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Abstract

Charge is an important characteristic of drug molecules, since ionization sites determine the pKa
at a particular pH. The pKa in turn can affect many parameters, including solubility, dissolution
rate, reaction kinetics, formulation, cell permeability, tissue distribution, renal elimination,
metabolism, protein binding and receptor interactions. The impact of charge dynamics is amplified
in human solid tumors that exhibit the glycolytic phenotype and associated acidic extracellular
microenvironment. This phenotype is driven by hypoxia and creates a pH gradient in tumors that
favors uptake of weak acids and exclusion of weak bases. Established anticancer drugs exhibit a
range of pKa’s and thus variable ability to exploit the tumor pH gradient. The camptothecins are a
prime example as they represent a diverse class of approved anticancer drugs and drug candidates
whose charge distribution varies with pH. An in silico method was used to predict charge
distribution of camptothecins at physiological versus acidic pH in both the lactone and carboxylate
forms. A significant amount of uncharged carboxylate was predicted at acidic pH that could enter
tumor cells and accumulate in mitochondria to inhibit mitochondrial topoisomerase I. A model is
presented to describe the charge dynamics of a new camptothecin analog and the impact on
nuclear and mitochondrial mechanism(s) of action. This example illustrates the importance of
integrating tumor physiology and charge dynamics into anticancer drug development.
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INTRODUCTION

The discovery and design of anticancer therapeutics is a complex process involving many
factors that must be optimized. The current emphasis on advances in target identification
and mechanism-based drug design has overshadowed the impact of fundamental
pharmacological properties. The overall charge on a drug molecule in solution, determined
by its intrinsic pKa value(s) and the solution pH is a case in point. As succinctly stated by
Prankerd [1], “the extent of ionization for a drug can control is solubility, dissolution rate,
reaction kinetics, complexation with drug carriers (e.g., cyclodextrins), absorption across
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biological membranes, distribution to the site of action, renal elimination, metabolism,
protein binding, or receptor interactions”. Any one of these parameters could affect the
apparent selectivity of a mechanistically-designed agent no matter how valid the molecular
target. Drug charge is even more critical for cancer, because solid tumors often exhibit the
glycolytic phenotype or Warburg Effect that is driven by tumor hypoxia and produces an
acidic extracellular microenvironment. Hence, anticancer drugs with ionizable groups with
pKa’s in the pH 6-8 range will exhibit charge dynamics that could significantly impact
cellular uptake and retention. This point is illustrated by camptothecin and its many analogs,
including the established anticancer drugs topotecan and irinotecan. Camptothecin contains
an unstable E ring lactone that will spontaneously open to form the corresponding
carboxylate at physiological pH. The lactone has two ionizable sites; the carboxylate has
four. To explore charge dynamics of camptothecin and its analogs, an in silico method was
employed (ACD/pKa DB) that relies on linear free-energy relationships (LFER) to predict
charge distribution as a function of pH. This approach predicted presence of uncharged
species of camptothecin carboxylates that could lead to novel charge dynamics. A model is
proposed to describe how the charge dynamics of a new camptothecin analog in pre-clinical
development could exploit the tumor pH gradient to enhance selectivity and to inhibit two
forms of the molecular target, topoisomerase I.

HYPOXIA DRIVES THE TUMOR GLYCOLYTIC PHENOTYPE AND
ASSOCIATED PH GRADIENT THAT REGULATES DRUG UPTAKE AND
RETENTION

Oxygen concentration is a critical determinant of human physiology. Oxygen concentration
in blood ranges from 10-12.5%, in healthy normal tissue from 3-6% (true “normoxia”),
while solid tumors are typically hypoxic at 1-2%. In marked contrast, much of our
understanding of cancer biology is based on standard cell culture conditions that utilize
atmospheric oxygen levels (20-21%) [2, 3]. These hyperoxic conditions down-regulate
hypoxia-inducing factor-1 (HIF-1), a transcription factor that controls over sixty genes with
hypoxia response elements (HRE) [4]. Not surprisingly, drug mechanisms that involve
HIF-1 are not manifest under standard culture conditions (e.g., irinotecan inhibition of HIF-1
in colon cancer cells [5]). HIF-1 is up-regulated in the majority of primary malignant tumors
and in two thirds of metastases, but absent in most normal tissues [3, 6]. HIF-1 activates the
glycolytic or tumor metabolic phenotype [7], a well known phenomenon [7-11], dating to
the pioneering work of Otto Warburg [12, 13]. The glycolytic phenotype leads in turn to
extracellular tumor acidification, even though tumor cells maintain a physiological
intracellular pH. This produces a pH gradient unique to tumors [14] that has important
consequences for anticancer drugs with ionizable groups. Negatively charged, weak acid
drugs will exploit the gradient to accumulate in tumor cells where they will be trapped
[14-16]. Conversely, positively charged, weak base drugs will tend to be excluded. A case in
point is doxorubicin, one of the most widely used drugs in the armamentarium [17].
Consequently, charge dynamics at acidic versus physiological pH becomes a key parameter
for anticancer drug development.

