
LA—10442-MS

DE85 016218

LA-10442-MS

UC-48
Issued: June 1985

Melphalan Metabolism
in Cultured Cells

JeanClare Seagrave
Joseph G. Valdez
Robert A. Tobey

Lawrence R. Gurley

DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.

Los Alamos National Laboratory
Los Alamos,New Mexico 87545

•IS7RIBffnOB OF THfS SOGUMBfr fS I I H u f e i
b



MELPHALAN METABOLISM IN CULTURED CELLS

by

JeanClare Seagrave, Joseph G. Valdez,
Robert A. Tobey, and Lawrence R. Gurley

ABSTRACT

Procedures are presented for the adaptation of reversed-
phase-HPLC methods to accomplish separation and isolation of
the cancer therapeutic drug melphalan (L-phenylalanine
mustard) and its metabolic products from whole cells. Five
major degradation products of melphalan were observed fol-
lowing its hydrolysis in phosphate buffer jln_ vitro. The two
most polar of these products (or modifications of them) were
also found In the cytosol of Chinese hamster CHO cells. The
amounts of these two polar products (shown not to be raono-
or dihydroxymelphalan) were significantly changed by the
pretreatment of cells with ZnCl^, one being Increased in
amount while the other was reduced to an insignificant
level. In ZnCl -treated cells, there was also an increased
binding of melpnalan (or its derivatives) to one protein
fraction resolved by gel filtration-HPLC. These observa-
tions suggest that changes in polar melphalan products, and
perhaps their interaction with a protein, may be involved in
the reduction of melphalan cytotoxicity observed in
ZnCl_-treated cells. While ZnCl_ is also known to increase
the level of glutathione In cells, no significant amounts of
glutathione-melphalan derivatives of the type formed non-
enzyroatically _i£ vitro could be detected in ZnCl^-treated or
untreated cells. Formation of derivatives of melphalan with
glutathione catabolic products in ZnClj-treated cells has
not yet been eliminated, however.

I. INTRODUCTION

Melphalan, also known as L-PAM, is an alkylating agent derived from

nitrogen mustard (see compound I in Fig. 1). It has been effectively used as

a therapeutic drug against a variety of human tumors, particularly when used



in combination with surgery. As a result, efforts continue to be made to

improve its therapeutic effects by using it in combination with other drugs,

by reducing its toxic side effects, and by increasing its differential

cytotoxicity between tumor cells and normal cells. In order to establish a

rational basis for continuing such efforts, it is necessary to determine the

metabolic fate of melphalan and to learn how to increase the concentration of

its therapeutically active form in tumor cells.
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Fig. 1.

Possible degradation products of melphalan.

For the first twenty years of this drug's use, such efforts were hampered

by a lack of suitable specific analytical techniques. This obstacle was

overcome by the introduction of HPLC to analyze melphalan and its metabolites

in biological samples. These studies used HPLC to measure melphalan in

body fluids (serum, blood, bile, and urine). From these studies, the



principal melf-halan breakdown products in these fluids were identified as

monohydroxymelphalan (compound III in Fig. 1) and dihydroxymelphalan (compound

V in Fig. 1), which resulted from hydrolysis of the mustard moiety in the

molecule. These studies also resulted in descriptions of the physiological

distribution of melphalan jLn vivo, and in measurements of the pharmacokinetics

of the drug. However, when we attempted to use such procedures to measure

melphalan in whole cells, we encountered considerable difficulties because of

the high protein content of the cell samples. We have now successfully

adapted these procedures in our laboratory so that analysis of melphalan, its

hydrolysis products, and its metabolites can be obtained by HPLC from the

highly proteinaceous material of whole cells as well as from body fluids.

This report in part describes the details of that procedure.

Once a protocol had been established for quantifying the intracellular

levels of melphalan and its metabolites, we utilized the procedure to examine

several problems related to melphalan detoxification. In particular, we

wished to examine the relationship between zinc, glutathione and melphalan

since 1) cells pretreated with zinc can tolerate higher levels of melphalan
7-9

than their untreated counterparts; 2) one of the consequences of zinc

treatment in melphalan-resistant cultures is an elevation in the intracellular

level of glutathione; and 3) numerous studies have indicated a correlation

between glutathione content and cellular resistance to alkylating agents.

