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of melphalan to the treatment of multiple myeloma*
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Summary. Experiments to determine the hydrolysis and
protein binding of melphalan (L-phenylalanine mustard,
L-PAM) were carried out in vitro for therapeutic concentra-
tions of the drug: the decrease in L-PAM concentration in
plasma and whole blood during 24 h incubation at 37°C
was only 5% due to hydrolysis. Serum protein binding was
about 90%, whereby 60% and 20% of this binding was due
to interactions with albumin and acid a,-glycoprotein, re-
spectively. Immunoglobulins did not participate in the
binding of 1-PAM. The covalently bound part of .-PAM in
serum was 30% in the concentration range of 1-30 pug/ml.
The binding of dihydroxymelphalan (DOH) in serum did
not exceed 20%. Glucocorticoids used in combination with
L-PAM for treating multiple myeloma did not influence its
protein binding. Our study with 35 sera from 15 patients
with multiple myeloma shows that high levels of parapro-
teins do not increase but may decrease the binding of
L-PAM, resulting in an elevated concentration of free drug.

Introduction

For more than 20 years melphalan (i-phenylalanine mus-
tard, L.-PAM) has been the drug of choice against multiple
myeloma [1]. Its functional group is a di-(2-chlorethyl)-ni-
trogen configuration that binds covalently to nucleic acids
of tumor cells, thus inhibiting further mitotic divisions [4].
Previous publications have indicated that hydrolysis to
mono- and dihydroxymelphalan (MOH, DOH) is the most
important factor for the inactivation of the drug in vivo
[1-3, 16]. With a recently described HPLC method {14], it
is now possible to detect unlabelled 1-PAM in serum si-
multaneously with its hydrolysis products. Therefore, our
first intention was to determine the extent of its hydrolysis.

The total binding of L-PAM in serum as well as in solu-
tions of albumin, acid a,-glycoprotein, and immunoglobu-
lins was measured to identify the major binding proteins
of the drug. Analogous studies were carried out with DOH.

Apart from the reversible binding of L-PAM to serum
proteins (which is described by the law of mass action),
there is irreversible binding due to alkylation [S, 6].
Knowledge as to the extent of this binding is of practical
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interest for the clinician, as covalently bound .-PAM does
not exert antitumor activity. In previous studies the L-PAM
serum concentration used was 20 times higher than the
therapeutic levels [5, 6]. In the current study, a modified
ultrafiltration procedure was used to measure the covalent-
ly bound fraction of 1-PAM in the therapeutic range of se-
rum concentrations (< 1.5 ug/ml).

In the treatment of multiple myeloma 1-PAM is com-
bined with prednisone, since this combination has proved
to be more effective than single-drug therapy. As one ex-
planation for this augmentation of L.-PAM activity, Alexa-
nian et al. [3] have proposed the inhibition of tumor cell
proliferation by prednisone. The results of our binding
study with L-PAM raised the question as to whether gluco-
corticoids diminish the protein binding of L-PAM, since
this would be an alternative explanation for the superiority
of combination therapy.

In the course of multiple myeloma, serum concentra-
tions of proteins, that are potential binding sites for
L-PAM fluctuate considerably. The question as to whether
this fluctuation results in changes in the protein binding of
the drug was examined using 35 sera from 15 patients with
multiple myeloma. The data obtained were interpreted by
means of associated serum electrophoresis.

Materials and methods
Chemicals

Melphalan: Crystalline L-PAM was donated by the
Deutsche Wellcome GmbH, Duisburg-Wedel. Mass spec-
trometry confirmed its identity.

Dihydroxymelphalan: DOH, obtained via the com-
plete hydrolysis of L.-PAM, was HPLC chromatographical-
ly pure; its structure was confirmed by mass spectrometry
of the total hydrolysis product and its trimethylsilane de-
rivative.

Internal standard: For hydrolysis studies, N,N-[bis-
(2-hydroxy-ethyl)] toluidine was used as previously de-
scribed by Osterheld et al. [14].

Whole blood: From a healthy proband.

Plasma: From a healthy proband.

Serum: Pooled serum was obtained from the Institut
fiir experimentelle Himatologie und Bluttransfusionswe-
sen, University of Bonn.

