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Abstract A highly sensitive and specific assay for the
quantitation of the anticancer agent dolastatin-10
(DOL-10) in human plasma is described. The method
was based on the use of electrospray ionization-high-
performance liquid chromatography/mass spectrometry
(ESP-LC/MS). The analytical procedure involved ex-
traction of plasma samples containing DOL-10 and the
internal standard (DOL-15) with n-butyl chloride, which
was then evaporated under nitrogen. The residue was
dissolved in 50 pl mobile phase and 10 pl was subjected
to ESP-LC/MS analysis using a C;g microbore column.
A linear gradient using water/acetonitrile was used to
keep the retention times of the analytes of interest under
5 min. The method exhibited a linear range from 0.005
to 50 ng/ml with a lower limit of quantitation (LLQ) at
0.005 ng/ml. Absolute recoveries of extracted samples in
the 85-90% range were obtained. The method’s accu-
racy (£5% relative error) and precision (£10% CV) were
well within industry standards. The analytical procedure
was applied to extract DOL-10 metabolites from sam-
ples obtained following incubation of the drug with an
activated S9 rat liver preparation. Two metabolic
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products were detected and were tentatively identified as
a N-demethyl-DOL-10 and hydroxy-DOL-10. Structural
assignments were made based on the fragmentation
patterns obtained using the electrospray source to pro-
duce collision-induced dissociation (CID). The method
was also applied to the measurement of DOL-10 in the
plasma of patients treated with this drug. Preliminary
investigation of the pharmacokinetics suggested that
drug distribution and elimination may be best described
by a three-compartment model with t,,a = 0.087 h,
ti2B = 0.69 h and t;,y = 8.0 h. Plasma clearance was
3.7 1/h per m>.
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Introduction

Dolastatin-10 (DOL-10, Fig. 1), one of a series of re-
lated compounds isolated from the sea hare Dolabella
auricularia, [1, 2], is a unique linear, lipophilic penta-
peptide which has been shown to be a very potent an-
tineoplastic and antimitotic agent. The compound has
demonstrated cytotoxicity against several human tumor
cell lines as well as antitumor efficacy against murine
leukemia tumor models [3-7]. DOL-10 is composed of
several unusual amino acids unique to this animal spe-
cies. These include an a-amino acid (dolavaline) and two
v-amino acids (dolaisoleucine and dolaproline) linked to
an unusual primary amine (dolaphenine) at its carboxyl
terminus [8—10].

DOL-10 was chosen by the National Cancer Institute
for further evaluation as a potential antitumor agent for
patients with advanced refractory solid tumors. In an-
ticipation of clinical testing of this compound, a highly
sensitive and specific assay for detection and quantita-
tion of DOL-10 in human plasma was developed using
LC/MS analyses. Starting doses of DOL-10 in phase I
clinical trials were very low (e.g. low mg/m?) which
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Fig. 1 Structures of dolastatin 10, dolastatin 15, demethyl-DOL-10
(metabolite 1) and hydroxy-DOL-10 (metabolite 2)

suggested that routine analytical procedures such as
HPLC would not be appropriate for determination of
the clinical pharmacology of this new drug. The present
LC/MS assay for DOL-10 provided excellent sensitivity
(5 pg/ml) and readily meets other validation criteria
typically required for routine analysis of patient-derived
samples. We applied this method to an evaluation of
DOL-10 metabolites. Structural assignments for two
DOL-10 metabolites, an N-demethylated species and a
hydroxylated species, were based on fragmentation
patterns obtained using the electrospray (ESP) source to
produce collision-induced dissociation (CID). In addi-
tion, the method was used to demonstrate that the N-
demethylated metabolite can be found circulating in the
plasma of patients treated with DOL-10.

