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Abstract: The interactions of poly-L-glutamic acid and a cationic porphyrin derivative in aqueous solutions were studied by the
combination of vibrational circular dichroism (VCD) and electronic circular dichroism (ECD) spectroscopies. It was found that
non-covalent interactions between both agents influence the structure of the polymeric matrix and the guest porphyrins and vice
versa, but the physico-chemical properties of the solutions, especially the pH and the relative permittivity of the solvent, play
a key role in the structure of the polypeptide part of the formed complexes. It was shown that the interaction with porphyrins
prevents the precipitation of poly-L-glutamic acid in aqueous solution at acidic pH. In special conditions, the porphyrins attached
to the polypeptide probably possess face-to-face interaction as demonstrated by the enhancement of the characteristic ECD signal
and the appearance of sidebands on its short and long wavelength sides. Copyright © 2005 European Peptide Society and John
Wiley & Sons, Ltd.
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INTRODUCTION

During the past few decades it has been discovered that
porphyrins are effective photosensitizers with poten-
tial use in the photodynamic therapy of cancer. It was
proved that the required selective destruction of tumour
tissue by a polypeptide—porphyrin conjugate was more
effective compared with a non-conjugated porphyrin [1].
The properties of polypeptide—porphyrin conjugates are
significantly affected by the spatial arrangement of the
polypeptide matrixes whose secondary structure was
closely investigated and described [2]. Spectroscopic
techniques, namely FTIR absorption [3,4] and NMR
spectroscopy [5-7], proved suitable for the study of the
polypeptide secondary structure. Due to the fact that a
polypeptide chain shows optical activity, dichroic spec-
troscopic methods including optical rotatory dispersion
[8], electronic circular dichroism (ECD) [9], Raman opti-
cal activity [10-13] and vibrational circular dichroism
(VCD) [12,14-21] were also used. Of these, VCD, which
is the vibrational analogue of the more widespread
ECD, showed high sensitivity to the polypeptide struc-
ture. This fact, along with development and progress
in computational ab initio techniques [22-25] which
have been applied to oligopeptides [26-29], make VCD
an efficient tool for the conformational study of pep-
tides.

*Correspondence to: M. Urbanova, Department of Physics and Mea-
surements, Institute of Chemical Technology, Technicka 5, 166 28
Praha 6, Czech Republic; e-mail: marie.urbanova@vscht.cz

Copyright © 2005 European Peptide Society and John Wiley & Sons, Ltd.

It is well known that secondary structure, which
depends on intramolecular hydrogen bonds, is influ-
enced by the physicochemical properties of solution
[30] and polypeptide conformational changes have been
described [14,31-34]. Therefore, polypeptides can serve
as polymeric spatially aligned matrices, which are able
to imprint their geometric properties onto the interact-
ing porphyrins [35-40]. A large induced ECD signal in
the Soret region, which is characteristic for porphyrins,
was observed in non-covalent complexes [37-39] as
well as in covalent porphyrin—-peptide conjugates [35].
The induction of porphyrin optical activity is not caused
only by large macromolecules such as polypeptides but
also by small chiral molecules, for example amino acids
[41]. As another example, originally achiral porphyrin
tweezers and bis-porphyrins exhibit exciton coupled CD
curves after complexation with chiral amines and other
chiral guests [42-45]. The positions of two porphyrin
molecules were defined in the different bis-porphyrin
derivatives of steroidal diols. In such systems, the por-
phyrin coupling was manifested in the ECD spectra
and was studied in detail experimentally and using
computational methods [46].

The ionic interaction between homopolypeptides and
porphyrins has already been studied in systems com-
posed of cationic poly-L-lysine and anionic meso-
tetrakis(4-sulfonatophenyl)porphyrin (TPPS). The por-
phyrin part of the complexes was characterized [37-39]
and the structure of the oligopeptide part of the com-
plexes was discussed [47]. Cationic porphyrins are also
widely studied because of their binding to the biologi-
cally important polymer DNA [48] in which the cleavage



of nucleic acids can be caused by energy transfer
through the porphyrin triplet states via production of
singlet oxygen. The understanding of the interaction of
a cationic porphyrin to another in vivo abundant poly-
meric structure, protein, is a further challenging task.
One such model system of proteins which is endowed
with the ability of ionic interaction with cationic por-
phyrins is polyglutamic acid [37,39,49]. As far as is
known, possible variations in the secondary structure
of this polypeptide matrix caused by non-covalent inter-
action with porphyrins has not been notified yet.

