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The terbenzimidazoles are a class of anticancer agents that bind in the DNA minor groove. These compounds
also exhibit a propensity for self-association, which can potentially impact their cellular bioavailabilities
and activities. We have explored this possibility by using a broad range of biophysical and cytological
techniques to characterize the self-association and cellular uptake properties of two terbenzimidazole
analogues, 5-phenylterbenzimidazole (5PTB) and 5-phéen{h@olo-6-yl)bibenzimidazole (5PEBB).
Concentration- and temperature-dependent fluorescence spectroscopy, dynamic light scattering, and
transmission electron microscopy studies reveal that 5PTB andBBP2xhibit differing self-association
properties. In this connection, 5PTB exhibits an enhanced propensity for self-association and forms larger
and more stable aggregates than "BBR. In addition, the net uptake of 5PTB into human lymphoblast

cells is diminished relative to that of 5#2B. These observations suggest that the self-association properties

of terbenzimidazoles modulate the cellular bioavailabilities of the compounds, with enhanced self-association
propensity and aggregate size leading to reduced cellular bioavailability.

Introduction

Many classes of cytotoxic agents that have the potential to

become effective anticancer drugs are hydrophobic, a property
that is typically associated with poor solubility in aqueous
medium. The limited water solubility of hydrophobic com-
pounds results from their propensities to form aggregates in
solution via a myriad of self-association reactidn&Further-
more, the propensity for aggregation tends to increase with
increasing ionic strengthThe success of any anticancer drug
requires that it reaches its molecular target at concentrations
sufficient to induce a potent therapeutic response. A key factor
toward achieving this goal is tumor and cellular bioavailability,
a factor that is likely to be impacted by drug self-association
properties. It is, therefore, important to understand drug ag-
gregation behavior in solution and how this behavior correlates
with cellular bioavailability.

The terbenzimidazoles are a class of anticancer agents that
bind in the minor groove of duplex DNA:! In the present
study, we characterize and contrast the self-association an
cellular uptake properties of two terbenzimidazole analogues

5PTB 5P2'IBB

dFigure 1. Chemical structures of 5PTB and BB, with the atomic
numbering indicated in the 5PTB structure (left). An arrow points to
the 3'-position of each compound and highlights the sole difference

(5-phenylterbenzimidazole (SPTB) and 5-phenitiAdolo-6- between the structures of the two compounds.

yl)bibenzimidazole (5PBB)), whose chemical structures differ

only with respect to the identity of the atom at the3osition, as a whole, our data highlight drug self-association as a
with this atom being nitrogen in 5PTB and carbon in 3BB potentially key determinant of cellular bioavailability and,

(Figure 1). Our results indicate that S5PTB has a greater therefore, drug activity.

propensity for self-association and forms larger and more stable

aggregates than 5RBB. In addition, the net uptake of 5PTB  Materials and Methods

into RPMI 8402 human lymphoblast cells is diminished relative ~ 5PTB and 5P2IBB. 5PTB and 5P2BB were synthesized

to that of SP2BB, an observation that we attribute to the and purified as described previoudkt3Stock solutions of these

comparatively enhanced aggregation properties of 5PTB. Viewedcompounds were prepared in dimethyl sulfoxide (DMSO) and

stored at—20 °C.
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Fa?lDZag%a-rztr?ﬁir?PgsﬁEé?n?gézo?gChd;E)@buerrqci/r\]/jbi?jujohnson Medical School fluorescence measurements were C-onduc'ted on an AVIVimodel
¥ Degartment of Biochemistrs,)/’l?obert Wood Johnson Medical School. ATF.105 Spe.CtrOfluorometer (A\./IV Biomedical, Lakewood, NJ)
s Rutgers University. equipped with a thermoelectrically controlled cell holder. A
I'Cancer Institute of New Jersey. quartz cell wih a 1 cmpath length in both the excitation and

10.1021/jm060520q CCC: $33.50 © 2006 American Chemical Society
Published on Web 07/14/2006



