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Abstract Lysosomes are acidic organelles and are
involved in various diseases, the most prominent is malaria.
Accumulation of molecules in the cell by diffusion from the
external solution into cytosol, lysosome and mitochondrium
was calculated with the Fick—Nernst—Planck equation. The
cell model considers the diffusion of neutral and ionic
molecules across biomembranes, protonation to mono- or
bivalent ions, adsorption to lipids, and electrical attraction
or repulsion. Based on simulation results, high and selective
accumulation in lysosomes was found for weak mono- and
bivalent bases with intermediate to high log K. These
findings were validated with experimental results and by a
comparison to the properties of antimalarial drugs in clin-
ical use. For ten active compounds, nine were predicted to
accumulate to a greater extent in lysosomes than in other
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organelles, six of these were in the optimum range predicted
by the model and three were close. Five of the antimalarial
drugs were lipophilic weak dibasic compounds. The pre-
dicted optimum properties for a selective accumulation of
weak bivalent bases in lysosomes are consistent with
experimental values and are more accurate than any prior
calculation. This demonstrates that the cell model can be a
useful tool for the design of effective lysosome-targeting
drugs with minimal off-target interactions.

Keywords Accumulation - Base - Drug design -
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Introduction

Recently, we described the accumulation of molecules in
mitochondria of human cells (both normal and tumor cells)
with a biophysical model of a single cell (Trapp and
Horobin 2005). This first cell model considered only the
cytosol, that is the cell sap and lipids, and mitochondria
(highly charged alkaline organelles). Now we extend this
cell model to lysosomes, acidic organelles present in most
animal cells. Models describing the movement of mole-
cules within cells are not only useful for the interpretation
of experiments, but may also help in designing more
effective drugs (Chen and Rosania 2006).

Acidic intracellular organelles—such as late endosomes,
phagosomes and lysosomes—are widely implicated in the
pathogenesis of many parasitic, microbial and viral dis-
eases. Many drugs in clinical use accumulate in lysosomes,
this accumulation sometimes being an essential component
of the drug’s mechanism of action. The antimalarial drug
chloroquine, for example, forms toxic complexes with
byproducts of hemoglobin metabolism that accumulate in
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the lysosomes of the malaria parasite inside erythrocytes
(Slater 1993; Zhang et al. 1999; Ginsburg et al. 1999;
Sugioka et al. 1987). In a different example, lysosomal
accumulation of several antipsychotic and antidepressant
drugs, a consequence of their physiochemical characteris-
tics (Kaufmann and Krise 2007; Kornhuber et al. 2008),
can contribute to clinical antidepressive effects via inhi-
bition of the intralysosomal acid sphingomyelinase
(Kornhuber et al. 2005, 2008). But also if the site of action
of a drug is not lysosomal, side-effects associated with
unintentional lysosomal accumulation may
Recently, sequestration of anticancer drugs in acidic
intracellular organelles has been studied as a mechanism
determining the cell type-selectivity of candidate antican-
cer agents (Duvvuri et al. 2004; Duvvuri and Krise 2005a).
Lysosomal drug sequestration can also underlie rapid
clearance of anticancer drugs from intrinsically drug
resistant cancer cells (Chen and Rosania 2000).

The first comprehensive discussion of factors leading to
accumulation of drugs inside lysosomes dates back over
30 years (De Duve et al. 1974), when it was first appreci-
ated that lysosomes are acidic organelles with respect to the
cytosol. This results in “ion trapping” of weak bases, as
neutral molecules diffuse into the lysosome where, after
protonation, they form more hydrophilic species slow to
diffuse out (De Duve et al. 1974; MacIntyre and Cutler
1988). An analogous ion trap effect underlies weak acids’
accumulation in mitochondria (Rashid and Horobin 1991)
and accumulation of weak acids in plant cells (Raven
1975). Raven described the transport of the anion in the
cell with the Nernst—Planck equation, which considers the
effect of electrical fields. A combination of Fick’s diffusion
law and Nernst—Planck equation was used to predict the
intracellular location of drugs in human cells (Trapp and
Horobin 2005; Zhang et al. 2006). This model is extended
to molecules with either one or two acidic or basic func-
tional groups, including ampholytes and zwitterions. The
new set of equations developed in the present paper pre-
dicts the localization of molecules in solution and lipids of
mitochondria, cytosol and lysosomes. Physicochemical
property combinations leading to selective accumulation of
molecules in lysosomes are identified and compared to
earlier findings and the properties of anti-malarial drugs in
clinical use.

occur.

Methods

Cell model simulating uptake and accumulation
of molecules in cells

The model’s objective is to predict diffusive movement and
distribution of molecules in a living cell. Figure 1 shows
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the processes involved in the uptake of a weak base (BH).
The cell is separated into cytosol, lysosome and mito-
chondrium. Each compartment consists of an aqueous and
a lipid fraction and is surrounded by a biomembrane.