The secondary structure of poly-L-glutamic acid
(PLGA) can be tuned by physico-chemical conditions.
In aqueous solution at neutral and basic pH, it
is composed of restricted structural elements which
were shown to be conformationally similar to the left
handed 3,; polyproline II helix [9,50,51]. For simplicity,
this secondary structure is indicated as PPII in this
paper. At acidic pH in concentrations of ~0.01 mol/1
which are suitable for ECD measurements, the «-
helix conformation of PLGA was detected on the
basis of a characteristic ECD signal [37-39,52]. At
concentrations more than 10 times higher than are
necessary for IR spectral study, no observations of
a-helix PLGA conformation in aqueous solutions at
acidic pH have been published. A dioxan/H,O mixture
at acidic pH was found to be a solvent suitable for
the formation of the «-helix conformation in PLGA
concentrated solution [8]. In addition, the presence of
dioxan prevents the precipitation of PLGA, probably
owing to solvation of the side chain COOH groups.
However, dioxan also prevents the interaction between
polypeptide and porphyrin. In general, alcohols are
other solvents that support ¢-helix formation [53]. Due
to these facts, new conditions suitable for the study of
interaction with «-helix PLGA need to be tested and its
characterization is one of the goals of this paper.

In this paper, systems composed of meso-tetrakis
(¢-trimethylammonio-p-tolyl)porphyrin  tetrabromide
(TATP) and PLGA were studied. TATP was chosen as
an appropriate cationic porphyrin derivative with great
solubility in polar solvents and very weak undesirable
self-aggregation [48,54]. PLGA is not only an appropri-
ate counterpartner for ionic interaction with cationic
TATP due to its COOH side groups, but is also suitable
for testing the influence of the matrix secondary struc-
ture on the polypeptide-porphyrin interaction. VCD
spectroscopy was employed in the structural study of
the polypeptide part of the complexes. This methodology
not only monitors the secondary structure of polypep-
tides and proteins very sensitively, but also detects
short-range structural variations [20], and is there-
fore able to register very subtle changes in structure
caused by non-covalent interactions. Absorption and
circular dichroism spectroscopy in the UV-VIS region
were used for the characterization of the porphyrin
part of the complexes. The ECD technique is suitable
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for observation of the imprinted spatial arrangement of
the porphyrin derivatives as well as for the estimation
of the polypeptide secondary structure at lower con-
centrations. Although the induction of the porphyrin
optical activity due to interaction with polypeptides
was reported previously [37-39], the conformational
changes of polypeptides after binding of porphyrins, as
well as the characterization of porphyrin association
during the polypeptide—porphyrin complexation, were
not described thoroughly and were neglected in studies
dealing with polypeptide-porphyrin interactions. In this
paper, a combination of circular dichroic and absorp-
tion techniques in both the UV-vis and IR regions was
shown to be a powerful tool for the study of macro-
molecular chiral assemblies.

MATERIALS AND METHODS

The sodium salt of poly-L-glutamic acid with average molecular
Weights of 50300, 17000, 10900 [PLGA50V30(), PLGA17,000,
PLGAj0.900) and meso-tetrakis(4-sulfonatophenyl)porphyrin
tetra sodium salt (TPPS), purity higher than 98%, were
purchased from Sigma Aldrich. Meso-tetrakis(e-trimethyl-
ammonio-p-tolyl)porphyrin tetrabromide (TATP, Scheme 1) of
a purity higher than 98% was prepared in the Department
of Analytical Chemistry, Institute of Chemical Technology,
Prague, and characterized previously [48]. All reagents were
used without further purification. The deuterated solvents
D20 (>99.9% atom D) and methanol-ds (>99.8% atom D) were
purchased from Isosar GmbH, and 1,4-dioxan-dg (>99% atom
D) was purchased from Merck. 11% DCI/D20O (v/v) and 20%
NaOD/D3O (w/w) solvents were used for pH adjustment.

