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Abstract

The dissolution process of model insoluble peptide sequences was investigated in view of the electron
acceptor (AN) and electron donor (DN) solvent properties. The Alzheimer’s disease-inducing (1-42)
AB-amyloid peptide and its (1-21) fragment, the (66-97) transmembrane bradykinin B2 receptor
sequence, and the strongly aggregated VVLGAAIV were selected as models of insoluble peptides.
Solvents presenting similar AN and DN values failed, despite their polarities, to dissociate peptide
chains (free in solution or bound to a polymer). The maximum solubility of these aggregated sequences
was attained in solvents presenting the highest possible (AN-DN) values (in positive or negative mode).
The AN-DN values ranged from approximately —20 to +80 and, notably, the lowest dissociation power
was ascribed to solvents presenting values of approximately +40. The strong hydrogen bond donor water
is located in this region, indicating that, for dissociation of specific insoluble segments, the solvent
should appropriately combine its acid/base strength with the potential for van der Waals interactions.
We also observed a sequence-dependent pH effect on peptide solubility confirmed through circular
dichroism spectroscopy. This approach also revealed a complex but, in many cases, consistent influence
of peptide conformation on its solubility degree, even when structure-inducing solvents were added.
In conclusion, the random method of selecting solvents to dissolve insoluble and intractable peptide
sequences, still in use by some, could be partially supplanted by the strategy described herein, which
may be also applicable to other solute dissociation processes.
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Although extremely relevant, the problem of insolubility
of peptides and proteins is still far from being completely
understood. For instance, many diseases share the com-
mon characteristic of aggregation of these types of macro-
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molecules (Chen and Wetzel 2001; Xing and Higuchi
2002; Gordon and Meredith 2003). A high propensity for
assembly into insoluble aggregates is a common yet
serious limitation to the production and use of many
peptides and proteins in a wide range of biotechnological
and pharmaceutical applications. In addition, the eluci-
dation of the peptide chain dissolution mechanism is of
utmost relevance for successful peptide and protein
synthesis, in either solution (Mutter and Bayer 1980) or
solid-phase methodologies (Barany and Merrifield 1980;
Fields and Noble 1990).
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Dissolution of aggregated peptide sequences

The number of pharmacologically active peptides and
proteins under development for the prevention and treatment
of human disorders is increasing, as is, consequently, the
pressure to overcome problems associated with aggregation
and stability (Lansbury 1992; Chi et al. 2003; Fowler et al.
2005). Approximately 95% of all drug candidates are
discarded during preclinical or clinical trials, often because
of problems related to low solubility or aggregation. Many
peptide-based drugs with great therapeutic potential are
rendered ineffective simply because of an unacceptable
propensity for irreversible precipitation (Caldwell et al.
2001). Aggregation is also one of the most significant
obstacles to the development of protein-based drugs due to
the possibility that it will not only compromise their
bioavailability and therapeutic effect but may also increase
the risk of immunogenic reactions (Cleland et al. 1993;
Schellekens 2002).

The insolubility of peptides and proteins, as well as of
many other macromolecules, is, in fact, a consequence of
a specific process of association between molecules of the
solute under certain conditions and in the presence of
components of the medium. Physicochemically, the type
and intensity of electrostatic, hydrogen bonding, and van
der Waals interactions between and among all molecules
of the solution seem to govern the degree of solute
molecule aggregation.

There are innumerable structural studies in the litera-
ture using various spectroscopic methods to better un-
derstand the complex chain—chain aggregation processes
of many types of peptides (Milton et al. 1990; Szab? et al.
1999; Srisailam et al. 2003; Pawar et al. 2005). In a
departure from the majority of these classical approaches,
our group initially decided to evaluate this aggregation
process by selecting peptide—polymers as models of com-
plex solutes for interaction with different solvent systems
(Cilli et al. 1996; Marchetto et al. 2005).

In addition to the establishment of some rules for peptide
polymer solvation, a 1:1 ratio between Gutman’s electron
acceptor number (AN) and electron donor number (DN)
(Gutmann 1976, 1978) could, based on this solvent effect
study, be proposed as an alternative dimensionless and more
accurate solvent polarity scale which ranges from zero to
about 130 (Malavolta et al. 2002). In contrast to other polarity
scales composed of a single term, such as the dielectric con-
stant (Parker 1969), Dimroth-Reichardt’s E(30) (Dimroth
et al. 1963) or Hildebrand’s & solubility parameters
(Hildebrand 1949), the (AN + DN) polarity term is a combi-
nation of two opposite physicochemical concepts, and is
therefore designated amphoteric constant.

Following through with this approach, we soon deci-
ded to consider the electrophilic (AN) and nucleophilic
(DN) properties of a solvent system, in isolated or
combined forms, aiming to contribute to a deeper un-
derstanding of the peptide chain’s association process. In

this sense, we have demonstrated that a mixture of highly
electrophilic and highly nucleophilic solvents tends to
fail in disrupting aggregated peptide chains, spread
throughout, for instance, a resin network (Cilli et al.
1996; Malavolta et al. 2002). This occurs as a conse-
quence of the fact that the two components of the mixture
tend to interact with each other than to disrupt solute—
solute interaction, mainly under strongly aggregated
conditions. This is typically the case with heterogeneous
mixed trifluoroethanol (TFE)/dimethyl sulfoxide (DMSO)
or TFE/dimethyl formamide (DMF) solutions, which are
composed of highly electrophilic and highly nucleophilic
molecules, respectively, and were unable to solvate the
model peptide resins properly.