5246 Journal of Medicinal Chemistry, 2006, Vol. 49, No. 17 Khan et al.

emission directions was used for all measurements unless notedAll measured fluorescence intensities were corrected by sub-
otherwise. In all of the fluorescence experiments, experimental tractiing the intensity corresponding to the buffer alone. Standard
solutions of the compound were preheated af©@5or 5 min curves of fluorescence intensity versus compound concentration
and slowly cooled to the desired experimental temperature overwere generated by making 30-fold dilutions of mock-treated
a period of 2-4 h. Temperature- and concentration-dependent cell lysates in ENE buffer and adding known concentrations of
fluorescence experiments were conducted in EKME buffer the compound. The standard curves were fit by linear regression,
containing 10 mM EPPS (pH 7.5), 100 mM KCI, 5 mM MgCl  with the resulting equations being used to calculate intracellular
and 0.1 mM EDTA. For 5PTB, the excitation and emission concentrations of compound from the measured fluorescence
wavelengths were 340 and 407 nm, respectively. FotI1BB2 intensities of the treated cell lysates. The total number of cells
the excitation and emission wavelengths were 360 and 420 nm,following treatment for each time period was assayed using a
respectively. The excitation and emission slit widths were 2 and BCA protein assay kit (Pierce, Rockford, IL). In all cases, the
5 nm, respectively. Temperature-dependent measurements weraumber of cells was similar (to within an uncertaintyde10%).
conducted by raising the temperature of solutions containing In the efflux studies, exponentially growing RPMI 8402 cells
1.0 uM ligand in 2.0°C increments, with the solutions being were treated as described above. Following treatment, the cells
allowed to equilibrate for 10 min at each temperature setting. were washed twice with phosphate-buffered saline (pH 7.4) and
Following equilibration, the average fluorescence emission replenished with fresh medium. Over a time period of 0 to 4 h,
intensity was recorded over a period of 30 s. Concentration- 600 uL aliquots of the medium were removed, and their
dependent fluorescence studies were conducted at temperatureffuorescence intensities were recorded using the same acquisition
of 20, 30, and 40C using compound concentrations that ranged parameters described above.
from 0.3 to 3.0uM. At each temperature and compound  Fluorescence Microscopy.Exponentially growing RPMI
concentration, the average emission intensity was recorded oveig402 cells (at approximately §@ells/mL) were treated with
a period of 60 s. All measured fluorescence emission intensities1.04M 5PTB or 5P2BB for 2 h. The cells were then examined
were corrected by subtraction of the intensity corresponding to by fluorescence microscopy using an Olympus model 1X70
the buffer alone. microscope equipped with a standard DAPI filter set (Chroma
Transmission Electron Microscopy (TEM). At room tem- Technology Corp., Rockingham, VT). An Olympus CPLAN
perature, 5uL aliquots of EKME solutions containing 5PTB  40X/0.6 RC3 objective was used to obtain relief contrast images
or 5P2IBB at concentrations ranging from 5 to 1@01 were of the RPMI 8402 cells as well as to visualize the incorporation
applied to copper mesh grids (Electron Microscopy Sciences, of the two compounds into the chromosomal DNA within the
Fort Washington, PA) covered with a thin carbon film as nucleus.
previously describe# The samples were then negatively stained
with 2% uranyl acetate for 1 min and blotted dry. Micrographs Results and Discussion

were acquired on a JEOL 1200 EX transmission microscope at g 5PTB and 5P2IBB self-associate, with the aggregates