Materials and methods

Chemicals

DOL-10 and DOL-15 were obtained as dry powders from the
National Cancer Institute (Bethesda, Md.). Clinical grade drug was

supplied by the NCI as a sterile solution containing 200 pg/ml
DOL-10 in 100 mM potassium phosphate buffer (pH 7). Butyl
chloride and acetonitrile were HPLC grade and were purchased
from Burdick and Jackson (Muskegon, Mich.). Drug-free human
plasma was obtained from Biological Specialty Corp. (Houston,
Tx.) and was centrifuged to remove clotted material. The S9
(9000 g supernatant) fraction of rat liver homogenate (Aroclor
1254-activated) was obtained from Microbiological Associates
(Rockville, Md.). In experiments involving incubations of drug
with S9, magnesium chloride (hexahydrate), b-glucose-6-phosphate
(98%, disodium salt hydrate), glucose-6-phosphate dehydroge-
nase (1000 units as suspension in 3.2 mM ammonium sulfate) and
B-nicotinamide adenine dinucleotide phosphate (NADP, 98%, so-
dium salt) were purchased from Sigma Chemical Co. (St. Louis,
Mo.). The potassium monohydrogen phosphate (anhydrous, ACS-
certified) was obtained from Fisher Scientific Co. (Houston, Tx.).

Preparation of standard drug solutions

Stock solutions of DOL-10 and DOL-15 (1 mg/ml in 1.00 ml
acetonitrile) were stored at —20 C. Serial dilutions from the orig-
inal stock solution of DOL-10 provided solutions of 100, 10 and
0.5 pg/ml DOL-10 in acetonitrile. The 0.5 pg/ml solution was used
to serially prepare the DOL-10 plasma-spiking solutions which
ranged from 0.25 to 125 ng/ml. For the internal standard (IS),
serial dilution of the stock DOL-15 solution was used to obtain a
final concentration (0.25 mg/ml) which was used as the plasma-
spiking solution.

Preparation of QC, calibration standards and subject samples

A 1-ml aliquot of plasma from treated subjects was transferred into
an 8-ml nonsilanized culture tube and an aliquot of the IS spiking
solution (20 pl) was added. n-Butyl chloride (5 ml) was added and
the sample was shaken for 1 h at 250 strokes/min (Eberbach, Ann
Arbor, Mich.). Tubes were then centrifuged at 2500 rpm for
10 min, and frozen for a minimum of 30 min, then the organic
layer was transferred into a 10-ml nonsilanized conical centrifuge
tube. The extract was evaporated to dryness under nitrogen at
about 40 °C and reconstituted by adding 20 ul of a 60:40 (v:v)
mixture of acetonitrile/water to the dried extract. Sonication for
5 min followed by vortexing at a high setting for 5 min was suffi-
cient to insure complete dissolution of the extract. Prior to injec-
tion, the samples were centrifuged for 10 min. When samples were
not analyzed within 8 h, they were stored as dry residues at —80 °C.
Dry residues were kept at —80 °C for 24 h before reconstitution.
Preparation of calibration standards or QC samples consisted of
addition of IS and 20 pl of the appropriate DOL-10 spiking
solution.

Electrospray ionization conditions

ESP conditions were optimized for maximum sensitivity of the
protonated molecular ionic species (MH ™) of DOL-10 at m/z 786.
The needle was held at ground potential relative to the capillary
entrance which was held at —5000 V. Other key voltages were: the
capillary exit, the first skimmer and the second skimmer which were
set at +110 V, +34 V and +34.4 V, respectively. Nitrogen was
used as the nebulizing gas (80 psi), as well as the drying gas (170
psi). Both gases assisted in the evaporation of the droplets formed
by the ESP process. The nebulizing gas also had the effect of
driving the droplets toward the capillary entrance.

HPLC-MS conditions

Quantitation of DOL-10 and detection of its N-demethylated me-
tabolite in human plasma was accomplished by injecting 5 pl of the
extracted drug onto a Zorbax microbore C18 reverse-phase column
(50 x 1 mm, 5 um particle size, Micro-Tech Scientific, Sunnyvale,
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Fig. 2 LC/MS ion chromatographs of extracted human plasma
blank and a trace showing the presence of a low concentration of
DOL-10 (25 pg/ml)

Calif.) at ambient temperature. The mobile phase consisted of
water and acetonitrile. A linear gradient using water (A) and ace-
tonitrile (B) was used to keep the retention times of the analytes of
interest under 5 min. The following linear gradient was used: 98%
A to 30% A in 3.0 min; at 3 min, conditions were held for 1 min
then continued to 97% B in 0.6 min. At 5.2 min, the HPLC was
returned to the initial conditions. Flow was set at 75 pl per min.
Under these conditions the retention times for DOL-10 and the IS
were about 4 min.

