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The bis-benzimidazole derivative Hoechst 33258 (2'-(4-hydroxyphenyl)-5-(4-methylpiperazin-1-yl)-2,5'-bi-
1H-benzimidazole) binds to the minor groove of DNA duplexes and is widely used as fluorescent cytological
stain for DNA. The neutral compound, 1, is amphiphilic with four basic and three acidic sites. We have
determined all seven acidity constants by spectrophotometric titration to define the pH-dependent distribution
of species, from the fully protonated tetracation 1** to the fully deprotonated trianion 13-, in aqueous solution.
The structures of the intermediate protonation states were assigned with the aid of density-functional
calculations. Electrostatic interaction free energies were calculated to adjust the acidity constants of the
molecular subunits of 1 to their environment in the species 1** to 13-. The experimental and theoretical pK,
values agree well, but they differ substantially from previous estimates given in the literature.

Introduction. — Hoechst 33258 (2'-(4-Hydroxyphenyl)-5-(4-methyl-1-piperazinyl)-
2,5'-bi-1H-benzimidazole) is an anthelmintic compound, i.e., it is active against
infections by parasitic worms. Bis-benzimidazoles represent one of the most extensively
investigated classes of compounds binding to the minor groove of DNA, and Hoechst
33258 is a well-known DNA-binding ligand [1][2] with high affinity for DNA sequences
containing solely AT base pairs. It is often used as a chromosomal stain [3][4].
Numerous studies have been reported on its interactions with DNA, the effects of this
binding on transcription and translation [5], and on the inhibition of radiation-induced
strand breakage [6] employing an array of analytical methods, e.g., optical spectroscopy
[2-9], footprinting studies [10-13], kinetics studies of the DNA-binding process
[8]]9], X-ray-diffraction studies on single crystals [14-20], and 'H-NMR spectroscopy
[21-29]. These studies have shown that Hoechst 33258 binds to the minor groove of
DNA, covering about four AT-base pairs and forming intermolecular H-bonds between
thymidine-O-atoms and the imino H-atoms of both benzimidazole moieties. In purely
GC-containing DNA sequences, the DNA-binding affinity of Hoechst 33258 decreases
at least 100-fold and changes the mode of binding to an intercalating one [30]. The
change in binding mode in these GC sequences might be caused by the 2-amino group
of guanine that protrudes into the minor groove and, thus, destabilizes minor-groove
binding by bis-benzimidazoles. Hoechst 33258 (1) has been reported to inhibit the
action of both topoisomerase 1 [31][32] and topoisomerase II [33] in cell-free systems.

Remarkably, the protonation states of Hoechst 33258 in aqueous solution are still
poorly defined. It is not known whether the protonation state of Hoechst 33258 changes

© 2005 Verlag Helvetica Chimica Acta AG, Ziirich



54 HELVETICA CHIMICA ACTA — Vol. 88 (2005)

upon binding to DNA, or how the association constants depend on pH. The determination
of these equilibria is not a trivial task. The fully protonated tetracation, 1**, contains
seven acidic sites which give rise to 27 =128 different protonation states.

Here, we report a combined experimental and theoretical study to assess the
protonation equilibria of 1 in aqueous solution. The seven acidity constants of 1** as
well as those of the model compounds 2-4 were determined by spectrophotometric
titration. Compounds 2 -4, each representing a sub-moiety of 1 (Scheme 1), were used
as a benchmark to identify the structures of the intermediate protonation states 13* to
12~ with the aid of a theoretical model. Density-functional theory (DFT) provided
atomic charges for 2 -4 and their ions, from which electrostatic interaction free energies
were calculated for incorporation of the subunits into the 128 ‘supermolecules’ 1** to
13-. The acidity constants of 1*" so obtained agree well with those determined
experimentally and serve to identify the site of deprotonation in each step.

Scheme 1. Fusion of the Submoieties 2—4 to the ‘Supermolecule’ 1

Results. — Protonation Equilibria of the Model Compounds 2—4. — Protonation of 1-
methyl-4-phenylpiperazine (2) occurs first on the methyl-substituted N-atom
(Scheme 2), as expected from the relative basicity of aniline and methyl-substituted
amines. The second protonation is achieved only in strongly acidic solutions. It is
inhibited by the ensuing Coulombic repulsion between the two positive charges in the
diprotonated piperazine ring of 2.