80 kV. formed by 5PTB being thermally more stable than those
Dynamic Light Scattering (DLS). DLS measurements were  formed by 5P2IBB. We monitored the temperature dependence
conducted in EKME buffer at 23C on a DynaPro-MS800  of the fluorescence emission intensities of 5PTB and BB
dynamic light scattering instrument (Protein Solutions, Lake- at a concentration of 14M. The resulting fluorescence melting
wood, NJ), with an argon laser wavelength of 830 nm and a profiles are shown in Figure 2A. Note that the fluorescence
detector angle of 90 Typical sample volumes were 24 and intensity of each compound increases cooperatively with
compound concentrations ranged from 0.5 to 5N. Each increasing temperature, an observation consistent with the self-
measurement consisted of at least 20 independent readings, witlyssociation of each compound in a manner that is driven, at
each reading being 10 s in duration. All measurements were least in part, by stacking interactions between the aromatic (i.e.,
conducted in quintuplicate. The data were analyzed using thebenzimidazole and indole) functionalities. In addition, the
DynaPro Instrument Control Software for Molecular Research melting profiles of both compounds are biphasic. We assign
(DYNAMICS version 5.26.60). Prior to their use in DLS the first phase to the dissociation of higher order aggregates
experiments, all ligand solutions were preheated &t®@%or 5 into lower order aggregates and the second phase to the
min and slowly cooled to 25C over a period of 4 h. dissociation of the lower order aggregates into monomers. Thus,
Cellular Uptake and Efflux Studies. In the uptake studies, the self-association of both compounds goes beyond the level
human lymphoblast RPMI 8402 cells (exponentially growing of simple dimerization. The first derivatives of the melting
at ~1C® cells/mL in RPMI 1640 medium supplemented with profiles are shown in the inset to Figure 2A. The temperatures
10% fetal bovine serum) were treated with LB 5PTB or corresponding to the maxima of such first-derivative profiles
5P2IBB for 0.5, 1, 2, or 4 h. Following treatment, the cells (Tmay) provide estimates for the midpoint temperatures of the
were pelleted, and the pellets were washed twice with phosphate-melting transitions. An inspection of the inset in Figure 2A
buffered saline (pH 7.4). Lysis buffer (Promega, Madison, WI) reveals Tnax values of 45 and 7I°C for the two melting
was then added, and the cells were lysed by repeated freeze transitions of 5P2BB, with the correspondingmax values being
thaw cycles, followed by incubation on ice for 15 min. The 57 and 87°C for the two melting transitions of 5PTB. Thus,
cell lysates were centrifuged at 15 000 rpm for 20 min &€4 the aggregates formed by 5PTB are thermally more stable than
The supernatants were collected and diluted 30-fold into ENE those formed by 5PIBB.
buffer containing 10 mM EPPS (pH 7.5), 100 mM NacCl, and 5PTB self-associates with a greater affinity than 5SP?BB.
0.1 mM EDTA. The fluorescence intensities of the resulting The results described in the preceding section suggest that at a
samples were measured at Z5. In these measurements, the given temperature 5PBB has a reduced propensity for self-
excitation and emission wavelengths were 340 and 405 nm, association relative to 5SPTB. We further explored this possibility
respectively. The slit widths were 5 nm in both the excitation by monitoring the observed molar emissivity]{,9 of each
and emission directions, and the cell path length was 1.0 cm in compound at 30C as a function of compound concentration.
the excitation direction and 0.2 cm in the emission direction. For meaningful comparisons, we normalized thigyf values
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. In this relationship, I 4sim denotes the molar emissivity of the

dimeric form of the compound. Note that the formalism

1 described by eq 1 is predicated on the reasonable assumption
i that each compound molecule binds to the growing aggregate

with an identical affinity constant oKser. Values of Ksej
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I —O0-5P2'BB ] can be derived from the slopes) (and x-intercepts X) of
00 ' 2'0 ' 4'0 ' 6'0 ' 8'0 ' 1(')0 ' A /%Sversus (Imon — [obs plots using the following
Temperature (*C) relationship.
08 v T N T M T M T v T T T
—e-5PTB B KSelf = XSZ (2)
06| ~O-5P21BB E . [I]mon_[l]obs
Figure 3 show plots of / ~oompound] versus [Jmon — [obs

for 5SPTB (A) and 5P2BB (B) at 20, 30, and 40C. The values
of Kser derived from linear regression analyses of these plots
and subsequent application of eq 2 are listed in Table 1. At
each temperature examined, the valuekgfj; for 5PTB is at
least 24-fold greater than that for SEB, an observation
J confirming that 5PTB self-associates with a greater affinity than
5P2IBB.
Self-association of 5PTB and 5PIBB is enthalpy driven,
L with the enhanced self-association affinity of 5PTB relative
00 05 1 15 2 25 3 35 to t_h_at of 5P2IBB also being enthalpic in _origin_. An
[compound] (uM) additional feature that emerges from the data listed in Table 1