Albumin: Stabilizer-free human albumin RHA-988 at a
concentration of 5 g/dl isotonic saline, was donated for re-
search purposes by Biotest-Pharma.
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Fig. 1. .-PAM hydrolysis in 10 mmol HCI, plasma and whole
blood (37° C; .L-PAM concentration, 6.56 wmol/1); concentration-
time plot for .-PAM
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Fig. 2. .-PAM hydrolysis in 10 mmol HCI, plasma and whole
blood (37° C; 1.-PAM concentration, 6.56 umol/l}; concentration-
time plot for MOH

Acid o,-glycoprotein: No. G-9885 (Sigma), concentra-
tion 0.75 mg/dl isotonic saline.

Immunoglobulins: Intraglobin F (Biotest-Pharma),
>90% IgG antibodies; concentration 2 g/dl isotonic
saline.

Prednisone: No. P 277639 (Merck)

Prednisolone: No. P 177144 (Merck)

Patients’ sera: 35 sera from 15 patients with multiple
myeloma who were treated repeatedly at the University of
Bonn with a melphalan-prednisone combination.

HPLC conditions: as previously described by Oster-
held et al. [14].
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Fig. 3. 1-PAM hydrolysis in 10 mmol HCI, plasma and whole
blood (37° C; .-PAM concentration, 6.56 umol/1); concentration-
time plot for DOH

Hydrolysis experiments in vitro. Equal starting concentra-
tions of L-PAM (2 pg/ml) and internal standard (1 pug/ml)
were produced in 10 mmol HCI, in plasma, and in whole
blood. The samples were exposed to identical treatment-
shaking in a 37° C water bath — and aliquots were taken
for analysis at 0, 0.25, 1, 2, 3, 5, 8, and 24 h. The concen-
tration-time curves of L.-PAM and its hydrolysis products
are shown in Figs. 1-3.

Binding studies. For all binding studies ultrafiltration was
carried out with Centrifree micropartition chambers (Ami-
con). A prerequisite for use of this method was the absence
of absorption of t-PAM and DOH to the YMT mem-
branes. This was shown by centrifugation and subsequent
analysis of aqueous solutions of the substances. All protein
containing solutions were spiked with various concentra-
tions of .-PAM and DOH. After an incubation period of
10 min at 37°C, each solution was transferred into an ul-
trafiltration chamber and centrifuged for 10 min at 2000 g.
In the L-PAM binding studies, the ultrafiltrate was ana-
lyzed directly by HPLC. However, the detection of DOH
required desalination of the ultrafiltrate prior to HPLC
analysis by means of Sep-Pak cartridges (Millipore), as
previously described by Osterheld et al. [14]. No internal
standard was used to avoid any influence on the protein
binding of L.-PAM and DOH.

Measurement of the .-PAM covalently bound in serum
was carried out with a modified ultrafiltration procedure,
as it was impossible to reproduce the L-PAM extraction by
methanol described by Chang et al. in 1978 [5]. In princi-
ple, this method consists of repetitive ultrafiltration until
L-PAM can no longer be detected in the ultrafiltrate. After
each centrifugation, the volume lost above the membrane
is replaced by isotonic saline. After the last centrifugation,
the sum of all .-PAM masses removed from the sample di-
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Table 1. Binding of L-PAM to sera of patients with multiple myeloma

Patient Type of Week Total Albu- o,-Glo- a,-Glo- B-Glo- v-Glo- L-PAM
myeloma fraction min bulin bulin bulin bulin binding

[g/d]] fg/dl} [g/d]] [g/dl] [g/d]] [g/dl] [%]

