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Abstract

In vitro metabolic stability studies are performed routinely in drug discovery to determine the rate of metabolism as well as the metabolic
fate of compounds. These studies are labor intensive, involving incubation of the compound with a biological matrix, sampling at various time
points, stopping the reaction, and sample preparation for analysis. All of these steps involve manual pipetting in the conventional method.
An automated method for in vitro metabolism studies is reported here. The method reduces the time and manual labor required and has other
advantages, such as better reproducibility and unattended operation. This method utilizes an autosampler custom configured with cooling
and incubation capabilities. The autosampler is programmed to directly inject incubation samples at set time points onto an online extraction
column. The extracted sample then enters an analytical column for separation and ultimately the mass spectrometer for detection. The injection
has the dual function of stopping the reaction and starting the analysis on the LC-MS. This method was used for the metabolic stability study
of a prodrug in plasma and liver S9 fractions of five different species. The stability data from the automated method were similar to those
obtained using the conventional method. The potential for this method to increase throughput of metabolic stability studies in drug discovery
is demonstrated.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction pulse ultrafiltration-mass spectrometry chambers in which
the samples are directly introduced to the mass spectrometer
In drug discovery, in vitro metabolic studies in biological [10]. Several methods have been developed to automate the
matrices are performed routinely to investigate the stability sample preparation step prior to analysis, such as filtration of
of drug candidates (compounds). One particular examplethe protein-precipitated samp]#1], solid phase extraction
is the conversion of prodrugs to active dryg$. For these (SPE) in a 96-well formafl2—15] or online SPEH16-18]
studies, in vitro experiments are often conducted by using Direct injection of plasma samples has been made possible
plasma, liver microsomes and S9 fractions prepared from by online extraction columns that selectively remove protein,
a variety of species, and the half-lives are determined from other macromolecules and salts prior to switching to an
the rate of conversiof2]. Conventional methods] involve analytical columrj19-23]and by mixed-phase columns that
sample incubation at 3T in a water bath, sampling at have both online extraction and analytical functionalities
selected time points, reaction quenching and sample prepa{24-28] Recently, a new method was reported by Wang
ration[4] prior to analysis (e.g., LC/IMS/M$5,6]. Attempts et al. on semi-automated direct plasma injection using a
have been made to automate the process in order to increastemperature-controlled autosamp29,30]
throughpuf7]. These attempts include multi-channel paral- An automated method, referred to as the “automated on-
lel LC-MS system$8], automated data processifgj, and line method” for drug stability studies is reported here, which
used a custom-configured autosampler (CTC HTS PAL)
* Corresponding author. Tel.: +1 650 225 5694; fax: +1 650 225 6452. and LC-MS with online extraction. This automated online
E-mail addressedranlai@gene.com, laifran@AOL.com (F. Lai). method was tested with a prodrug known to convert at differ-

1570-0232/$ — see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.jchromb.2004.10.040