On the basis of these observations, we utilized HPLC to ask two questions

regarding melphalan toxicity. Does glutathione interact directly with

melphalan so that it can serve as a rapid inhibitor of drug toxicity? Is the

distribution of melphalan, its hydrolysis products and/or its metabolites

altered in zinc pretreated cells? The answers to these questions, provided in

this report, suggest future experimental directions to be followed in studies

of melphalan metabolism.

II. MATERIALS AND METHODS

A. Non-Enzymatic Reactions of Melphalan and Glutathione In Vitro
14
[ C-ethylene] melphalan was synthesized by SRI International through

contract //NO-1-CM97256 and generously provided by the Pharmaceutical Resources

Branch, Developmental Therapeutics Program, Division of Cancer Treatment,

National Cancer Institute, Bethesda, Maryland, The rate of hydrolysis of



[ C]melphalan iri vitro was measured by incubating a solution of 2 mM

melphalan containing 7.5 x 10 cpm/mL in 0.1 M sodium phosphate buffer pH 7.5

with 25 mM EDTA at 25°C. Aliquots were removed at 0, 35, 60, 120, and 180 min

and quick frozen in a Dry Ice/ethanol bath. Analyses for melphalan and its

degradation products were performed by reversed-phase HPLC (see below) on

these aliquots immediately after thawing.

Glutathione labeled with H in the glycine moiety was obtained from New

England Nuclear Corp., Boston, Massachusetts. The reaction of [ H]glutathione

with melphalan in vitro was measured by incubating 2 mM glutathione (Sigma
6 3

Chemical Co., St. Louis, MO) containing 0.625 x 10 cpm/mL [ H] glutathione
14

with [ C] melphalan in the phosphate buffer system described above. Aliquots

of the reaction solution were removed at various times and quick frozen.

Analyses for the reaction products of glutathione with melphalan and its

degradation products were performed by reversed-phase HPLC.

B. Cell Cultures

The fate of melphalan in cultured cells was measured using a cadmium

resistant subline of Chinese hamster CHO cells designated Cd 20F4 growing in
14

suspension culture as previously described. The 20F4 cell was selected for

these studies on the basis that in the uninduced state it is sensitive to

melphalan, but when pretreated with ZnCl?, its resistance to melphalan
7-9

increases; the treatment of 20F4 cells with ZnCl_ also results in an

elevation in the levels of both glutathione and metallothionein. To
14

follow the fate of [ C] raelphalan in 20F4 cells, cultures were either

pretreated for 9 hr with 110 pM ZnCl? to induce an increase in melphalan

resistance or left untreated as controls. Both induced and uninduced cells
14

were exposed to 9.7 yM [ C] melphalan and aliquots were removed at various

times up to 3 hr for determination of drug and metabolite levels in

protein-associated and acid-soluble fractions of cytosol, as described below.

C. Gel Filtration - HPLC Analysis of Melphalan Associated with Proteins in

the Cytosol of Cells

To determine if melphalan might be associated with metallothionein or

other proteins in the cytosol of exposed cells, approximately 10 cells were

labeled with [ c] melphalan for 3 hours. Both ZnCl? pretreated and non-
14

zinc-treated cells were examined. Incorporation of [ C] melphalan was ter-

minated by pouring the cells over 0.33 volume of frozen Hanks buffered saline

containing 80 UM unlabeled melphalan and 25 mM HEPES buffer adjusted to pH 7.4.



To prepare the cells for disruption, they were centrifuged into a pellet

washed once with cold phosphate buffered saline, and suspended in 1 mL of

10 mM Tris-HCl pH 7.8 containing 10 mM KC1, 1 mM MgCl2 and 20 mM 6-mercapto-

ethanol. The cell suspension was then sonicated three times for 20 sec at

50 W using a plastic 1.5 iL Eppendorf centrifuge tube in a sonicator (Heat

Systems-Ultrasonics, Inc.) equipped with a micro tip. The suspension was

maintained in an ice bath during the sonication and cooled between each

sonication step. The disrupted cells were then centrifuged 10 min at 15,000

rpm (12,800 x g) in an Eppendorf Microfuge and the supernatant cytosol was

removed.