Figure 2. (A) Fluorescence melting profiles of 5SPT®)and 5P2BB IS tha_t the S(.alf-gssoma.tlon affinitéer) of eag:.h compound
(O) at a concentration of 1,0M. The inset shows the first derivatives ~ diminishes with increasing temperature. Specifically, a temper-
of the melting profiles. (B) Concentration dependence of the molar ature increase from 20 to £C results in a 19-fold decrease in
emissivities ([]) of 5SPTB (@) and 5P2BB (O) at 30°C. [l]onsdenotes the self-association affinity of 5SPTB and a 14-fold decrease in
the observed molar emissivity, wherea3nf, denotes the molar  the self-association affinity of SPBB. This temperature-
emissivity of the monomeric form of each compound. In all of the g ced reduction in the self-association affinities of the two
depicted experiments, the solution conditions were 10 mM EPPS (pH S - .
7.5), 100 mM KCI, 5 mM MgCl, and 0.1 mM EDTA. compound_s implies that thg self-association reactions are
accompanied by an exothermic (favorable) change in enthalpy.
We explored this implication further by characterizing the
thermodynamics of the self-association reactions of both
compounds. To this end, we analyzed the temperature depen-
dence ofKsejr using the following van’t Hoff relationship

04

[I]obs / [I]mon

obtained for each compound relative to the correspondipg [
value for the monomeric form of the compound] k). The
value of [Jmon at 30°C for each compound was derived from
the high-temperature baselines of melting profiles conducted
over a range of compound concentrations (not shown). Such

- - T _{ AH\1 , AS
baselines provide a measure of how the fluorescence emission IN(Kgep) = (— ?)'I_' + R (3)
intensities of the monomeric forms of the compounds vary with
temperature. Figure 2B shows the dependencd]gfJ[!]mon In this relationship,AH and AS denote the self-association

on compound concentration at 3€. Note that increasing enthalpy and entropy changes, respectively, V&theing the
compound concentration results in a corresponding decrease irgalS constant. Equation 3 postulates that plots ¢fdgyj versus
[obd[l]mon @n observation reflecting a concentration-induced 1/7 (also termed van't Hoff plots) will be linear, with the slopes
increase in the fraction of total compound that exists in the self- gpq y-intercepts of these plots yielding estimates Add and
associated rather than the monomeric state. Furthermore, at eaci g respectively. Figure 3C shows the van't Hoff plots for 5PTB

of the compound concentrations examined, the value]gfJ[ and 5P2BB constructed using the temperature-depenéeat

[l]mon for SPTB is lower than the corresponding value for gata listed in Table 1. The values AH and AS derived from
5P2|BB |n Other WOI’dS, at eaCh Of the Compound concentra- |inear regression ana'yses Of these p|0ts and Subsequent ap_
tions examined, the fraction of total SPTB that exists in the piication of eq 3 are listed in Table 2. In addition, Table 2 also
self-associated state is greater than the corresponding fractionsts the free energy changes that accompany the self-association
of total 5P2IBB. reactions at 36C (AGsq). TheseAGz values were derived using

The result described above ImplleS that 5PTB Self'aSSOCiateSthe Corresponding values NSeIf and the fo”owing standard
with a greater affinity than 5PIBB. The self-association  relationship

constants Kse) for 5PTB and 5P2BB can be derived by

recasting data such as those shown in Figure 2B as linear plots AG = —RTIn(Kgy (4)
/[mon—[on -
of [::;::pound? * versus [lmon — [l]obs @nd analyzing these An inspection of the thermodynamic data in Table 2 reveals

plots with the following formalism based on a model for self- favorable (negative or exothermidH values for the self-
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T " " T Table 1. Temperature Dependence of the Self-Association Constants
(Kser) of 5PTB and 5P2BB?2

temp

compd (°C) Kselr (M™1)

5PTB 20 (6.3 1.5) x 108

5PTB 30 (1.6£0.2) x 108
T 5PTB 40 (3.4 1.0)x 107

5P2IBB 20 (1.94£0.7) x 107
T 5P2IBB 30 (5.1+£1.6) x 10°
1 5P2IBB 40 (1.44+ 0.3) x 108

aThe values oKsef were derived from the slopes)(and x-intercepts
(x) of the linear plots shown in panels A and B of Figure 3 using eq 2. The
indicated uncertainties iserr reflect the maximum possible errors i
ands as propagated through this equation.