For the VCD measurements, PLGA as well as TATP were
dissolved in deuterated solvent and an appropriate volume
of TATP stock solution was added to the PLGA solution. The
concentration of PLGA was chosen so that the absorbance in
the region 1800-1350 cm~! was between 0.2 and 0.8 in the
25 um pathlength cell and is given on a polypeptide residue.
Its value was kept at 0.39 mol/l, whereas the porphyrin
concentration depended on the desired ratio R = [P]/[D], where
[P] is the glutamic acid residue concentration and [D] is
the concentration of the porphyrin derivative. For UV-VIS
and ECD measurements double distilled water was used.

/ﬁ(OH
N/% R= —CH,CH,COCH
H N’ﬂ/{’

poly-L-glutamic acid

R
+
R

meso-tetrakis(a-trimethylammonio-p-tolyl)porphyrin
tetrabromide

Scheme 1
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The concentration of the porphyrin derivative was kept at
5 x 1078 mol/1 for UV absorption and 2.5 x 1073 mol/1 for
ECD, respectively, the concentration of PLGA was given by the
desired value of R. The pH of the solutions was measured on
a Cole Parmer pH meter with a glass microelectrode (9802BN
Orion) before each spectral measurement. In this paper, the
pH was measured not only in pure HoO (D20O) solutions, but
also in the presence of methanol and dioxan. No correction of
the measured pH was done, so the pH is given as approximate
values (pH ~ 5, pH ~ 8).

The VCD and infrared absorption spectra were measured
in the 1800-1350 cm~! region at room temperature with
a resolution of 8 cm~! on a FTIR IFS 66/S spectrometer
equipped with a VCD/IRRAS module PMA 37 (Bruker,
Germany) as described previously [55]. A demountable cell
with CaFg windows and a teflon spacer of 25 um pathlength
was used. The VCD spectra were normalized to A =1 for the
amide I absorption band but the absorption spectra given
in the figures show the actual measured values. All the VCD
spectra are averages of six blocks of scans, each block counting
3680 scans (20 min), the noise spectra were calculated as the
standard deviation and typical values are shown in Figure 3.
The S/N of other VCD spectra is very similar and the noise
spectra are not shown for simplicity in the other figures. The
averaged VCD spectra were corrected for the baseline, which
was obtained as the VCD spectrum of the solvent measured
in the same conditions. The absorption spectra were corrected
for the solvent absorption.

The UV-VIS absorption measurements were carried on
a CARY 400 spectrophotometer (Varian, Australia) with a
spectral resolution of 1 nm, a scan rate of 600 nm/min, and
a 1 cm silica quartz cell was used. ECD measurements were
performed on a CD 6 spectrophotometer (ISA Jobin Yvon-Spex,
France), with a spectral resolution of 0.5 nm, an integration
time of 2 s for each spectral point, using silica quartz cell
of pathlength 0.2 for Soret and 0.1 cm for peptide regions,
respectively.

RESULTS

Conformation of Pure PLGA at High Concentrations

Figure 1 shows the VCD spectra of PLGA in aqueous
and mixed aqueous solutions in the amide I region
observed at different pH values. At pH~ 8, the
negatively biased VCD couplet with a negative band
centred at 1639 cm™! was observed independently
of the addition of methanol-d; or dioxan-dg into
mixed aqueous solutions. The positive band was
observed at 1664, 1666 and 1670cm™! in the
D0, methanol-d,/D,0O and dioxan-dg/D,O solutions,
respectively (spectra (a)-(e)). The negative couplets
were centred at 1649 cm™! and correspond to the
amide I absorption (Figure 1, ABS). At pH ~ 8, most
of the side chain groups existed as carboxylate anions
and the characteristic absorption bands at 1564
and 1403 cm™! occurred assigned to asymmetric and
symmetric vibrations of COO~ groups, respectively.
At pH ~ 5, the precipitation of PLGA occurred in
both the aqueous and methanol-d,/D>O solutions in
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Figure 1 VCD and IR absorption spectra of PLGA at pH ~ 8
in D2 O (a), 20% methanol-ds /D50 (b), 40% methanol-ds /D20
(c), 60% methanol-ds /D2 O (d), 50% dioxan-dg/D20 (e), and at
PH ~ 5 in 50% dioxan-dg/DsO (f).