Flux of neutral molecules across membranes

The diffusive flux of neutral molecules across membranes,
Jn, is driven by the chemical potential, and is described by
Fick’s 1st Law of Diffusion:

Jn :Pn(an,o_an,i) (l)

where J is the unit net flux of the neutral molecules n from
outside (0) to inside (i) of the membrane (kg m~> s~ "), P,
is the permeability of the membrane (m s~ ') for neutral
molecules, and a is the activity of the compound (kg m ™).

Flux of electrolytes across membranes

The unit net flux of the dissociated (ionic) molecule species
across electrically charged membranes, Jg, is described
by an analytical solution of the Nernst-Planck equation
(Briggs et al. 1961):

N
Jd = Pd ﬁ (Cldp — adA’]‘eN) (2)

where Py is the permeability of the membrane (m s~ ') for

dissociated molecules, N = zEF/(RT); z is the electric

charge (synonym valency, for acids —, for bases +), F is

the Faraday constant (96,484.56 C molfl), E is the mem-

brane potential (V), R is the universal gas constant

(8.314 I mol~! K1) and T is the absolute temperature (K).
The total net flux J is the sum of J, and J4

N
J =P, (anﬁo - an,i) + Pdﬁ (adﬁo - adjeN) (3)

Active transport across membranes (e.g. by transporter
proteins or pinocytotic endocytosis) is not considered in
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Fig. 1 Structure of the cell system considered in the model approach
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this model, but may be added, if required, by an additional
flux term.

Molecule fractions

Under physiologically relevant conditions, molecules of
organic electrolytes may exist as ions or in a neutral form.
The activity ratio D between both is calculated by the
Henderson—-Hasselbalch equation (Henderson 1908):

D =% _ 1pilpKi—pH) (4)

dn

where a is the activity, d is the index for dissociation
(synonym ionized), n for neutral, i is 1 for bases and —1 for
acids; pK, is the negative logarithm (log;o) of the disso-
ciation constant.

While in most cases the total concentration of a com-
pound is measured by chemical analysis, the activity is the
driving force for exchange (see Eqs. 1-3). The total
(measurable) concentration C; of the compound is com-
prised of neutral (n) and dissociated (d) molecules, both
can be in solution or adsorbed. Only the free, non-adsorbed
molecules, neutral (index n) or dissociated (index d), par-
ticipate in diffusive exchange processes. The relation
between total concentration C; (kg m> ) and the activity a
(kg m>) of free (truly dissolved) molecules is

a=fxC (5)

1

[H*][HB"]
[H,B]
[H*][B*]
[HB"]

| =
(7)
K =

with two corresponding pK,-values, pK,; and pK,,, giving
the activity ratios

e (8a)
ap
242 _ 1geka—pH) (8b)
adi

It follows for the activity of the neutral molecule, the first
ion BT, and the second ion B™™ that a, + aq; + aq» = 1
and

an/(an + ag1 + ag) = an
B 1 (9a)
"1 4 10i(PKa—pH) 1 1 (i(pKu—pH)+i(pKa2—pH)

aq = a, X 10/ (PKa1 —pH) (9b)
agp = a, x 10/(PKa—pH)+i(pKio—pH) (9¢c)
Furthermore, we define the ratios D; = aq;/a, and

D, = ag/a, in order to calculate the respective fractions
for the activities, f;, fq1 and fy,

fn :an/Ct =

W/ + Kn/pn + D1 X W/y4 + D1 X Kai /9q1 + D2 X W/ygp + D2 X K2 /Y

The respective fraction freely dissolved neutral
molecules, f,, is calculated by (Trapp 2004)

1
W/pn+ Kn/pn +D x W/pq+D x Ka/74

fn = an/Ct =

(6)

where W is the volumetric water fraction, y is the activity
coefficient, with a = yC. K, and K, are the sorption
coefficients of the neutral and the dissociated molecule. Per
definition aqg = a, x D, and the fraction of freely dissolved
dissociated molecules, fy, is fg = aq/Cy = D X f;.

Bivalent ions

A bivalent electrolyte, acid or base, has two dissociation
processes (shown for the base):

Jfa=Di X fy
Jfoo =Dy X fa
The total net flux of all molecule species J is the sum of the

net flux of the neutral molecule, the monovalent ion, and
the bivalent ion

(10)

J = Pn (an,o - an,i) + Pdl (adl,o - adl,ieNl)

1
eM —1

+ P (ag2.0 — aa,ie™) (11)

2
eM — 1

where Ny = z;EF/(RT) and N, = 2,EF/(RT), with z; is the
electric charge of the first dissociated ion (41 for bases),
and z, is the charge of the second dissociated ion (42 for
bases). The same formalism is applied to bivalent acids,
ampholytes and zwitterions.
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Multi-organelle model

The multi-organelle model consists of cytosol, lysosomes
and mitochondria. Since lysosomes and mitochondria are
totally enclosed by cytosol, calculation of the uptake of
molecules into these organelles first requires solution of
the equations for uptake from outside into the cytosol, and
then for uptake from cytosol into mitochondria and
lysosomes.