Representative chromatograms obtained following the analysis
of drug-free plasma and a QC sample are shown in Fig. 2 (DOL-
10) and Fig. 3 (DOL-15) revealed the absence of interfering mass
peaks in the retention time window for both compounds.

Assay validation

Three calibration curves were run with a linear range of 0.005 to
2.5 ng/ml of plasma. For each curve, duplicate analyses of each of
three QC samples (0.025, 0.5, and 1 ng/ml) were carried out. Cal-
ibration curves were generated following the analyses of duplicate
1-ml aliquots of drug-free human plasma fortified with 0.005, 0.01,
0.025, 0.05, 0.1, 0.25, 0.5, 1 or 2.5 ng DOL-10. In addition, 0.4 ng
DOL-15 was spiked into each sample as the IS. Results obtained
for a typical DOL-10 standard curve (Fig. 4) revealed excellent
linearity. The mean slope and intercept for all curves were 3.9 and
0.034, respectively, with an average correlation coefficient of
0.9985.

Within-day and between-day precisions and accuracies for
DOL-10 extracted from human plasma are presented in Table 1.
One concentration of drug (0.50 ng/ml) was tested for intraassay
precision and accuracy; three different concentrations of drug (0.03,
0.50 and 1.0 ng/ml) were tested for interassay precision and accu-
racy. For precision, the coefficient of variation (CV) ranged from
3.5% to 9.6%. For accuracy, the relative errors ranged from 0.3%
to 4.5% from the nominal values. Elution times for DOL-10 ranged
from 3.7 to 3.9 min while those for DOL-15 averaged about
0.2 min longer (3.9 to 4.1 min). The absolute extraction recovery of
DOL-10 (at 0.5 ng/ml) and DOL-15 (at 0.4 ng/ml) was determined
to be 89.8% and 100%, respectively. The relative extraction re-
covery of DOL-10 from the plasma samples was excellent when
tested in triplicate at three different levels of drug: 0.75, 5.0 and
15.0 ng/ml. Mean recoveries were 106%, 104%, and 98.4%, res-
pectively, with an overall mean recovery of 103%. The CVs were
4.9%, 5.7%, and 4.1%, respectively, indicating good reproduc-

Fig. 3 LC/MS ion chromatographs of extracted human plasma
blank and a trace showing the presence of the internal standard
DOL-15 (25 ng/ml)
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Fig. 4 Standard curve for determination of DOL-10. Data are
plotted as individual determinations of nine concentrations of drug
extracted from human plasma. Samples were run in duplicate

ibility of the assay. The limit of quantitation (LOQ), defined as the
lowest drug concentration for which acceptable accuracy and ac-
ceptable precision were obtained, was 0.005 ng DOL-10/ml plasma.
The mean recovery (accuracy) for the LOQ was 95.69% with a CV
of 11.56%.

Drug metabolism in vitro

To 6 png DOL-10 were added 1 ml (20 mg protein) S9 fraction and
1 ml NADPH-generating system (final concentrations: 1 mM
NADP, 10 mM glucose-6-phosphate, 4 mM magnesium chloride,
and 100 mM potassium phosphate buffer, pH 7.4). Samples were
incubated for 10 min. A “0” time control was prepared by im-
mersing the sample in ice after the addition of the reagents. At the
end of the reaction, samples were centrifuged to remove debris.
Methanol was added to the supernatants to precipitate proteins
and the samples were extracted twice with methylene chloride.
Extracts were combined and dried under nitrogen; the residue was
dissolved in methanol in preparation for analysis by LC/MS.
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Table 1 LC/MS assay of DOL-
10: precision and accuracy

b

Nominal concentration Mean +SD calculated % CV* % Relative error

(ng/ml) concentration (ng/ml)

Intraassay (n = 12)

0.5 0.52 + 0.04 7.6 3.7
(high 0.58, low 0.44)

Interassay (n = 6 at each concentration)

0.03 0.03 + 0.002 9.6 1.2
(high 0.036, low 0.02)

0.5 0.52 £ 0.02 3.5 4.5
(high 0.54, low 0.49)

1.00 0.99 £+ 0.04 4.0 0.3

(high 1.06, low 0.96)