the concentration range used for IR measurements
(~0.4 mol/]), while a homogeneous PLGA solution was
obtained in 50% dioxan-ds/D,O mixed solvent. A
strong positive conservative VCD couplet consisting of
positive and negative bands at 1651 and 1663 cm™!,
respectively, of nearly the same intensity and a small
negative sideband on the short wavelength side at
1640 cm™! were observed in this case (Figure 1f). The
distinctive spectral features observed at different pH
values in the amide I region evidently arise from
different chain structures. The negative VCD couplet
obtained for pH ~ 8 is typical of the PPII conformation
reported for different polypeptides [14,50] and was
observed for PLGA previously [50]. The positive couplet
obtained for the dioxan-dg/D5O solution at pH ~ 5 is
typical of the «-helix structure [17]. Such a pronounced
a-helix shape was not reported for PLGA solutions
previously, however, early measurements [15] reported
the PLGA spectra as a helix conformation.

The negatively biased negative VCD couplet char-
acteristic of the PPII structure was observed for all
solvents used at pH ~ 8. However, the peak intensities
of the negative as well as the positive bands were differ-
ent, depending on the solvents used. The negative and
positive signals of PLGA in D;O (spectrum (a)) exhib-
ited the biggest magnitude in comparison with VCD in
other solutions. The presence of 20%, and even 40%
methanol-d, in D,O (spectra (b), (c)) did not cause con-
siderable changes in the VCD signal shape. However,
the VCD intensity (the positive-negative peak-to-peak
AA/An.x value in amide I region) was substantially
reduced by the addition of 60% methanol-d, or 50%
dioxan-dg into D;O solvent (spectra (d), (e)). Accord-
ingly, simultaneous variations in the absorption spectra
changes (Figure 1, ABS) were observed. In the presence
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of 60% methanol-d, at pH ~ 8 or 50% dioxan-dg in
D50 at pH ~ 5 (spectra (d), (f)), the absorption band at
1713 cm™! caused by the C=0 stretch vibration of the
side chain COOH groups occurred simultaneously with
a decrease in the band intensity corresponding to asym-
metric and symmetric COO™ vibrations located at 1564
and 1403 cm™!, respectively. In the mixed solvents con-
taining more than 50% methanol-d, or dioxan-dg, a
decrease in the VCD band intensity characteristic for
PPII structure was observed. The peak-to-peak AA/Aax
value in amide I region was reduced to about one third
of that measured in the D50 solution at pH ~ 8.

At a concentration up to 0.025 mol/1 of the PLGA
residue, the transition of the PLGA secondary structure
from PPII to «-helix caused by lowering the pH in
aqueous solutions and mixed MeOH/H,0O was reported
[30,53]. In the concentration used for IR absorption
and VCD studies (more than 10 times higher), the
precipitation of pure PLGA occurred in aqueous and
methanol-d,/D,O solutions at pH ~ 5. In addition to
the low pH, the presence of dioxan-dg in D;O, 50%
(v/v) at least, is necessary to obtain a nonprecipitating
solution that shows the VCD signal typical of the a-helix
structure.

The Interaction of PLGA with Porphyrin Derivative

The intramolecular interactions of porphyrins and the
porphyrin interactions with the polypeptide matrix were
followed using UV-VIS absorption. Figure 2 shows the
absorption spectra in the Soret region of TATP and the
PLGA-TATP, R = 100, dissolved in aqueous and mixed
aqueous solvents. It was established that the ratio R of
PLGA/TATP had no significant influence on the UV-VIS
spectra in the range R = 10-100. A value R = 100 was

