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Purpose. This study was done to determine the E-ring hydrolysis and
lactonization mechanism of a water-soluble 20-phosphoryloxymethyl
(POM) prodrug of camptothecin (P-CPT). Specifically, the role of the
phosphate group in facilitating E-ring hydrolysis was examined.
Methods. Resolution between the lactone and carboxylate forms of
P-CPT and camptothecin (CPT) was achieved with a RPHPLC assay
using UV-visible detection. E-ring P-CPT hydrolysis and lactoniza-
tion kinetics were followed using 20 mM acetate or phosphate buffer
(i = 0.15 NaCl) over the pH range of 4 to 8 at 25.0°C. A kinetic
solvent isotope effect (KSIE) study was used to further probe the
mechanism of E-ring hydrolysis.

Results. The hydrolysis and lactonization reactions followed pseudo-
first-order kinetics in the approach to equilibrium. The equilibrium
ratio of the open and closed forms of P-CPT was dependent on pH,
with the closed form dominant at low pH and the open form domi-
nant at high pH. Buffer concentration changes had little to no effect
on the rate of P-CPT E-ring hydrolysis. The KSIE study provided an
overall isotope effect of 2.47 and a proton inventory KSIE consistent
with an intramolecular general base catalysis.

Conclusions. P-CPT has a pH-dependent equilibrium between the
lactone and carboxylate forms similar but not identical to that of
CPT. The results suggest a hydrolysis reaction mechanism that in-
volves a single site hydrogen exchange facilitated intramolecularly by
the dianionic phosphate moiety of P-CPT via either general base
catalysis of the lactone ring attack by water or breakdown of the
tetrahedral intermediate.

KEY WORDS: camptothecin; phosphoryloxymethyl (POM) pro-
drug; hydrolysis; lactonization; kinetic solvent isotope effects; stabil-

ity.

INTRODUCTION

An investigation of the mechanism of hydrolysis and lac-
tonization of a novel, water-soluble 20-phosphoryloxymethyl
(POM) prodrug of camptothecin (P-CPT, Scheme 1C) for
comparison with available information on camptothecin
(CPT, Scheme 1) (1) is reported. CPT is a naturally occurring
cytotoxic alkaloid first isolated by Wall and Wani in 1966
from the Chinese plant Camptotheca accuminata (2). CPT
and CPT derivatives have shown anticancer activity in vitro
and in vivo (2-13). The anticancer activity of CPT results
from its inhibition of the DNA topoisomerase I enzyme,
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Scheme 1. The pH-dependent equilibrium between the lactone (A)
and the carboxylate (B) forms of CPT. The pH-dependent equilib-
rium between the lactone (C) and the carboxylate (D) forms of P-
CPT. The rate constants k; and k, are the forward (hydrolysis) and
reverse (lactonization) rate constants for the lactone—carboxylate
equilibrium, respectively.

which is essential for DNA relaxation during replication,
transcription, and repair (14,15). Recent studies have sug-
gested that CPT may bind noncovalently to the enzyme-—
DNA complex initially, and subsequent nucleophilic attack
by the enzyme at the acyl position of the E-ring may stabilize
the covalent ternary complex (11,16,17).

The affinity of CPT for topoisomerase I led to renewed
interest in this class of drugs in the early 1990s, after an earlier
phase I clinical trial of the sodium carboxylate form of CPT
(Scheme 1B) in the 1970s were discontinued because of ap-
parent low activity and severe toxicity (18-20). CPT itself is
sparingly soluble (2-3 pg/mL) (2). CPT with an intact lactone
E-ring was later found to be 10 times more potent than the
sodium carboxylate form (5,21,22). However, the pH-
dependent equilibrium between the lactone and carboxylate
forms shifts toward the less potent carboxylate form under
physiologic conditions (2). Previously in our laboratory, the
hydrolysis and lactonization mechanisms for CPT were stud-
ied in detail (1), confirming the pH-dependent equilibrium
between lactone and carboxylate and documenting the rapid
hydrolysis of CPT to the inactive carboxylate form.

In the phosphoryloxymethyl (POM) prodrug of CPT (P-
CPT), the POM functional group is attached to the 20-OH
group on the E-ring of CPT (Scheme 1C). The POM func-
tional group has been successfully used for prodrug design in
our laboratory previously and appeared ideal for CPT (23—
26). The main problem that has plagued CPT is its low aque-
ous solubility and facile E-ring hydrolysis, which limited the
ability to deliver the active lactone form in vivo (2). P-CPT
was intended to circumvent these problems as well as to pro-
vide a safe means of CPT delivery via rapid cleavage of the
POM group by alkaline phosphatases (23-26).