Scheme 2. Protonation Equilibria of 1-Methyl-4-phenylpiperazine (2)
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Protonation of the methyl-substituted N-atom of 2 hardly affects the absorption
spectrum of the aniline chromophore (Fig. 1). The small changes observed upon
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Fig. 1. Electronic spectra of 2 in borate buffer (pH 7.0-9.0). Inset: Absorbances at 265 nm (00) and the

globally fitted titration function. Bottom traces: Residuals between the measured absorbances and those
reconstructed with two spectral components (scale: +2 x 10~% absorbance units).

titration of 2 in borate buffer (buffer concentration was adjusted to ionic strength
0.1m), pH 7.0-9.0, were nevertheless sufficient to determine the acidity constant of 2+
by global fitting of a monoacid titration model. The spectra were reproduced within
experimental error (standard deviation of 0.0015 absorbance units) using the two
dominant spectral components obtained by factor analysis. Four independent runs gave
an average pK,(2*) value of 7.82+0.07 (I=0.1m, 25°). The error represents the
standard deviation of the mean.

Potentiometric titrations were performed with the same setup by addition of a
solution containing 0.IM KOH and 0.1m KCl to a 4 x 1075 M solution of 2 in 0.1m KCI
that was acidified with 5 x 10> M of HCl. Three independent runs gave pK,(2*)=
7.82 +£0.01 (I=0.1m, 25°). The agreement between the two methods is excellent. The
precision of the spectrophotometric titration is lower, because the absorbance changes
associated with protonation of the methyl-substituted N-atom are small.

The second protonation of 2* to 2°* occurs only in concentrated acid solutions. A
spectrophotometric titration was carried out by addition of 1N KOH to a solution of 22*
in IN HCl containing 1M KCl (glass electrode readings pH 0.03 —1.5). The absorption by
the aniline chromophore largely vanishes upon protonation. The resulting estimate is
pK.(2*)=~0.7+0.1 (I=1m).

The first absorption band of 2-phenyl-1H-benzimidazole (3) shifts slightly to the
blue upon protonation (Scheme 3), whereas deprotonation is accompanied by a
substantial red shift. Protonation of 3 was measured by addition of 0.lm HCI
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containing 0.Im KCI to a solution of 3 in 0.Im AcONa, pH 1.9-7.3 (Fig. 2, left).
Nonlinear fitting of four independent runs gave pK,(37) =5.24 +0.03 (/=0.1m, 25°).
Protonation of 3~ in 0.Im KOH was observed by neutralization with a solution
containing 0.1 HCl and 0.1m KCl, pH 10.4-12.8 ( Fig. 2, right). Four independent runs
provided pK,(3)=11.78 +0.03 (I = 0.1m, 25°).

Scheme 3. Protonation Equilibria of 3
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Fig. 2. Electronic spectra of 3 at pH 1.9-7.3 (left) and pH 10.4—12.8 (right). Insets: Absorbances at 293 nm

(left 0) and at 310.6 nm (right x ) with the globally fitted titration functions. Bottom traces: Residuals within
+2 x 1073 absorbance units.

Walba and Isensee [34] have reported thermodynamic acidity constants of 3 at 25°,
pK,(3t)=5.23+0.03 and pK;(3) =11.91 £ 0.04. The first value is almost identical with
our concentration quotient pK, (3")=5.24+0.03 (I =0.1m, 25°). Indeed, deprotona-
tion of 3* being a charge-shift reaction, the concentration quotient K, . should be rather
insensitive to ionic strength. From the reported [34] dependence of pK,(3) on ionic
strength, one obtains pK, (3, /=0.1m) = 11.74 + 0.04, in good agreement with the value
determined here.

For the ionization quotient of phenol, we adopt the value pK,(4) =9.84+0.02 (1 =
0.1, 25°) that was determined previously [35] by the same method as is used here.

Protonation Equilibria of Hoechst 33258 (1). — Spectrophotometric titration of a
heptaprotic acid, where the mass relationships between eight charge states are
governed by seven partly overlapping equilibria, is a demanding task. Also, preparation
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of a multi-buffer solution that enables the titration to be carried out over the whole pH
scale is impracticable. The experiment was thus divided into sections, each covering a
pH range of 3—4 units, and one to three protonation equilibria.