ST IsG 1 10.1%* 4.07 0.22 0.53 0.61 4.70%* 90

kappa 8 9.3% 3.02 0.23 0.54 0.63 4.84%* 86

14 9.3% 3.58 0.33 0.62 0.81 3.96%* 88

20 9.3% 4.0 0.31 0.57 0.63 3.79%% 87

51 9.7% *3.26 0.26 0.55 0.60 5.03%* 78

KR 1gG 1 9.2% 5.23* 0.18 *0.33 0.57 2.90* 95

kappa 10 7.6 3.73 0.28 *0.39 0.66 2.54% 86

GR IeG 1 8.1 3.69 0.28 0.61 0.69 2.80* 86

kappa 7 6.4 4.0 0.28 0.53 0.73 0.86 89

BR IgG 1 7.6 4.32 0.34 0.80* 0.84 1.28 86

kappa 7.3 4.48 0.28 0.70 0.75 1.08 87

MU IgG 1 11.7%% *3 .41 0.27 0.53 0.63 6.84%* 83

kappa 7 11.1%* #4315 0.20 0.42 0.62 6.67%* 70

13 11.0%* *3.43 0.28 0.44 0.69 6.16%* 67

SA IgG 1 8.6 3.80 0.29 0.51 3.54%%* *0.46 87
kappa

KO IeG 1 9.9% 3.55 0.22 0.70 0.57 4.85%% 91
kappa

HE 1eG 1 8.2 4.47* 0.21 0.53 0.80 2.19% 90

kappa 20 8.3 3.71 0.29 0.63 0.78 2.89* 90

27 8.9 3.89 0.24 0.66 0.85 3.26* 90

31 9.1% 3.80 0.22 0.56 0.84 3.65* 88

DI IgG 1 7.6 3.60 0.34 0.73 0.65 2.28% 88

kappa 15 7.4 *3.47 0.25 0.53 0.75 2.42% 87

SC 1gG 1 6.7 *3.28 0.19 0.40 2.26% *0.56 87
kappa

SP IgG 1 7.9 3.85 0.35 0.76 2.37%%* *0.55 87
kappa

MI IgA 1 83 *3.22 0.28 0.54 3.83%x *0.43 88

kappa 6 8.8 *3.50 0.31 0.49 4.3]%* *%0.19 83

LI kappa 1 6.3 3.56 0.27 1.04* 0.92 *0.51 91

chains 6 6.3 3.56 0.31 1.06* 0.92 *0.45 85

19 6.9 4.05 0.30 0.84* 0.93 *0.78 83

28 *5.2 *3.28 0.22 0.58 0.62 *0.50 88

SO lambda 1 7.3 *2.98 0.28 1.34* #%0.00° 2.69% 82

chains 4 7.1 *2.72 0.31 1.29% 0.82 1.97* 86

10 *5.8 *2.98 0.29 1.08* 1.10* *0.35 82

19 #6.0 *3.05 0.29 1.02% 1.13* *0.51 83

HA fambda 1 6.5 4.60 0.20 0.50 0.77 *0.44 91
chains

* Moderately elevated or decreased concentrations
** Grossly elevated or decreased concentrations

vided by the applied L.-PAM mass represents the recovery
rate, R. The percentage of the irreversibly bound fraction
of L-PAM, IRRY%, is given by IRR% = (1—-R) -100%. The
L-PAM concentrations used were 1, 5, 10 and 30 ug/ml se-
rum. The initial incubation period of L-PAM-containing
serum was 30 min at room temperature. Centrifugations
were carried out at 10° C.

L.-PAM binding in the presence of glucocorticoids was
measured in sera that had previously been spiked with
20 pg/ml (and 50 pg/ml) prednisone or prednisolone and
incubated at room temperature for 15 min. In each case
the L.-PAM concentration used was 5 ug/ml. A control test
without glucocorticoids completed the experiment.

Measurement of .-PAM binding in sera of patients
with multiple myeloma was carried out in vitro analogous
to the above described first binding study. The L.-PAM
concentration in each case was 1 ug/ml.

Results

The changes in concentrations of 1-PAM, MOH, and
DOH in plasma and whole blood during 24-h incubation
at 37° C are displayed in Figs. 1-3. The protein binding of
L-PAM in serum and in solutions of albumin (pure and
with added acid o,-glycoprotein) and immunoglobulins is
shown in Fig. 4. The covalently bound fraction of .-PAM
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Fig. 6. Binding of .-PAM to serum proteins in the presence of glu-
cocorticoids (L-PAM, 5upg/ml): 1, without glucocorticoids;
2, +20 ug/ml prednisone; 3, + 50 ug/ml prednisone; 4, +20 pg/
ml prednisolone; 5, + 50 pg/ml prednisolone
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in the concentration range of 1-30pug/ml serum was
about 30% (Fig. 5). The binding of DOH in pooled serum
as well as in sera of 4 patients with multiple myeloma did
not exceed 20%. The histogram (Fig. 6) displays the bind-
ing of L-PAM in the presence of various concentrations of
prednisone and prednisolone. .-PAM binding in 35 sera of
15 patients with multiple myeloma including the associat-
ed serum electrophoresis, is shown in Table 1.