1.0

0.5 1

Absorbance
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o c
360 400 440 480
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Figure 2 UV-VIS absorption of pure TATP (thin lines) and
PLGA-TATP, R = 100 (thick lines) at pH ~ 8 (solid lines) and
pH ~ 5 (dashed lines) in aqueous and mixed aqueous solution.
(A) H20, (B) 40% MeOH/H20, (C) 50% dioxan/H20.
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chosen as suitable for the ECD measurement because
the corresponding concentrations of TATP and PLGA
are appropriate for the measurements in both Soret
and peptide regions. Values of pH ~ 8 and pH ~ 5 were
chosen in order to obtain two different conformations
of the PLGA matrices. Simultaneously, the acidic pH
value was kept higher than the dissociation constant
of TATP (pK, = 4.7) to minimize the protonation of the
TATP porphyrin ring. Without PLGA, the absorption
spectra showed a dominant Soret band typical of
monomeric porphyrin in agreement with studies on self-
aggregation of the meso-tetratolylporphyrins [48,54]. In
the presence of PLGA, the absorption bands showed
hypochromism and red shift (414 — 424 nm) for both
pH values (Figure 2A) in HyO solution. Analogous
effects showing a smaller red shift (414 — 418 nm)
and a very weak shoulder at ~439 nm for pH~5
were observed in MeOH/H,O solutions (Figure 2B). The
hypochromism and red shift were interpreted [37-39]
as a demonstration of the porphyrin ionic interaction
with polypeptide matrices. Such an interpretation is
strengthened by the negligible self-aggregation ability
of TATP reported previously [48,54] and by the spectral
pattern in the Soret region typical of monomeric
porphyrin observed in the absence of PLGA (Figure 2).
In the case of dioxan/H,O solutions, the peak position
(~418 nm) and the spectral band shape did not change
significantly after the addition of PLGA and at different
pH values, only slight hypochromism was observed
at both pH (Figure 2C). This indicates that ionic
interaction between cationic TATP and anionic PLGA
takes place in aqueous and MeOH/H,O solvents, while
the dioxan/H;O mixed solution substantially prevents
the ionic interaction. Although the dioxan/H;O solution
at pH ~ 5 is an environment that supports very well
the «-helix structure of the PLGA matrix, it is useless
for the study of PLGA-TATP interactions. Most of the
spectra in Figure 2 show negligible absorption which
is typical of protonated TATP except for the spectrum
of TATP-PLGA in MeOH/H,O at pH ~ 5 (spectrum B,
thick dashed line) where a shoulder at ~440 nm was
observed. Therefore, most of the porphyrin molecules
were present as free base in the conditions used. From
the results presented in Figures 1 and 2 it follows
that aqueous and MeOH/H;O mixed solution represent
an environment suitable for the study of interactions
between PLGA and TATP.

The Structure of the Polypeptide Part of Complexes

The structure of the polypeptide part of the com-
plexes was investigated using VCD. First of all, it was
found that the presence of TATP, R = 100, in D;O and
methanol-d, /DO solutions prevented the precipitation
of PLGA even at pH ~ 5, although pure PLGA pre-
cipitated from solutions under the same conditions.
Therefore, unlike the pure PLGA, the PLGA-TATP com-
plex in aqueous and mixed methanol-d,/D2O solutions
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Figure 3 VCD spectra (solid lines) and noise spectra (dashed
lines) of PLGA-TATP, R= 100, in DO at pH~ 8 and in
40% methanol-ds/D9O at pH ~ 5, average molecular weight
of PLGA MW = 50 300 (a), 17000 (b), 10900 (c).

was monitored using VCD for the whole studied interval
of pH. Figure 3 shows the VCD spectra of PLGA-TATP
in D,O at pH~ 8 and in 40% methanol-dy/D,O at
pPH ~ 5. The average molecular weight of the matri-
ces varied from My = 50300 to 10900 representing
an average number of amino acid residues from 333
to 72. In D,O at pH ~ 8, a negative couplet cen-
tred at 1653 cm~! with negative and positive bands
at 1639 and 1662 cm™!, respectively, was observed for
all polypeptides of the different chain lengths. VCD pat-
terns were the same as for the case of pure PLGA solu-
tions shown in Figure la—e. A reproducible decrease
of the VCD signal accompanying the decrease of the
polypeptide chain length was observed: the VCD inten-
sities (expressed as peak-to-peak AA/A,.x in amide
I) for PLGA17’000-TATP [Figure Sb) and PLGAIO,QOO'TATP
(Figure 3c) reached, respectively, 92% and 70% of the
intensity of PLGAs0 300-TATP (Figure 3a). This effect is
in accordance with the molecular weight dependence
of VCD intensity observed for poly-L-lysine having a
PPII structure [14]. A similar dependence of the VCD
spectra on the PLGA molecular weight was observed for
PLGA-TATP in the methanol-d,/D;O solutions up to
40% of methanol-d, (spectra not shown).