In the first set of experiments, the equilibria between 13-, 12-, and 1~ were
determined by neutralization of Im KOH with a solution containing Im HCI and Im
KCl, pH 11.9-13.7. Factor analysis indicated the presence of three species in the
system. To determine the dissociation quotients at ionic strength /=0.1m, the same
titration was performed with tenfold diluted acid and base. The highest pH value in this
experiment was 12.8, so that only the midpoint for the deprotonation of 1>~ was
reached (Fig. 3). Nevertheless, the dissociation quotients obtained from the two sets of
measurements were consistent within the error limits. The best estimates for the
dissociation quotients of 1~ and 12~ are pK,(17) =11.69 £ 0.06 and pK,(1>7) =12.91 +
0.04 (I = 0.1m, 25°).
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Fig. 3. Electronic spectra of 1 in 0.Im KOH titrated with 0.Im HCI containing 0.Im KCI, pH 10.8—12.8. Inset:
Absorbances at 278 nm (x) with the globally fitted titration function. Bottom traces: Residuals within +2 x 103
absorbance units.

The protonation equilibria between 17, 1, and 1~ were covered using 7Tris buffer,
pH 6.8-9.7. The changes in the absorption spectrum (Fig. 4) are mostly attributed to
protonation at the phenolate site of 1. Protonation of 1, which occurs on the methyl-
substituted N-atom of the piperazine ring, is not expected to give a large change in the
electronic spectrum (cf. Fig. I). Factor analysis of the data matrices nevertheless gave
three significant spectral components, indicating formation of 17 in the system.
However, the third eigenvalue was four orders of magnitude smaller than the second
one, not much above the noise level, so that the resulting acidity quotient of 17,
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Fig. 4. Electronic spectra of 1 in Tris buffer, pH 6.8—9.7. Inset: Absorbances at 354 nm (x) and the globally
fitted titration function. Bottom trace: Residuals within +2 x 10~* absorbance units.

although quite reproducible, must be viewed with some caution: pK,(1") =7.94 £+ 0.05
and pK,(1) =8.90+0.03 ({ = 0.1m, 25°).

Two sets of measurements were performed covering the pH ranges 4.6-6.5
(AcONa/HCl) and 2.4-4.6 (HCOONa/HCl) to investigate the protonation equilibria
between 13, 12*, and 1. In the first set of measurements, the original spectra were
reproduced with a standard error of 0.0015 absorbance units using four significant
spectral components (Fig. 5, left). The fourth factor is attributed to a small contribution
by species 1 in the spectra at highest pH. The contribution by the fourth factor is very
small, three components were sufficient to reproduce the spectra recorded at pH < 6.2.
These are attributed to species 1+, 12+, and 1°*. In the fitting procedure, the pK, of 1*
was fixed to the value 7.94 that had been determined in Tris buffer, that of 13* to 3.40
from the measurements in formate buffer (vide infra).

Species 13+ had to be taken into account as it influenced the spectra, but the value
was fixed to 3.40 in the fitting. Three spectral components were required for the spectra
recorded with acetate buffer. The third factor was again attributed to 1**. The resulting
best estimates are pK,(12¥) =5.68 +0.03 and pK,(1*) =7.94 £ 0.05.

In the second set of measurements covering the pH range of 2.4-4.6 (formate
buffer), the original spectra were adequately reproduced with three spectral
components (Fig. 5, right) with a standard error of 0.0015 absorbance units. The three
factors are associated with the cations 13*, 1?*, and 1*. Here, the pK,(13*) was best
defined. Least-squares fitting of the data with a diprotic acid model was done by fixing
the value of pK,(12*) to 5.68 obtained above, which gave pK,(13*)=3.494+0.03 (I =
0.1m, 25°).
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Fig. 5. Electronic spectra of 1in acetate buffer, pH 4.6 6.5 (left), and formate buffer, pH 2.4—4.6 (right). Insets:
Absorbances at 338.6 nm (left) and 346.4 nm (right) with the globally fitted titration function. Bottom traces:
Residuals within &2 x 10-* absorbance units.