If “0” denotes the outside of the cell, “c” the cytosol,
“m” the mitochondria, “l1” the lysosome, and J the
corresponding unit fluxes across surface area A, then
the change of mass in the cytosol m. = + flux from
outside — flux to outside — flux to lysosome + flux
from lysosome — flux to mitochondrium + flux from
mitochondrium

dm,

dt

=Ae X Joe —Ac X Joo — Al X Je1 + Al X Jic — A
X Jem +Am X Jmc (cytosol) (12)

change of mass in the
lysosome — flux to cytosol

lysosome m; = + flux to

d

% = A1 X Jo1 — A} X Jic (lysosome) (13)
change of mass in the mitochondrium m,, = + flux to
mitochondrium — flux to cytosol

dmy, . .

& = Ap X Jem —Am X Jm (mitochondrium) (14)
Concentrations C are derived by the relation C = m/V,
where V is the volume.

Solution method

The equations for the n x n = 3 matrix (cytosol, lysosomes
and mitochondria) were solved numerically (Euler method)
and compared to an analytical solution with two parallel
n X n = 2 matrices (cytosol and lysosomes; cytosol and
mitochondria). Differences were very small, except in the
very early stage of the simulations. All subsequent calcu-
lations used two parallel 2 x 2 matrices solved analytically.

Model parameterization

Generic data for cytosol, lysosomes and mitochondria,
listed in Table 1, were taken from several sources and do
not represent a special scenario. Volume, surface area,
water and lipid content, ionic strength, pH and electrical
potential at the biomembrane describe each compartment.
The cytosol is neutral (default value 7.0), the lysosomal pH
is acidic (default value pH 5) and the pH in mitochondria is
alkaline (8.0). The external pH is 7.4, which is the normal
pH of blood and also the pH of many nutrition media used
in experimental work. The electrical potential at the
plasmalemma (plasma membrane) is —70 mV, at the
lysosomal membrane is slightly positive (+10 mV), and at
the mitochondrium —160 mV. All generic values can be
changed and adapted to actual cell conditions. The model is
based on a “constant field approach” (Goldman 1943;
Hodgkin and Katz 1949), therefore, pH and electrical
potential of the compartments do not change due to uptake
of electrolytes. Chemical data required as input are disso-
ciation constant(s) pK,; electric charge(s) z; activity
coefficients y; membrane permeabilities P; and sorption

Table 1 Parameters of a

generic human cell Parameter Symbol Value Unit Reference
Diameter cell® 107° m Generic
Diameter lysosome 1.71 x 1076 m b
Diameter mitochondrium 1076 m Generic
pH outside pH, 7.4 - Rodgers et al. (2005)
pH cytosol pH. 7.0 - Rodgers et al. (2005)
pH lysosome pH; 5 - Ohkuma and Poole (1978)
pH mitochondrium pHin 8 - Generic
Water content w 0.95 L/L All organelles
Lipid content L 0.05 glg All organelles
4 Volume and surface area were Ionic strength outside 1, 0 mol/L -
calculated from diameter Ionic strength in cell 1 0.3 mol/L All organelles
assuming a sphere Plasmalemma membrane potential E. —0.07 \% Generic
" Value chosen to get a volume Lysosomal membrane potential En +0.01 \Y% Van Dyke (1988)
ratio lysosome to cytosol of Mitochondrial membrane potential E., —0.16 \Y% Trapp and Horobin (2005)

1:200 (De Duve et al. 1974)
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coefficients K of both the neutral and the dissociated
compound(s). The parameters P and K can be estimated
from log Kow.

The permeability of neutral molecules is calculated from
membrane thickness, partitioning into the membrane and
diffusion coefficient of organic molecules in the mem-
brane, which leads to the equation (Trapp and Horobin
2005) log P = log Kow — 6.7 for the neutral molecule
and log P = log Kow — 10.2 for the ion. Thus, the default
permeability ratio between neutral and ionic species is
3162:1. The sorption parameter K is calculated from
K = L x Kow, where L is the lipid content (L Lil). For
the ion, log Kow is taken 3.5 log-units lower than for the
neutral molecule.

The activity coefficients y, of neutral molecules, z = 0,
were calculated from the ionic strength / (mol/L) with the
Setchenov equation to 1.23 at I = 0.3 mol/L. The activity
coefficients of ions, y4, were calculated with the Davies
approximation of the modified Debye—Hiickel equation
(Appelo and Postma 1999) and are 0.74 for monovalent ions,
|z| = 1, and 0.3 for bivalent ions, |z| = 2, at / = 0.3 mol/L.

Results

The physico-chemical input parameters were varied sys-
tematically to determine chemical properties that lead to
accumulation of xenobiotics in lysosomes or other parts of
the cell.

