 niM EDTA (pH 7.4) in a 10-ml Thompson tube and
repelleted by centritugation at KXl.OOOx i; for 70 min. Liver cytosol and
microsomes were stored at -80Â°C until incubations were performed. Protein
concentrations were determined with the Bio-Rad (Oakland. CA) protein assay
with BSA as the standard (II). CDNB was used to characterize GST activity
of all preparations as described by Habig et al. (12).
Affinity-purified GSTAl-1 and Human Liver GST Knzymes. GTHI
cDNA cloned into expression vector pKK332-2 was the kind gift of Dr. C-P.
David Tu (Pennsylvania State University: Ret. 13). The cDNA was expressed
in Escherichia coli, essentially as described by Van Ness et al. (14). The
overnight bacterial culture was sonicated and centrituged at 9(KX) x g for 25
min. GTHI was purified on a GSH-Sepharose affinity column (Pharmacia
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THT+ to THT. After 5 min at room temperature while sealed, the mixture was

Biotech, Piscataway, NJ), washed with PBS, and eluted in 10 IHMGSH and 50
min Tris (pH 8.0). GTHI has been identified as GSTA1-I by Hayes el al. (15)
and confirmed in our own laboratory based on isoelectric point, immunoreac-

shaken and centrifuged as before. Tubes were placed on dry ice, and the
hexane layer was removed from the frozen aqueous phase for analysis of THT.
THT was analyzed by a Hewlett-Packard 5890 gas Chromatograph with a

tivity, and CDNB K,,, (16). Human liver GST was purified from cytusol as
described ( 17). Fractions containing CDNB activity were pooled and stored at
-80Â°C.

5970 mass selective detector with electron impact ioni/.ation (70 electron volts)
operated in selective ion monitoring mode for ions at m/c 60 and 71 (fragment
ions of THT and 1-bromopentane. respectively) and m/c 88 for the THT parent
ion. The system was equipped with a split-splitless pressure programmable

Incubations. All incubations were performed in 1(X)HIMpotassium phos
phate buffer and l IHMEDTA (incubation buffer) in 13 x 100-mm glass test
tubes at 37Â°Cin a shaking water bath. In cytosolic incubations, 1-2 mg

injector. 7673 autosampler. and Pascal workstation. The column was a DB5,
20 m x 0.18 mm with a 0.4-/tm film thickness (Supelco. Bellefonte. PA), to

cytosolic protein were added to each test tube and kept on ice. Appropriate
control incubations (no protein or boiled protein) were performed to determine
the rate of spontaneous busulfan-GSH conjugate formation. A GSH stock
solution was prepared fresh daily in incubation buffer and added to incubations
to yield a final concentration of 1 niM. Additional incubation buffer was added
to make the final volume I ml. The incubation mixture was preincubated for
4 min at 37Â°Cbefore starting the reaction with the addition of busulfan in 10

which helium was supplied as carrier gas using the constant (low mode with a
column head pressure of 26 p.s.i. The heated zones were: oven, 34Â°Cfor the
first 2 min. then ramped at 5Â°C/min for 8 min; injector, 150Â°C;and mass
spectrometer source, quadrapole. and transfer line temperatures, 250. 100. and
200Â°C,respectively. An aliquot (5 /A!)of hexane was injected in the splitless
mode. THT and I-bromopentane

eluted at 7.96 and 8.34 min. respectively.

Standard curves were prepared by spiking the incubation buffer with THT
(30-1300 pmol/ml added) and extracting with hexane as described above. The

/Â¿Iacetonitrile (final acetonitrile concentration. 1% (v/v)J. In all incubations,
conditions were optimized to maintain linear product formation with respect to
time and protein concentration.
The effect of protein concentration ( 1-4 mg/ml) was determined in respec

linear relationship between the peak height ratio and THT concentration
used to calculate the concentration of THT in samples.