Finally, protonation of 13* on the aromatic N-atom of the piperazine ring is
accomplished only in strongly acidic solutions. Only small absorbance changes were
observed upon increasing the concentration of HCIO, up to 4Mm, namely a slight
hypsochromic shift of the longest absorption band and reduction of the tailing around
400 nm, which are attributed to medium effects. A substantial change was seen in
solutions of 6M HCIO,. Therefore, the half-protonation occurs at around 6mM HCIOy,,
which corresponds to H,=—2 on the excess acidity scale [36], i.e., pK,(3*") ~—2.0.

Discussion. — The best estimates for the acid dissociation quotients at ionic strength
I=0.1m obtained in this work are collected in the Table. All except the crude estimate
for pK,(1*) were obtained as an average of at least three independent runs.

In Fig. 6, the resulting distribution of 1 to its different protonation states is shown as
a function of pH. The species concentrations are defined by Egn. I, where ¢ is the
total concentration of the dye, arbitrarily set to 1m, ¢ is the concentration of the fully
deprotonated ligand 13-, K is the first dissociation quotient of 1, K,(1*"), etc.

cor =cr[l+cp /Ky + (e ) /(KK y) + ... + (e )/ (K,...K,)]
. = Cof[]
au = e /K,

CLy, = CLuCH+ /Kn—l

¢y, = Ciy,_, Cu+ /K, (1)
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Table. lonization Quotients (I=0.1M) and Structural Assignments of the Acids

Protonation pK pK Comment Structural assignment
equilibrium (25°,1=0.1m) calculated of acid
2 =2"4+H" ~0.7+£0.1 0.53 I=1m 2%
2"=2+H" 7.8240.01 7.79 potentiometric 2+
3r=3+H" 5.24+0.03 5.26 3+
3=3 +H" 11.78 £0.03 11.95 3
4=4 +H" 9.84+0.02 from [35] 4
1 =1*+H" ~=2 —0.25+0.03 2% -3+-3"—4
Pr=1*+H" 3.49+0.03 4.16+0.04 2t-37-3"-4
1>*=1"+H" 5.68+0.03 5.71+0.04 2t-37-3-4
1"=1+H" 7.94+0.05 7.86+0.02 2t-3-3-4
1=1 +H" 8.90+0.03 8.77+0.01 2-3-3-4
1 =1 +H" 11.69 + 0.06 12.45+0.02 2-3-3-4
1>=1"+H" 12.91 +£0.04 12.77+£0.03 2-3-3 -4
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Fig. 6. Species distribution of 1. The total concentration is arbitrarily set to 1M.

The plot does not include the species 14*. Its concentration becomes significant only at
pH < 0. Note that several protonation states co-exist in appreciable concentrations at
all pH values in the range of 1-13 and that the cation 1* dominates at pH ~ 7.

In the seven-step protonation sequence of 1 only the structures of the fully
protonated species (1*) and of the fully deprotonated one (137) are defined a priori.
For the intermediate protonation stages, many sites of protonation are possible, and
often several structures (or mixtures of these) are reasonable candidates.
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Some structural assignments are obvious from the relative acidities of the model
compounds 2-4. Clearly, the benzimidazole N-atoms, pK,(3)=11.78, offer the
strongest basic sites of 13~. Protonation on the piperazine ring, pK,(2*) =7.84, or on
phenolate, pK,(4) =9.84, are unlikely to compete. It is more difficult to decide which
benzimidazole ring will be protonated first. Electrostatic theory [37] would predict the
two negative charges on 1>~ to be separated as much as possible, favoring the structure
2-3"-3-4". On the other hand, the donating effect of the amino substituent on the
left-hand moiety tends to favor 2—-3-3"—-4". For the same reason, protonated 5-
aminobenzimidazole, pK,=6.1 [38], is a weaker acid than protonated 3, pK,(37) =

5.24.
SOy

127 =2-3-3-4" 17=2-3 34"

Protonation of the anion 1~ should occur on the O-atom of phenolate, the methyl-
substituted piperazine N-atom being less basic. That 1 is present mainly as a neutral
molecule (2-3-3-4), and not as a zwitterion (2*-3-3-47), is also indicated by the
low solubility of 1 in aqueous solution around pH 8.4. In the neutral molecule, the
piperazine ring, pK,(2") =7.84, is expected to be more basic than the benzimidazoles,
pK,(3") =5.24, suggesting protonation of 1 to occur on the piperazine. Thus, 17, the
most stable species at pH 7, is attributed to 2" -3 -3 -4. Next, we expect protonation of
17 to take place sequentially on the two benzimidazole rings.