Previous work indicated that the 20-OH group contrib-
utes to increased biologic activity and chemical reactivity of
the lactone (2,27,28). Unpublished results in our laboratory
have shown that alkylation of the 20-OH by either a methyl or
methyl thiomethyl (-CH,SCH,) group depressed the rate of
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E-ring opening. By analogy, it was hypothesized that blocking
the 20-OH group with a POM moiety would also stabilize the
lactone E-ring against hydrolysis. This could allow P-
CPT(closed) to be formulated and to convert to CPT(closed)
quantitatively in vivo, thus delivering the active form of CPT
by the action of alkaline phosphatases. The influence of the
POM group on E-ring hydrolysis is reported here because, as
will be seen, the terminal phosphate group was found to be
catalyze E-ring hydrolysis. The findings here point to pH val-
ues where P-CPT may be formulated in its lactone form but
also provide basic insight into the role of intramolecular ca-
talysis by phosphate groups. Future papers will address the
physicochemical characterization (solubility, long-term stabil-
ity at pH 4, pK, determination, etc.) and pharmacokinetics of
P-CPT.

MATERIALS AND METHODS

Chemicals

CPT was donated by Dabur India Ltd. (New Delhi, In-
dia). P-CPT was synthesized by Dr. Jan Zygmunt in the Cen-
ter for Drug Delivery Research at The University of Kansas
and used without further purification (29). Monobasic sodium
phosphate, dibasic sodium phosphate, sodium acetate trihy-
drate, glacial acetic acid, sodium chloride, and acetonitrile
(HPLC grade UV cutoff 190 nm) were all ACS certified and
were purchased from Fisher Scientific (Pittsburgh, PA). Tet-
rabutylammonium dihyrdrogenphosphate (1.0 M in water),
deuterium oxide (D,0O, 99.9% D), and deuterated dimethyl-
sulfoxide (DMSO-dg, 99.9% D) were purchased from Aldrich
Chemical Company (Milwaukee, WI). Dimethyl sulfoxide
(DMSO) was purchased from Tera Pharmaceuticals, Inc.
(Buena Park, CA). All chemicals were used without further
purification. All water was purified with a LABCONCO
(Kansas City, MO) Water Pro PS system.

HPLC Analysis

Separation of the open and closed forms of P-CPT and
CPT was accomplished by reversed-phase HPLC using a Shi-
madzu instrument consisting of a Shimadzu LC-6A solvent
delivery module, a Shimadzu SPD-6A UV spectrophotomet-
ric detector, a Shimadzu SCL-6A system controller, a Shi-
madzu C-R6A Chromatopac integrator (Shimadzu Corp.,
Kyoto, Japan), and a Rheodyne loop injector (Rheodyne,
Cotati, CA). An octadecyl silane (ODS) Hypersil® (150 mm
x 4.6 mm id, 5 pm) HPLC column was used to separate the
compounds. The analysis used a 20-pl injection loop, UV
detection at 350 nm, and a flow rate of 2.0 ml/min. The mobile
phase consisted of 25 mM pH 6.5 phosphate (NaH,PO,/
Na,HPO,) buffer, acetonitrile, and 1.0 M tetrabutylammo-
nium dihydrogenphosphate (750:250:16, v/v/v). A buffer pH
of 6.5 was used to minimize on-column conversion of CPT (1)
and P-CPT between the closed and open forms. The buffer
pH (pD) and all other solutions were monitored using a Corn-
ing (Medfield, MA) pH/ion meter (Model 155) with a Corn-
ing General Purpose Combination pH electrode.

The HPLC assay was optimized by following the equili-
bration reactions of a P-CPT (2 wg/ml; 4.4 pM) and CPT (2
pg/ml; 5.7 uM) solution in 25 mM pH 8 sodium phosphate
buffer (w = 0.15 NaCl). CPT analysis was performed to see if
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any CPT was formed during the time that P-CPT ring opening
and closing was being studied. No CPT was found to form.
Sample solutions (2 pg/ml) of each compound were followed
separately to equilibrium by HPLC in order to validate the
identity of each peak on the chromatogram. Retention vol-
umes were 7.6 ml [CPT(closed), Scheme 1, A], 8.8 ml [CPT
(opened), B], 14.6 ml [P-CPT (closed), C], and 11.2 ml [P-
CPT (opened), D]. The conditions given above (particularly
pH and ion-pairing agent) led to full baseline resolution and
elution of both forms of CPT and P-CPT within 8 min.