Monovalent bases (z = +1)

The first group of compounds investigated are weak bases.
It has long been known that such compounds accumulate in
lysosomes due to the ion trap mechanism (De Duve 1974).

Impact of pK, on accumulation of bases in lysosomes

Figure 2 shows the calculated uptake from outside into
cytosol, lysosomes and mitochondria of a monovalent
weak base with a constant log Kow of 2 and varying pK,.
The calculations were made for 1 h exposure to the
external medium. In agreement with De Duve et al.’s
commentary (1974) the model predicts accumulation in
lysosomes to be greater than in cytosol and mitochondria
for bases with pK, between 6 and 10, with the optimum
located near 8. The mechanism of this accumulation is the
ion trap, involving uptake of the neutral base into acidic
lysosomes with trapping following protonation. At the
same pK,, weak bases are excluded, by an opposite ion trap
mechanism, from cytosol and mitochondria, while at high
pK. (>12) an attraction of cations by the strong negative
electrical field of the mitochondria is predicted. The exact

maximum concentration ratio lysosome to outside occurs at
pK., = 7.9, and is 191:1 for an intralysosomal pH of 5, with
>99% of the molecules in lysosomes being in solution.

LOg KOW

With the default parameterization, the uptake into lyso-
somes is slow for polar weak bases (log Kow < 0). For
highly lipophilic bases (log Kow > 3), sorption to cyto-
solic lipids becomes the dominant process. Thus, the
optimum for selective accumulation in lysosomes is at
0 < log Kow < 3 (not shown).

Impact of membrane permeability of ions on accumulation
of bases in lysosomes

Membrane permeability of the ion is a critical parameter. It
was shown that the ratio of membrane permeabilities in the
dissociated and neutral state strongly influences lysosomal
accumulation (Duvvuri et al. 2004). We, therefore, gener-
ated a simulation analogous to Fig. 2 but assuming equal
permeability of ion and neutral molecule (Fig. 3a). Dra-
matically, the model no longer predicts accumulation of
weak bases in lysosomes but instead predicts accumulation
by mitochondria if pK, > 6. This is in accordance with
experimental findings for rhodamine 123 and rhodamine
6G (Duvvuri et al. 2004).

The issue of whether ions can cross membranes, and if
so how fast, has been recently discussed (Saparov et al.
2006). If it is assumed that ions cannot cross biomem-
branes, then the permeability of the ion is zero. The effect
on intracellular localization is shown in Fig. 3b. The ion
trap increases, the concentration ratio lysosomes to outside
is higher, and the optimum pK, region is shifted towards
pK. 10, compared to the original simulation in Fig. 2 (“Lys
default” in Fig. 3), which was done with the default ion

1000

100 |
3
3 101
S~
(&)
1- ~ ’
Cyt Lys - - - - Mit
0.1 T T ] 1 Ll
2 4 6 8 10 12 14
pKa

Fig. 2 Calculated uptake of a monovalent weak base with
log Kow = 2 and varying pK, from outside into cytosol (Cyt),
lysosomes (Lys) and mitochondria (Mit); t = 1 h, log scale

@ Springer



1322 Eur Biophys J (2008) 37:1317-1328
a 10000 ettt 0J2 24 [J6 ©8 O10 V12
1000+ L
. [ 10000
— .
] o
S 100 SN
(@) e .
B / ' \.
s \ - 1000
10 1 —- il
- 100
1 T T T T T
2 4 6 8 10 12 14
pKa - 10
b 1000
-1
100 - 2
pKa 1
5
8 10 4 Fig. 4 Calculated uptake (r = 1 h) of a bivalent weak base with
o log Kow = 2 and varying pK,; and pK,, from outside into lyso-
somes; t=1h
1 -
Uptake of bivalent bases into cytosol is lower and more
0.1 evenly distributed, with maximum values of C/C,, of 18 at

14

pKa
=-=--Mit ----- Lys default

Cyt Lys

Fig. 3 Calculated uptake of a monovalent weak base with
log Kow = 2 and varying pK, from outside into cytosol, lysosomes
and mitochondria; t = 1 h.a Pg:P, = a« = 1; b Pg:P,, = o = 0; “Lys
default” is the simulation with the default ion membrane permeability
of the model (Fig. 2), corresponding to oo = 1:3162

membrane permeability. Compounds with pK, > 12,
which are practically completely dissociated outside at pH
7.4, are not taken up at all if ions cannot cross biomem-
branes (Fig. 3b).

Bivalent bases (z = +2)
Optimum pK,-values

The concentration ratio lysosome to outside of a lipophilic
bivalent base (log Kow = 2) after 1 h exposure and for
varying pK,; and pK,, is shown in Fig. 4. With two dis-
sociating basic groups, the concentration ratio can be much
higher than with one. The maximum concentration ratio
lysosome to outside is found when pKj; is near 8 and pK,,
is 8 or somewhat lower, between 6 and 8, and is >10,000.
Optimum accumulation equals the maximum for a mono-
valent base to the power 2 multiplied with factor 2 for the
lower activity coefficient of bivalent ions.
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pK.; = 12 and pK,, = 6 (not shown). Uptake into mito-
chondria is highest for pK,; above 12 and has a minimum
in the region of pK,; near 8 (not shown). Thus, weak
bivalent bases with both pK, values near 8 are predicted to
have almost exclusive lysosomal accumulation.