In 40% methanol-ds/D>O at pH ~ 5, positive couplets
with positive and negative peaks located at 1651 and
1663 cm™!, respectively, were observed for polypeptides
of all chain lengths. The VCD patterns obtained
resemble a typical «-helix structure [14] apart from
the intensity ratio of positive to negative peaks which
was higher for the longest polypeptide chain than
reported for other measurements of polypeptides in
o-helix structure [12,17,21]. The decrease of the
VCD intensity (peak-to-peak AA/A,.x in amide I)
accompanying the average molecular weight decrease
was more pronounced than when the matrix possessed
PPII structure: the VCD peak-to-peak AA/A,,.x in amide
I for PLGA17‘000—TATP (Flgure Sb) and PLGAloygoo—TATP
(Figure 3c) reached, respectively, 70% and 50% of
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the AA/A,.x corresponding to the longest matrix of
PLGA50,300-TATP (Figure 3a).

Interaction with porphyrins prevented the precipita-
tion of PLGA at pH ~ 5 and at a concentration of about
0.4 mol/1. To obtain the a-helix structure in complexes
demonstrated by a typical positive VCD couplet in
amide I, the presence of methanol-d, was necessary. In
an effort to test the stability and structure of complexes
in aqueous solutions without methanol-d,, another
water soluble negatively charged porphyrin derivative
TPPS was used which is known to produce por-
phyrin—-porphyrin aggregates with positively charged
porphyrins [41]. Figure 4 shows the VCD and absorp-
tion spectra of PLGA-TATP-TPPS, Rratp = Rrpps = 100
in D;O at pH ~ 5 (spectrum (a)) where no precipitation
was observed. The shape of the VCD spectrum differed
significantly from the spectrum of PLGA-TATP obtained
in mixed methanol-d,/D5,0O solution under the same pH
(Figure 4c¢); instead of a positive couplet, a VCD pat-
tern with two negative bands at 1632 and 1661 cm™!
of lower intensity, and a band at 1649 cm™!, originally
positive, were observed. In absorption spectra, asym-
metric and symmetric COO~ characteristic bands at
1565 and 1408 cm™!, respectively, as well as a shoul-
der at 1701 cm™! corresponding to the carboxylic group
were observed (Figure 4a, ABS). In the same Figure 4,
the VCD and absorption spectra of PLGA-TATP in
40% methanol-d, /D50 at pH ~ 5 (Figure 4¢) and pH ~ 8
(Figure 4d) are shown. The averages of these two VCD
and absorption spectra give the patterns which are
plotted as spectrum (b). The distinctive coincidence of
the VCD as well as the absorption bands of experimen-
tal spectra (a) with calculated spectra (b)is evident.
This fact is interpreted as a coexistence of both «-helix
and PPII conformations in aqueous solution at pH ~ 5

VvCD ABS

AAx10*
2oueqIOSqY

1700160015001400

1700160015001400
Wavenumbers (cm'1)

Figure 4 VCD and IR absorption spectra of PLGA-TATP-TPPS
in D2O at pH ~ 5, Rrarp = Rrpps = 100 (a), simulated spec-
tra (b). VCD and IR spectra of PLGA-TATP in the 40%
methanol-ds /D20, Rratp = 100 at pH ~ 5 (c) and pH ~ 8 (d).
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when both the porphyrins TATP and TPPS are present.
Although a mixture of PII and «-helical structural seg-
ments might not be manifested as a linear superposition
of spectral patterns typical of each structure, this obser-
vation can be considered as a qualitative indication of
the simultaneous presence of both structural segments
because of the characteristic sensitivity of VCD to the
structural features which is demonstrated by the sign,
shape and positions of the VCD signals.