This same rationale that is applied to mixed solvents
was recently extended to single solvents (Malavolta and
Nakaie 2004). In this case, the solvents must, of necessity,
present quite similar electrophilicity (AN) and nucleo-
philicity (DN), which may facilitate the occurrence of an
internal self-neutralization effect in their molecules, thus
weakening their solvation capacity of the solute. Aceto-
nitrile (MeCN) and acetone presenting AN/DN values of
18.9/14.1 and 12.5/17.0, respectively, were preliminarily
tested, revealing a total lack of dissociation capacity
of peptide chains bound to a resin or free in solution
(Malavolta and Nakaie 2004).

To pursue this interpretation of solute—solvent in-
teraction based mainly on the influence of acidic and
basic properties of solvent molecules, the focus of the
present study was deliberately shifted to the specific
evaluation of the dissolution process of highly insoluble
peptide sequences. The main goal was to establish
a clearer and more consistent strategy for the dissolution
of insoluble peptides that would be applicable to many
other macromolecules. Initially, chain dissociations will
be compared among these peptides when still attached to
a polymeric matrix, and those of the same peptides free
in solution will be compared later. In addition, circular
dichroism (CD) technique will be applied, varying the
pH and the amount of secondary structure-inducing
solvents in order to tentatively evaluate the degree of
solubility and conformation features of these model
aggregated peptides. The well-known (1-42) AB-amyloid
peptide, which is involved in the neurodegenerative
Alzheimer’s disease (Soto and Frangione 1995; Koo
et al. 1999; Lynn and Meredith 2000; Cruz et al. 2004;
De-Felice et al. 2004; Ferrao-Gonzales et al. 2005), its
minor (1-21) fragment, the 34-mer (66-97) transmem-
brane fragment of the bradykinin B2 receptor (McEarchen
et al. 1991) and, finally, the highly insoluble VVLGAAIV
sequence corresponding to the 291-298 segment of the
murine H-2K protein (Brown et al. 1974; Narita et al.
1988), were selected for this solute—solvent interaction
study.
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Results

Dissociation of peptide chains bound to resins

Before investigating possible rules related to dissociating
model insoluble peptide sequences free in solution, we
first decided to determine whether the Lewis acidity (AN)
and Lewis basicity (DN) strength of the solvent system
would affect the solvation capacity of peptide chains
when bound to a resin structure. The 4-(oxymethyl)-
phenylacetamidomethyl (PAM) resin (Barany and Merri-
field 1980), a polystyrene-type polymer commonly used
in peptide synthesis was selected for the assembly of
DAEFRHDSGYDVHHQKLVFFAEDVGSQKGAIIGLM
VGGVVIA-COO™ and DAEFRHDSGYDVHHQKLVFFA-
COO sequences corresponding to the (1-42) AB-amyloid
peptide and its minor (1-21) fragment (peptide-resins 1
and 2, respectively). Table 1 displays the measured swelling
degree of these two peptide resins in 24 single and mixed
solvents, together with their AN, DN, and (AN + DN)
values.

Table 1. Solvent parameters and swelling degrees of
peptide-resins®

Swelling of
resin (%)*

(AN+DN) 1° 2¢

Entry Solvent AN DN
1 Toluene 33 0.1 34 55 63
2 DCM 204 1.0 214 69 68
3 Chloroform 23.1 4.0 27.1 73 71
4 NMP 133 273 40.6 74 76
5 DMF 16.0 26.6 42.6 73 74
6 DMSO 19.3 29.8 49.1 75 80
7 TFE 535 0.0 535 60 71
8 EtOH 37.1 320 69.1 51 38
9 MeOH 413 30.0 71.3 48 29
10 Formamide 39.8 240 63.8 48 42
11 50% TFE/toluene 284 0.1 28.5 75 76
12 20% TFE/DCM 270 0.8 27.5 77 80
13 50% TFE/DCM 369 05 37.5 72 82
14 80% TFE/DCM 469 0.2 474 65 75
15 20% DMSO/NMP 145 27.8 423 76 82
16 50% DMSO/THF 137 249 38.6 78 81
17 65% NMP/THF 11.5 2438 36.1 76 73
18 50% DCM/DMF 182 13.8 32.0 73 75
19 50% DCM/DMSO 199 154 353 77 77
20 50% MeOH/DMSO  30.3 29.9 60.2 68 54
21 50% TFE/DMF 348 133 48.1 61 52
22 50% TFE/DMSO 364 149 51.3 58 57
23 MeCN 189 14.1 33.0 39 23
24 Acetone 125 17.0 29.5 56 50

#[(swollen volume — dry volume)/swollen volume] X 100 (represents
the percentage of swollen bead volume occupied by the solvent) using
the following values for the measured diameters of dry beads: resins:
1 =78 pm; 2 = 64 pm.