Impact of lipophilicity (log Kow) on lysosomal
accumulation of bivalent bases

Fully dissociated bivalent bases are much more hydrophilic
than the corresponding neutral molecules. Predicted uptake
of hydrophilic compounds into cells is slow, and only
lipophilic bivalent bases are taken up within therapeutically
reasonable time periods (within days) into cells. The
impact of log Kow on the uptake of a bivalent base with
pK.; = 10 and pK,, = 8 (properties similar to chloro-
quine) from outside the cell into lysosomes and cytosol for
varying log Kow and # = 1 h and 1 d is shown in Fig. 5.
For log Kow < 3, uptake is kinetically limited. With
increasing log Kow, the bivalent weak base shows
increasing accumulation in lysosomes, until a plateau is
reached with log Kow > 4. If the compound is very lipo-
philic (log Kow > 6), accumulation increases in cytosol,
due to sorption to intracellular lipids, and the exclusivity of
accumulation in lysosomes is lost. Thus, the optimum for
selective accumulation of bivalent bases in lysosomes is at
3 < log Kow < 6, which is higher than for the monovalent
bases.
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Fig. 5 Calculated concentration ratio cytosol (Cyt), lysosomes (Lys)
and mitochondria (Mit) to outside for a bivalent base with pK,; = 10,
pK.2 = 8 and varying log Kow

Significantly, the anti-malaria agent and lysosome-tar-
geting drug par excellence (De Duve 1974) chloroquine is
a bivalent base with pK,; at 9.94, pK,, at 8.10 (Newton and
Kluza 1978). The log Kow of chloroquine is 4.38 (Hansch
et al. 1995). Accumulation of chloroquine in lysosomes
“several hundred-fold” has been observed (De Duve et al.
1974). Quinacrine, another bivalent base accumulating in
lysosomes (Duvvuri et al. 2004) has a log Kow of 4.79 and
pK, values at 10.2 and 8.2 (Hansch et al. 1995; Newton and
Kluza 1978). The properties of both compounds are in the
predicted optimum range.

Impact of lysosomal pH on accumulation of bases

A rise of the intralysosomal pH from 5.6 to above 7 due to
uptake of basic compounds into this organelle has been
observed (Ishizaki et al. 2000). However, a pH-gradient
between external solution and lysosomes is essential for the
ion trap effect. If the pH of lysosomes increases, then the
accumulation of basic compounds decreases. Figure 6
shows the predicted accumulation of a bivalent base with
properties of chloroquine, and of a monovalent base with
log Kow at 3 and pK, at 8. The external pH is 7.4. The
highest accumulation is calculated for the lowest pH in
lysosomes, i.e. pH 4. With increasing lysosome pH, the
accumulation decreases. When the pH in lysosomes has
reached the pH in cytosol (pH = 7), no ion trap and no
accumulation occurs.

It seems thus unlikely that the predicted maximum
lysosomal accumulation, which is above factor 10 000, is
reached in reality. Even at very low external concentra-
tions, such as 1 pM, concentrations inside lysosomes
would be 10 mM, and this raises the intralysosomal pH.
This is a negative feedback mechanism which reduces

100000

10000 -

1000 A

C/Cout

100

10
1 T ‘ ‘
4 5 6 7
pH lysosome
= = Cyt bi Lys bi
— - — Cyt mono Lys mono

Fig. 6 Calculated uptake of a bivalent base (bi) with the properties of
chloroquine (log Kow is 4.38; pK,; is 9.94; pK,, is 8.10) and of a
monovalent base (mono) (log Kow is 3, pK, is 8) from outside into
cytosol (Cyt) and lysosomes (Lys) for varying pH in lysosomes;
t=1h

lysosomal accumulation of bases, as was confirmed
experimentally by Ishizaki et al. (2000).

Monovalent acids (z = —1)

It has been stated that “weak acids are kept out of lyso-
somes” (De Duve 1974). For most acids, our model
confirms this: hydrophilic and less lipophilic acids (log
Kow < 5) do not reach higher levels in lysosomes than in
cytosol or mitochondria for any pK, value between 0 and
14. Uptake of strong acids is kinetically limited. Only
lipophilic acids (log Kow > 6 of the neutral molecule)
show uptake into the cell, and the positive electrical
potential at the lysosomal membrane (+10 mV) leads to
attraction of the electrically negatively charged acid ion.
The effect is small, however, the concentration of anions in
lysosomes is maximally 46% above than that in cytosol
(not shown).