{(UlImon - [Nlobs) / [SPTBIY x 107 (cm¥M-1)

0 n 1 1 1 L 1 "
0.9 1 1.1 1.2 13 Table 2. Thermodynamic Profiles for the Self-Association of 5PTB and
[mon - [Nobs X 106 (cm™'M") 5P2IBB at 30°C
35 T y AH AS AG3g
L B 1 compd (kcal/molp (kcal/motK)? (kcal/moly
3 7] 5PTB —265+ 1.4 —0.0498+ 0.0055 —11.44+0.1
r 1 5P2IBB —23.7+04 —0.0476+ 0.0012 —9.3+0.2

aThe values ofAH and AS were derived from the slopes)(and
y-intercepts ¥) of the van't Hoff plots shown in Figure 3C using eq 3. The
indicated uncertainties iAH and ASreflect the maximum possible errors
in s andy as propagated through this equatiéhe values ofAG at 30
1 °C (AGsp) were derived using the appropriate value¥ef; from Table 1
E and eq 4. The indicated uncertaintie\f®3 reflect the maximum possible
4 errors inKser as propagated through this equation.

| [EPziee]

{{Ullmon - [Nobs) / [5P2'1BBJ} x 107 (cm™M1)

- —e—20°C
0.5 | —0-30°C Such a role is also consistent with the enthalpic nature of the
- —®-40°C thermodynamic driving force for the self-association reactions
o because stacking interactions between aromatic functionalities
0.1 0.2 0.3 0.4 0.5 : . ;
Mo - Mope X 10 (cm-1M-1) are typically manifested enthalpically.
M The AGgg values listed in Table 2 indicate that the aggregates
- _e-5PTB ] formed by 5PTB at 30C are 2.1 kcal/mol more stable than
20 - those formed by 5PIBB. Note that the unfavorable entropic

[ —o-5P2'BB S o e .
I contributions to self-association are similar in magnitude for

the two compounds, with the difference between them being
within experimental uncertainty. In contrast, the favorable en-
thalpic contribution to the self-association of 5PTB is 2.8 kcal/
mol greater in magnitude than the corresponding contribution
to the self-association of 5ABB. Thus, the 2.1 kcal/mol en-
hanced stability of the aggregates formed by 5PTB relative to
those formed by 5PIBB is enthalpic in origin. This observation
may reflect enhanced stacking interactions in the 5SPTB relative
. C | to the 5P2BB aggregates and/or the presence of other enthal-
L U pically manifested interactions (e.g., hydrogen bonding interac-
315 32 325 33 335 34 345 tions) in the 5PTB but not the 5ABB aggregates.

1T x 108 (K-

) ) X _( ) DLS measurements suggest that the aggregates formed
Fig d“rseP;'BérEg?’z's of the Concerz‘g:;'o;od(g‘))e”dgz%fé’f(”;ef SPJ B(A) py SPTB are approximately twice the size of those formed
an uorescence at , ,an m) for the S . .
purposes of determining self-association constaésg( using eqs 2 by SP2IBB. The_ P”“?'P'es t_)eh'nd the DLS tec_hr_"que are_ b_ased
and 3. The solid lines in (A) and (B) reflect the fits of the data with eq 0N the StokesEinstein relation between the friction coefficient
1. (C) van't Hoff plots depicting the temperature dependendésaf (f) and the translational diffusion coefficierid{) of a molecule.
for the self-association of 5SPTH] and 5PABB (O). The solid lines DLS provides a direct measure Bf in a manner that is depen-
reflect the fits of the data with eq 3. In all of the depicted experiments, 4ant on molecular size but independent of molecular shape. The

h lution ndition r ri in the legen Figure 2. A . . .
the solutions conditions were as described in the legend to Figure dependence dd; on molecular size is an inverse proportionality,