®(1-42) AB amyloid.

€(1-21) AB amyloid.
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In accordance with the findings of previous studies
(Cilli et al. 1996; Malavolta et al. 2002; Malavolta and
Nakaie 2004), both peptide-resins presented a maximum
solvation region located around solvents with (AN + DN)
polarities of ~40 (Fig. 1). Since it is well known that each
polymer achieves its maximum swelling in solvents of
similar polarity (Barton 1975), these results again attest
to the sensitivity of the amphoteric (AN + DN) solvent
parameter in scaling polarity.

The presupposition that a self-neutralization effect occurs
in heterogeneous mixed solvents composed of highly elec-
trophilic solvents, such as TFE or hexafluoroisopropanol
(HFIP), and strong nucleophilic solvents, such as DMSO or
DMF, was confirmed. The swelling of resin beads in het-
erogeneous TFE/DMF and TFE/DMSO solutions (solvents
21 and 22, respectively) was less extensive than what had
been expected based on their polarities (Fig. 1).

The same effect was observed in single solvents pre-
senting values of Lewis acidity and Lewis basicity that were
proximate. The MeCN and acetone (solvents 23 and 24,
respectively), which present virtually equivalent AN and
DN values (Table 1), revealed a pronounced lack of capa-
city to solvate either peptide-resin (Fig. 1). These findings
may be relevant in some circumstances, since MeCN is
often applied in chemical and biochemical methodologies.
Therefore, when optimized solvation of polymeric materi-
als is essential, as is the case in column chromatography
experiments, MeCN should be used with care.

The present findings indicate that the use of the AN and
DN concepts, including the (AN + DN) term, is unique
and considerably more advantageous than other solvent
properties. For instance, the self-neutralizing effect oc-
curring with mixed or single solvents could be solely
explained by these terms and not by any other existing
single-component solvent parameter such as the dielectric
constant, Hildebrand’s & solubility constant (Hildebrand
1949), and Dimroth-Reichardt’s E1(30) term (Dimroth
et al. 1963).

Taken as a whole, these results seem to be of value for any
methods that depend heavily upon the groundbreaking
approach (initiated >40 yr ago) of inducing chemical reac-
tions in insoluble polymeric supports (Merrifield 1963). In
keeping with the rapidly increasing trend in resin-dependent
methodologies, it was possible to verify the launching of
several types of solid supports (Kempe and Barany 1996;
Meldal 1997; Kates et al. 1998; Labadie 1998; Lebl 1998)
and spectroscopic strategies to investigate solvation of the
peptide polymer complex. Among these efforts, nuclear mag-
netic resonance (Deber et al. 1989; Warrass et al. 2000;
Furrer et al. 2001; Valente et al. 2005), CD (Pillai and Mutter
1981), infrared spectroscopy (Hendrix et al. 1990; Henkel
and Bayer 1998; Yan 1998), and electron paramagnetic
resonance (Chesnut and Hower 1971; Regen 1974; Vaino
et al. 2000) have been successfully applied. In this regard,
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Figure 1. Swelling degree of resins (1-42) B-amyloid-resin (A) and (1-21) B-amyloid-resin (B), as a function of solvent polarity (AN +

DN) values.

this laboratory has broken new ground in the use of an amino
acid-type paramagnetic probe (Nakaie et al. 1981; Marchetto
et al. 1993), and valuable findings have been obtained using
this approach (Cilli et al. 1997; 1999; Ribeiro et al. 2001;
Oliveira et al. 2002; Marchetto et al. 2005).

Dissociation of peptide chains in solution

Influence of the electrophilicity and nucleophilicity
of the solvent system and the water effect

Table 2 displays the solubility data for the following
insoluble peptides in 17 solvent systems: (A) (1-42) AB-
amyloid peptide, (B) the minor (1-21) sequence which

Table 2. Solvent parameters and solubility degree of peptides

contains the reported aggregated (17-21) segment (Serpell
2000; Abe et al. 2002), (C) the VAEIYLGNLAGAKLI
LASGLPFWAITIANNFD-NH, sequence corresponding to
the (66-97) transmembrane segment of the bradykinin B2
receptor (henceforth referred to as TM-32), and (D) the
strongly aggregated 291-298 fragment of the H-2K murine
protein (VVLGAAIV). Different from previous solvation
studies of peptide resins, in this peptide solubility analysis,
most of the solvent systems investigated in solution in-
volved the addition of varying amounts of water, a strong
electrophilic-type solvent. In addition, attention was given
to solvents with high electrophilicity (TFE and HFIP) or
nucleophilicity (DMSO).