tive incubations with cytosolic and microsomal protein. The substrate concen
trations in these incubations were 1 nut and 40 /J.M for GSH and busulfan.
respectively, and the incubation time was 15 min. The CDNB specific activ
ities for cytosol and microsomal protein were 540 and 230 nmol/min/mg
protein, respectively. These values include the spontaneous reaction rate of
89.6 nmol/min.
The influence of pH on the THT' formation rate was determined in
incubations with and without cytosol by adjusting the incubation buffer pH
with NaOH to make solutions with pH values ranging from 6.5 to 8.0. The
concentrations of busulfan and GSH were 200 /I.Mand 1 HIM.respectively. The
pH of each reaction mixture was determined during a l()-min preincubation
period at 37Â°C. Incubations were carried out for an additional 5 min to
determine the THT' formation rate.
The Km for busulfan was sought by varying busulfan concentrations be
tween 50 and 1200 /J.Min the presence of I mM GSH. The maximum busulfan
concentration was limited by solubility. The THT' formation rate was deter
mined in cytosol and boiled cytosol. The spontaneous formation rate for THT "
was subtracted from the total formation rate to yield the enzyme-mediated

CONJUGATION

rate.

Similar experiments were performed to determine the Km for GSH at 600 /IM
busulfan. GSH concentrations were 100-5000 /i.w. Incubation times varied
from 2.5 to 30 min to maintain linear product formation rates. PCNONLIN
(SCI Software. Lexington, KY) was used to estimate Vma>and K,,, for the GSH
concentration-dependent
THT ' formation rate from nontranstbrmed data.
Ethacrynic acid was included in selected incubations at final concentrations
of 0.30-15 JJ.Mwith cytosol or boiled cytosol. Substrate concentrations were I
mM GSH and 40 /IM busulfan. The enzymatic contribution to THT ' formation
was calculated as the difference between the cytosol and boiled cytosol THT*
formation rates. The reaction was carried out for 15 min. and the percentage of
inhibition of busulfan conjugation was determined by comparison to incuba
tions without ethacrynic acid.
Incubations to confirm GST-catalyzed conjugation of busulfan were con
ducted with Sepharose affinity-purified human liver GST and GSTA1-1
expressed in E. coli. Substrate concentrations were 5-80 /AMbusulfan and 7.5
mM GSH. The incubation time was 44 min. and 310 /ig GSTA1-I and 440 /xg
liver GST were used in each 1.0-ml incubation. The CDNB specific activities
of GSTA1-I and liver GST were 44.9 and 5.90 /Â¿mol/min/mg purified en

was

RESULTS
The subcellular fraction containing busulfan-conjugating
human liver preparations was determined by incubating
concentrations of either cytosolic or microsomal protein
GSH and 40 /AMbusulfan. THT+ was not formed in
without GSH (data not shown). Fig. 1 shows that THT

activity in
1-4-mg/ml
with 1 mM
incubations
' formation

was proportional to cytosolic protein concentration, whereas micro
somal protein did not catalyze THT ' formation. Cytosolic protein
enhanced the amount of product formed by 3-fold at 4 mg/ml protein.
The amount of product formed in microsomal incubations was not
different from control incubations without protein (42.5 Â±1.3 pinol
without protein versus 47.0 Â± 0.5 pmol with 4 mg microsomal
protein).
Fig. 2 shows the effect of pH on the spontaneous and total (enzy
matic plus nonenzymatic) rates of THT ' formation. The total THT '
formation rate increased linearly with pH over the range of 6.50-7.75
in cytosolic incubations. The spontaneous rate increased slightly from
pH 6.50 to 7.40 and then increased sharply from pH 7.50 to 7.75.
Subsequently, all incubations were performed at pH 7.40 because of
its physiological relevance and because it is the pH at which the
maximum difference between spontaneous and total product forma
tion velocities was observed.
In experiments to determine the Knl for busulfan, there was a linear
increase in the velocity of THT ' formation with busulfan concentra
tion up to the limit of busulfan solubility (1200 /AM), which is
approximately 120 times the observed plasma busulfan concentrations

-,120

i..-*"Â¿r-**'^

.90
â€¢¿o0)fiÂ«rimoun<i-'SE
.60

zyme, respectively. The human liver from which GST was purified did not
contain GSTM1.4 Linear regression was used to determine the slope of the

.

velocity versus substrate concentration plot, which at low busulfan concentra
tions relative to the Km is defined as the intrinsic clearance (Vm.n/Km).
Analysis of THT+. Following incubation, samples were placed in an ice

o.I3U130

n

a

a

a

.0,

water bath, and 5.5 ml ice-cold mÃ©thylÃ¨ne
chloride were added to stop the
reaction and to extract unreacted busulfan. This mixture was sealed, shaken for
5 min. and centrifuged at 1000 X i; for 5 min. An aliquot of the aqueous layer
(0.7 ml) was transferred to a clean test tube, and 0.22 ml hexane. 10 ng internal
standard 1-bromopenlane. and 0.10 ml l N NaOH were added. Base converts
4 F. Fari n, unpublished datu.