The proteins in the cytosol samples were fractionated by gel filtration-

HPLC on a tandem array of Bio'Sil TSK columns. These columns (Bio'Rad

Laboratories) are packed with a rigid dilica-based gel filtration material

having a hydrophilic bonded phase to eliminate residual silanol activity and

reduce hydrophobic adsorption. The columns were arranged in series with the

effluent from the first column serving as the influent for the second, and the

effluent from the second column serving as the influent for the third. The

columns were arranged in the following order: (1) Bio'Sil TSK Guard Column

(75 mm x 7.5 mm), (2) Bio'Sil TSK-250 Column (300 mm x 7.5 mm) having a

molecular weight fractionating range of 1,000 - 300,000 Daltons for proteins,

and (3) Bio'Sil TSK-125 column (300 mm x 7.5 mm) having a molecular weight

fractionating range of 500 - 60,000 Daltons for proteins.

The sample and eluting buffer were delivered to the columns by a Waters

Model 6000A solvent delivery system equipped with a Model U6K injector arid a

Model 720 system controller. Total cytosol (200 PL) was injected into the

system which was equilibrated with 0.2 M Tris'HCl, pH 7.5. The columns were

eluted isocratically with the same buffer at a flow rate of 1 mL/rain.

Fractions (0.4 mL) of the effluent were collected and the radioactivity of the
14
[ C] melphalan in each fraction was determined by liquid scintillation

counting.

D. Reversed-Phase-HPLC Analysis of Acid Soluble Melphalan Metabolites from

In Vitro Experiments and from Whole Cells

In order to fractionate the melphalan metabolites in whole cells, it was

first necessary to remove them from the large amounts of protein present in
7 14

the sample. To do this, approximately 3 x 10 cells labeled with [ C]-
melphalan were chilled and centrifuged into a pellet as described above. The

5



cells were resuspended in 0.5 mL of cold 70% ethanol containing 0.05 N HC1 in

which melphalan and its products are soluble. This suspension was sonicated

as described above and then centrifuged fcr 10 min in the Microfuge to remove

cellular debris. An aliquot of 0.5 mL of cold 5% trichloroacetic acid was

then added to the supernatant extract. The mixture was allowed to stand 5 min

on ice to precipitate proteins. It was then centrifuged for 10 min at 8000

rpm in a Sorval centrifuge equipped with an SS-34 rotor. Aliquots of the

supernatant fluid were applied to the reversed-phase HPLC column as described

below.

Both the melphalan derivatives in phosphate buffer from U\ vitro experi-

ments and the acid soluble melphalan metabolites extracted from sonicated

cells were resolved by HPLC by a modification of a method described by Ahmed

and Hsu using a reversed-phase uBondapak C18 Radial-PAK column contained in a

Z-module radial compression unit (Waters Associates, Milford, Massachusetts).

The sample and solvents were delivered to the column by the same Waters HPLC

system described above. The sample was injected into the system which was

equilibrated with Solvent A (0.0175 M acetic acid in distilled water).

Melphalan, its derivatives, or its metabolites were then eluted at a flow rate

of 2 mL/min with a concave gradient changing from Solvent A to Solvent B
2

(acetonitrile). This gradient was defined by %B = (t/T) , where t is the

elapsed time since injection and T is the total gradient time (40 min). This

gradient corresponds to curve number 7 on the Waters Model 720 system

controller.

The melphalan in the effluent from the column was monitored by UV absorp-

tion at 263 nm and fractions (0.4 mL) of the effluent were collected. The
14 3

radioactivities of [ C] melphalan and [ H] glutathione in these fractions
were determined by counting the radioactivity in a Packard Tri-Carb Model 3320

3
liquid scintillation spectrometer set for double-label discrimination of H

and C.