226 F. Lai, S.C. Khojasteh-Bakht / J. Chromatogr. B 814 (2005) 225-232

ent rates in different species and the results were comparedility studies are for high-throughput screening of prodrug
to those obtained from the conventional method. for conversion study, quantitation was based on the amount
of active drug or prodrug at the zero time point set as 100%
in the calculations. Further explanation is in Section
2. Experimental
2.3.1. Conventional method
2.1. Reagents and chemicals 2.3.1.1. PlasmaThe working solution of the test com-
pounds (A and P) was 10M in 10% acetonitrile/90% water
Male beagle dog plasma was obtained from Lampire containing 0.1% DMSO. Plasma (., 0.8 mg total protein)
Biologicals Lab (Pipersville, PA). Plasma of male Sprague- and test compound working solution (2Q) were added to
Dawley rats and cynomolgous and rhesus monkeys were100 mM KPi prepared from 10-fold dilution of 1 M potas-
obtained from BioReclamation Inc. (East Meadow, NY). sium phosphate buffer (110, test compound final concen-
Human plasma was obtained from Occupational Health tration was JuM). The sample was incubated at 37 in a
Services at Genentech Inc. (South San Francisco, CA). Liverwater bath for 5, 15, and 45 min. The reaction was stopped
S9 fractions of the above mentioned species were purchasedby protein precipitation following the addition of 4pQ of
from In Vitro Technologies (Baltimore, MD) at 20 mg/mL  acetonitrile containing an internal standardu{@ final con-
protein content. centration). A zero time point sample (explained under Sec-
The test compounds including active drug (A), its prodrug tion 2.3) was prepared similarly except that the acetonitrile
(P), and the internal standard were synthesized in the Medic-was added before the addition of the compound to prevent
inal Chemistry Department of Genentech Ipdé\itrophenyl any conversion of the prodrug. The protein-precipitated sam-
butyrate (pNPB), magnesium chloridey-nicotinamide ple was centrifuged at 3000 rpm for 10 min. The supernatant
adenine dinucleotide phosphate (NADP p-glucose-6- was lyophilized to dryness and reconstituted with 10% ace-
phosphate (G6P), amdglucose-6-phosphate dehydrogenase tonitrile in water. Analysis of samples was performed using
(G6PDH) were purchased from Sigma Chemical Co. (St. LC/MS/MS.
Louis, MO). Phosphate buffer saline (PBS; code A3300,
lot #1R77MP10-RD) and 1M potassium phosphate buffer 2.3.1.2. Liver S9 fractionThe procedure was similar to that
(code A3108, lot #11L113MP5-RD) were provided by for plasma (Sectior2.3.1.], except that 1Q.L of liver S9
Media Preparation Facility at Genentech Inc. Ammonium fraction (0.2 mg total protein) was used instead of plasma.
hydroxide, trifluoroacetic acid (TFA) and acetonitrile, both  NADPH-generating system (24.) was added, and the vol-
“Baker analyzed” HPLC grade, were purchased from J.T. ume of KPi was 15@.L instead of 17QuL.
Baker (Phillipsburg, NJ). Glacial acetic acid (99.8%) was
purchased from Mallinckrodt (Paris, KY). HPLC water was 2.3.1.3. LC—MS conditionsThe column used was a Luna
purified by MilliQ system from Millipore (Bedford, MA). C18, 3um, 50 mmx 2mm from Phenomenex (Torrance,
Formic acid was purchased from EM Science (Darmstadt, CA). The LC flow rate was constant at 0.25 mL/min. Injec-
Germany). Mobile phase A and B were 0.1% formic acid in tion volume was 1@.L. A gradient was started from 10% B

water and 0.1% formic acid in acetonitrile, respectively. to 90% B in 3 min, then it was held at 90% B for 1 min, back
to 10% B in 0.1 min, and finally re-equilibrated for 2.9 min.
2.2. Equipment The MRM precursor ion to product ion transitions for

the active drug and the prodrug weréz 433-139, andn/z
The HPLC system consisted of a HP1100 binary pump 461-139, respectively.
from Agilent Technologies (Palo Alto, CA),aCTC HTS PAL
autosampler, a sample tray, a cooled tray holder, an agita-2.3.2. Automated online method
tor/incubator from LEAP Technologies (Carrboro, NC). The A temperature-controlled agitator and cooling tray were
mass spectrometers were an API3000 from PE Sciex (Con-installed onto a CTC HTS PAL autosampler and set to 37
cord, Ontario, Canada) and an LCQ from Thermo-Finnigan and 2°C, respectively. The cooling tray was used for bio-