Calibration curves for both forms of P-CPT were linear
over the closed concentration range of 0.3-11 x 107® M. P-
CPT closed and open standards were diluted with 20 mM pH
4 acetate and 20 mM pH 8 phosphate buffer, respectively. The
method for preparing the standards was analogous to the pro-
cedure to produce the kinetic solutions (see below).

P-CPT Interconversion Kinetics in H,O and D,0

The in vitro kinetic studies were performed in aqueous
buffer solutions at 25 + 0.1°C maintained by a Precision shak-
ing water bath (Model 50). Hydrolysis (E-ring opening) and
lactonization (E-ring closing) of P-CPT were studied in the
pH range 4-8 at pH increments of 0.5. Acetate (20 mM, pH
range 4-6) and phosphate buffers (20 mM, pH 6.5-8) were
used to maintain pH. Kinetic studies in the pH range 6 to 8
using 10 and 40 mM acetate (pH 6) and phosphate (pH 6.5-8)
buffers were performed to determine the effect, if any, buffer
concentration would have on P-CPT hydrolysis. The ionic
strength (W) value of all solutions was adjusted to 0.15 M by
the addition of NaCl. Studies were performed in triplicate
unless otherwise noted.

P-CPT hydrolysis was initiated by addition of 50 wL of
P-CPT stock solution (0.5 mg/ml) in DMSO to a 10-ml volu-
metric flask and dilution with acetate (pH 6) or phosphate
(pH 6.5-8) buffer to produce an initial substrate concentra-
tion of 2.5 pg/ml (5.5 wM). P-CPT lactonization was initiated
by addition of 100 w1 of a P-CPT/NaOH solution (see below)
to a 10-ml volumetric flask and dilution with acetate buffer
(pH 4-5.5) to produce an initial substrate concentration of 2.5
pg/ml (5.5 pM). The P-CPT/NaOH solution consisted of
equal volumes of P-CPT stock solution (0.5 mg/ml) in DMSO
and 10 mM NaOH solution in water, which was allowed to
stand for 30 min to produce the carboxylate form of P-CPT
(no conversion of P-CPT to CPT was noted in preparing and
on storage of this solution). The final DMSO concentration
was 0.5% (v/v) in the reaction solutions. The pH of the
sample solutions was determined before and after each ki-
netic experiment; the variation was less than 0.05 pH units.

Kinetic solvent isotope effects (KSIE) for P-CPT hydro-
lysis were obtained from observed rate constants (k) mea-
sured in H,O and D,0O. The KSIE is defined as ki,o/kpoo,
where ki, and kp, are the k¢ values in H,O and D,O,
respectively. P-CPT hydrolysis was initiated by adding 50 pl
of a P-CPT stock solution (0.5 mg/ml) in DMSO-d, to a 10-ml
volumetric flask and dilution with sodium phosphate buffer in
D,O (pD range of 6-7.5) to produce an initial substrate con-
centration of 2.5 pg/ml (5.5 uM). The pD was determined
from Eq. 1 (30):

pD = (meter reading) + 0.4 €))

where “meter reading” refers to the value read from a glass-
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electrode pH meter after temperature correction. At pH 7.5,
hydrolysis studies were performed in 20 mM phosphate buffer
using a 50:50 weight fraction H,O:D,0. The pL was calcu-
lated from Eq. 2 (30):

pL = 0.076n + 0.3314n )

where pL is the negative logarithm of the sum of all lyonium-
ion concentrations and # is the atom fraction of deuterium (n
= 0.5 for 50:50 H,0O:D,0). The “meter reading” after tem-
perature correction was equivalent to 7.5 minus pL (30). The
ionic strength was adjusted to 0.15 M (NaCl), and duplicate
trials were performed for each pH value.

Aliquots of the reaction solutions were withdrawn peri-
odically, and both forms of P-CPT were determined by
HPLC. The reactions were monitored by the appearance and
disappearance of the open and closed forms, respectively. Be-
low pH 6, the appearance and disappearance of the closed
and open forms were followed, respectively. Values of k
were determined from the negative slope of plots of In IA ., -
Al vs. time (t), where A is the peak area of either reactant
or product at equilibrium (>10 half-lives) and A, is the peak
area at time t. The k. values from each experiment were
averaged.