Solubility of peptide (%)

Solvent AN DN (AN + DN) (AN — DN) A? B ce D¢

1 H,O pH 7.4 54.8 18.0 72.8 36.8 6 11 11 0

2 MeCN 18.9 14.1 33.0 48 0 0 0 0

3 50% MeCN/H,O 36.9 16.1 53.0 20.8 29 25 16 0

4 Acetone 125 17.0 295 —-45 0 0 11 0

5 iPrOH 335 36.0 69.5 —25 11 0 5 10

6 TFE 53.0 0.0 53.5 535 20 44 95 20

7 25% TFE/H,0 54.4 13.5 67.9 40.9 39 53 33 18

8 50% TFE/H,O 542 9.0 63.2 452 35 42 73 33

9 75% TFE/H,O 53.7 45 58.2 492 10 43 67 33

10 HFIP 88.0 0.0 88.0 88.0 95 86 100 85
11 25% HFIP/H,0 63.1 13.5 76.6 49.6 50 53 33 8
12 50% HFIP/H,0 714 9.0 80.4 62.4 88 70 87 61
13 75% HFIP/H,O 79.4 45 84.2 75.2 90 81 91 89
14 DMSO 19.3 29.8 49.1 —-10.5 83 95 100 84
15 25% DMSO/H,0 459 21.0 66.9 249 20 25 10 12
16 50% DMSO/H,0 37.1 23.9 60.9 13.2 39 47 14 32
17 75% DMSO/H,0 282 26.9 55.1 13 51 71 54 24

1(1-42) AB amyloid.
(1-21) AB amyloid.
°TM-32.
IVVLGAAIV.
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To initiate the interpretation of the solubility data
shown in Table 2, Figure 2 was constructed, correlating
the solubility of each of the four peptides with the various
proportions of water incorporated into these organic
solvents. Taking into account their amino acid sequences,
the hydrophobicity indices of these peptides were also
calculated according to a previous report (Meek and
Rossetti 1981) and were used for further correlation with
solubility data. The hydrophobicity indices of peptides
A-D were 99.5, 50.2, 130.7, and 37.5, respectively.

100 —®— B-amyloid (1-42) A
—0—TM-32

| —A—p-amyloid (1-21)
80-] —A— VVLGAAIV-amide
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Figure 2. Solubility degree of (1-42) 3-amyloid, (1-21) B-amyloid, TM-32,
and VVLGAAIV-amide peptides as a function of percentage of solvents TFE
(A), HFIP (B), and DMSO (C) in water.
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Examination of the results displayed in Table 2 and
Figure 2 reveals no evidence of a direct relationship be-
tween polarity of the medium and peptide solubility and
hydrophobicity. For instance, DMSO presents an inverse
dependence, in which the addition of water (increased
polarity) induced a decrease in solubility, whereas the
addition of water had the opposite effect on HFIP (in-
creasing both solubility and polarity). No clear correla-
tion was found in TFE/water mixtures. The negative
effect that the addition of water had on DMSO might be
explained by the fact that the two form a heterogeneous
solution composed of a highly electrophilic solvent (water)
and a highly nucleophilic solvent (DMSO). In addition, the
least hydrophobic VVLGAALIV peptide (D) was clearly the
most insoluble among those peptides examined, including
for instance, the TM-32 (peptide C), which presents the
highest hydrophobicity index. All of these findings seem to
be in accordance with preliminarily reports (Malavolta and
Nakaie 2004), and indicate that complex factors other than
polarity and hydrophobicity affect the final degree of
solubility of highly insoluble sequences.

The next attempt involved looking for correlations be-
tween the solubility data for each of these peptides and
the various electrophilicity/nucleophilicity values of solvent
systems, as represented by the (AN-DN) term. The results
are displayed in Figure 3, and, notably, the maximum
dissociation of aggregated peptides, regardless of sequence,
was systematically reached in parallel with the attainment
of the peak value for the (AN-DN) term, which ranged from
approximately +80 to —20 with the solvents herein tested.
In this plot, a region comprising the solvents that induced
the lowest peptide dissociation and approximately coincid-
ing with the location of water (solvent 1, i.e., with an [AN-
DN] value of ~40) was observed.

The data displayed in Figure 3 are also illustrative of
the previously discussed lack of chain dissociation forces
attributable for the single solvents MeCN, acetone, and
isopropanol (solvents 2, 4, and 5, respectively). Similar to
the solvents presenting poor solvation in the swelling
study of peptide resins, these single solvents, character-
ized by having similar AN and DN numbers (Table 2),
were also unable to disrupt strongly aggregated peptide
chains in solution.

Taken together, these results highlight the fact that the
solubility effect induced by the addition of electrophilic
water (AN = 54.8) to other strong polar organic solvents,
such as DMSO, HFIP, and TFE, is highly dependent upon
the type and amount of organic solvent to be cosolvated.
Nevertheless, the basic rule for dissociation of insoluble
and intractable sequences seems to lie in the absolute
value of the (AN-DN) term for each solvent system, as
depicted in Figure 3.

Of note, the differentiated behavior of HFIP, if compared
with its electrophilic partner TFE, should be credited to its
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Figure 3. Solubility degree of (1-42) B-amyloid (A), (1-21) B-amyloid (B), TM-32 (C), and VVLGAAIV-amide (D) peptides as

a function of solvent (AN-DN) values.

higher potential for participating not only in hydrogen
bonding (greater electrophilicity) but also in hydrophobic
interactions with solute molecules, favored by the presence
of two —CF; groups in its structure (Cheong et al. 2002;
Hirota-Nakaoka et al. 2003; Vieira et al. 2003) These results
indicate that, as expected, an appropriate association be-
tween hydrogen bonding and the van der Waals forces of
the solvent is important for disruption of strongly aggregated
sequences.