(San Jose, CA). logical matrix and cofactor storage and the heated agitator
was used for sample incubation. The regular sample tray at
2.3. Incubation and analysis room temperature was used for the test compounds. Incuba-

tion vials (2 mL) containing the biological matrix (e.g., liver

Samples of prodrug were incubated in plasma and liver S9 S9 fraction) diluted with buffer and vials containing cofac-
fractions of five different species (human, cynomolgous mon- tors (e.g., NADPH-regenerating system) were stored in the
key, rhesus monkey, beagle dog, and Sprague-Dawley rat) andooling tray. The autosampler was programmed to add the
analyzed both by (1) the conventional method and (2) the new cofactor to the incubation vial and transport the latter to the
“automated online method” for comparison. The same was heated agitator. It was then pre-incubated for 4.5 min. Finally,
performed for samples of active drug but only the zero time the test compound (e.g., prodrug) was introduced into the in-
point was sampled and analyzed. Since these metabolic stacubation vial to initiate the reaction and allowed to incubate at
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Injection monitored simultaneously by alternating injections of two
sample vials.

Cleanup Analysis

]

o canfiguration RengsRtn 2.3.2.1. PlasmaPlasma sample (30L, 0.8 mg total pro-
lesmasy gt _ tein, diluted with 35QuL of PBS bgffer) anq 4Q.L of com-
ass /Ao column g:lf:len-”;'r:'e po_und were added to the incubation vial with accurate_tlmlng
H a7 ort valv using atime program on the CTC autosampler. Analysis cycle
=MS time was 5min, so that samples could be injected at 5-min
T oo intervals. Two vials of incubation samples were monitored
Wasto simultaneously by alternating injections. A typical sequence
ﬂg;;;%gﬂ of events is shown iffable 1 Analysis was by LC—MS with
online extraction. A zero time point sample was prepared
Fig. 1. Schematic of automated online method. similarly except that 36Q.L of PBS buffer was used instead
of plasma.

37°C. At programmed time points throughout the incubation

period the autosamp|er withdrew a samp|e from the incuba- 2.3.2.2. Liver S9 fractionThe pl’OCEdUI’E was similar to that
tion vial and directly injected it onto the LC-MS system for for plasma (Sectio2.3.2.9, except that 2Q.L of liver S9
analysis. The injection had the dual function of stopping the fraction (0.4 mg total protein, diluted with 3. of KPi
reaction immediately without any time lapse (as due to sam- buffer) was used instead of plasma. NADPH-generating sys-
ple transfer in the conventional method) and starting analysistem (40uL) was added prior to addition of compound. A zero
of the sample on the LC-MS. The LC-MS system consisted time point sample was prepared similarly except that;800

of an online extraction column and a reversed phase analyt-0f 5% TFA instead of KPi buffer was used.

ical column, with a diversion valve located between the two

columns. Proteins and other macromolecules in the samples?-3.2.3. LC-MS conditionsThe online extraction column
were passed through the extraction column and diverted toused was a Cohesive Turbo Flow column (Franklin, MA)
waste in the first part of the run while the test compound was and the analytical column was a YMC C18 basigqrb,
selectively retained on the extraction column. The valve was 50 mmx 2mm from Waters Chromatography (Milford,
then switched to divert the eluate to the analytical column and MA). The LC flow rate and gradient are tabulatedable 2

an organic gradient was started to elute the compound fromInjection volume was 1pL. The mass spectrometer was in
the extraction column to the analytical column and onto the full scan mode from 400 to 500 amu. The advantages of this
mass spectrometer. With this automated method, the convenmode were that prior tuning was unnecessary, and the data
tional sample preparation steps, such as protein precipitation,COU|d also be used for metabolite searches that could not be
dry down, and reconstitution, were eliminate@g. 1). To pre-determined. Data analysis was performed By XI|@af
further increase throughput, two separate incubations were433 and 461 for the active drug and prodrug, respectively.