association of both compounds. In contrast, the correspondingWith larger molecules diffusing more slowly than smaller ones.
ASvalues are unfavorable (negative). However, these unfavor- These properties make DLS a useful tool for the detection and
able entropic penalties are more than offset by the favorable characterization of molecular aggregates. We conducted DLS
enthalpic contributions to self-association, with the net result Studies on solutions containing either 5PTB or 3BR at con-
being favorable (negative or exergoni&)ss, values. Taken centrations ranging from 0.5 to 8M. These measurements
together, these results indicate that the self-association reactiongielded Dy values of (1.13t 0.11) x 1078 and (2.40+ 0.16)

of both 5PTB and 5PIBB are enthalpy driven. Recall that our  x 1078 cn?/s for 5SPTB and 5PBB, respectively. This roughly
fluorescence melting studies were consistent with stacking 2-fold differential between thB; values of 5PTB and 5PIBB
interactions between aromatic functionalities playing a role in is consistent with the aggregates formed by 5PTB being approx-
stabilizing the aggregates formed by each of the two compounds.imately twice the size of the aggregates formed by' B

19
18

17

In(Kseir)

16
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14
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stacking interactions between aromatic functionalities are
maximized when the separation between the aromatic groups
is 3.4 A and (i) the filament width is approximately three times
that of the longest dimension of a single 5PTB molecule. Given
the significantly shorter length of the 330 A filament relative
to that of the other 5PTB filaments in Figure 4, the average
number of 5PTB molecules in the larger filaments is likely on
the order of thousands rather than hundreds.

Recall that 5P2BB molecules contain C3atoms in place
of the N3' atoms that are present in 5PTB molecules (Figure
1). It is likely that this chemical difference results in 3B
having diminished capabilities to form hydrogen-bonding
interactions relative to that of 5PTB. Such reduced hydrogen
bonding capabilities may account for the reduced thermal and
enthalpic stabilities and roughly 2-fold smaller size of the aggre-
gates formed by S5PIBB relative to those formed by 5PTB.

Net uptake of 5P2IBB into RPMI 8402 human lympho-
blast cells exceeds that of 5SPTBNe monitored the net uptake
of 5PTB and 5P2BB into RPMI 8402 cells after treatment
with 1 «M compound for periods of 0.5, 1, 2, and 4 h. In this
connection, we used the intrinsic fluorescence of the compounds
as a vehicle for determining the amount of intracellular
compound. The resulting time course for the uptake of the two
compounds is shown in Figure 5A. After each treatment time,
the uptake of 5PTB is essentially constant at approximately 3%
of the total moles of added compound. In contrast, the uptake
of 5P2IBB ranges from approximately 18% after 0.5 h of
treatment to approximately 30% afté h of treatment. Thus,
over the time period examined, the uptake of BBR exceeds
that of 5PTB by approximately 6- to 10-fold. Recall that 5PTB
Figure 4. Transmission electron mlcrographs of the aggregates formed has a greater propensity for self-association than'lBB2
by 5PTB at concentrations of either 50 (A) or 5 (BW. The black Furthermore, the aggregates formed by 5PTB are larger in size
bar corresponds to 100 nm. The arrow in (B) points to an aggregate than those formed by 5ABB. It is likely that these differential
fragment approximately 330 A in length. self-association properties account for the enhanced uptake of