pKA’'s OF ANTICANCER DRUGS

Many anticancer drugs display pH-dependent cytotoxicity both in vitro [15, 18] and in vivo
[19]. In addition, most anticancer drugs have multiple ionization sites and therefore multiple
pKa’s that contribute to the overall charge dynamic. Despite the importance of ionization
state to drug action as a function of tissue pH, drug pKa’s are not readily accessible in the
literature. For example, the monograph series Profiles of Drug Substances, Excipients, and
Related Methodology (Brittain, HG, ed.; previously entitled Analytical Profiles of Drug
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Substances) that contains the most recent and rigorous compilation of these data [1] is not
indexed by either PubMed or Web of Science databases. Moreover, drug pKa’s are often
listed without citation in the indexed literature, which is critical because measurement of
pKa is not standardized. Data quality varies considerably depending on the method used,
instrument calibration, the reference standards and presence of co-solvents. The latter is of
particular importance for drugs like the camptothecins that have limited water solubility and
thus require inclusion of organic solvents. The pKa’s for selected anticancer drugs are
presented in Fig. (1). Clearly, there is a range of behavior from weak acid to weak base.
What is less clear for drugs with multiple ionization sites is the distribution of neutral or
charged species that comprise the overall dynamic as pH varies in the physiological range.

This distribution is important because according to pH partition theory [17, 20], neutral
species are more likely to diffuse cross cell plasma membranes, while charged species will
be excluded. Once inside cells, uncharged molecules will enter neutral compartments
(nucleus), while weak bases will partition into acidic compartments (lysosomes) and weak
acids into alkaline compartments (mitochondria) [15]. This subcellular
compartmentalization therefore affects access to molecular targets that may also be
localized.

PREDICTION OF pKa IN SILICO

Between 60-75% of all small-molecule pharmaceuticals have at least one ionizable group
[21, 22]. Because pKa(s) can have such a dramatic impact on drug properties, particularly
those related to adsorption, distribution, metabolism and excretion (ADME), and direct
measurement is often not practical, much effort has focused on computational methods for
high-throughput prediction of pKa. Some currently available programs include: ACD/pKa
DB, ADME Boxes (Advanced Chemistry Development), ADMET predictor (Simulations
Plus), Epik, Jaguar (Schrodinger), Marvin (ChemAxon), MoKa (Molecular Discovery),
Pallas (CompuDrug International), Pipeline Pilot (SciTegic), and SPARC (University of
Georgia/U.S. EPA)[21]. Several recent reviews have compared software using different
datasets and statistical endpoints [21-23]. The reader is referred to these reviews for a
detailed description of the underlying differences in prediction algorithms. While these tools
are routinely used by medicinal chemists in drug design, consideration of the impact of
tumor physiology, notably the tumor pH gradient, and the contribution of multiple ionization
sites in the same molecule to overall charge as a function of pH have received much less
attention.