Table 1
Sequence of events for the automated online method
Vial 1 Vial 2
Time incubation [incubation
(min.) Cooler Compound Tray |Incubator | Injector Action time point [time point
00 |Vvial1 i Transfer. Shake. Preheat
4.5 |Vial 2 4 Transfer. Shake. Preheat
40uLcompound | Add compound to Vial 1. Shake] 0 min
5.0 150 —1—» Inject 15 plL from Vial 1. Shake | 0.5 min
9.5 40uL compound —» Add compound to Vial 2. Shake] 0 min
100 15 —1—» Inject 15 pL from Vial 2. Shake 0.5 min
150 5L ——» Inject 15 L from Vail 1. Shake | 10 min
20.0 15 —1—» Inject 15 L from Vial 2. Shake 10 min
250 15uL —1—» Inject 15 pL from Vail 1. Shake | 20 min
30.0 5L —1—» Inject 15 L from Vial 2. Shake 20 min
350 15uL ——» Inject 15 L from Vail 1. Shake | 30 min
40.0 5L —1—» Inject 15 plL from Vial 2. Shake 30 min
450 15uL — 1> Inject 15 L from Vail 1. Shake | 40 min
500 5L —1—» Inject 15 plL from Vial 2. Shake 40 min
56.0 < Vial 1 Return Vial 1 to Cooler
< Vial 2 Return Vial 2 to Cooler

Vial 1 containing matrix A and vial 2 containing matrix B were incubated and analyzed alternately, generating data for 0.5, 10, 20, 30, and 40ginitstime p
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Table 2 - _ For both the conventional and the automated online meth-
LC parameters and valve-switch timing for automated online method ods, percent active drug and percent prodrug at time point
Minutes  LC gradient: flow A (%) B (%) Switching valve were calculated as follows:
mL/min osition on LC . .
( ) P Q . Peak area of active drugahinutes
0 0.3 100 0 Waste % Active drug= - — %x100%
0.05 o5 100 0 Peak area of active drug at 0 minute
0.5 25 100 0
0.6 0.3 100 0 Mass spectrometer Peak area of prodrug aminutes
2.4 0.3 30 70 % Prodrug= P g — x 100%
s8 0.3 5 98 Peak area of prodrug at 0 minute
3.1 0.3 2 98 The disappearance of the prodrug and the correspondent
36 0.3 100 0 ; : ; . . :
46 0.3 100 0 Waste increase in active drug for the five species studied are shown

in Tables 3 and 4Data for one of the species, namely the rat,
are plotted irFig. 4as an example. Comparing the data from
3. Results and discussion the conventional method and the online method, the curve
shapes are similar except in the rhesus monkey liver S9 and
Typical chromatograms from the conventional method and the dog plasma, where the conventional method had an ap-
from the automated online method are showRigs. 2 and 3 parent outlier point at 5 min in both cases. Comparing across
respectively. The separation between the active drug and prospecies, all plasma studies showed slow conversion except
drug are similar in the chromatograms from both methods. for the rat. The liver S9 studies showed faster conversion,
Internal standard was used in the conventional method butespecially in the rat, and the slowest conversion was in the
not in the online method. The ion trap mass spectrometer indog. Results from both methods were consistent.
full scan mode had higher noise than the triple quadrupole  Half-lives (t1/2) were calculated based on the natural log
mass spectrometer in MRM mode, but the sensitivity was of % prodrug curve using the equatifgi]:
sufficient for quantitation in the scope of this study.
Since there is an inherent time lapse between the addition 712 = IN0.5/ — k = —0.693/ — k = 0.693/k
of test compound and sampling of the first time point, a true
“Omin” is practically not possible. In both the conventional
and automated methods, a reasonable time lapse for the first An example of the calculations is shownkig. 5 using
time point following the initiation of the reaction is 0.5 min.  the data from three liver S9 fraction samples by the conven-
Since the active drug in this case is stable in plasma andtional method. The slope of the curve is determined from the
liver S9 fraction, the 0.5 min sample in the automated method part of the curve before it starts to plateau off. The half-lives
was theoretically the same in concentration as the 0 min sam-calculated from the incubation curves are tabulated with the
ple, so it is used as the “0 time point” sample for the calcula- percent active drug formed versus speciesahle 5
tions. However, since the prodrug is convertible to the active ~ For the online method, the half-lives were calculated both
drug in plasma or liver S9, the “0 time point” sample was with and without the 0.5 min time point. In most cases, the
prepared by inactivation of the enzyme using acetonitrile or results are comparable to those obtained with the conven-

