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ABSTRACT: Many active compounds may be excluded from
biological assays due to their low aqueous solubility. In this
study, a simple method for the determination of the solubility
of compounds containing aromatic rings is proposed. In
addition to DMSO, five organic solvents for screening
experiments of TNF-a inhibitors were explored. DMSO and
PEG3350 were the most suitable for both protein stability and
ligand-binding experiments. In addition, glycerol is a promising
solvent for the screening of other compounds for which it
might provide acceptable solubilization, due to its strong
tendency to preserve the protein. Moreover, a fluorescence
binding assay was developed using the TNF-a/SPD304
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system, and a Ky of 5.36 + 0.21 yM was determined. The results of this study could be used for the future screening of
potential TNF-¢ inhibitors, while the protocols developed in this work could be applied to other proteins.
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In recent years, compound solubility in aqueous solutions has
emerged as an important issue in the field of drug discovery."
Poorly soluble compounds not only create problems for in vitro
and in vivo assays in drug discovery but also carry a higher risk
of failure during development.”® Although several solvents are
available to dissolve lipophilic (hydrophobic) drugs, poor
solubility poses a challenge for biological assays, where
hydrophobic compounds are usually dissolved at concen-
trations up to 30 mM in DMSO.* Improvements in the
solubility of small molecules can often be achieved through
structural modification designed to reduce molecular planarity
and symmetry so as to disrupt crystal packing (lattice energy of
the molecule) and/or by introducing solubilizing groups at
positions on the core structure of a lead series without being
detrimental to other properties (see ref 3 and references
within).

These modifications are not possible with commercial
collections of compounds where approximately 10—20% are
not soluble in DMSO at high (30 mM) concentration. In
addition, lowering the storage temperature further reduces the
solubility.” Thus, these structural modifications cannot be
performed in the early stages of discovery when lead and hit
compounds are sought from an existing collection. Never-
theless, the use of alternative solvents might overcome these
solubility issues in early discovery. These solvents should not
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affect protein stability or protein/ligand-binding affinity. Thus,
there is a need to find further protein friendly solvents for
lipophilic molecule solubilization.

Proteins with shallow ligand-binding sites that exhibit
hydrophobic characteristics are the most challenging. The
existence of hydrophobic binding sites in a protein implies
similar characteristics for potential ligands. Tumor necrosis
factor @ (TNF-a), a pleiotropic cytokine involved in
inflammation, immunity, and cellular organization,6 and its
newly discovered ligand SDP304 represent a typical case.”

Dysregulation of TNF-a has been implicated in cases of
tumorigenesis, diabetes, and especially in autoinflammatory
diseases such as psoriatic arthritis and Crohn's disease.® In
addition, TNF-a plays an insidious role in the pathogenesis of
rheumatoid arthritis.” Therefore, the development of relatively
low toxicity, small molecule inhibitors of TNF-a for therapeutic
applications remains a highly desirable goal.'® Even though a
plethora of compounds from chemical libraries is available,
poor aqueous solubility of most potential inhibitors for TNF-a
still remains a problem.
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The initial objective of our research was the discovery of new
potential inhibitors for TNF-a to provide successful candidate
leads for clinical evaluation. However, from the beginning, we
have faced the dual problems of low aqueous solubility of
potential ligands (many compounds were insoluble in 100%
DMSO) and the negative effect of organic solvents on both
protein stability and ligand binding. Thus, the objective of our
work orientated towards the selection of solvents that would
overcome both of these problems.

Many solubility methodologies have been developed over the
years to measure solubility, including kinetic, semiequilibrium
(close to equilibrium), and equilibrium methods (see ref 3 and
references within). However, a rapid and inexpensive solubility
assay is needed. Therefore, in this work, we propose a simple,
straightforward protocol to estimate the solubility of com-
pounds containing aromatic rings that can be carried out in
almost any laboratory equipped with a spectrophotometer and
a centrifuge. We are aware that the calculated solubility values
probably lack accuracy. However, for accurate measurements,
significantly more expensive equipment is required (e.g.,
HPLC). Our method has been developed using SPD304, a
commercially available inhibitor of TNF-¢, and as such should
be applicable to other aromatic compounds.