To obtain more-definite assignments of the protonation states, electrostatic free
energies of solvation were calculated for all possible protonation states of 1. This
provides relative free energies of the different protonation states of 1 as a function of
pH and, hence, the acidity constants. The approach employed here uses the fact that all
protonation states of the ‘supermolecule’ 1 can be rebuilt by combining the four
molecular sub-moieties 2—4 (Scheme 1) in their various protonation states. Model
compounds are defined as the isolated sub-moieties (2, 3, and 4) in solution. Two types
of pK, can be defined for each sub-moiety, the standard and the effective pK,. The
standard pK, is the experimental pK, of the model compound, while the effective ones
are those of the same sub-moiety within 1 or one of its ions. The difference between the
standard and effective pK, values is due to electrostatic interactions of the sub-moiety
with the rest of the molecule, i.e., the other sub-moieties in their different protonation
states. Details of the procedure are given in the Exper. Part.

To test the computational approach, we first calculated effective pK, values for the
model compounds 2-4 (Egn.2, Exper. Part). Thus, each model compound is
considered a ‘supermolecule’ composed only of one sub-moiety. Since, in this case,
the model compound and the ‘supermolecule’ are identical, the calculated effective pK,
value should be ideally equal to the standard pK,. An important difference between the
two would arise from unrealistic atomic charges in the different protonation states.
Scheme 4 shows the pK, values for 2 and 3. The effective (calculated) and standard
(experimental) pK, values of 2 and 3 agree well, indicating that the calculated atomic
partial charges for the different protonation states of the sub-moieties are meaningful.
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Scheme 4. Calculated and Experimental pK, Values for 2 and 3
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The calculated pK, values for 1 are given in the Table. These values were
conformationally averaged as follows. First, a 10-ns molecular dynamics (MD)
simulation of 1 was performed at 600 K with the CHARMM program [39]. Then
200 conformations were taken from the trajectory and minimized by 100 steps of the
Steepest Descent minimization. Finally, the pK, values were calculated for each of
these 200 minimized conformations and averaged. The MD simulation was carried out
at elevated temperature to allow for the crossing of energy barriers and, thus, to provide
an exhaustive conformational sampling. The pK, values themselves were calculated at
300 K. The standard deviations given in the Table correspond to variations that are due
to the conformational sampling only. They do not include other sources of error such as
the nuclear charges, or the finite difference solution of the Poisson equation.

The agreement between the calculated and experimental values is again satisfac-
tory. The theoretical approach thus provides a reliable assignment of the experimen-
tally determined acidity quotients to specific molecular groups and protonation states.
Deprotonation is estimated to occur at lower pH for the right-hand benzimidazole
structure (pK, = 4.2 for the right-hand cycle and 5.7 for the other). The presence of the
phenol group increases the pK, value for protonation the adjacent benzimidazole ring.
Thus, the theoretical calculations are able to predict the positive and negative shifts of
the first pK, values of the two benzimidazole moieties, as well as the positive shift of the
second pK, value of the left-hand one, relative to the model compounds. However, the
predicted positive shift of the second pK, value of the right-hand benzimidazole group
is not observed experimentally. Also, the theoretical model does not allow to
distinguish between the two sites within a given benzimidazole ring. The calculated pK,
values of the two conformers are nearly identical in all cases. It should be noted that the
pK, value of the phenol group in 1 was determined from a combination of electrostatic
and quantum calculations (see Exper. Part).