Protein concentration, mg/mL
Fig. I. Effect of cytosolic (*) and microsomal (G) prolein on the amount of THT'
formed in u 15-min incubation with 40 Â¿Â¿M
busulfan and 1 niM GSH. The data are the
means of triplicate determinations. Bars, SD.
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was 0.00832 /nl/min/mg protein. GSH had an apparent Km
(mean Â±SE) of 311 Â±60 /UMand a Vmaxof 30.6 Â±1.6 pmol/min/mg
protein at 600 /UMbusulfan.
The nonspecific GST inhibitor ethacrynic acid inhibited the enzy
matic formation of THT+ in a concentration-dependent manner (Fig.

180 ,

S
135 .

ilEo o5

CONJUGATION

90 .

â€¢¿2
a

5). Almost complete inhibition (97%) was observed at 15 /LIM
ethacrynic acid, without changing the spontaneous reaction rate. In
control incubations without ethacrynic acid, the mean (Â±SD) enzy
matic and nonenzymatic rates of THT+ formation (pmol/min/mg

45

6.75

6.25

7.25

7.75

825

pH
Fig. 2. Ini Iut-i],r of pH on the THT* formation rate was determined

in 100 rriM

phosphate buffer and 1 mM EDTA. pH was adjusted prior to addition of protein: shown
is the pH at the beginning of the 5-min incubation after the addition of protein. Substrate
concentrations were 200 /XMbusulfan and I m.MGSH. The spontaneous reaction rate (D)
was determined in incubations without cytosol. and the total reaction rate (^) was
determined in incubations with 1.4 mg/ml cytosolic prolein.

protein) were 10.3 Â±0.3 and 1.74 Â±0.02, respectively. The 1C.,,, for
ethacrynic acid in human liver cytosol was 1.5 /UM.
GST purified from human liver cytosol or from the E. coli expres
sion system also catalyzed busulfan conjugation (Fig. 6). Saturation of
product formation was not observed across the busulfan concentration
range, 5-80 /XM, which encompassed concentrations observed in
patients. The intrinsic clearances of OSTA 1-1 and liver GST deter
mined as the slopes of the velocity versus busulfan concentration
regression lines were 2.92 and 0.87 /j,L/min/mg protein, respectively.

250 -,

DISCUSSION
We have developed a GC-MS assay to measure THT+ formation in
metabolic studies performed in vitro following conversion of THT+
, Enzyme-mediated

to THT by treatment with base. With GC-MS, the sensitivity limit for
THT was lowered to 0.03 nmol/ml, representing a 1000-fold improve
ment over the previous detection limit (4). This method allowed us to
demonstrate that busulfan conjugation is catalyzed by human liver

D Spontaneous

200
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100 -,

Busulfan concentration, pM
Fig. 3. THT*

formation rate as a function of husulfan concentration.

Incubations

e
S

80 .

J3 g

60 -I

c ?

40 .

3s!

contained 1.4 mg/ml cytosol or boiled cytosol and 1 mM GSH. Duplicate rate determi
nations at each busulfan concentration are shown. The slopes for cytosol and boiled
cytosol regression lines are 0.167 and 0.038 /xl/min/mg, respectively.
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Fig. 5. Ethacrynic acid inhibition of THT* formation in incubations with 1.8 mg/ml

Enzyme-mediated

cytosol or boiled cytosol. Incubations were performed with 40 /IM busulfan and 1 HIM
GSH. The data are the means of triplicate determinations. Burs, SD.
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Fig. 4. THT"* formation rate as a function of GSH concentration.

250
The incubation
200

contained 1.1 mg/ml cytosol or boiled cytosol and 600 Â¿IM
busulfan. Individual values for
duplicate determinations are shown. Solid line, difference between total and spontaneous
THT' formation rate fitted to the Michaelis-Menton equation. Vmavand Km were 30.6

â„¢¿
g

pmol/min/mg and 311 Â¿UM,
respectively.