where — k is the slope ofthe curve

5% TFA prior to sampling. tional method. There is significant difference, however, in
the rat plasma and liver S9 samples where the conversion
Max, 1.266 cps was fast before 10 min. The missing 0.5 min data from the
118¢6 41 43 conventional method and the missing 5 min data from the on-
11008 g o line method apparently caused the difference in the half-lives
10026 standard calculated. In the rhesus monkey and dog plasma samples,
90085 when the half-lives were calculated without the 0.5 min for
o o0 a6 the online method, the results were closer to those from the
g 700s5 conventional method. The 0.5 min data drastically changes
23 active s . . L
Z 600es g the initial slope, and at the same time this time point is not
8 so0es available from the conventional method.
40065 Overall, the automated online method yielded data similar
30065 to those from the conventional method, although there was
20085 some trade-off between sensitivity and speed since full scan
10005 mode was used. In the rat samplEgy( 4), the prodrug prob-
ably converted so fast that the amount of active drug formed

000

25 %0 88 40 45 8D was already significant by 0.5 min. If this were anticipated

Time, min . L . .
ahead of time, a 0.5 min time point could have been added in

Fig. 2. Typical chromatogram (MRM) from conventional method: 45min the conventional method. Itis often difficult, though, to manu-
sample of prodrug incubated in dog liver S9 fraction. ally collect sample as early as 0.5 min especially when the op-
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Fig. 3. Typical chromatograms from automated online method: 45min sample of prodrug incubated in dog liver S9. (A) XIC for active drug,
100% = 1.8x 10° cps. (B) XIC for prodrug, 100% =5.2 1° cps.

Table 3
% Active drug and % prodrug vs. time in plasma study by (A) conventional method and (B) automated online method

Minutes  Species

Human Cynomolgous monkey Rhesus monkey Rat Dog

Active drug®  Prodru@  Activedrug Prodru§g  Active drug®  Prodru@  Activedrug Prodru§g  Active drug@  Prodrud

)

0 3 100 1 100 1 100 7 100 1 100
5 7 100 2 100 2 84 80 0 1 118
15 10 81 3 87 2 86 90 0 1 77
45 11 76 3 82 5 85 88 0 4 77
B)
0.0 1 100 1 100 1 100 1 100 1 100
0.5 4 119 4 96 3 83 57 56 2 57
10.0 4 122 5 115 4 82 87 0 2 60
20.0 4 113 6 118 5 84 83 0 3 68
30.0 5 122 7 118 4 80 87 0 3 71
40.0 5 111 8 121 5 86 87 0 3 72

a 9 Present.

Table 4
% Active drug and % prodrug vs. time in liver S9 fraction study by (A) conventional method and (B) automated online method

Minutes  Species

Human Cynomolgous monkey Rhesus monkey Rat Dog

Active drug®  Prodrug¢  Active drug® Prodrug¢  Active drug®  Prodrug@ Active drug  Prodrug¢  Active drug¢  Prodrud

)
0 0 100 0 100 2 100 0 100 2 104
5 71 38 19 66 42 85 80 15 21 92
15 88 1 74 9 44 54 100 0 29 80
45 100 0 102 0 96 0 100 0 72 67
B)
0.0 8 100 13 100 54 100 10 100 2 100
0.5 24 86 21 109 66 90 45 40 23 94
10.0 85 9 80 24 126 28 100 8 49 72
20.0 94 6 96 15 126 7 102 8 55 70
30.0 94 5 94 14 131 4 106 6 63 70
40.0 98 5 96 9 128 4 102 4 70 72

2 9% Present.
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Fig. 4. In vitro conversion of prodrug to active drug in rat liver S9 fraction and plasma using: (A) conventional manual method and (B) automated online

method.