SPD304 contains three aromatic rings: one indole, one
benzene, and one chromone (Figure 1A, inset) and, therefore,
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Figure 1. (A) SPD304 absorption spectra analysis. (B) Schematic

representation of the solubility screen of SPD304 in aqueous solutions
containing various concentrations of different organic solvents.

has two absorption bands, a strong one at approximately 252
nm and a weaker one at approximately 300 nm (Figure 1A).
On the basis of this observation, we developed a simple method
for the determination of SPD304 solubility (Figure 1B). One of
the advantages of our method is the measurement of both the
soluble and the insoluble amounts of the compound from the
same sample (as described in the Supporting Information).
Measurement of the absorbance (at 252 nm in the case of
SPD304) of the resuspended insoluble material is very
important as a check of whether our determinations are
correct. Moreover, in the case of extremely insoluble
compounds where the UV absorbance is close to the detection
limit of the spectrophotometer, the exact solubility of the
compound can be easily determined by measuring the UV
absorbance of the precipitate, after it was resuspended in pure
solvent (as described in the Supporting Information). The main
disadvantage of our method is that it cannot be applied to small
molecules that do not contain suitable chromophores.

In addition to DMSO, the solubility of SPD304 in various
solvents like cryoprotectants (e.g., glycerol and PEG),
methanol, and DMF was investigated (Table 1). Cryoprotec-
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Table 1. Solubility of SPD304 in 10 mM Citrate-Phosphate
Buffer (pH 6.5) Containing Various Concentrations of
Different Organic Solvents®

solubility of SPD304 (1M)

solvent/concn 2.5% (v/v) 5% (v/v) 10% (v/v)
DMSO 33 52 79
DMF 35 58 82
glycerol 15 19 28
MeOH 37 58 83
PEG3350 71 84 96
PEGS000 90 97 >100

“The solubility of SPD 304 in 0% solvent is 10 #M. The mean values
of four independent measurements are presented.

tants commonly used in protein crystallography could be
excellent candidates for solubilization of lipophilic compounds
since they are widely used for protein storage.'’ Moreover, it is
well known that many proteins are stable in some organic
solvents.'” Thus, the solubility of SPD304 in two commonly
used solvents, methanol and DMF, was also tested.

Initially, a stock solution of SPD304-HCI in dd-H,O was
prepared. The pH of this solution (10 mM) was approximately
1, and the ligand was completely soluble. However, when
SPD304 was diluted in citrate-phosphate buffer (pH 6.5, which
is protein “friendly”), its solubility significantly decreased, and
its solubility under these conditions was only 10 yM. In
contrast, the solubility of this ligand increased up to 10 times
when an organic solvent was added in the buffer (Table 1).

As illustrated in Table 1, the solubility of SPD304 was
increased with increasing nonaqueous solvent concentration.
Nevertheless, SPD304 was still only partially soluble in
solutions containing DMSO, methanol, or DMF even at
concentrations of 10% v/v, since the maximum solubility values
obtained were approximately 80 M (Table 1). SPD304
exhibited higher (84—97 uM) solubility when it was dissolved
in citrate-phosphate buffer (pH 6.5) containing S or 10%
PEG3350 or 5% PEGS000 while it was soluble at least to 100
uM in 10% PEGS000 solution. In contrast, the solubility of
SPD304 was very low (<30 4#M) in glycerol solution (Table 1).

According to Ungnade™ solvents can affect the intensities
and wavelengths of the absorbance maxima of aromatic
compounds. Although SPD304 contains three aromatic rings,
the presence of all solvents in all concentrations tested did not
significantly affect the absorption maxima of the compound
(data not shown). It is worthwhile mentioning that this simple
method has the sensitivity and reproducibility to determine
solubilities as low as S M (data not shown). The correlation
between the solubility determined using the UV method and
the HPLC method (in the range of 1—1000 4M) is currently in
progress in our laboratory. It should be noted that a
multiwavelength UV plate reader has been used previously to
measure the solubility of small molecules."*

Following the solubility screening of SPD304, the stability of
TNF-a in the presence of the above solvents was investigated.
The tyrosine fluorescence properties of human TNF-a were
exploited initially to investigate the stability of protein in the
presence of these solvents. As shown in Figure 2, the
extracellular domain TNF-a (77-233) contains seven Tyr and
two Trp residues. The X-ray structure (PDB ID: 2azS) of TNF-
a with the SPD304 ligand clearly shows hydrophobic
interactions with Tyr 59, Tyr119, and Tyr 151 (Figure 2A).
In addition, Tyr119 is located close to the three-fold symmetry
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Figure 2. (A) Ribbon diagram of TNF-a dimer interaction with
SPD304 (green) (PDB ID: 2AZS). (B) Ribbon diagram of the TNF-a
trimer (PDB ID: 3ALQ) showing the interface contacts for each
monomer. Side chains of TyrS9, Tyr119, and Tyr151 (shown in stick
form) of each monomer are located at the center of the interface.
Removing one of the monomers would significantly affect the
environment of the Tyr residues in the remaining monomers.

axis (Figure 2B) of the TNF-a trimer and is making contact
with its counterparts from the other monomeric subunits.”
From Figure 2B, it is obvious that dissociation of the TNF-a
trimer to a dimer would significantly change the environment
of the above tyrosines. Those close contacts of SPD304 with
the above Tyr residues (Figure 2A) should affect the intrinsic
Tyr fluorescence intensity.