150

I go 100
â€¢¿2

following doses of 1 mg/kg (Fig. 3; Ref. l). The intrinsic clearance
rates for busulfan ( VmM/Km)were determined by linear regression to
be 0.167 and 0.038 jal/min/mg protein for cytosol and boiled cytosol,
respectively. Thus, the addition of 1.4 mg/ml cytosol increased the
spontaneous reaction rate by 4.4-fold. Fig. 4 shows the relationship
between GSH concentration and busulfan conjugation velocity from
which the apparent Kâ€ž,
for GSH was obtained. The spontaneous rate
of THT + formation was linear with GSH concentration, and the slope

50 -

20

40

60

80

100

Busulfan concentration,
Fig. 6. Busulfan-conjugating activity of purified human liver GST (A) and E. coliexpressed human GSTA1-1 (â€¢)cDNA. Incubations contained 440 and 340 jig/ml liver
GST and GSTAI-I. respectively, and 7.5 HIMGSH. Data are the means of quadruplicate
determinations. Bars, SD.

3680

Downloaded from cancerres.aacrjournals.org on January 17, 2022. © 1996 American Association for Cancer
Research.

GST CATALYZES

GST in incubations with cytosol and affinity-purified

BUSULFAN

GST. The Km

for busulfan conjugation was greater than 1200 /MM,which is consist
ent with linear pharmacokinetics reported in vivo (18).
At physiological pH (7.4) and GSH concentration ( 1 HIM)and 1.4
mg/ml human liver cytosolic protein, we have found a 4.4-fold en
hancement of the formation of THT+ over that observed in the

2.

3.

absence of active enzyme (Fig. 3). One might question whether this
modest enhancement over the spontaneous rate is lexicologically or
therapeutically significant. In our studies, liver was homogenized in
phosphate buffer, resulting in a 5-fold dilution of cytosolic protein.
Incubations were performed at an additional 4-fold dilution of cyto
solic protein. Because a 4.4-fold rate enhancement was observed at a
20-fold dilution of cytosolic protein, the cellular cytosolic GSTmediated product formation is estimated to be approximately 90 times
that of the spontaneous THT+ formation in a hepatocyte if velocity

4.

5.
6.

7.

increases in proportion to GST concentration. In the hepatocyte.
spontaneous conjugation of busulfan with GSH is apparently insig
nificant in comparison to the GST-catalyzed rate.

8.

Even more modest enhancement of the rate of the spontaneous
(noncatalyzed) GSH conjugation rate has been observed for other
GST substrates. Dirven et al. (19) have commented on the catalytic
activity afforded by GST on rates of nitrogen mustard-GSH conjugate
formation. The formation rates of monochloro, monoglutathionyl con
jugates of chlorambucil. melphalan, and phosphoramide mustard were
enhanced only 2-fold by GST-a enzymes, and a 3-5 fold enhance
ment in the formation rate of monochloro, monoglutathionyl ifosphamide mustard was seen with GST-Tr (19). In those studies, the GST
concentrations were 4 (chlorambucil), 11 (phosphoramide mustard),
and 40 (melphalan and ifosfamide mustard) times the estimated total
GST concentration at which we found a 4.4-fold enhancement of
busulfan conjugation.5 Despite the low activity observed with the
mustards, resistance to each of these compounds has been linked with
enhanced GST (20).
Busulfan is perhaps more comparable to thiotepa, for which GSH
conjugation is accelerated 30-35-fold by 40 JJ.MGST, about 20% of
the apparent activity we observed with busulfan. Interestingly, neither
busulfan nor thiotepa undergoes chemical transformation prior to
GSH conjugation. The nitrogen mustards mentioned first rearrange to
aziridinium ion intermediates. The rearrangement has been shown to
be slow relative to the step of GSH conjugation of the aziridinium ion
(19, 21-24).
Because busulfan is a relatively good substrate for GST in com
parison to the nitrogen mustards, the potential for GST-mediated
cellular resistance exists. This issue has been examined with the
busulfan congener hepsulfam. Resistance to hepsulfam has been cor
related with total cytoplasmic GST activity in six breast cancer cell
lines (25). Hepsulfam also forms a GSH conjugate, but GST catalysis
apparently has not been assessed. Our findings suggest that the GSTrelated cellular resistance to hepsulfam is due to GST-catalyzed
conjugation of hepsulfam with GSH.
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