Table 5

Half life (t12) and % active drug formed vs. species in (A) plasma and (B) liver S9 studies by conventional and automated online methods

Conventional method

Online method

k ty/2 (min) % Drug formed Kb t1/2 (min) k® (without 0.5 min) ty/2 (min) % Drug forme@
(A) Plasma
Human N/A 11 N/A N/A 5
Cynomolgous N/A 3 N/A N/A 8
Rhesus 0.008 83 5 0.012 60 0.009 80 5
Rat 1.382 0.5 88 0.680 1.0 0.691 1.0 87
Dog 0.019 36 4 0.026 27 0.019 36 3
Conventional method Online method
Kd ty/2 (Min) % Drug forme@ k& ta/2 (Min) k¢ (without 0.5 min) ty/2 (Min) % Drug forme@
(B) Liver S9
Human 0.149 4.6 100 0.147 A 0.141 49 98
Cynomolgous 0.157 4.4 102 0.103 .76 0.095 3 96
Rhesus 0.161 4.3 96 0.131 .35 0.133 52 128
Rat 0.466 15 100 0.215 3 0.253 27 102
Dog 0.017 41 72 0.018 39 0.018 39 70
a After 45 min.

b From curve of 0, 0.5, 10 min.
¢ From curve of 0, 10, 20 min.

d For rat and dog, 45 min time point is not used for determinatickichfe to already plateauing.

€ From curve of 0, 0.5, 10, 20 min.
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10
® Rhesus Yy=-0.161x+5.30
€ Human y=-0.149x + 3.91
= m Rat y =-0.466x + 4.78
c 5
[
(7]
[
T
o
o
=]
S 0
<}
T
o
2
<
=
_5 4
-10 T : . ‘
0 10 20 30 40 50
Minutes
In (% prodrug present)
Time point
(min.) Human Rhesus Rat
0 4.61 4.61 4.61
5 3.64 4.44 2.71
15 0.00 399 -2.30
45 -2.30 -230 -2.30
Kt 0.149 0.161  0.466
1% (min.) 46 4.3 1.5

* For rat, 45 min timepoint is not used for determination of k since it has plateaued.

Fig. 5. Example of calculations of half-lifé;(>): human, rhesus monkey, and rat liver S9 fractions from conventional method.

erator is still busy with multi pipetting steps prior to 0.5min. agood approximation of the prodrug conversion, as compared
Whereas, with the online method, the 0.5 min time point can to the conventional method.
be easily programmed. Subsequenttime pointscanbeasclose The results also show multiple advantages of the
as the analytical cycle time will allow, which, in this case, is automated method versus the conventional method. These
5 min. That meanstime points could be every 5 minif desired. advantages include immediate sampling and analysis of the
The dog samples show a slow conversion compared toincubation sample, eliminating pipetting, deproteination,
other species, but the curves are similar in both methods. Indry-down, and reconstitution steps (as in the conventional
some cases (rhesus liver S9 fraction and dog plasma), themethod), and saving time, space and cost of equipment and
curves from the automated method are smoother than fromsolvents.
the manual method. This online method should also provide more accurate in-
Alternating vial injections doubled the throughput, yield- ternal timing and minimize errors from multi-step transfersin
ing incubation curves of 0.5, 10, 20, 30, 40 min for each. Ten sample preparation that sometimes lead to compound degra-
such incubation curves were performed in 10 h unattendeddation. The method also generates real-time chromatographic
versus 4 days by the conventional method. results during incubation such that the operator can extend
Since there were no transfer steps after the incubation wastime points on the spot as desired by simply adding a line in
started, internal standard was not used in the online methodthe sequence.
Results turned out to be comparable with those from the con-  This automated online method should be very useful for
ventional method. high-throughput prodrug stability studies in drug discovery.
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