4% CV = (SD/mean concentration) x 100

04 Relative error = [(mean calculated concentration — nominal concentration)/nominal con-

centration] x 100

Clinical pharmacology

Preliminary clinical pharmacology data were obtained from the
initial patient entered into a phase I trial of DOL-10 at M.D.
Anderson Cancer Center (Houston, Tx.). The DOL-10 starting
dose of 65 pg/m* was administered as a short (30-s) bolus given
intravenously. Blood samples were collected in tubes containing
heparin as anticoagulant immediately prior to dosing and imme-
diately after the bolus injection (‘0 time). Additional samples
were taken at 5, 10, 15, 30, 45, 60 and 90 min and at 2, 3, 4, 6, 8 and
12 h following drug administration. Plasma was obtained from the
blood samples and stored frozen until analysis. The protocol was
approved by the M.D. Anderson Cancer Center Institutional Re-
view Board for Human Research and the study was sponsored by
the National Cancer Institute.

Pharmacokinetics

A preliminary examination of DOL-10 pharmacokinetics was made
by fitting the plasma drug concentration-time data using the
ADAPT II program [11]. The pharmacokinetic parameters were
calculated from the coefficients and exponents of the triexponential
regression equation using standard equations [12].

Results
In vitro metabolism of DOL-10

Following assay validation, an in vitro study of the
metabolism of DOL-10 was undertaken in order to in-
vestigate the formation of metabolites which might be
expected in humans enrolled in the phase I clinical study.
The metabolism study used Aroclor-activated rat liver
S9 fraction. There was rapid conversion of parent drug
to more polar, drug-derived metabolites. Two metabo-
lites were identified by LC/MS using selected ion
monitoring (SIM; Fig. 1). These consisted of a major
N-demethylated species (M1, m/z 772) and a minor
hydroxylated species (M2, m/z 802). Average retention
times of both metabolites M2 and M1 at 12.6 and
13.1 min, respectively, were less than that of the parent
drug, DOL-10, at 13.3 min. Following a 1-min incuba-
tion of DOL-10 with S9 preparation and subsequent
extraction of the metabolite mixture, there was conver-
sion of 39% of parent drug into M1 and M2 with rel-

ative concentrations of 81% and 19%, respectively (data
not shown). Following a 30-min incubation, over 90%
of DOL-10 had been converted to metabolites (90% M1
and 10% M2 in relative amounts). The control “0 min”
incubation time sample, where the sample was immedi-
ately extracted after addition of drug to plasma, did not
generate any detectable metabolites and resulted in ap-
parent full recovery of DOL-10.

HPLC-ESP/CID/MS analysis of DOL-10
and its metabolites

A capillary exit setting of 150 V was sufficient to induce
CID fragment ions for DOL-10. Its ESP/CID/MS spec-
trum is shown in Fig. 5. The pattern obtained was
characterized by an intense protonated molecular ion
(MH™) at m/z 786. In addition, key “diagnostic” frag-
ment ions were observed at m/z 100, m/z 188, m/z 560
and m/z 754 (see Table 1). The ion at m/z 100 resulted
from a-cleavage to the nitrogen on the dolavaline portion
of the molecule. Shifts in the mass of this fragment for
any metabolite would indicate whether a metabolic
change had taken place on the dolavaline end of the
molecule. Furthermore, the mass shift observed would
help to elucidate what metabolic change had taken place.

The ion fragment at m/z 188 resulted from cleavage
between the NH functionality and the adjoining carbon
on the dolaphenine portion of the molecule. It is also a
key ““diagnostic” ion. Shifts in the mass of m/z 188 for
any metabolite would indicate metabolic changes on the
dolaphenine end of the molecule, and the nature of the
structural change. Other important fragments were m/z
560 which arose from cleavage between the carbonyl and
the NH functionality of the dolaisoleucine portion of the
molecule and m/z 754. The fragment at m/z 754 was
derived from the parent ion by the loss of 32 D which
corresponds to a neutral loss of CH;OH.