Influence of the pH of the medium

The histogram shown in Figure 4 reveals that, interest-
ingly, the solubility of some peptides was dependent upon
the pH of the medium. With the exception of the more
highly aggregated VVLGAAIV sequence (peptide D), which
did not dissolve at any pH, the other two classes of peptides
(AB amyloid and transmembrane TM-32) revealed prom-
inent sequence-dependency on the pH of the medium. Due
to the increase in the net positive charge of their structures
induced by progressive protonation of basic groups (His,
Arg, Lys, and the N-terminal amino function) and acidic
groups (Asp and Glu), as the pH decreased from 9 to 3, the
solubility of (1-42) and (1-21) AB-amyloid peptides (A
and B, respectively) increased sharply (from almost zero to
near 90%). These dramatic and surprising changes in
solubility, even in water solution, are quite similar to those
achieved in strong dissociating organic solvents such as

HFIP or DMSO (Table 2). Therefore, these data indicate
a significant pH effect occurring with amyloid-type seg-
ments, but in physiological conditions (pH 7.4), both pep-
tides present very low solubility (Fig. 4).

In contrast, the behavior of the hydrophobic, long-
receptor fragment TM-32 (peptide C) toward the same var-
iation in the pH (from 9-3) was the opposite, presenting a
pronounced decrease in solubility at lower pH. By examin-
ing the primary structure of this 34-mer peptide, it can be
observed that, different from amyloid-type peptides, it does
not contain basic groups in its sequence. Due to this

90 DpH3.0

§ OpH74

_ 3gj§ \
= N
BUNEEN
3 0N \
2o/§ s
N N
P N S
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Figure 4. Solubility degree of (1-42) B-amyloid (A), (1-21) B-amyloid
(B), TM-32 (C), and VVLGAAIV-amide (D) peptides as a function of the
pH of the medium.
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characteristic, the change in pH from 3 to 9 induces the
appearance of three additional negative groups, thus increa-
sing the solubility of this sequence in parallel with increases
in the pH (to ~60% at pH 9). At physiological pH levels or
lower (pH 3), the solubility of the sequence dropped
significantly (to ~10% and 0%, respectively). This strong
dependence of these two important classes of scarcely
soluble peptides on changes in the pH of the medium leave
it open to speculation whether there is some delicate pH-
dependent chain dissociation balance, eliciting some physio-
logical response from the organism.

Correlation with CD spectroscopy data regarding
secondary peptide structures

The pH effect. Based upon the results found in the
previous section (Fig. 4), the (1-42) AB-amyloid, TM-32
and VVLGAAIV sequences were selected as models for
CD spectroscopy aimed at initiating a conformation-
solubility correlation study. First, the pH effect was
determined, and the CD curves shown in Figure 5A
depict a pronounced variation in the conformation prop-
erty of the AB-amyloid peptide as a function of the pH of
the media. At pH values higher than ~5 (lower solubility,
Fig. 4), the structures were undefined and were more
disordered than the (-sheet conformation (Perczel et al.
1992) observed at lower pH (greater solubility).

In contrast to the AB-amyloid peptide, a different pH-
solubility correlation was revealed in the CD curves for the
transmembrane TM-32 segment (Fig. 5B). In this peptide,
improved solubility was accompanied by disordered sec-
ondary structure, characterized by a minimum of ~200 nm
in the curves (at pH values higher than 8), whereas a com-
plex combination of extended structures was observed at
lower pH values (poorer solubility). Finally, the short and
strongly aggregated VVLGAAIV sequence presented the
expected constancy in CD curves (disordered structures;

data not shown), since its solubility did not vary with the pH
of the media (complete lack of solubility, Fig. 4). Taken
together, these CD findings, together with the pH effect
observed, indicate that a better understanding of the struc-
tural characteristics of these aggregated peptides would be
of great value for evaluating their solubility properties. How-
ever, the correlation between these properties is extremely
complex, demonstrating that, in addition to the secondary
structure factor, other factors, such as the total amount of
ionic groups in each sequence, which is dependent of the pH
of the medium, might affect this correlation, as discussed in
the previous section.

Organic solvent effect. In this section, CD studies of the
three model insoluble peptides were extended to examining
the influence of organic solvents. The highly electrophilic
and secondary structure-inducing TFE (Vieira et al. 2003)
and the weakly dissociating MeCN (Sen et al. 2003) were
selected, and the results obtained are collectively displayed in
Figure 6.

Aqueous TFE solutions. For the (1-42) Af-amyloid
peptide, the CD curves obtained in TFE solutions (Fig. 6A)
indicate pronounced structural variation as the amount of
this fluorinated alcohol increased. Above 30% TFE, at
which greater solubility was measured (Table 2), typical
a-helical conformations appeared with characteristic min-
ima of 208 nm and 222 nm and a maximum of 192 nm
(Fasman 1996). Otherwise, at lower TFE concentrations
(from 0%-10%), at which the peptide presents low solu-
bility, the CD curves are representative of typical 3-sheet
conformations.