Bivalent acids (z = —2)

The same phenomenon, electrical attraction of the ion, is
even more pronounced (up to factor 2.2 higher accumula-
tion in lysosome than in any other organelle) with strong
bivalent acids (pK,; and pK, < 1.5). However, since
bivalent ions are more hydrophilic, it requires a very high
log Kow (=9 for the neutral molecule), otherwise uptake
into the cell is kinetically limited. At these high log Kow
values, trapping in membranes is likely (Horobin et al.
2006). A second region of selective lysosomal accumula-
tion occurs with bivalent lipophilic acids with one strong
and one weak (pK, > 7) acidic group, where the bivalent
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acid dissociates only once under the conditions in the cell,
and behaves identically to a monovalent acid.

Ampholytes

Many drugs contain a combination of basic and acidic
functional groups and are classified as ampholytes (*R/R/
R7) or zwitterions ("R/TR7/R7). Such molecules may
accumulate in lysosomes. For example, accumulation of
propranolol has been observed (Ishizaki et al. 2000;
Lemieux et al. 2004). Propranolol has a basic group with
pK, 9.14 and an acidic OH group with pK, at 13.84 (ACD
2007). The model predicts that ampholytes ('R/R/R ™) with
the basic group with pK, near 8 (weak base) and weak acid
group (pK, > 6) accumulate in lysosomes. With this
combination of properties, the acidic group is of minor
importance, the ampholyte is ion-trapped in lysosomes like
a weak base. In general, the model predicts that a strongly
acidic group together with a weakly basic group leads to
much reduced lysosomal accumulation compared to a
corresponding monovalent base lacking this acidic group.

Zwitterions

Zwitterions ("R™), possessing two charges of equal mag-
nitude but opposite charge sign, have a low lipophilicity
(log Kow), similar to mono-charged acid or base species
(Hansch et al. 1995). Membrane permeabilities of the three
possible molecule species ("R/"R7/R™) do not differ
much, therefore, the ion trap in lysosomes does not build
up. Therefore, zwitterions are principally not suited well to
target lysosomes.

Discussion
Comparison to experimental findings

Two different types of data can be used for a validation of
the model predictions. The first data is experimental studies
to lysosomal accumulation, the second is the investigation
of drugs known to target lysosomal diseases.

Quantitative measurements of concentration in lysosomes

Due to the intrinsic difficulties to measure chemical con-
centrations in the small organelles lysosomes, only a few
studies with quantitative concentration data are available.

Duvvuri and Krise (2005b) quantitatively assessed the
accumulation of two bases in lysosomes. The compounds
studied were Lysotracker red DND-99 (LTR) and quina-
crine (QNC). LTR is a monovalent base with log Kow at
2.1 and pK, of 7.5 (Duvvuri et al. 2004). QNC is a bivalent
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base with log Kow at 4.69 and pK, values at 10.47 and 7.12
(ACD 2007), 10.2 and 8.2 (Newton and Kluza 1978) or
10.39 and 7.72 (Rosenberg and Schulman 1978). Both LTR
and QNC accumulate in lysosomes. The measured con-
centration ratio between lysosome and external medium
was 60 for LTR and 760 for quinacrine (Duvvuri and Krise
2005b). The model prediction is 58 for LTR and 487-1,500
for QNC, depending on the pK,-data used and the lyso-
somal pH.

Duvvuri et al. (2005) measured also the lysosomal
accumulation of a series of structurally identical mono-
valent weak bases with similar lipophilicity (log Kow
between 1.26 and 1.65), but varying pK, (from 4.0 to 9.0).
The measured concentration ratio between lysosomes and
cytosol varied over factor 20, with lowest values (4.0 and
3.0) for the compounds with low pK, values (4 and 5)
and highest values at pK, 7.4 and 9 (53 and 57). The model,
too, predicts an increase of the concentration ratio with
increasing pK,, from 1.0 at pK, 4 to 50 at pK, 9.

Furthermore, Duvvuri et al. (2004) measured the accu-
mulation of seven bases in human leukemic cells. Raw data
were provided by the first author (Duvvuri 2007, Personal
communication). For the simulation, physico-chemical
properties calculated with the ACD software package
(2007) were used. Four of the compounds are bivalent
bases, namely quinacrine, new fuchsine, rhodamine 6G and
rhodamine 123, but only quinacrine has pK,-values in the
optimum range for lysosomal accumulation predicted by
the cell model. The model predicted a very high accumu-
lation in lysosomes (>1,000) and moderate uptake into
cytosol (9.3) for quinacrine (QNC). In this experiment, the
measured accumulation of QNC in lysosomes was 3,320
and 17 in cytosol. Deviations between model and experi-
ment can be seen (Fig. 7). For papaverine, the predicted
accumulation was too high. For this compound, the esti-
mated log Kow differs substantially from the measured
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Fig. 7 Comparison of measured (Duvvuri et al. 2004) and modeled
(“model”) concentrations of seven basic compounds in cytosol
(“Cyt”) and Lysosome (“Lys”)
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Table 2 Antimalarial drugs in clinical use (White 1985); properties estimated with ACD (2007); in brackets: Newton and Kluza (1978) or