Because these particular Tyr residues represent a significant
fraction (three out of seven per monomer) of the total Tyr
content of the molecule, it suggested that they might form a
suitable “chromophore” to study the binding of small molecules
to TNF-a. The above hypothesis was tested further by
fluorescence titration experiments with SPD304 (as described
in the next paragraph). Excitation and emission scans of TNF-a
indicated that respective maxima were 274+ 2 and 304 + 1 nm
(Figure 3A), which are typical for buried tyrosyl side chains.

The influence of the various solvents on TNF-a stability was
determined by monitoring the changes of fluorescence emission
intensities (at 304 nm) of protein solutions containing 0—10%
solvent concentration (Figure 3B). TNF-a exhibited stability
levels above 90% of the aqueous protein in solutions containing
PEG3350, DMSO, or glycerol, while in DMF, methanol, or
PEGS000 solutions, the stability decreased below 90 % (Figure
3B). PEGS000 also gave a high background fluorescence
emission signal and led to TNF-a precipitation. Therefore,
PEGS000 can be used only in concentrations lower than 2.5%
in fluorescence binding experiments. The use of PEG5000 in
the concentration range 0.1—2 % is currently in progress in our
laboratory.

In addition, the stability of TNF-a in the presence of the
various organic solvents was studied by monitoring the changes
of absorbance at 280 nm (A,g,,) (Figure 3C). The results
showed that TNF-« is remarkably stable in the presence of high
(10%) concentrations of DMSO, glycerol, and PEG3350 since
the decrease of absorbance at 280 nm was approximately 5%. In
the presence of 5 and 10% methanol or DMF, the absorbance
decreased by approximately 7 and 10%, respectively, indicating
that the protein can tolerate both solvents at concentrations
higher than 10%. These results also confirmed that a significant
percentage (>20%) of TNF-a precipitated in the presence of
PEGS000, as the A,g,, of the protein solution decreased
almost linearly with increasing PEGS000 concentration (Figure

3C).
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Figure 3. TNF-a tyrosine emission spectra analysis. The excitation
(250—300 nm) and emission (290—350 nm) spectra of TNF-a were
recorded using 4., = 303 nm and A, = 270 nm, respectively
(excitation/emission slit width 5 and 20 nm, respectively). The protein
concentration was 0.25 #M in 10 mM citrate-phosphate buffer, pH 6.5
(A). Changes of relative fluorescence intensities (B) and absorbance at
280 nm (C) of TNF-a (1.0 uM) solutions in 10 mM citrate-phosphate
buffer (pH 6.5) containing various concentrations of one of the
following organic solvents: DMSO (M), DMF (O), glycerol (@),
MeOH (A), PEG3350 ('¥), and PEGS5000 (O).

For the determination of the dissociation constant (K;) of
SPD304/TNF-a, an approach was used based on the analysis
performed by Eftink"> and Bujalowski and Lohman'® with
some modifications (the derivation of our model is presented in
the Supporting Information). It should be noted that in this
study we analyzed the case of binding of a small molecule to a
fluorescent protein and that our approach cannot be applied to
a nonfluorescent one.

It has previously been reported that the presence of DMSO
is favorable for TNF-a/SPD304 binding.” Thus, to test the
accuracy of our approach to Ky determination, we initially
performed the titration experiments in 10 mM citrate-
phosphate buffer (pH 6.5) containing 5% DMSO.

As SPD304 has micromolar affinity for TNF-o’, a significant
decrease of the fluorescence signal (about 35% quenching) was
observed as the ligand concentration increased from 0.1 to 12
UM as compared to the blank experiment (Figure 4A), resulting
in a Ky value of 5.36 + 0.21 M. Using the raw data of Figure
4A, the saturation curve was drawn (Figure 4B), and
subsequently, the Scatchard analysis was performed (Figure
4B, inset graph). The linearity of the Scatchard plot resulted in
an “n” value of 1, suggesting that there is only one SPD304
binding site per protein molecule. It has been shown elsewhere
that SPD304 inhibits TNF-a activity in biochemical and cell-
based assays with median inhibitory concentrations of 22 and
4.6 uM, respectively.”