The highly hydrophobic TM-32 peptide also displayed
the appearance of a-helical structures as the amount of TFE
in the solution was increased (Fig. 6C). This result is in
accordance with the findings of earlier reports regarding
membrane proteins (Corbin et al. 1998; Opella et al. 1999),
as well as with those of our own preliminarily studies
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Figure 5. CD spectra of (1-42) B-amyloid (A) and TM-32 (B) peptides as a function of the pH of the medium.
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Figure 6. CD spectra of (1-42) B-amyloid (A,B), TM-32 (C,D) and VVLGAAIV amide (E,F) peptides as a function of the percentage

of TFE (A,C,D) and MeCN (B,D,F) in water.

(Oliveira et al. 1997; Grijalba et al. 2000), in which an
analog of TM-32 was examined in polyfluorinated solvents.
Since the solubility of this sequence increased under this
condition (greater amount of TFE, Table 2), we can infer
that there is a direct relationship between the degree of sol-
ubility and a-helical content, as was observed for the AB-
amyloid peptide. Finally, for the octapeptide VVLGAAIV,
the addition of TFE induced a progressive but unclear vari-
ation in its secondary structure (Fig. 6E). This process
varied from a typical disordered structure (at 0% TFE) to a

mixture of folded structures when the degree of solubility
reached a maximum of 33% (Table 2).

Aqueous MeCN solutions. We have previously empha-
sized the fact that, in contrast to TFE, MeCN is character-
ized by lower solute solvation strength. This is primarily
due to the self-neutralizing effect of its balance of electro-
philic and nucleophilic properties (equivalent AN and DN
values). The CD results acquired for MeCN are in agree-
ment with this presupposition, and a strong tendency to
induce more ordered structures was observed for the three

1483

www.proteinscience.org



Malavolta et al.

peptides in this solvent. However, a significant difference
was observed in comparison with findings in the TFE
solutions. For instance, Figure 6B shows a typical B-sheet
structure for the AB-amyloid segment in MeCN, without
significant variation in the CD curves, despite a slight increase
in its solubility, which reached 29% in 50% MeCN aqueous
solution (Table 2).

Contrariwise, the TM-32 sequence presented increased
folding of its secondary structures as the amount of
MeCN increased, acquiring surprisingly o-helical con-
formation at MeCN concentrations >30% (Fig. 6D). The
solubility of this peptide increased slightly (up to 16% in
50% MeCN), thereby again indicating a direct relation-
ship between a-helical content and degree of solubility.
To facilitate the analysis of the degree of solubility versus
the degree of a-helical conformation, Table 3 summarizes
the values of the a-helix contents estimated according
to a previous report (Chen et al. 1974) of all the peptides
in TFE and MeCN, estimated using the current CD ap-
proach. It can be seen that a-helix values ranging from
0% up to ~40% were observed. However, taken as a
whole, these values did not present rigorous correlations
with the corresponding solubility data. For instance, in
TFE solutions, the TM-32 sequence presented greater
solubility than did the other peptides evaluated (Table 2).
However, the TM-32 values of «-helical content were
lower than those calculated for the (1-42) AB-amyloid
segment. Finally, the VVLGAAIV sequence, which pre-
sented no variation in solubility (completely insoluble),
displayed the expected constancy in the CD curves, char-
acterized by disordered structures with a minimum of
~198 nm, as the MeCN increased (Fig. 6F).

Discussion

The main objectives of the present study were (1) to
design an experimental approach which would demon-
strate that using appropriate solutions that present elec-
trophilic and nucleophilic properties, represented herein
by Gutman’s AN and DN solvent terms, is probably a
more accurate strategy for interpreting various types of

Table 3. «-Helical contents of peptides in TFE or MeCN
aqueous solutions

a-Helical content® (%) in TFE® or MeCN®

Peptide 0% 10%  30% 50% 70%  90%
1 (1-42) AB amyloid” 0 0 31.2 32.0 33.7 36.5
2 TM-34° 0 0 21.7 232 235 29.7
3 TM-34° 0 0 6.7 11.3 13.8 10.6

?Calculated according to Chen et al. 1974.
"TFE solution.
“MeCN solution.
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solute—solvent interactions; (2) to propose a more con-
sistent explanation for the solvent-dependent dissociation
effect of strong aggregated peptide chains, in solution
(with emphasis to the role of water in the mixture) or
attached to a polymeric network; (3) to initiate a study
aimed at examining possible correlations between the
conformational properties and the degree of solubility
of individual peptides.

In the first, short topic addressed in this report, sol-
vation results for model peptide- resins in various single
or mixed solvents provided definitive evidence that the
maximum swelling of a peptide-resin occurs in a solvent
system possessing a polarity equal to that of its structure.
In this case, the validity of the previously proposed (AN +
DN) summation term for use as a novel polarity scale was
also confirmed. In addition, it was demonstrated that
mixed or single solvents presenting a balance between
AN values and DN values do not properly solvate solutes,
in general due to a molecular self-neutralization effect.
This was the case for the mixed solvent TFE/DMSO and
for the single solvent MeCN, neither of which were able
to solvate peptide-resins, as would have been expected
based on their polarities. If any other existing polarity
parameter is used, this explanation does not apply to these
unexpected results.