Hansch et al. (1995)

Chemical Valency pK, 1 base pK. 2 base pK, acid Log Kow Optimum range Act as
Amodiaquine +3,—1 9.34 5.62 10.19 4.77 Yes Bivalent base
Artemesinine 0 - - - 2.27 No Probably metabolised
Chloroquine +2 10.47 (9.94) 6.43 (8.1) - 4.69 (4.38) Yes Bivalent base
Cycloguanil +2 9.27 -3.55 - 1.19 Yes Monovalent base
Halofantrine +1,—1 9.49 - 14 7.92 Close Monovalent base
Mefloquine +2,—1 10.04 —2.30 12.8 2.87 Close Monovalent base
Primaquine +2 10.38 4.12 - 2.67 Close Bivalent base
Pyrimethamine +2 6.77 (71.2) —-0.23 - 2.45 Yes Monovalent base
Quinine +2,—1 9.28 (8.8) 4.77 (4.2) 12.8 3.44 Yes Bivalent base
Quinidine +2,—1 (8.34) 4.21) 12.8 3.44 Yes Bivalent base

value in Duvvuri et al. (2004). For rhodamine 123, the
prediction failed in tendency and accuracy. The cation and
the neutral molecule of rhodamine 123 have very similar
octanol-water partition coefficients, and biomembrane
permeabilities may also be similar (Duvvuri et al. 2004). If
the permeability ratio between neutral molecule and ion is
low, no ion trap occurs and the compound does not accu-
mulate in lysosomes (compare Fig. 3).

Drugs targeting lysosomes

A more practical test of the model is to evaluate whether
the chemical properties predicted to give optimal selective
accumulation in lysosomes are found with drugs in clinical
use. The most serious disease involving lysosomes is
malaria (Plasmodium sp.). White (1985) lists 10 com-
pounds tested as antimalarial therapeutical agents, of which
ten are active substances. They are listed together with
their properties (estimated with ACD or from the literature)
in Table 2.

The physico-chemical properties are considered to be
in the optimum range predicted by the model when the
chemical is either a monovalent base with pK, between 6
and 10 (Fig. 2) and log Kow from O to 3, or a bivalent base
with log Koy between 3 and 6 (Fig. 5), pK, 1 (higher pK,)
below 10 and pK, 2 above 4 (Fig. 4). Chemicals were
judged as “close” to the optimum range when one of these
conditions was not fulfilled. Weak acidic groups (pK,
10.2-14) of the amphoteric compounds and very weak
basic groups (pK, —0.23 to —3.55) of some multivalent
bases do not dissociate inside the acidic lysosomes (pH 5),
thus these compounds act as mono- or bivalent bases.

Out of the ten active compounds, the properties of six
were within the optimum range predicted by the model,
and three were close. The pK, values of the monovalent
bases were between 6.77 and 10.04 (optimum range given
as 6-10), and the log Kow values were between 1.19 and

2.87 (optimum 0-3), disregarding halofantrine, which was
not predicted to accumulate selectively in lysosomes by
passive diffusion. The pK, values of the bivalent bases
were between 8.34 and 10.38 (pK, = 1) and 4.12 and 8.1
(pK, = 2), while the predicted optimum range was from 4
to 10. The log Kow values ranged from 2.67 to 4.77
(predicted optimum range 3-6) and were indeed higher as
for the monovalent bases. For nine out of the ten antima-
larial drugs, the model predicts a higher accumulation in
lysosomes than in cytosol (Table 3). In six out of the ten
cases, the predicted accumulation in lysosomes is at least 5
times higher than in cytosol or mitochondria (“selective”
in bold in Table 3). The compound artemesinine is neutral
and thus does not have properties that lead to an

Table 3 Predicted intracellular localization of ten antimalarial drugs;
concentration ratio to outside in lysosomes (Lys), cytosol (Cyt) and
mitochondria (Mit); in bold: selective accumulation in lysosomes (>5
times above cytosol and mitochondria)

Chemical Lys Cyt Mit
Amodiaquine 479 42.5 51.2
Artemesinine 10 10 10
Chloroquine® 582-5,180° 23 2.85
Cycloguanil 43.5 3.4 0.5
Halofantrine 23,700 18100 83300
Quinine 48.3 5.5 3.1
Mefloquine 9.2 5.8 4.1
Primacrine 12.5 5.5 34
Pyrimethamine 72.1 12.6 12.0
Pyrimethamine® 127 10.3 9.2
Quinine® 138 8.7 6.4
Quinidine® 239 17.3 15.2

% Calculated with the data provided by Newton and Kluza (1978);
quinine and quinidine are structurally identical optical isomeres

® pH of lysosomes 5 or 6; an increase of lysosomal pH has been
observed after adding chloroquine to cells (Poole and Ohkuma 1981)

@ Springer
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accumulation in lysosomes. Perhaps, a metabolite of arte-
mesinine is the active agent. The structure indicates that
artemesinine might be rapidly metabolised (Eva M. Seeger
2008, Personal Communication). This was also observed
for proguanil (active metabolite is cycloguanil) (White
1985).