The ESP/CID/MS spectrum of the major metabolite
of DOL-10 is shown in Fig. 6. The spectrum is charac-
terized by an intense protonated molecular ion (MH ™)
at m/z 772. In addition, fragment ions were observed at



Fig. 5 Mass spectrum of
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m/z 86, m/z 188, m/z 560 and m/z 740. As in the case of
DOL-10, m/z 560 arose from cleavage between the car-
bonyl and the NH functionality of the dolaisoleucine
portion of the molecule and m/z 754 arose from the
parent ion by a neutral loss of CH;0H (Table 1). The
ion at m/z 86 resulted from a-cleavage at the nitrogen on
the dolavaline portion of the molecule. For this metab-
olite, the protonated molecular ion, m/z 772, was 14 Da
smaller than the corresponding protonated molecular
ion for DOL-10 at m/z 786. The loss of 14 Da relative to
the parent drug is consistent with the loss of a methyl
group as occurs in the well-known metabolic pathway of

oxidative demethylation. The position of demethylation
was pinpointed by comparing the fragment ions arising
from a-cleavage to the nitrogen on the dolavaline por-
tion of the molecule for both parent drug (m/z 100) and
major metabolite (m/z 86). It is clear that for the major
metabolite, a loss of 14 Da in the structure of this
fragment ion had occurred. This is strong evidence that
the major metabolite of DOL-10 is an N-demethylated
species.

The ESP/CID/MS spectrum of the minor metabo-
lite of DOL-10 is shown in Fig. 7. The spectrum is
characterized by an intense protonated molecular ion at
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Fig. 7 Mass spectrum of M2, a 100
hydroxy-DOL-10 metabolite,
m/z 802. The fragmentation

pattern is shown in the inset
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m/z 802. In addition, fragment ions were observed at m/
z 100, m/z 204, m/z 576 and m/z 770 (see Table 1). As in
the case of DOL-10, m/z 100 resulted from a-cleavage at
the nitrogen on the dolavaline portion of the molecule
and m/z 770 arose from the parent ion by a neutral loss
of CH3OH. The ion fragment at m/z 204 resulted from
cleavage between the NH functionality and the adjoin-
ing carbon on the dolaphenine portion of the molecule.
Finally, the ion at m/z 576 arose from cleavage between
the carbonyl and the NH functionality of the dolaiso-
leucine portion of the molecule.

For this metabolite, the protonated molecular ion, m/
z 802, was 16 Da higher in mass than the corresponding
protonated molecular ion for DOL-10 at m/z 786. The
16 Da increase for the protonated molecular ion of this
metabolite relative to the parent drug is consistent with
hydroxylation, also a very well-known metabolic path-
way. Other fragment ions that were observed to shift by
16 Da were present at m/z 576 and m/z 204. The frag-
ment ion at m/z 576 rules out the dolavaline portion of
the molecule as the site for hydroxylation. However, the
position of hydroxylation could be narrowed down by
comparing the fragment ions arising from cleavage be-
tween the NH functionality and the adjoining carbon on
the dolaphenine portion of the molecule for the parent
drug (m/z 188) and minor metabolite (m/z 204). It is
clear that for the metabolite, an increase of 16 Da in the
structure of the dolaphenine portion of the molecule had
occurred. This is strong evidence that hydroxylation had
taken place in the dolaphenine portion of the molecule.
The precise site of hydroxylation could not be deter-
mined with certainty. However, since aromatic hydrox-
ylation is one of the most commonly encountered
metabolic pathways, it is believed that hydroxylation
takes place in the phenyl ring of DOL-10.

Dolastatin-10 Conc (ng/ml)

"0 15 20 @ 25
Time (hrs)

Fig. 8 Concentration-time data of DOL-10 obtained from a
patient with cancer who was given the drug by rapid intravenous
bolus injection at a dose of 65 pg/m? in a phase I trial

Clinical utility of the LC/MS assay

The principal application of this analytical technique
was the serial determination of DOL-10 plasma con-
centrations in human subjects treated with this agent in
a phase I toxicity study. While a discussion of DOL-10
human pharmacokinetics is beyond the scope of this
report, the data presented in Fig. 8 demonstrate our
initial experience in applying this analytical methodol-
ogy to understanding the clinical pharmacology of this
drug. These data, from a patient receiving DOL-10 at a
dose of 65 ug/m* by rapid intravenous injection, were
best described by a three-compartment open model. The



Table 2 Structural-indicating CID fragments

Compound MH™ Isovaline Isoleucine Isophenine
Dolastatin-10 m/z 786 100 560 188
Demethyl DOL-10 m/z 772 86 560 188
Hydroxy DOL-10 m/z 802 100 576 204

peak plasma concentration for DOL-10 was 29.3 ng/ml,
with plasma clearance estimated to be 3.7 I/h per m?,
and a volume of distribution of 46.7 1/m*. The only
detectable metabolite in these human plasma samples
was M1, the N-demethyl species, which peaked ap-
proximately 0.75 to 1.5 h after DOL-10 administration,
and never exceeded 1/50th of the simultaneous DOL-10
plasma concentration (data not shown). The concen-
tration of DOL-10 exceeded the limits of quantitation
throughout the 24-h sampling period, demonstrating the
utility of this procedure for the study of DOL-10 phar-
macokinetics.