Previous studies of the protonation states of Hoechst 33258 in aqueous solution are
controversial. Umetskaya etal. [40] have obtained four pK, values for 1 by
spectrophotometric titration in phosphate and carbonate buffers, but few details of
the measurements are given. The numerical pK, values and, more important, the
postulated sequence of deprotonation differ from the present one as shown in
Scheme 5. In particular, these authors implied that the zwitterion 2*—3-3-4" is the
most stable form of neutral 1.
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Scheme 5. Comparison of Postulated Deprotonation Sequences and pK, Values

From [7] This work
2"-3'-3"4 2°-3"-3"-4
35 \ 3.49
2°-3-3'-4 2°-3"-3-4
55 \ 5.68
2"'-3-3-4 2"'-3-3-4
8.5 \ 7.94
2°-3-3-4 2-3-3-4
9.8 H 8.90
2-3-3-4~ 2-3-3-47

In a recent theoretical study, Aleman etal. [41] calculated gas-phase proton
affinities for four conjugate bases of 17, and the relative stability of the four protomers
of 1 in aqueous solution was predicted on the basis of a dielectric continuum model.
Substantial discrepancies with the experimental data of Umetskaya et al. [40] were
noted, but attributed to inadequacies of the theoretical model. It turns out that the
predictions made by Alemadn et al. are consistent with the present results. The pH-
dependence of the fluorescence of Hoechst 33258 was studied by several groups [42].

In conclusion, the present work defines the distribution of charge states of Hoechst
33258 as function of pH (Fig. 6 and Table). The cation 1* is the dominant species at pH
values around 7. Its charge is on the methyl-substituted N-atom of the piperazine
subunit (2*-3-3-4). Deprotonation of this species, pK,(17) =7.98, gives the neutral
molecule 1=(2-3-3-4), not the zwitterion (2*-3-3-4"). Protonation of 1" to the
dication 1?*, pK,(1>¥) =5.71, occurs at the left-hand benzimidazole N-atom yielding
(2-3"-3-4), which carries two adjacent charges. The calculated pK, values, which
were obtained using a decomposition scheme combined with electrostatic free-energy
calculations, agree well with the experimental ones. The theoretical method used here
also holds promise to predict the protonation states of 1 and related dyes as they are
bound to specific sites of DNA. Such information is difficult to obtain by any known
experimental method.

Experimental Part

Materials. 2-Phenyl-1H-benzimidazole (3) and Hoechst 33258 were supplied by Fluka. I-Methyl-4-
phenylpiperazine (2) was synthesized according to the literature [43] (colorless liquid, b.p. 95°/0.075 mm Hg).
'"H-NMR (400 MHz, CD,Cl,): 7.30-7.35 (m,2 H); 6.97-7.01 (m,2 H); 6.91 (¢t,J=7.3,0.5,1 H); 3.23-3.26 (m,
4H), 2.58-2.62 (m, 4 H); 2.38 (s, 3 H). "C-NMR (400 MHz, CD,Cl,): 151.89; 129.34; 119.60; 116.15; 55.49;
49.30; 46.31. MS: 176 (M™)).
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HCOONa, AcONa, and 2-amino-2-(hydroxymethyl)propane-1,3-diol (7ris) were obtained from Fluka,
disodium tetraborate decahydrate from Merck and 1M and 0.1m HCI as volumetric solns. from Riedel-de-Haén.
Volumetric solns. for 0.1m and 1M KOH were obtained from Fluka and Aldrich, resp. A 70 % soln. of HCIO, was
purchased from Fluka.

Data Collection and Analysis. Absorption spectra were recorded with a Perkin-Elmer Lambda 9
spectrophotometer. The temp. was maintained within 25 4 0.3° with a thermostated cell holder. A quartz cell of
1-cm path length and 2-cm width with a capacity of 6 ml was used. A baseline was recorded with H,O prior to
each set of experiments. The microprocessor-controlled Metrohm LL micro pH glass electrode (Biotrode) was
thermostated at 25° for at least 24 h before use and calibrated with standard Metrohm buffer solns. (pH 4, 7, and
9) [44] before every set of measurements. Portions (50 pl) of the titrant were added directly to the quartz cell
inside the spectrophotometer using Metrohm 725 Dosimat equipped with an 806-exchange unit (10-cm?
cylinder). A magnetic stirrer inside the cell ensured rapid mixing of added titrant. Following each addition of
titrant, a spectrum was acquired after the time required to keep the drift of the pH electrode within 0.01 pH units
per minute. Ca. 50 spectra and pH readings were collected during each titration. Measurements with solns. of
pH > 10 were performed under a N, atmosphere. Except where noted otherwise, titrations were conducted at
constant ionic strength /=0.1m. The resulting acidity constants are, therefore, dissociation quotients K, . at /=
0.1m. To achieve protonation of the least basic site of 1, the absorption spectra were measured in 1-6M aq. solns.
of HCIO,.