For the successful effect of a drug, a mode of action
must be present, but the drug also needs to reach the target
site. It has been frequently stressed in the literature that one
weak basic group and moderate lipophilicity is a good
preposition for accumulation of drugs in lysosomes
(Duvvuri and Krise 2005b; De Duve et al. 1974; Mc Intyre
and Cutler 1988; Colombo and Bertini 1988), even though
other mechanisms may be involved in accumulation and
action. Four of the ten drugs in the dataset indeed act as
monovalent weak bases and possess medium lipophilicity
(Table 2).

But five of the ten compounds, namely amodiaquine,
chloroquine, quinine, quinidine (the stereoisomer of qui-
nine) and primaquine, have two basic pK, constants, and at
least one pK, value of each compound is close to the
optimum (pK, at 8) identified by the model. Their lipo-
philicity is in average 1.5 log units higher than that of the
monovalent basic drugs. Quinacrine, that showed the
highest lysosomal accumulation in the experiments of
Duvvuri et al. (2004), also fits into this scheme. A poten-
tially high lysosomal accumulation of bivalent bases has
been predicted before, but the optimum pK, was assumed
at values above 10, and no lipophilicity range was given
(McIntyre and Cutler 1988). Thus, so far no predictions
have been made that point out that it is the bivalent weak
bases with moderate to high lipophilicity (log Kow 3-6)
that possess the highest potential for lysosomal accumu-
lation. This is a fine confirmation for the capability of the
model to optimize drug design of lysosome (and other
organelle) targeting molecules.

Limitations of the cell model
Data uncertainty

As for any physical model, there are limitations in the
ability of our model to simulate the actual behavior of
molecules in living cells. The uncertain accuracy of
physicochemical data used to parameterize the model
constitutes a mundane limitation. Analogous ambiguities
arise with organelles, e.g. what are the appropriate
membrane potentials and internal pH values? Such
problems, though not conceptually overwhelming, are
nevertheless often difficult to deal with. The model in its
present form is simplistic, as it considers a ‘generic’ cell.
Entry of data for different cell types would increase
biological realism.

@ Springer

Feedback mechanisms

The model is linear in its basic structure. Nonlinear
processes, like saturation effects and precipitation of
compounds, and specific processes, such as the sorption of
bases to acidic phospholipids (Rodgers et al. 2005), were
not taken into consideration. Feedback mechanisms, such
as effects of the accumulated molecules on membrane
potentials, pH, and organellar volume, are not calculated
within the model. However, it is possible to adapt these
parameters manually. For example, the intracellular pH can
be raised to simulate a buffering effect from the accumu-
lation of bases. Also not considered are toxic effects of
compounds accumulating in lysosomes or other organelles.

Active transport

The only transport process considered is passive diffusion.
Active transport is not included, so the present model does
not account for internalization processes such as endo-
cytosis. Consequently, uptake into lysosomes due to fluid
phase and adsorptive endocytosis cannot be anticipated.
Nevertheless, the basic equations that constitute the model
could be modified. While the present model is limited in
scope to permeable, freely soluble molecules, there is no
inherent limitation to the inclusion of active transport
mechanisms, as well as enzymatic mechanisms (including
metabolism) and binding interactions.

Accuracy of pK, optimum ranges

From the Debye—Hiickel Theory (1923) it follows that the
ionic strength I of solutions has impact on the pK,. At
I = 0.3 M, the apparent pK, of monovalent bases is 0.22
units lower, of acids higher. For bivalent bases and acids,
the change is 0.62 units. Several factors change pK, values
obtained experimentally, which are, therefore, uncertain
and may also differ from estimated values (compare
Table 2). Also, inside membranes, the apparent pK, may
be different from the value in pure aqueous systems
(Newton and Kluza 1978). Tautomeric effects can also
impact the dissociation (Rosenberg and Schulman 1978).
Taken this together, the optimum pK, ranges for lyso-
somal accumulation given in this work may deviate 1-
2 log units from real optima (which extend more to the
stronger end).

Strength of the cell model

Despite the limitations of the modeling approach, this
cellular pharmacokinetic model shows considerable
promise as a tool for studying the physicochemical prop-
erties leading to greatest accumulation in lysosomes



Eur Biophys J (2008) 37:1317-1328

1327

relative to other organelles, i.e. for drug design. Until
now, quantitative structure—activity relationship (QSAR)
approaches have been used to predict intracellular locali-
zation of molecules. Based on empirical knowledge, QSAR
approaches are powerful predictive tools. Complementing
QSAR methods, the present model can give numerical
values (i.e. concentrations) and information about kinetics
(i.e., the time required to reach a concentration) (Horobin
et al. 2007).
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