PREDICTED CHARGE DYNAMICS OF CAMPTOTHECINS

The pH-dependent cytotoxicity of camptothecins is well established [24]. While generally
considered weak acids [25], the numerous modifications of the camptothecin nucleus can
alter charge characteristics. For example, Meloun and colleagues compared predicted versus
measured pKa’s for the lactone forms of SN-38 and its precursors CPT, 10-hydroxy-CPT
and 7-ethyl-CPT using Pallas and Marvin software [26]. Table 1 presents predicted pKa
values for the lactone forms of various CPT analogs generated by ACD/pKa DB (v.12.01,
ACD/Labs, Toronto, ON), the industry standard for pKa prediction [21, 23]. Tables 2 and 3
list related charge distribution results for the lactone and carboxylate forms, respectively, of
camptothecin analogs at physiological versus acidic pH. These include approved drugs
(topotecan and SN-38, the active metabolite of irinotecan), analogs in clinical trial
(rubitecan, karenitecan, gimatecan), and a novel analog in pre-clinical development (7-
butyl-10-amino-camptothecin, BACPT) specifically chosen for enhanced activity at acidic
pH [27, 28]. The results confirm that with the exception of topotecan, the lactones of
camptothecin and analogs are highly lipophilic and thus cell permeable at physiological pH,
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being 95-100% uncharged. This illustrates an early and central issue in camptothecin drug
development, namely limited water solubility. The diethylaminoethyl substituent at the 9
position in topotecan is one solution. Another is to form water soluble pro-drugs via a
dipiperodino group at the 10 position (irinotecan) or via a dipeptide at the 20 position
(BACPTDP). Given the tendency for rapid E ring opening at pH 7.4, the charge distribution
for the carboxylates is equally important. As expected, a majority of the carboxylate species
are acidic (negatively charged). However, the model predicts a surprising percentage of
topotecan carboxylate to remain uncharged (63%), followed by BACPT (33%). This raises
the possibility that these carboxylates can enter cells and impact activity. The effect is more
pronounced if the analog encounters an acidic extracellular environment common to solid
tumors. At pH 6.8, 86% of topotecan and 66% of BACPT carboxylates are uncharged.
Moreover, now SN-38 (46%) and karenitecin (39%) also generate significant amounts of
uncharged carboxylate. Of course, the acidic extracellular environment will favor stability of
the lactone form where most analogs will remain uncharged (83-100%). Topotecan,
however, will primarily behave as a weak base, which could explain the drug’s limited
potency.

Drugs that are weak acids can exploit the tumor pH gradient, because the acidic extracellular
conditions will lower the overall charge and thereby facilitate diffusion across cell
membranes. Fig. (2) indicates that the camptothecin carboxylates are most effective in this
regard. At pH 6.8, net decrease in charge is most apparent for BACPT > SN-38 >
karenitecin = topotecan. Meanwhile, camptothecin, gimatecan and rubitecan carboxylates do
not significantly exploit the tumor pH gradient by this model. A tradeoff is that at pH 6.8,
the lactone form of BACPT increases in charge by 12%; that for topotecan by 24%.

The detailed ionization profile for BACPT lactone and carboxylate (Supplementary Figs. 1
and 2) indicates that BACPT lactone has four potential ionization sites, while the
corresponding carboxylate has seven. The major determinant of the charge dynamic is the 1-
nitrogen. In the lactone, the predicted pKa is 6.1, while in the carboxylate form, the pKa
shifts to 7.1 due to the generation of the 21-OH with a pKa of 3.09.