The equilibrium concentration of P-CPT(closed) {[P-
CPT(closed)].,} was determined at each pH from A, using a
calibration curve for P-CPT(closed). The P-CPT(opened)
equilibrium concentration {[P-CPT(opened)].,} was calcu-
lated as the difference between the P-CPT(closed) initial and
equilibrium concentrations. P-CPT lactone is considered the
E-ring closed form, and the P-CPT carboxylate is the E-ring
opened form that can be in its protonated (carboxylic acid) or
unprotonated (carboxylate) state. Values of rate and equilib-
rium constants (see Scheme 2) k, (lactonization or reverse
rate constant), k; (hydrolysis or forward rate constant), and
K,s (observed equilibrium constant) were calculated from
Egs. 3-6 (1,31):

kobs = kr + kf ©)

c ki [P- CPT(opened)].q 4

obs T} TP- CPT(closed)],, @
kobs

kr = Kobs +1 (5)

kf = kobs - kl’ (6)

All values are the average of three trials (two in deuterated
solvents). The rate constants k, and k; for H,O were fitted
(SigmaPlot® 4.14) to Egs. 7 and 8 given below. The param-
eter values with standard errors of the mean are shown in
Scheme 2.

RESULTS AND DISCUSSION

pH Dependence of the Equilibrium between
P-CPT(Closed) and P-CPT(Opened)

P-CPT hydrolysis was studied in H,O and D,O at 25°C
with the ionic strength held constant at 0.15 M with NaCl. The
Kous values for the hydrolysis of P-CPT(closed) in H,O and
D,O solutions at various pH (pD) values and buffer concen-
trations are listed in Table 1. Buffer catalysis of P-CPT hy-
drolysis was examined in a limited pH range. The variations in

1033
0 H
L1 :@% - &OH c-1
H3CHaC <Z - HyCHy <2
o=b—c® o=-o®
ou o
1} Ka2 % KaZ
& 2 S >
H3CH,C <S e | H3CHCY + HzCH,CY -2
=% < < |c
(o]
o=b-0®

Lactonization

k., =7.50 (£ 0.43) x 10° min"
k, =3.43 (£ 0.19) x 10° min"
K, =187(x0.18)x 10*M
pK, =373 (= 0.04)

K, =288 (*0.51)x 10" M
pK,,. = 6.54 (£ 0.08)

Scheme 2. Proposed reaction scheme for the hydrolysis (k;) and lac-
tonization (k) of P-CPT. With use of SigmaPlot®, the lactonization
and hydrolysis parameters were determined by fitting the data to Eqs.

7 and 8, respectively, corresponding to this reaction scheme. The
parentheses contain the standard errors of the mean.

Hydrolysis

k, = 1.58 (* 0.53) x 10" min™
k, = 441 (£ 0.09) x 10° min"
k, =962 (+ 131) M min’

K, =979 (+ 0.89) x 10" M
pK,, = 6.01 (+ 0.04)

ks With buffer concentration were small and do not support
significant buffer catalysis. In further work, a constant buffer
concentration of 20 mM was used.

The equilibrium constants K., for interconversion of the
open and closed forms of P-CPT (Eq. 4) are displayed in
Table II. The K, values for P-CPT E-ring opening increase
as pH increased in the pH range of 4-8. Plotting the percent
of [P-CPT(closed)]., and [P-CPT(opened)]., vs. pH (Fig.
1A) shows the pH dependence of the equilibrium of P-CPT.
As pH increases, the dominant species shifts from P-
CPT(closed) to P-CPT(opened) with the percentage of each
species being equivalent at pH 6.15 where K, = 1 (Fig. 1A).
Scheme 1 shows that hydroxide drives the E-ring opening of
CPT (1,2) and presumably accounts for the pH dependence
seen in Fig. 1A. However, the pH dependence cannot be fit by
a simple ionization equation as the sigmoidal curve of the
data in Fig. 1A might suggest. The situation is best ap-
proached through the kinetics analysis described below for k,
and k;. In addition, the majority of the P-CPT(opened) form
is in its carboxylate form above pH 6.15, rather than the car-
boxylic acid, because of the estimated pK, of 3.73 + 0.04 for
pK.> (Scheme 2).