The relevance of applying the concept of solvent AN and
DN values was also clearly demonstrated in the explanation
of the dissociation process of the four model insoluble
peptides when free in solution. The lack of solubility
capacity observed with the single solvents MeCN, acetone,
and isopropanol supports the assumption that an internal
self-neutralization effect occurs in the molecules of these
solvents. In this respect, the often reported B-structure-
inducing property of MeCN (Sen et al. 2003) would, due to
its weakness in disrupting chain—chain interactions, lead the
sequence to this specific folded structure.

The poor solubilization power of the highly electro-
philic water indicates that the peptide dissociation pro-
cess should be interpreted with caution. The enhanced
solubility observed for all aggregated sequences in the
highly electrophilic organic solvents (HFIP and TFE) or
highly nucleophilic organic solvent (DMSO) proved how
crucial is the participation of the van der Waals forces.
Figure 3 provides an unusual view of the dependence of
solubility on the solvent properties, taking into account
the (AN-DN) term. Solubility improved in parallel with
increases in (AN-DN) values, which ranged from +80
(HFIP) to —20 (DMSO). In this aspect, one might explain
the weakness of water to dissociate strong aggregated
peptides, since the (AN-DN) value of water is 40, exactly
the region in which solvents present more difficulty in
disrupting aggregated structures. Therefore, the addition
of water to these organic solvents should be interpreted
in view of the (AN-DN) values of the solution. From
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our perspective, these findings complement successfully
previous efforts to identify more consistent rules for
interpretation of the effect that solvents have on insoluble
peptides.

A very clear sequence-dependence effect between solu-
bility and pH of the medium was demonstrated (Fig. 4). The
solubility results achieved at pH 3, pH 7.4, and pH 9
revealed that both amyloid-type sequences are much more
soluble at low pH, whereas the transmembrane receptor
segment showed an inverse dependence (higher solubility at
high pH). These results can be explained by the approxi-
mate net charge of each type of sequence. However, the
marked difference in this solubility dependence on pH was
surprising, and the solubility values were equal to the
highest values achieved with the best dissociation organic
solvents such as HFIP or DMSO (Table 2). The short and
weakly ionized (VVLGAAIV) segment was the only pep-
tide segment in which the secondary structure was insen-
sitive to the pH of the media.

The CD spectroscopy examining the effect of pH and
of the addition of secondary structure-inducing organic
solvents was carried out with the objective of developing
an approach to investigating the degree and type of
correlations existing between the conformation properties
and solubility properties of insoluble peptides. The CD
curves displayed in Figure 5 depict the pH effect for the
model insoluble peptides, and indicate that these two
peptide properties parallel each other. However, under
favorable solubilization conditions (Fig. 4), the type of
secondary structure acquired by each peptide is sequence-
dependent, typical B-sheet structures appearing in the A3
amyloid sequence (low pH) and disordered conforma-
tions appearing in the TM-32 sequence (high pH). The
VVLGAAIV segment, although completely insoluble, pre-
sented a disordered conformation similar to that presented
by the TM-32 segment. These initial results indicate that
there is a direct correlation between solubility and confor-
mation for all of the peptides tested when the pH of solution
was varied. However, no clear relationship was established
between solubility and the type of secondary structure.

A direct relationship was also identified in CD curves
for these peptides when in the presence of the structuring
solvents TFE and MeCN (Table 2; Fig. 6). However, the
type of secondary structure acquired for peptides in each
solvent is clearly sequence-dependent. In TFE, A amy-
loid and TM-32 presented «-helix conformations, and
TM-32 also presented such conformations in MeCN.
Therefore, as a preliminary conclusion, we can state that
the occurrence of conformational changes is always
accompanied by variation in solubility. However, despite
the results presented herein, the exact correlation between
the type of secondary structure and the degree of solu-
bility remains unclear. As demonstrated in the previous
section, the knowledge of the electrophilicity/nucleophi-

licity properties of solvents facilitated the selection of
the appropriate milieu for dissolution of each insoluble
peptide. However, in proposing a complete and rigorous
interpretation of the relationship between solubility and
peptide secondary structure, other factors must be taken
into consideration.

In conclusion, the physicochemical findings described
herein are relevant to interpreting the dissociation effect
of insoluble and intractable peptide fragments. The
importance of these results cannot be overemphasized,
since many chemical or biochemical interactions occur-
ring between solute and solvent molecules have not as yet
been definitively elucidated. To date, no clear rules have
been proffered for the way in which solvent systems are
selected for a given experiment, and this process con-
tinues to be conducted in a random fashion. From our
perspective, the results of the present study reveal some
consistent guidelines for addressing this problem, primar-
ily based on the Lewis acid-base concepts in the presence
or absence of water. Owing to the extremely complex
process comprising solute—solvent interaction, which can
obviously be extended to many other macromolecules,
a considerable amount of further research is warranted.
Future studies will necessarily involve not only other
types of solute and solvent molecules but also the use
of complementary experimental approaches. The use of
alternative spectroscopy methods could further clarify the
influence of other factors governing the mechanisms
involved in the solute—solvent association/dissociation
phenomenon.