Ill, RESULTS

A. Melphalan Hydrolysis

The spontaneous hydrolysis of melphalan (I) to monohydroxymelphalan (III)
1 4-6

and dihydroxymelphalan (V) occurs as shown in Fig. I. ' Compounds II

and IV i.re considered to be unstable intermediates. We found that when

melphalan was allowed to hydrolyze at pH 7.5 in phosphate buffer, we could



resolve five major degradation products by revt:r<5ed-pha*e 1T?IC; thre*» of these

have not heretofore been reported (Fig. 2). Melphalan eluted from the column

with a retention time (RT> of 27.2 min. The products of hydrolysis were

divided into two groups, a more polar group having R™ values less than 10 min,

and a less polar group having R̂ , values of 10-25 min.

14 00
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Fig. 2.

Reversed-phase HPLC of [ C] melphalan incubated in vitro in 0.1 M phosphate
buffer, pH 7.5. The HPLC was performed using a uBondapak C18 Radial-PAK
column. The distribution of radioactivity for 35-min ( ) and 3-hr ( )
incubations are shown (60- and 120-min incubations were intermediate between
these two).

In the less polar group, the R_ 20.3 min peak was identified as

monohydroxymelphalan and the R™ 18.7 min peak was identified as

dihydroxymelphalan. The identifications of melphalan, monohydroxymelphalan,

and dihydroxymelphalan were made by mass spectroscopy which demonstrated that

these peaks had the correct molecular weight, the correct number of Cl atoms

per molecule, and fragmentation products consistent with the structure of

these compounds; no phosphate was associated with these three compounds.

From measurements such as those shown in Fig. 2, melphalan was found to

have a half life of 50 min in pH 7.5 phosphate buffer. After 35 min,

hydrolysis products included some monohydroxymelphalan, a greater amount of



dihydcoxymelphalan, and two other derivatives (RT 6.4 min and RT 4.4 min) in

the more polar group (Fig. 2). After 3 hr, most of the melphalan, the mono-

hydroxymelphalan, and the dihydroxymelphalan had disappeared and the quantity

of the more polar RT 4.4 min and R_ 6.4 min peaks was increased as was that of

a less polar RT 17.0 min peak. Though these last three degradation products

are not yet identified, we know from this experiment that they are more polar

than dihydroxymelphalan and that they represent products containing the

"mustard" ethylene portion of the melphalan molecule which was labeled with
uc.
B. Melphalan Degradation in Cytosol

r 14

Cd 20F4 cells were exposed to [ C] melphalan for 3 hr in order to

determine if melphalan undergoes hydrolysis inside the cell similar to that

which we had observed in vitro in Fig. 2. When reversed-phase HPLC was

performed on acid-ethanol extracts of these cells, melphalan was easily

detected eluting at RT 27.5 tnin in Fig. 3. Three other significant peaks were

observed, two eluting in the more polar group at R,̂  2.8 rain and R™ 7.2 min,

and one in the less polar group at R_, 19.8 min. The largest of these three

peaks (R™ 19.8 min) eluted one minute later than did dihydroxyraelphalan

(RT 18.7 min in Fig. 2) but earlier than monohydroxymelphalan (R™ 20.3 min in

Fig. 2). the two more polar peaks from the cytosol also had different elution

times from those for the two more polar peaks observed iji vitro (R_ 2.8 min

from cells versus RT 4.4 min In vitro for the earliest eluting peak, and

R_, 7.2 tnin from cells versus R^ 6.4 min in vitro for the next eluting peak).

These differences in elution times suggest there may be some modification

differences between the breakdown products of melphalan in cells and those

observed in_ vitro.

When the 2.0F4 cells were pretreated with ZnCl? under conditions where

synthesis of both metallothionein and glutathione were induced prior to
14

exposure to [ C] melpbalan, there were no significant changes in the quantity

of melphalan and its less polar hydrolysis product (Fig. 3 and Table I).