AcONa, HCOONa, or 2-amino-2-(hydroxymethyl)propane-1,3-diol (7ris) were dissolved in doubly
distilled, CO,-free H,O and adjusted to ionic strength /=0.1m. The absorption by these buffer bases was
negligible above 240 nm. Borate buffer with negligible absorption down to 220 nm was used for the titration of
1-methyl-4-phenylpiperazine (2), 4., =236 nm. Initial concentrations of the indicators were 7.6—10 x 1075 m
for 2, 3.7-4.0 x 10-> m for 2-phenyl-1H-benzimidazole (3), and 1.4-2.4 x 10-> M for 1. A portion of 50 pl of
0.Im HCI, containing 0.lm NaCl or 0.Im KCIl to keep ionic strength constant, was added before each
measurement.

The spectra were corrected for dilution and analyzed with the help of the program SPECFIT [45], which
performs a factor analysis and allows to calculate acidity constants as optimized model parameters, together
with their standard errors, from multiwavelength spectrophotometric data by nonlinear least-squares fitting to
the appropriate model function. Potentiometric data were analyzed with the program TITFIT [46].

Computational Methods. As shown in Scheme 1, molecule 1 can be decomposed into four sub-moieties, so
that all protonation states of 1 can be rebuilt by combining the four molecular sub-moieties in their various
protonation states. Model compounds are defined as the isolated sub-moieties, 2—4, in solution. Four
protonation states were considered for 2 (the three shown in Scheme 2 plus the monocation protonated on the
aromatic N-atom), four for 3, and two for 4. The total charge and the calculated partial atomic charges
characterize the protonation states of the sub-moieties. Atomic charges were calculated with Gaussian 98 [47].
For this, the structure of each sub-moiety in each protonation state was optimized at the B3LYP/6-311 ++ G**
level. Atomic charges were then calculated from a natural bond-orbital analysis [48]. The decomposition of a
molecular structure into sub-moieties has been successfully used for the calculation of the protonation states in
polypeptide chains [49]. In the present case, it is important to note that electronic coupling between the
fragments is more likely to occur than in the case of proteins. One example is the pK, value of phenol, which is
discussed below.

Two types of pK, can be defined for each sub-moiety, the standard and the effective pK,. The standard pK, is
the experimental pK, of the model compound, while the effective one is that of the sub-moiety within 1. Thus,
the standard pK, values are 0.7 and 7.82 for sub-moiety 2, and 5.24 and 11.78 for sub-moiety 3 (see Tuble). A
standard pK, value of 8.88 was used for the phenol subgroup in 1 to account for electronic effects due to the
coupling with the benzimidazole fragment (vide infra). The effective pK, values are those of the sub-moieties
within 1. The difference between the standard pK, and the effective pK, for a given sub-moiety are due to the
electrostatic interactions of this sub-moiety and the rest of the molecule, i.e., the other sub-moieties in their
different protonation states.

Here, we are interested in predicting the effective pK, values of the titratable sites in 1 given the standard
pK, value of each site, the atomic charges in the different protonation states, a range of geometries and a method
to calculate the electrostatic free energy for each possible protonation state (vide infra). The approach estimates
the difference between the standard and the effective pK, for each titratable sub-moiety. The effective pK,
values of interest are calculated as follows: given a molecule with N titratable sites, the protonation state is
described by a vector s with components s; (i=1,..., N). The s; enumerate all possible protonation states of the
site 7 and s; runs from 0 to P,—1, where P; is the number of protonation states of the site. It has been shown
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[49][50] that the pH-dependent free-energy difference, AG(s, pH), between a protein in a specific protonation
state s"and the fully unprotonated state 0 is given by Eqn. 2:

N

AG(, pH) = (In 10)ky TS 5 (pH — pKI(5) + Ea(5) — Eal0) = 3 [E2(5) — E0)] @

i=1 i=1

where pK:"“(s;) is the standard pK for the reaction corresponding to the protonation state s;
M;(0) +ni(s)H* = My(s;)

with n(s;) the number of protons bound to site i in protonation state s;, and M, the model compound for site i.
E,(s) and E,(0) are the electrostatic free energies of the molecule in protonation state s and in the fully
unprotonated reference state 0, resp. EN' (s;,) and EN'(0) are the electrostatic free energies of the model
compound for site i in protonation state s; and in the unprotonated state, resp. The E(s) values were calculated
by solving the finite-difference linearized Poisson — Boltzmann (LPB) equation using the program UHBD [51].
All calculations were carried out at 300 K, with an ionic strength of 100 mm, and a Stern (ion exclusion) layer of
2 A. Several focusing grids were used to achieve a final grid spacing of 0.30 and a 3 A border space. Dielectric
constants of 80 and 20 were attributed to the solvent and to the volume occupied by the solute, resp. The atomic
radii were taken from the CHARMM?22 atom types [52], and the partial atomic charges were calculated as
described above. Once the electrostatic free energies E(5) and E'(s;) have been determined for all the 2
protonation states, the probability X (s/) of finding the site i in the state s; for a given pH value can be obtained
by evaluating the Boltzmann-weighted sum over all protonation states s~

AG(s, pH)) 3)

X(s))(pH pH)Z 55 €X ( ™)

where Z(pH) is the protonation partition function of the molecule.

Z exp [ G(s, PH)}

The Kronecker symbol 0s;s; is equal to 1 if s; = s; and 0 otherwise. The effective pK, values for the different
sites i are then determined by calculating the pH at which X(s;)(pH) =0.5.

The advantage of decomposing the molecule into subgroups, over an approach based entirely on quantum
calculations performed on the entire molecule in the different protonation states, is twofold. First, quantum
calculations are only required for a small number of smaller molecules, and, second, conformational effects can
be taken into account. Due to the considerable size of 1, determining all data required from density-functional-
theory calculations would already be prohibitive or even impossible. The approach used here requires only ten
quantum calculations, corresponding to the four protonation states of 2, the four protonation states of 3, and the
two protonation states of 4. Treating 1 as an entity would have required 128 quantum calculations, each for the
entire molecule. Also, it is possible to estimate the effective pK, value of analogues of 1 based on the same
building blocks without the need for new demanding quantum calculations.

Standard pK, of Phenol (4). It is worthwhile to briefly comment on the estimation of the effective pK, of
phenol, which serves as an example how electronic coupling influences the results. The measured pK, value of
phenol in soln. is 9.84, while the experiments reported here show that the pK, value of the phenol moiety in 1is
8.90. Thus, the presence of the benzimidazole lowers the pK, by about one unit. It was not possible to reproduce
this pK, shift by consideration of electrostatic interactions only. To account for electronic coupling with the
benzimidazole, we used the thermodynamic cycle shown in Scheme 6.

According to this cycle, the free energy of the acid ionization in solution, AG, can be written as Egn. 4.

AG = —AGH) + AEN + AGH, + AGH,

solv

ol “4)

Here, AEY is the energy of deprotonation in the gas phase, which is obtained from quantum calculations.
Entropy differences between AH and A~ are neglected. AG2H, AG2, , and AGY, are the solvation free energies

solv ? solv? solv
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Scheme 6
A
AEg
gas AH A+ H*
- "
_AGSAOTV AG?olv + AGs,olv
AG
solution AH A+ H*

of the acid AH, the base A, and the proton, resp., which are calculated by solving the Poisson— Boltzmann
equation. The difference in the free energies for the ionization of the phenol moiety in 1 and of phenol itself (4)
can then be written as:

AAG = —(AG!

solv

- AG*

solv

)+ (AEY —AE! ) + (AGL, — AGY,) )

We found AG., — AG! =-10.41kcal mol!, AG!, — AG!, =—14.53kcal mol'!, and AG., —AG! =
2.81 kcal mol~!, leading to AAG =—1.31 kcal mol™! and ApK,=AAG/(2.3RT)=—0.96. Thus, the pK, value
of phenol (9.84) has to be corrected by —0.96 to account for the presence of benzimidazole, which gives a

standard pK, =8.88 for the OH group in 1, in good agreement with experiment (8.90).
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