Discussion

The aim of this study was to develop a highly specific
and sensitive assay for DOL-10 and its metabolites in
plasma samples. Although a radioimmunoassay-based
assay has recently been reported for determination of
DOL-10 in mouse plasma samples [13], the present re-
port is the first to describe an analytical assay suitable
for separation, detection, quantitation and structural
characterization of DOL-10 and its metabolites in hu-
man plasma samples, including plasma from patients
receiving this drug in phase I trials. Our recent work has
shown that DOL-10 can be analyzed by high-perfor-
mance capillary electrophoresis using low wavelength
UV detection; the sensitivity of the assay using 1 ml of
plasma, however, is only 25 ng/ml [14]. Pettit et al. [15]
have reported a reverse-phase HPLC assay for both
DOL-10 and DOL-15 in a synthetic mixture matrix; this
method, however, was developed to determine the purity
of both drugs without consideration to biological sam-
ples and the necessity for sufficient sensitivity. A radio-
immunoassay for DOL-10 has been reported by Aherne
et al. [13] with a limit of detection (LOD) in mouse
plasma of 2.5 ng/ml. DOL-15 cannot be used as an IS in
this procedure as it cross-reacts with the rabbit antise-
rum. A nonspecific bioassay for determination of DOL-
10 which is based on growth inhibitory activity against
the L1210 murine leukemia cell has been recently re-
ported by Reid et al. [16]. Besides DOL-10, all cytotoxic
species produced in this assay are quantified. Although
the assay is sensitive with a lower LOD of 0.5 ng/ml,
cytotoxicity produced by metabolites cannot be distin-
guished from that produced by DOL-10 in this proce-
dure. In contrast to these published methods for
determination of DOL-10, the LC/MS assay presented
here was shown to provide excellent sensitivity with
acceptable quantitation at 5 pg/ml extracted from hu-
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man plasma. The relative simplicity and ruggedness of
this assay make it potentially useful in the routine
analysis of clinical plasma samples.

Previous analytical studies of DOL-10 have been
performed by Pettit et al. [1] in an attempt to ascertain
the complete structure of this novel oligopeptide. Some
of these experiments involved the use of high resolution
electron impact MS to determine the correct amino acid
sequence. Their CID data on the protonated DOL-10
(m/z 786) showed fragmentation of the precursor ion to
give a demethoxylated species (m/z 783), a fragment ion
from the tripeptide C-terminus (m/z 560), a fragment ion
from dolaphenine (m/z 188), a fragment ion from do-
lavaline (m/z 100) and other product ions which are in
agreement with our MS results for DOL-10.

Preliminary results obtained from analyses of a pa-
tient treated with DOL-10 showed parent compound as
well as a N-demethylated species present; no hydroxyl-
ated species generated in vivo were detected. There was
rapid distribution and elimination of the parent drug
after intravenous bolus administration of DOL-10 as-
sociated with a rapid appearance of the N-demethylated
metabolite. Overall, DOL-10 appears to be rapidly me-
tabolized to more polar products: in vitro by rat liver to
the major N-demethylated species and the minor hy-
droxylated species and, presumably, in vivo in humans
to the N-demethylated species. Determination of the
relative pharmacodynamic and cytotoxic properties of
the N-demethylated DOL-10 compound may be
important in future studies. Miyazaki et al. [17], for
example, have reported that N-demethylated DOL-10
(synthesized in their laboratory) retained activity com-
parable to DOL-10 when evaluated against P388
leukemia in mice. Finally, it is also worth noting that
DOL-15, the IS used in the present study, may also soon
be developed as an anticancer compound [7, 18]. Re-
placing DOL-15 with DOL-10 as an IS using the present
LC/MS method would provide a suitable method for the
quantitation of this novel dolastatin compound.
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