Figure 5 shows the VCD spectra of PLGA-TATP in
the D50 solutions at pH ~ 5 for different values of the
ratio R. The observed VCD patterns differ from those
typical for the a-helix or PPII structures. The observed
spectral shape was compared with a simulated VCD
spectrum obtained as the weighted average of VCD
spectra of PLGA-TATP in 40% methanol-d,/D;O at
pH ~ 5, the typical «-helix shape, and at pH ~ 8, the
typical PPII shape, shown in Figure 4c,d. For R = 100,
a significant intensity decrease of the whole VCD
pattern and a slight red shift of the maximum were
observed. The negative band at 1632 cm~! remained
strong and a new positive band at 1679 cm™! was
observed (Figure 5a). The spectral pattern observed
was simulated by a weighted average of VCD spectra
typical for PPII and «-helix structures in the ratio of
2:1. The increased TATP concentration in the solution
caused progressive changes in VCD. The VCD patterns
obtained for PLGA-TATP, R =38 and 20 (Figure 5b,
c), were simulated by the weighted average of typical
PPII and «-helix spectra in the ratios 3:1 and 4:1,
respectively. The contribution of the band at 1649 ecm™!,
originally positive, typical for the «-helix conformation
decreased, the negative band at 1661 cm™! totally
disappeared, and the weak positive band at 1679 cm™!
was enhanced and shifted to 1671 cm™!. Although the
VCD magnitude in the simulated spectra was higher

1700 1600 1500 1400

Wavenumbers (cm™)

Figure 5 Experimental (solid lines) and simulated (dashed
lines) VCD spectra of PLGA-TATP in D2O, pH ~ 5, Rratp = 100
(a), 38 (b), 20 (c).
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than in the experimental ones, quite good coincidence
between spectral shapes was observed.

ECD Spectra of PLGA-TATP Complexes

The ECD spectra of the porphyrin part of PLGA-TATP
complexes in the Soret region are shown in Figure 6.
While the addition of PLGA into the aqueous solution
of TATP induced a negligible ECD signal of TATP at
PH ~ 8, in the presence of 40% MeOH/H,O, a slight
ECD pattern was observed (Figure 6a). However, at
pH ~ 5 in both aqueous and MeOH/H;O solutions, a
very strong couplet was observed (Figure 6b). In the
aqueous solution, the couplet was centred at 421 nm
and the positive and negative bands were located at 428
and 415 nm, respectively; in the presence of methanol,
the ECD pattern was enhanced almost three times
compared with the aqueous solution. The centre of the
couplet was shifted to 419 nm and the strong positive
and negative bands occurred at 428 and 414 nm,
respectively. Besides this characteristic positive couplet
centred at the absorption maximum, a pair of two
distinctive sidebands, the negative and positive at 444
and 395 nm, respectively, was observed. Analogous
sidebands were obtained by calculation [46] of ECD
spectra and will be discussed later.

The ECD spectra of PLGA-TATP were also measured
in the region suitable for peptide study (190-260 nm) as
a proof of the matrix conformation at the concentrations
used in ECD measurement (Figure 6). At pH ~ 8,
a negative band at 198 nm was observed for both
MeOH/H,O and H;O solutions (spectra (a)). This
shape of ECD spectra is characteristic for the PPII
conformation [9,56]. At pH ~ 5, two negative bands
were observed at 222 and 209 nm in both MeOH/H,O
as well as aqueous solutions (spectra (b)). Such an ECD
pattern is characteristic for the «-helix conformation
[9,56]. The intensity of ECD was influenced by the
solvent: the ECD intensity was observed to be higher

Polypeptide
region

24 1 a

Soret region

- 120
184 /2

Ae [cm2mmol]
[,-loww,wo] 3y

400 450

260 2é0 24'10
Wavelength (nm)

Figure 6 ECD spectra of PLGA-TATP, R = 100, in HsO (solid
lines) and in 40% MeOH/H5O (dashed lines) in the polypeptide
and the Soret regions, pH ~ 8 (a), pH ~ 5 (b).

dJ. Peptide Sci. 11: 536-545 (2005)



542 PALIVEC, URBANOVA AND VOLKA

in MeOH/H;O solution than in pure H;O, which
coincides with the «-helix supporting properties of
alcohols. The changes of ECD spectra between PLGA-
TATP in pure aqueous and MeOH/H;O solutions
were not as distinctive for PPII as for the «-
helix conformations (cf. spectra (a) and (b)). The
behaviour of PLGA in the solution was strongly
dependent on the polypeptide concentration. While
the samples at pH ~ 5 precipitated at a concentration
of ~0.4 mol/l suitable for VCD and IR absorption
measurements, such effects were not observed in
concentrations of 0.001-0.01 mol/1 used for ECD and
UV-VIS absorption.