Hoover, there was a significant quantitative change in the more polar

breakdown products (Fig. 3 and Table 1). The peak eluting at R 7.2 min was

increased by ZnCl2 from 12.4% to 15,1% of the total radioactivity recovered

from the column (Table I). The most polar product eluting at R-, 2.8 min was

dramatically reduced from 5.6% to 1.6% of the total radioactivity recovered

(Table 1). This difference was quite reproducible and the difference is
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Fig. 3.
•14,Reversed-phase HPLC of [ C] melphalan obtained by acid-ethanol extraction

from cells using a MBondapak C18 Radial-PAK column. Cells were exposed to
[ C] melphalan for 3 hours following either a 110 MM ZnCl^ pretreatraent ( )
or no ZnCl. pretreatment ( ).

TABLE I

QUANTITATIVE ANALYSIS OF [14C] MELPHALAN AND ITS PRODUCTS IN

REVERSED-PHASE HPLC PEAKS IN FIGURE 3

Peak

No.

1

2

3

4

5

Remaining

RT
mtn

2.8-3.0

7.2

14.5

19.8

27.5

-

-Zn pretreatment

cpm

526

1158

178

2128

4865

519

%

5.6

12.4

1.9

22.7

51.9

5.5

+Zn pretreatment

cpm

168

1534

125

2373

5185

823

%

1.6

15.1

1.2

23.2

50.8

8.1

Total 9374 100.0 10213 100.0



greatest at the longest times observed after melphalan addition. Furthermore,

in the experiment shown, the small peak remaining was qualitatively shifted

from IL, 2.8 min to RT 3.0 min. These data indicate that while ZnCl2~

pretreated cells contained the same content of melphalan and its less polar

hydrolysis product, these cells had a different distribution of the more polar

degradation products. This redistribution of polar products is coincident

with a reduction in melphalan cytotoxic effects, previously observed in ZnCl-"

pretreated cells. This redistribution may be involved in the increased

survival observed in ZnCl«-pretreated cells following melphalan exposure.

C. Association of Melphalan with Protein in Cells

Because alkylating agents are known to react especially well with

sulfhydryl groups, it was initially thought that zinc might be inducing pro-

tection against melphalan through induction of metallothionein (which contains
7 r

a high sulfhydryl content). Subsequent studies from this Laboratory ' had

cast doubt on this notJon since there was no correlation between the

zinc-induced protection against melphalan and the level of metallothionein in

the induced cells; however, we had not monitored directly interactions between

alkylating agents and this thiol-rich protein. Consequently, the cytosol of
14

cells treated with [ C] melphalan was prepared without removing the proteins.
This cytosol was subjected to Gel Filtration-HPLC analysis on TSK columns.

14
These columns fractionated the proteins roughly by size. [ C] melphalan and

its derivatives were found predominantly in three peaks (Fig. 4), a low

molecular weight peak (presumably material unbound to protein at R_ 35.4 min),

and two peaks of material associated with low molecular weight proteins
14

between R,̂  2L rain and RT 31 min. Only a small amount of C was associated
14

with larger proteins. Very little C was associated with the peak at R-, 21.2

min where the metallothionein standard eluted (Fig. 4).

While the induction of metallothionein in these cells by ZnCl™ pre-

treatment did not change the quantity of melphalan or its derivatives found in

the unbound peak or the two major protein peaks (Fig. 4), there was a small
14

but significant increase in C in the peak at R_, 22.4 min following Zn

pretreatment. This peak (whose induction is reproducible) might possibly be

metallothionein whose R_, value has shifted due to conformational changes

induced by Zn or melphalan binding to the metallothionein. It should be

noted that metallothionein elutes atypically from the TSK columns. The

retention time is unusually sensitive to the pH and ionic strength of the

10
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Fig . 4.

Gel filtration HPLC of [ C] melphalan associated with proteins in the cytosol
of cells. The HPLC was performed using a tandem array of Bio'Sil TSK columns.
Cytosol was obtained from cells which were exposed Co [ C] melphalan for 3
hours following either a 110 uM ZnCl2 pretreatment ( ) or no ZnCl_ pre-
treatment ( ). Elution of a metallothionein (MT) standard occurred at
R», 21.2 min marked by arrow.

eluent, perhaps due to interactions of the exposed sulfhydryl groups with the

column matrix. If this were the case, binding of metal ions or melphalan to

the protein could conceivably alter its elution characteristics. In any

event, this increased binding of melphalan (or its products) to a specific

protein is coincident with a reduction in the cytotoxic effects of melphalan

induced by ZnCl-.