Structural characterization of the aggregates formed by SP2IBB relatlve to that of 5PTB, particularly _be_cau_se the
5PTB using TEM. We used TEM to characterize the structural monomeric forr_ns of the two c_ompounds are S|m|lar_|n both
nature of the aggregates formed by 5PTB. Figure 4 shows thesSize and chemical nature. An important next step will be to
resulting electron micrographs obtained at two different 5PTB explore the generality of our cellular uptake results with regard
concentrations (5 and 50M). Note that 5PTB forms a network 10 Other tumor cell lines.
of ﬁ|aments1 with the number and |ength of the filaments We recognlze that the difference in net cellular Uptake noted
forming the network being greater at & (Figure 4A) than above reflects contributions from potential differences in influx
at 5u4M (Figure 4B). In addition, all of the individual filaments and/or efflux. In an effort to determine the contributions, if any,
have a fairly uniform width of approximately 5%0 A, a width from differential efflux to our observed difference in net uptake,
that is approximately three times the longest dimension of a We monitored the net efflux of SPTB and SHEB from RPMI
single 5PTB molecule, which is approximately 20 A. It should 8402 cells over a time period of up to 4 h. Significantly, these
be emphasized that the 5PTB images depicted in Figure 4 dostudies (not shown) revealed no difference in the efflux
not reflect aggregates that have precipitated out of solution. We properties of the two compounds. Thus, the difference in net
also conducted TEM studies of S5F2B over a range of cellular uptake between 5PTB and 5IBB reflects a difference
concentrations from 5 to 100M. However, these studies did  in influx and not efflux.
not produce any detectable images of nonprecipitated aggregates. Chromosomal DNA is the intracellular target of both
This inability to produce detectable images of nonprecipitated 5PTB and 5P2IBB. We used fluorescence microscopy to map
5P2IBB aggregates may reflect poor adherence to the carbon-the localization of 5PTB and 5ABB inside RPMI 8402 cells.
coated grids on the part of these aggregates. Figure 5 shows representative fluorescence micrographs of

It is possible that the filamentous structures observed in the RPMI 8402 cells treated fa2 h with either 1uM 5PTB (B—

TEM images correspond to linear arrays of 5PTB molecules D) or 1uM 5P2IBB (E—G). The nuclear staining exhibited by
that are stabilized by a combination of stacking and hydrogen- both compounds is indicative of their localization to the nuclei
bonding interactions between aromatic functionalities. Although of the cells. As expected, mock-treated cells were not fluorescent
the lengths of the filamentous structures appear to be hetero-(results not shown). The cells identified by the arrows in Figures
geneous and are difficult to ascertain, one particular 5PTB 5C and F are in the telophase of mitosis. Note that both 5PTB
filament in Figure 4B (identified by the arrow) is an isolated and 5P2BB are specifically staining the chromosomal DNA
fragment approximately 330 A in length. On the basis of the in these cells. This observation indicates that the nuclear staining
molecular interpretation for the filamentous structures noted exhibited by the compounds is not the result of being simply
above, this filament fragment would reflect a linear array trapped in the nuclei but rather due to specific interactions with
containing on the order of 300 5PTB molecules because (i) chromosomal DNA. Another significant feature of Figure 5 is
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Figure 5. (A) Time course for the net uptake of 5SPTB®)and 5P2BB (2) into RPMI 8402 human lymphoblast cells treated for the indicated

times with a 1.QuM concentration of compound. Percent uptake reflects the percentage of the total number of added moles of compound taken up
by the cells. (B-G) Fluorescence micrographs of RPMI 8402 cells treated witluMAGPTB (B—D) or 5P2IBB (E—G) for 2 h. (B) and (E) depict

relief contrast images of the treated cells, whereas (C) and (F) show images in which compound fluorescence is being detected. (D) and (G) show
merged images of the relief contrast and compound signals. The arrows in (C) and (F) point to cells in the telophase of mitosis. Both 5PTB and
5P2IBB are detected in the nuclei of the cells bound to the chromosomal DNA.

the greater degree of nuclear fluorescence in cells treated withsuggest that self-association properties modulate the cellular
5P2IBB (Figure 5F) relative to that of those treated with 5PTB bioavailabilities of the two compounds, with enhanced self-
(Figure 5C). This difference in nuclear fluorescence is consistent association propensity and aggregate size leading to reduced
with our cellular uptake studies described above, which revealedcellular bioavailability and, ultimately, reduced DNA binding

a greater net uptake of SFB relative to that of 5PTB. and cytotoxicity. Drug self-association properties can also
influence bioavailability in vivé® In this regard, an important
Concluding Remarks next step will be to evaluate the impact of terbenzimidazole

f self-association properties on the pharmacokinetics and phar-

Previous studies have indicated that the cytotoxic activity o . me
macodynamics of the compounds in vivo.

5P2IBB exceeds that of SPTE However, this differential
cytotoxicity could not be explained by a corresponding differ-
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