CONSEQUENCES OF CHARGE DYNAMICS FOR CAMPTOTHECIN
MECHANISM(S) OF ACTION

Charge dynamics are generally defined under aqueous or buffered conditions. For example,
in buffer at pH 7.3 and 37°C, the rate of lactone hydrolysis of CPT, irinotecan, and SN-38 is
rapid with a half life of approximately 30 min. The resulting percentage of lactone
remaining at equilibrium is 14-21% [29]. Translation of charge dynamics to a physiological
environment such as whole blood for intravenous drugs is complex and critical for
camptothecins because the carboxylate form has a high affinity for human serum albumin
[30], which is generally considered a sequestering and thus inactivating pathway. Opposing
this process is partitioning of the uncharged lactone into lipophilic compartments such as red
cell membranes [31]. Making the camptothecin nucleus more lipophilic or blocking E ring
opening by addition of a 20(S) substituent are thus done to enhance blood stability of the
“active” lactone form. However, this is an over-simplification, because early-on it was clear
that the carboxylate form of camptothecin and certain analogs had activity. Hsiang et al.
[32] demonstrated that 20(S) camptothecin sodium (carboxylate) was active in vivo against
L1210 leukemia, in drug-treated cell lysates via deletion of topl and in drug-induced top1-
mediated cleavage of linear DNA. Moreover, de la Loza and Wellinger showed that both
lactone and carboxylate forms of topotecan bound to human topl by x-ray crystallography
[33]. What mechanism could account for camptothecin carboxylate activity? One possibility
is the recent discovery by Pommier and co-workers of a mitochondrial form of
topoisomerase | [34]. Since the enzyme must function in the alkaline environment of
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mitochondria, the pH optimum of 8 was not surprising. However, inhibition of mtTopl by
10 uM camptothecin after 1 h incubation at pH 8 was unexpected. Although one cannot rule
out activity of the small amount of lactone present, the overwhelming majority of drug
would be in the carboxylate form, suggesting that mtTopl could be a significant molecular
target. This is particularly important because negatively charged carboxylate species will
accumulate in this basic organelle. Accordingly, topotecan was found to accumulate in yeast
mitochondria [33], while camptothecin itself localized in cytoplasmic vacuoles. This
difference could reflect cellular uptake of carboxylates at pH 7.4, where 99% of CPT
carboxylate is charged and thus excluded, while 63% of topotecan carboxylate is uncharged
(Table 2). Once the uncharged topotecan is intracellular at physiological pH, negatively
charged forms can then regenerate and accumulate in mitochrondria. The process is
summarized in Chart 1, which presents a model for the charge dynamics of the camptothecin
analog BACPT in plasma, normal and tumor tissues. In plasma at pH 7.4, lactone hydrolysis
and binding to human serum albumin will favor conversion to the carboxylate form, while
affinity of the uncharged BACPT lactone for red cell membranes will protect the E ring
from opening. In normal tissues, the equilibrium also favors conversion to the carboxylate
form to inhibit cell uptake. In contrast, in the acidic extracellular environment of solid
tumors, equilibrium will favor the uncharged lactone form and the carboxylate present will
also be uncharged and cell permeable. Traversing the pH gradient, the drug encounters
physiological pH to again yield neutral and weak acid species. The neutral lactone will
diffuse into the nucleus to inhibit nucTopl, while the acidic carboxylate will concentrate in
basic mitochondrion to inhibit mtTopl. This model accounts for observations that BACPT
preferentially accumulates in MCF-7 cells at pH 6.8 vs pH 7.4, and correspondingly exhibits
increased antiproliferative activity [27]. In addition, the model is consistent with the
punctate cytoplasmic intracellular BACPT distribution pattern seen by fluorescence
microscopy (D. Adams, unpublished observation). Confirmation of mitochondrial
localization and the kinetics of these charge interactions for BACPT remain critical
unknowns and must be determined to assess the relative contribution of each Top1 target to
overall drug mechanism of action. Nevertheless, the model suggests the importance of
carboxylate species and a mitochondrial site of action to drug activity, which is notable since
mitochondria initiate the apoptotic response. In summary, this example demonstrates the
importance of understanding anticancer drug charge dynamics in normal versus tumor
tissues for drug uptake, retention and antitumor mechanism of action.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS
CPT camptothecin
ACPT 10-amino-camptothecin
BCPT 7-butyl-camptothecin
BACPT 7-butyl-10-amino-camptothecin
BACPTDP 7-butyl-10-amino-camptothecin (20S) p-alaninelysine
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SN-38 7-ethyl-10-hydroxy-camptothecin

nucTopl nuclear topoisomerase |

mtTopl mitochondrial topoisomerase |
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Measured pKa values for selected anticancer drugs. Data from Prankerd [1], Mahoney [15]
and Raghunand [35] were combined. Multiple listings for a drug indicate separate sources.
Bar: one pH unit range of titration curve.
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Predicted Charge dynamics for camptothecin analogs at physiological versus acidic pH.
Charge distribution was predicted using ACD/Labs pKa DB software. The difference in
charge for analogs at pH 7.4 compared to pH 6.8 is plotted for the respective lactones (top

panel) and carboxylates (bottom panel).
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Chart 1. Predicted charge dynamics for BACPT lactone versus BACPT carboxylate
Predominant species and dynamic pathways are denoted by dark blue. Hydrolysis of the pro-
drug BACPTDP to BACPT is not shown and only the camptothecin E ring is represented.
The predicted charged species for BACPT lactone (closed ring) are [+1] (basic), while those
for BACPT carboxylate (open ring) are [—1] (acidic). Hence, the carboxylate is a weak acid,
while the small amount of charged lactone is a weak base. Panel A: in plasma at pH 7.4, the
equilibrium will favor conversion to the carboxylate form. The charged carboxylate species
has a high affinity for human serum albumin, which further drives ring opening. Whether
albumin-bound drug is terminally sequestered or still available (i.e., as in paclitaxel
formulated in albumin nanoparticles; Abraxane ®), is not known. Counteracting the serum
albumin pathway is the affinity of the uncharged BACPT lactone for red cell membranes
where it is protected from ring opening. Panel B: in normal tissues, the equilibrium also
favors conversion to the carboxylate form, which will yield a majority of charged species
that cannot cross the plasma membrane. Panel C: in the acidic extracellular environment of
solid tumors, equilibrium will favor the lactone form, most of which is not charged [0].
Furthermore, most of the carboxylate present will also be in an uncharged form that can
enter cells. Once inside the tumor cell, the drug encounters physiological pH to again yield
neutral and weak acid species. The neutral lactone will diffuse into the nucleus to inhibit
nucTopl, while the acidic carboxylate will concentrate in basic mitochondrion to inhibit
mtTopl. The kinetics of these charge interactions for BACPT remains a critical unknown
and must be determined to assess the relative importance of each Topl target to overall drug
mechanism of action.
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