D. Formation of Glutathione-Melphalan Compounds

Besides inducing sulfhyrtryl-containing metallothioneins in these cells,

ZnCl~ also induces glutathione, a low molecular weight sulfhydryl-containing

compound. A protective role for glutathione against melphalan toxicity was

suggested by the observation of a correlation between the degree of protection

and the glutathione level in Zn-induced cells; however, we had not demon-

strated a direct interaction between glutathicne and the drug.

11



Consequently, we performed reversed-phase HPLC on an 1^ vitro mixture of

melphalan and glutathione to determine if the HPLC method could be used to

fractionate melphalan, glutathione, and their derivatives (Fig. 5).
3 14

When equal-molar concentrations of [ H] glutathione and [ C] melphalan

were mixed together in vitro in phosphate buffer at pH 7.5, glutathione was

found to elute at R 4.6 min while melphalan eluted at R^ 27.2 min (Fig. 5).

- - 3H GLUTATHIONE
I4C MELPHALAN

"0 4 8 12 16 20 24 28 32

ELUTION TIME (mm)

Fig. 5.

Reversed-phase HPLC of [ C] melphalan incubated în vitro with [ H]
glutathione for 3 hours in 0.1 M phosphate buffer, pH 7.5. The HPLC was 3
performed using a yBondagak C18 Radial-PAK column as in Fig. 2. From the [ H]
glutathione ( ) and [ Cj melphalan ( ) radioactivities the gluthathione:
melphalan ratio in the peaks was determined as indicated in the Figure.
Initially (t = 0), 96% <j>£ the t H] glutatione (GSH) eluted at RT 4.6 min
(marked by arrow) and [ C] melphalan eluted at RT 27.2 min (marked by arrow).

Under these conditions, melphalan disappeared *rith nearly the same half life

(53 min) as it did in the absence of glutathione (50 min). However,

considerably smaller amounts of the early eluting polar products were

recovered at R 4.4 min and R 6.4 min after a 3-hr incubation with

glutathione (Fig. 5) when compared to melphalan degradation for 3 hr in the

absence of glutathione (Fig. 2). As expected, only a small amount of

monohydroxymelphalan and dihydroxymelphalan was observed at R™ 20.3 min and

12



IL, 18.7 min after 3 hr. Instead, three new peaks of raelphalan were observed

eluting from the HPLC column at R_ 14.5 rain, R_, 17.9 min, and R_ 21.8 min

(Fig. 5). These compounds were associated with glutathione and had

glutathione:melphalan ratios of 1:1, 2:1, and 1:1, respectively. The

compounds probably repress it the three thioethers ol glutathione and

melphalan:

GS-CHoCH^-N-CHoCHo-0H, G3-CH_CH9-N-CH9CH9-SG, and GS-CH9CH,-N-CH,CH_-Cl.

These data demonstrate that melphalan and its products will react non-

enzymatically with glutathione and . >\at HPLC provides a convenient means for

separating and analyzing these reaction products. Comparison of Fig. 5 with

Fig. 2 indicates that glutathione will prevent the accumulation of large

quantities of the more polar melphalan products at ^ 4.4 min and R_ 6.4 min.

Comparison of the melphalan-glutathione HPLC profile (Fig. 5) with that of

melphalan recovered from cells (Fig. 3) indicates that therr are none of the

in vitro type melphalan-glutathione products present in the cytosol of cells

3 hours after melphalan treatment. However, the possibility remains that tVie

R_ 7.2 min peak (Fig. 3) might be a glutathione derivative, increased as a

result of induction of glutathione by Zn pretreatment. The reason for this

will be discussed further below.

IV. DISCUSSION

The primary objective of this work was to adapt the use of HPLC to

studies of melphalan activity in cultured cells. This report demonstrates

that with modifications of the methods of Ahmed and Hsu this can be

accomplished with efficiency and sensitivity.