The k.., and K, values, along with Egs. 5 and 6, were
used to calculate k, and k. Plotting k. and k; vs. pH (Fig. 1B)
shows the pH dependence of the P-CPT lactonization and
hydrolysis reactions. As pH increases, the largest contribution
to k,, shifts from k, to k;, with the two rate constants being
equivalent when K, = 1 at pH 6.15. The best-fit lines in Fig.
1B were derived by fitting k, and k; to Egs. 7 and 8, respec-
tively, using SigmaPlot® (discussed in more detail in the next
section). The k, and k; values derived by fitting were used to
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Table I. Values of k,,, and KSIE for Equilibration between the Open and Closed Forms of P-CPT in H,O and D,O at 25°C

Solvent pH Buffer M] n Kops (min!) KSIE“
H,0 4.0 Acetate 0.02 3 2.83 (£0.07) x 10724/
45 Acetate 0.02 3 1.40 (£0.02) x 10724/
5.0 Acetate 0.02 3 7.61 (£0.11) x 10734/
55 Acetate 0.02 3 536 (£0.03) x 10734/
6.0 Acetate 0.01 3 4.65 (+0.26) x 1073/
0.02 3 532 (+0.02) x 1073/
0.04 3 5.20 (+0.05) x 1073/
6.5 Phosphate 0.02 3 5.18 (£0.06) x 1073/
7.0 Phosphate 0.01 3 4.94 (£0.07) x 1073/
0.02 3 491 (£0.15) x 1073
0.04 3 5.08 (£0.08) x 1073/
7.5 Phosphate 0.01 2 4.90 (£0.01) x 1073¢¢
0.02 3 4.98 (£0.14) x 1073/
0.04 2 5.07 (£0.01) x 1073¢¢
8.0 Phosphate 0.01 3 538 (0.11) x 1073/
0.02 3 5.43 (£0.03) x 1073/
0.04 3 5.53 (£0.04) x 1073/
D,O 6.0 Phosphate 0.02 2 2.60 (£0.04) x 10738 2.05
6.5" Phosphate 0.02 2 1.98 (+0.03) x 1073%¢ 2.62
7.0° Phosphate 0.02 2 1.99 (+0.01) x 107348 247
7.5° Phosphate 0.02 2 2.02 (£0.01) x 1073¢# 2.47
7.5%¢ Phosphate 0.02 2 3.40 (£0.01) x 1073¢#

Note: The errors are displayed as range or standard deviation (SD) for experiments performed in duplicate or triplicate, respectively.

“ KSIE value as described in the text.
b pD.
€50:50 weight fraction of H,O:D,O.

4 The average value (and range or SD) determined from monitoring the disappearance of the carboxylate and the appearance of the lactone.
¢ The average value (and range or SD) determined from monitoring the appearance of the carboxylate and the disappearance of the lactone.

I Errors calculated as SD.
& Errors displayed as range.

address the pH dependence of P-CPT equilibrium seen in Fig.
1A. The solid lines in Fig. 1A represent the ratio of k, and k;
(Eq. 4) in percent for [P-CPT(closed)]., and the ratio of k;
and k, (inverse of Eg. 4) in percent for [P-CPT(opened)].,.
These results are similar to CPT (1) because a pH-dependent
lactone—carboxylate equilibrium is evident, and the open
forms of both compounds are dominant above pH 8. How-
ever, CPT differs from P-CPT in that the K ., = 1 at ap-
proximately pH 7 (6.15 for P-CPT), and the closed form of
CPT is dominant below pH 4.5 (5 for P-CPT) (1).

pH Dependence of the Interconversion Kinetics of
P-CPT(Closed) and P-CPT(Opened)

The lactone ring cleavage mechanism of CPT proposed
by Fassberg et al. (1) provided insight into the acyl cleavage of
the lactone ring and the lack of substituent effects on the
A-ring. The addition of a POM promoiety on the E-ring at the
20-OH position of CPT changes the mechanism considerably.
A reaction scheme for the hydrolysis and lactonization of
P-CPT (Scheme 2) is proposed. The rate expressions based on
the reaction scheme shown in Scheme 2 for the lactonization
(k,) and hydrolysis (k;) rate constants are defined by Eqgs. 7
and 8, respectively.