Discussion

Figures 1-3 show that the hydrolysis of .-PAM does not
play an important role in plasma and whole blood during
24-h incubation at 37° C. The decrease in .-PAM concen-
tration due to hydrolysis is only 3.5% and 4.6% in plasma
and whole blood, respectively. L-PAM probably binds cov-
alently to proteins or to nucleophils such as bicarbonate
and phosphate. However, in 10 mmol HCI, DOH finally
amounts to 96.5% of the starting 1-PAM concentration.
The absence of protein and other potential binding sites
allows hydrolysis to take place extensively.

Our findings are consistent with the in vitro studies of
Chang et al. [5] who could also demonstrate that bovine se-
rum albumin or human plasma proteins retarded the hy-
drolysis rate of L-PAM in vitro. The authors could even
show a reverse correlation between protein concentration
and hydrolysis rate of L.-PAM. As the decay of L.-PAM in
the current study was significantly slower than the plasma
elimination rate demonstrated by Alberts et al. [1, 2] and
Tattersall et al. [16] in vivo, the importance of renal clear-
ance in plasma elimination of .-PAM has to be consid-
ered: urinary excretion of L-PAM dosage averaged
10.9+£4.9% after oral administration and 13.0£5.4% after
intravenous injection according to Alberts et al. [1, 2].
20%—50% of '*C labelled L-PAM was recovered in urine
over 24 h (Tattersall et al. [16]).

Because of the high protein binding of L-PAM it ap-
pears advisable to carry out bolus injection of the drug to
obtain short-term, high concentrations of unbound agent
[10, 13]. The major binding protein is albumin. .-PAM
binding to acid a;-glycoprotein may be of clinical signifi-
cance, as its concentration is often elevated in chronic in-
flammatory and neoplastic diseases [8, 15, 17]. However,
serum electrophoresis of our patients yielded normal con-
entrations of this fraction in each case. The low binding of
L-PAM to immunoglobulins above the concentration of
2 ug/ml is probably due to interactions with the solution
stabilizer.

Discussing the clinical significance of the extent of
1-PAM binding to plasma proteins one has to consider tissue
binding of the drug as well. From a theoretical point of
view, variations of plasma protein binding of a drug will
be of therapeutic relevance only if associated with relative
low affinity of the drug to the tissue compartment [9, 18]. A
low degree of distribution in tissues will result in a high
variation of the free portion of the drug, which may result
in increased pharmacological or toxic effect.

So far very few animal studies have been performed
yielding highest concentrations of labelled :-PAM in the
following tissues: tumour (Walker-carcinoma), liver, gall-
bladder, kidneys, spleen, and intestine [7, 12]. Studies es-
tablishing exact tissue invasion constants are being per-
formed by our group using clinical hypothermic isolation
perfusion with melphalan and will be reported later {11].
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The extent of covalent binding of L-PAM is indepen-
dent of the concentration of the drug. Our result at 30 ug/ml
is consistent with the findings of Chang et al. [5] obtained
by methanol extraction. Further study is required to deter-
mine which chemical groups are alkylated by L-PAM and
whether their physiological functions are impaired by this
chemical reaction.

The marked aqueous solubility of DOH compared with
that of L-PAM is manifest in a low serum protein binding
for DOH. The high renal excretion of this substance, pre-
viously described by Alberts et al. [1] and Tattersall et al.
[16] is due to either its glomerular filtration or the hydroly-
sis of L-PAM in the urine.

Glucocorticoids do not influence the binding of

L-PAM. Thus, the superiority of the L-PAM-prednisone com-
bination is unlikely to be due to pharmacokinetic interac-
tions.
Table 1 shows that despite considerable fluctuations of se-
rum protein concentrations, L.-PAM binding does not vary
much inter- and intraindividually during intermittent che-
motherapy of multiple myeloma (M: 85.9%, SD: 5.4%).
Low concentrations of albumin are not necessarily asso-
ciated with the diminution of 1-PAM binding (patients DI,
SC, and LI). Paraproteins do not participate in the 1-PAM
binding; indeed, the presence of high concentrations of
paraproteins seems to slightly diminish the binding of the
drug (patients ST, M1, and MU).
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