The effect of solvent concentration on the SPD304/TNF-a
binding interaction was studied by varying the concentration of
DMSO, methanol, or PEG3350 in citrate-phosphate buffer (10
mM, pH 6.5) (Figure 5). Hydrophobic interactions I;lay the
dominant role in dissociation of the TNF-a trimer.” Thus,
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Figure 4. (A) Dissociation constant (K;) determination of TNF-a
with SPD304. The experiment was performed in 10 mM citrate-
phosphate (pH 6.5) containing 5% DMSO. (B) Direct plot of
fluorescence intensity against ligand total concentration. Sequential
additions of ligand were made into a cuvette containing TNF-o (M) or
Tyr (®). The dissociation constant was calculated by fitting the
fluorescence intensity corrected values (A) to a quadratic equation.
(B) Saturation plot after calculation of free (L) and bound (PL) ligand
concentrations. Inset: Scatchard plots. The mean values of three
independent measurements are presented.
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Figure S. Effect of DMSO (A), MeOH (B), and PEG3350 (C)
concentration on TNF-a/SPD304 interaction. Changes of TNF-a
fluorescence (4, = 274 nm/A,, = 304 nm) were measured after
incubation of TNF-a with SPD304 at 25 °C. Tested were the
following concentrations of each solvent: 2.5% (M), 5% (®), and 10%
(A). Insets: changes in fluorescence intensities of 10 mM citrate-
phosphate buffer with solvents concentration. The mean values of
three independent measurements are presented.

organic solvents that can replace water in the hydration shell of
the protein molecule without significant distortion of hydro-
phobic interactions in the protein globule are needed. In other
words, the organic solvents used should possess the ability to
maintain solvophobic interactions to a sufficient degree.

As shown in Figure S5A, in the range of 2.5-5% DMSO,
similar binding curves were obtained when TNF-a was titrated
with SPD304, resulting in Ky values of ~5.5 uM. In contrast,
the quenching of Tyr fluorescence intensities was decreased in
the presence of 10% DMSO, resulting in a Ky value of 7.34 +
0.47 uM (Figure SA). When titration of a TNF-a solution was
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performed in the presence of 2.5% DMF, a Kj value of 7.51 +
0.52 yM was obtained by curve-fitting analysis (data not
shown).

In protein solutions containing methanol, quenching of
fluorescence intensities was decreased at methanol concen-
trations above 5% (Figure SB). Curve fitting produced Ky
values that were significantly different as illustrated in Figure
SB. It is notable that K values obtained from protein solutions
containing methanol were almost 1.5-fold higher than the
values obtained from protein solutions containing DSMO.
Titration of TNF-a with SPD304 in the presence of 2.5 or 5%
PEG3350 resulted in similar binding curves with K; values of
approximately S yM (Figure SC). When 10% PEG3350 was
used, a Ky value of 8.44 + 0.47 uM was obtained (Figure SC).
However, PEG3350 has a strong fluorescence emission
background in concentrations higher than 5% so that higher
amounts of both protein and ligand are needed.

On the basis of the above results, it can be assumed that
DMSO and PEG3350 are the most suitable solvents for
fluorescence ligand-binding experiments on TNF-a since they
enhance ligand solubility without disturbing protein structure
significantly. In addition, glycerol is a promising solvent for
other potential inhibitors of TNF-a since the protein is
extremely stable in the presence of high (10%) glycerol
concentrations. According to Ray's'” classification, all solvents
can be grouped into three classes based on their capacity for
solvophobic interactions. Examples of these groups are (i)
water, glycerol, ethylene glycol, aminoethanol and formamide;
(ii) methylformamide and dimethylformamide; and (iii)
methanol, ethanol and toluene. Solvophobic interactions are
best realized in solvents of class i, much less in class ii, and are
practically absent in class iii. According to this classification, this
occurs because the molecules of the solvents of class i contain
at least two centers capable of forming hydrogen bonds. As a
result of intermolecular interactions, hydrogen bonds form a
rigid (thermodynamically unfavorable) framework around the
dissolved solvophobic molecules and thus induce solvophobic
interactions. Among the solvents of class i, solvophobic
interactions are most effective in water and glycerol. Thus, it
can be assumed that the presence of DMSO and PEG3350
promotes TNF-a/SPD304 binding due to the most effective
solvophobic interactions of these solvents as compared to that
of DMF or methanol. In addition, DMSO and water are
completely miscible and interact via hydrogen bonding between
the basic oxygen atom of DMSO and the acidic protons of
water that can result in extreme deviations in physicochemical
properties.18

To conclude, in this work, a simple method for the
determination of solubility of small compounds containing
aromatic rings was implemented. The unique Tyr fluorescence
properties of human TNF-a were successfully used to study its
stability in the presence of organic solvents. In addition, the
interaction of TNF-a with SPD304 was studied by developing a
Tyr fluorescence binding assay and the appropriate mathemat-
ical model for K determination. These methods will be used
for the future screening of potential inhibitors of TNF-a.
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constant (K;) from fluorescence measurements. This material is
available free of charge via the Internet at http://pubs.acs.org.
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