k, [HT+k, [H1K,,

k. =k f1+k,f—2= 7
e e e K K K )

k, [H7+k, K,

_ + k3 [OH_] KaZ
ki=k, fi-1+k, f2+k; [OH]f 2= TKaz ®

In Eq. 7, k_, and k_, are the rate constants for the lactoniza-
tion of the monoanionic (C') and dianionic (C %) P-
CPT(opened) forms, respectively. The fractions of mono-
anionic and dianionic P-CPT(opened) present at a given pH
value are represented, respectively, by f~; and f,. K, and
K,5  are the acid dissociation constants for the monoanionic
and two indistinguishable dianionic P-CPT(opened) species
and the two indistinguishable dianionic and trianionic (C)
P-CPT(opened) forms, respectively. In Eq. 8, k;, k,, and k;
are the rate constant for the hydrolysis of the monoanionic
(L") P-CPT(closed) form, the rate constant for the hydroly-
sis of the dianionic (L™2) P-CPT(closed) form, and the hy-
droxide ion-catalyzed rate constant for the hydrolysis of the
dianionic P-CPT(closed) form, respectively. The fractions of
monoanionic and dianionic P-CPT(closed) present at a given
pH value are represented, respectively, by f; ; and f; ,. K, is
the acid dissociation constant for the monoanionic and dian-
ionic P-CPT(closed) forms. The parameter values and the
standard error of the mean are located in Scheme 2 under the
Hydrolysis and Lactonization headings.

Plots of k,, k; and the best-fit lines based on SigmaPlot®-
derived values from Egs. 7 and 8 vs. pH are displayed in Fig.
1B. The rate expressions appear to provide an adequate in-
terpretation of the P-CPT hydrolysis and lactonization reac-
tions. The hydrolysis reaction parameters (Scheme 2 under
Hydrolysis) are reasonable if each parameter is rationalized
according to the reaction scheme and rate expressions. The k,
value is an order of magnitude larger than the k, value, which
would agree with the observation that as pH increases, the k,
value receives a larger contribution from the dianionic P-
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Table II. Equilibrium Percentages of P-CPT (Closed) and P-CPT (Opened) and Values of K, for Equilibration between P-CPT Forms in
H,O and D,0 at 25°C

P-CPT P-CPT Open
Solvent pH (% Closed = error) (% Open =+ error) Kope

H,0 4.0° 100.0 + 0.0/ 0.0 £ 0.0/ -
4.5" 97.9 + 0.47 2.1+047 0.0215 + 0.0047"
5.0° 90.6 = 1.1/ 94+1.1 0.104 + 0.013/
5.5° 76.1 +0.5 23.9+0.5 0.315 + 0.009
6.0° 593+ 1.8 40.7 + 1.8 0.688 + 0.051/
6.5¢ 35.7+047 64.3+0.4 1.80 + 0.03"
7.0¢ 16.1+0.8" 83.9 +0.8" 5.23+0.33
7.5¢ 6.9=+0.7 93.1+0.7 135+ 1.6
8.0° 23+0.17 97.7 + 0.1/ 43.0 2.0/

D,O 6.04 84.1 +0.28 15.9 £0.2% 0.189 + 0.003%
6.5 622 +0.98 37.8£0.98 0.608 + 0.024¢8
7.0%4 37.3+£0.38 62.7 +0.38 1.68 +0.028
7.594 182 +0.3% 81.8+0.3% 4.49 +0.08%
7.5¢%¢ 10.4 £ 0.28 89.6 +0.28 8.65 +0.20%

Note: The errors are displayed as SD for H,O experiments performed in triplicate and as range for D,O experiments performed in duplicate.

“ K, as described in the text.

> 20 mM acetate buffer.

€20 mM phosphate buffer.

4pD.

¢ 50:50 weight fraction of H,O: D,O.
/Errors calculated as SD.

8 Errors displayed as range.

" The observed equilibrium constant appears to be zero. However, based on the ratio k¢/k, and using the k; [1.99 (= 0.05) x 107*] value from
the k; curve fit (Fig. 2), the K, at pH 4 is estimated to be 0.00703, i.e., about 0.7% of P-CPT exists in an open form at pH 4.