Materials and methods

Materials

All amino acid derivatives were purchased from Bachem.
Solvents and reagents from Fluka or Sigma-Aldrich were of
analytical grade, and were taken from recently opened contain-
ers, without further purification.

Peptide synthesis and purification

The peptides were synthesized manually accordingly to the standard
tert-butyloxycarbonyl (Boc) solid-phase peptide synthesis protocol
(Barany and Merrifield 1980). The amino acids were coupled using
2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium tetrafluorobo-
rate (TBTU) in the presence of 1-hydroxybenzotriazole (HOBt)
and diisopropylethylamine (DIEA) using 20% DMSO/N-methyl-
pirrolidinone (NMP) as a solvent system. To check the purity of
the synthesized peptide sequence attached to the resin, cleavage
reactions were carried out with anhydrous HE. Preparative HPLC
was used for purification of peptides, and their homogeneities were
determined through analytical HPLC, as well as LC/MS (electro-
spray) mass spectrometry (Micromass) and amino acid analysis
(Biochrom 20 Plus, Amersham Biosciences). The following pep-
tides were synthesized and purified for solubility studies.
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DAEFRHDSGYDVHHQKLVFFAEDVGSQKGAIIGLM
VGGVVIA-COO': (1-42) AB-amyloid peptide

This peptide was synthesized in 0.2 mmol scale applying the
Boc strategy. A 0.6 mmol/g 4-(oxymethyl)-phenylacetamido-
methyl-resin (Barany and Merrifield 1980) was used, and after
HF cleavage, this peptide was purified using a reverse-phase Cy4
preparative HPLC column at 70°C. Solvent A: 0.1% TFA/H,O
and solvent B: 90% MeCN/0.1% TFA/H,0O with a gradient from
15% to 45% of B in 90 min., at a flow rate of 10 mL/min was
used. The detection was at A = 220 nm.

DAEFRHDSGYDVHHQKLVFFA-COO: (1-21) AR
amyloid peptide

This sequence was synthesized in 1.0 mmol scale in the Boc-
Ala-Merrifield resin and purified in the same manner as the
previous sequence.

VAEIYLGNLAGAKLILASGLPFWAITIANNFD-CONH,:
(66-97) segment of the transmembrane B2 receptor of
bradykinin (TM-32)

This peptide was synthesized in 0.2 mmol scale, starting from
0.6 mmol/g methylbenzhydrylamine-resin (MBHAR) in order
to obtain the Ca-carboxamide terminal. After HF cleavage, this
peptide was purified using a reverse-phase C;g preparative
HPLC column. Purification conditions: solvent A, 0.1% TFA/
H,O; solvent B, 90% MeCN/0.1% TFA/H,O. Gradient from
40% to 70% of B in 90 min, at a flow rate of 10 mL/min was
used. The detection was at A = 220 nm.

VVLGAAIV-CONH,

This peptide was synthesized in 0.4 mmol scales starting from
a 0.6 mmol/g MBHAR. After HF cleavage, this peptide was
purified in preparative HPLC using a C;g column. Purification
conditions: solvent A, 0.1% TFA/H,O; solvent B, 60% MeCN/
0.1% TFA/H,0 with a gradient of 20% to 50% of B in 90 min at
a flow rate of 10 mL/min. The detection was at A = 220 nm.

Swelling measuring of resin beads

Swelling measuring of resin beads was performed as described
previously (Sarin et al. 1980; Marchetto et al. 1992; Tam and Lu
1995). Before use in peptide synthesis and/or in microscopic
measurement of bead sizes, most resin batches were sized by
sifting in porous metal sieves to lower the standard deviations of
resin diameters to about 4%. Briefly, 150-200 dry and swollen
beads of each resin, allowed to solvate overnight, were spread
over a microscope slide and measured directly with an Olympus,
model SZ11 microscope coupled with an Image-Pro Plus,
3.0.01.00 version software. Since the sizes in a sample of beads
are not normally but log-normally distributed, the central value
and the distribution of the particle diameters were estimated by
the more accurate geometric mean values and geometric
standard deviations. The resins were measured with their amino
groups in the deprotonated form, obtained by 3 X 5 min TEA/
DCM/DMF (1:4.5:4.5, v/v/v) washings followed by 5 X 2 min
DCM/DMF (1:1, v/v) and 5 X 2 min DCM washings. Resins
were dried in vacuum using an Abderhalden-type apparatus with
MeOH reflux.
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Solubility determination of peptides

The solubility of each peptide was determined by dissolving
10 mg of pre-purified peptide in 1 mL (ca. 2-10 mM) of each of
the solvents. The solution was centrifuged for 1 h at 14,000 rpm,
and the supernatant and the precipitate were lyophilized until
constant weight was attained. Solubility data are expressed as
percentages.

CD spectroscopy

The analyses were performed at 25°C using a Jasco-810 spectro-
polarimeter. All spectra were recorded using a 1-mm path-length
rectangular quartz cell, 0.5-nm bandwidth, 50 nm/min scan
speed, 8-sec response time, four accumulations, within a wave-
length range of 190 to 260 nm.
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