Five major degradation products of melphalan were detected by HPLC

following its hydrolysis in phosphate buffer at pH 7.5, three of which have

not been previously reported. The two most polar of these products (or

modifications of them) were also found in the cytosol of cells. Furthermore,

these two products were found to be significantly modulated by ZnCl9

pretreatment of cells, suggesting that they are the melphalan products most

sensitive to external manipulation.

The polar behavior of these two melphalan products on reversed-phase HPLC

columns suggests that they might be charged at pH 3.3, the initial HPLC

elution conditions (0.0175 M acetic acid). Some possible polar products are

presented in Fig. 1. Products VII, VIII and IX are proposed for melphalan

13



since analogous products are known to form when nitrogen mustard interacts

with its own hydrolysis products. Products X, XII, and XIII are proposed

since nitrogen mustards react with both inorganic and organic phosphates [16].

In both our £n vitro experiments and in the cellular experiments, melphalan

was exposed to phosphate. Compound VI is presented since the amine of

phenylalanine has been demonstrated to react with the chloroethyl group of

nitrogen mustard [16]. The less polar peak we eluted at R^ 17.0 min in Fig. 2

might possibly be a compound of this type. Determination of the chemical

nature of the melphalan degradation products observed in HPLC is beyond the

scope of this report. However, it should be possible to determine their

structures since these products can be preparatively recovered from the HPLC

effluent by simple lyophilization of the volatile eluting solvents (H^O,

acetic acid, and acetonitrile).

Another objectivt of this work was to determine if ZnCl^ induced

protection against melphalan cytotoxicity by causing changes in melphalan

degradation, or by causing changes in the binding of melphalan to proteins,

metallothionein, or glutathionc. ZnCl- pretreatment was not observed to

change the amount of free melphalan or its less polar degradation products

(such as mono- or dihydroxymelphalan) in cells, nor did it change the amount

of melphalan bound ro the two major peaks of low molecular weight proteins.

Also, no significant amounts of the nonenzymatic iii vitro type

glutathione-melphalan derivatives were detected in cells pretreated with ZnCl~

or in untreated control cells.

However, three positive changes were observed in cellular melphalan

following ZnCl- pretreatment: (1) there was an increase in binding of

melphalan (or its derivatives) to one protein fraction (the peak at R_ 22.4

min in Fig. 4); (2) there was a large decrease in the most polar raelphalan

derivative (the peak at R,,, 2.8 min in Fig. 3 and Table I); and (3) there was

an increase in the second-most polar melphalan derivative (the peak at R_ 7.2

min in Fig. 3). These changes might play a role in the observed protection of

cells from the cytotoxic effects of melphalan, especially if the most polar

melphalan derivative is particularly toxic. Note that this highly polar

melphalan derivative is almost completely removed in ZnCl2~Pretreated cells.

The data indicate that this reduction in the most polar product following

ZnC^ pretreatment probably occurs by one, or both, of two mechanisms: (1) by

binding this derivation (or its precursors) to an induced protein, and (2) by

14



accumulating the precursors of this derivative in a less polar, less toxic

state, i.e., the R™ 7.2 min product in Fig. 3. This latter event may involve

reaction of the precursors with induced glutathione.

This latter proposal requires an explanation since none of the non-

enzymatic JLn_ vitro type glutathione-melphalan derivatives were observed in

cells. In vitro glutathione reacts with melphalan and its hydrolysis products

monohydroxymelphalan and dihydroxymelphalan. In cells, however, the primary

degradation product was found to have a longer R_ value than dihydroxy-

melphalan, suggesting it was modified in the cell. Thus, the precursor tj the

most polar melphalan derivative in cells may be different from that observed

jji vitro, in which case its glutathione derivative would be expected to be

different also. For example, within cells, the metabolites might undergo

further catabolism to cysteine conjugates, mercapturic acids, etc.

The above proposals are, of course, hypothetical and serve only to direct

our activities in the next step in this investigation. It will be necessary

to isolate and identify the three degradation products of melphalan recovered

from cells (Fig. 3). 1c will also be necessary to isolate and identify the

melphalan derivative associated with the presumptive metallothionein (Fig. 4).

Such knowledge will lead to a better understanding of melphalan behavior in

vivo and provide us with a more rational basis for designing therapeutic uses

for this drug.
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