CPT(closed) form (Fig. 1B). The pK,, value of 6.01 + 0.04 is
consistent with literature values for the second pK, of monoal-
kyl phosphates (32) and, more specifically, a value of 6.31 for the
second pK, of methyl phosphate (33). The lactonization reac-
tion parameters (Scheme 2 under Lactonization) define the re-
verse of the hydrolysis reaction. The k_; value is an order of
magnitude larger than the k_, value, which agrees with the ob-
servation that as pH decreases, the k, value receives a larger
contribution from the monoanionic P-CPT(opened) form (Fig.
1B). The pK,,. value of 3.73 + 0.04 is reasonable because the
reaction scheme depicts the acid dissociation of a carboxylic acid
with a typical pK, of 3.5-4.0. This is also consistent with pK,
values of 3.65 for a-hydroxybutyric acid (34) and 3.77 for p-
gluconic acid (35). The pK,5. value of 6.54 + 0.08 is consistent for
the second acid dissociation constant of the phosphate group.
On estimation of the two pK, values from the curve fitting, the
two indistinguishable dianionic P-CPT(opened) forms can be
replaced by the dianionic P-CPT(opened) form with a carbox-
ylate and monoanionic phosphate group (right structure within
the brackets of C2). However, on lactonization of the dianionic
P-CPT(opened) form, the other structure containing the dian-
ionic phosphate and carboxylic acid would be consistent with the
ring closing to the dianionic P-CPT(closed) form. The lactoni-
zation of the trianionic P-CPT(opened) form to the dianionic
P-CPT(closed) form was not included in Eq. 7 because the con-
tribution to lactonization appears to be negligible at pH values
well above 6.5. The reaction scheme, rate expressions, and ex-
cellent fit of the data provide a consistent mechanistic profile of
P-CPT hydrolysis and lactonization.

Catalysis of the Interconversion of P-CPT and KSIE

The plot of k,, values for P-CPT and CPT hydrolysis to
equilibrium (1) as a function of pH is displayed in Fig. 2. The

solid line in Fig. 2 represents the addition of the P-CPT k, and
k; values (Eq. 3) where k, and k; were derived by fitting the
k, and k; values to Eqgs. 7 and 8 (Fig. 1B), respectively. P-CPT
hydrolysis is actually enhanced compared to CPT (pH range
of 4-7). The k.., values from CPT and P-CPT hydrolysis were
compared using 20 mM buffer concentrations at 25°C because
the P-CPT values were not extrapolated to zero buffer con-
centration. CPT k,,, values at 20 mM buffer concentrations
were obtained by extrapolating to this concentration using the
data from the CPT study (1).

Some of the original goals in creating P-CPT were to
slow down the E-ring hydrolysis by alkylating the 20-OH
group, to increase the water solubility, and to provide a larger
amount of the active lactone form of CPT after cleavage of
the POM promoiety. Obviously, the first goal of greater E-
ring stability was not attained (see Fig. 2). A reason for the
enhanced E-ring reactivity in P-CPT might be the participa-
tion of the phosphate group in catalyzing the hydrolysis. This
would be consistent with the pH-rate profile and the relative
magnitudes of rate constants displayed in Fig. 2. If the phos-
phate group was participating in catalyzing the E-ring hydro-
lysis, insight into this mechanism could be gleaned by per-
forming a KSIE study.

A primary solvent isotope effect of about 2.5 was ob-
served in the pH range 6-7.5 for P-CPT hydrolysis (Table I).
If the phosphate group were catalyzing the reaction by a nu-
cleophilic attack (Scheme 3A) on the E-ring ester function to
form a mixed anhydride, the expected KSIE should be 1.0;
i.e., no proton would be transferred in the rate-determining
step. This would be inconsistent with the observed KSIE
value of 2.47. Therefore, catalysis by nucleophilic attack of
the phosphate group at the lactone carbonyl center can be
reasonably ruled out.
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Fig. 1. Plots showing (A) the percent of P-CPT(closed) (O) and P-
CPT(opened) (M) at equilibrium vs. pH and (B) the pH-rate profiles
for k, (O) and k; (W) for the lactonization and hydrolysis of P-CPT
(25°C; 20 mM buffer; w = 0.15M NacCl). In B, the k, and k; values
were obtained by fit using SigmaPlot® to Eqs. 7 and 8, respectively,
corresponding to the proposed reaction scheme (see Scheme 2). The
solid lines represent the best fit of the data to the equations. The solid
lines in A represent the ratio of k. and k; (Eq. 4) in percent for
[P-CPT(closed)].q and the ratio of k; and k, (inverse of Eq. 4) in
percent for [P-CPT(opened)].,. The k, and k; values were derived by
fitting the k, and k; values to Eqgs. 7 and 8 (Fig. 1B), respectively. The
error bars represent standard deviations (SD). If error bars are not
visible, the SD is less than the symbol size.

For further evaluation of the KSIE, a minimal proton
inventory was constructed by measurement of k ., at pH
(pD) 7.5 for atom fractions of D in H,0:D,O mixtures, n, of
0, 0.5, and 1.0 (Fig. 3). The value of k, is independent of pH
from pH 6 to pH 8. The simplest models (30) for these results
would be:

k,=ko(1 —n+nd) ©)]

k, =ko(1 —n +nd")? (10)

Hanson, Schowen, and Stella

k,=ko(1 —n+nd")Z"* an

The k, value is the k., where the n atom fraction of D in
the H,O:D,0O mixtures varies for H,O (n = 0, k), 50:50
H,0:D,0 solution (n = 0.5, k,5) and D,O (n = 1, k;). The
¢ value is defined by the ratio of k, and k,. The ¢’ value is
defined by the same ratio except that there are Z number of
exchange sites as compared to one and two in Egs. 9 and 10,
respectively. Equation 9 corresponds to a simple general base
catalysis with a single transition-state proton transfer site, Eq.
10 to general base catalysis through an intervening water mol-
ecule (two sites), and Eq. 11 to a single transition-state site
combined with generalized solvation. All three models fit the
data within experimental error, but the most general (Eq. 11)
suggests an intramolecular general base catalytic site (ki /kp
= 2.1) with a small solvation effect (ky/k = 1.2). The phos-
phate group thus seems to be an intramolecular general base
catalyst (Scheme 3B or 3C). No further effort was made to
distinguish between tetrahedral breakdown (Scheme 3B) or
formation (Scheme 3C) as the rate-determining step. Also not
ruled out is the kinetically equivalent mechanism of intramo-
lecular general acid catalysis by the phosphate group on hy-
droxide attack or breakdown of the monoanionic tetrahedral
intermediate. However, these mechanisms intuitively seem
less likely.

CONCLUSIONS

P-CPT has a pH-dependent equilibrium between the lac-
tone and carboxylate forms that is similar to CPT. P-CPT
lactone and carboxylate forms dominate the lactone—
carboxylate equilibrium below pH 4.5 and above pH 8§, re-
spectively. The hydrolysis and lactonization reaction mecha-
nisms for P-CPT were defined well by a reaction scheme and
the corresponding rate expressions. The POM promoiety was
found to have a considerable catalytic effect on the opening of

10
1 1m
D [
'!:
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'MO
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0.001 ——
2 3 4 5 6 1 8 9

Fig. 2. The pH-rate profiles for the E-ring hydrolysis of CPT (M, 20
mM buffer; . = 0.5 M NaCl) by Fassberg et al. (1) and P-CPT (O, 20
mM buffer; p = 0.15 M NaCl) at 25°C. The solid line represents the
addition of the P-CPT k, and k; values (Eq. 3), where k, and k; were
derived by fitting the k, and k; values to Eqgs. 7 and 8 (Fig. 1B),
respectively. The error bars represent SD. If error bars are not visible,
the SD is less than the symbol size.
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Scheme 3. Possible transition states of P-CPT hydrolysis including
one (A) that lacks proton exchange (KSIE = 1) in producing a
tetrahedral intermediate and two that involve a single proton ex-
change (KSIE = 2-3) via either (B) breakdown of the tetrahedral
intermediate or (C) general base catalysis of the lactone ring attack
by water.

the E-ring. An overall KSIE of 2.47 and a linear proton in-
ventory study were evidence of a hydrolysis reaction involv-
ing a single site hydrogen facilitated by the dianionic phos-
phate moiety of P-CPT via either general base catalysis of the
attack by water on the lactone ring or breakdown of the tet-
rahedral intermediate. Based on the fact that the P-
CPT(lactone) form dominates below pH 4.5, future studies

0.006
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~ o
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0.001 T
0 05 1
weight fraction of D ,O

Fig. 3. k., (O) vs. weight fraction of D,O (proton inventory plot) for
P-CPT E-ring hydrolysis at 25°C (pL = 7.5; 20 mM phosphate buffer;
p = 0.15 M NaCl). The overall KSIE value is 2.47 under these
experimental conditions. The error bars represent range. If error bars
are not visible, the range is less than the symbol size.
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concentrated on formulating P-CPT for in vivo delivery at pH
4, where the solubility is >2.5 mg/ml.
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