DISCUSSION

The Secondary Structure of PLGA

The synthetic homopolypeptides serve as model sub-
stances for the study of proteins. This paper focused on
PLGA as a typical polymer, whose secondary structure
is strongly influenced by the physicochemical proper-
ties of the solution, mainly by the pH value. In spite
of the fact that this macromolecule has been studied
for more than 50 years, there are still some points of
interest that have not been described thoroughly.

The forces affecting the secondary structure of PLGA
are generally coulombic interactions, more specifically
hydrogen bonds. This kind of interaction strongly
depends on pH. In addition, the pH values influence
the dissociation of the PLGA side chain groups and
therefore their dissociation constant (pK = 4.6) [30]
plays a key role. At pH ~ 8, PLGA adopts a conformation
that is characterized as a short left-handed helical
chain composed of polyproline II like 3;-helices [50].
It was shown recently [57] that the homotripeptide
L-glutamyl-L-glutamyl-L-glutamate adopts an extended
polyproline II helix conformation which confirms the
short range of this structure. At pH ~ 8, most of
the carboxylic groups in the side chains exist as
carboxylates which are solvated in aqueous solutions
and therefore precipitation is avoided even in the high
concentrations used in IR spectroscopy.

The relative permittivity is another factor that
influences the secondary structure of polypeptides.
The 20% and 40% presence of methanol-d, in the
mixed methanol-ds/D2O solvents caused negligible
changes of the VCD pattern. However, 60% methanol-dy
and 50% dioxan-dg in D,O substantially reduced the
intensity of the VCD pattern compared with that in
aqueous solution (Figure 1). The relative permittivity
er of pure methanol (¢, =32) and dioxan (¢ =2.2)
was markedly lower than the ¢ of pure water (¢, =
80). The stabilizing effect of the solvent on the PPII
structure is caused by strong hydrogen (deuterium)
bonding between polypeptide and the H,O(D,0O) solvent
molecules. Hydrogen bonding is an interaction that
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depends significantly on the relative permittivity of
the solvent. Due to this fact, the stabilizing effect
of a solvent with a low value of ¢ on the PPII
structure is decreased and therefore a decrease in
the VCD intensity typical of PPII is observed. Such
phenomena should be a consequence of the partial
transition of a polyproline II like secondary structure
to a secondary unordered polypeptide chain. These
observations support the concept [14] that the PPII
conformation is a locally oriented structure which is
stabilized by appropriate solvents. The importance of
the solvent for the stabilization of the PPII structure
was revealed recently by a molecular dynamic approach
that indicated a groove around the peptide backbone
that is strongly hydrated [58].

Under strong acidic pH the system adopts the
a-helix. In this case, the predominant part of the
PLGA side chain carboxylic groups exist in non-
ionized form; at pH~5 only about 30% of the
carboxylic groups remain as carboxylates, hence the
solvation of PLGA in Dy;O (¢ = 80) is suppressed.
Although it is almost generally accepted that at pH ~ 5
PLGA adopts an «-helix structure, in a concentration
suitable for vibrational spectroscopy, ~0.1 mol/l, PLGA
irreversibly precipitates and therefore it is not possible
to perform optical spectral measurements. The addition
of dioxan-dg (solvent with low &, = 2.2) prevents the
undesirable precipitation; the PLGA «-helix structure
was obtained in dioxan-dg/D,O =1/1 (v/v) solvent.
Simultaneously, such a mixed solvent prevents ionic
interaction with porphyrins.

The Interaction of PLGA with TATP

Using UV-VIS absorption it was shown that the interac-
tion between PLGA and cationic TATP occurs in aque-
ous and mixed MeOH/H;O solutions (Figure 2). TATP
was chosen as a cationic porphyrin derivative appro-
priate for ionic interactions as it possesses sufficient
solubility in polar solvents with the required stability in
a wide pH region (5-12). Another very important prop-
erty of TATP is a very low tendency for self-aggregation
in solution, especially as the monomeric form of por-
phyrin is generally more suitable for the study of
specific polypeptide/porphyrin interaction compared
with poorly spatially characterized porphyrin aggre-
gates. The monomeric form of TATP was proved by
the absorption band at 414 nm. In the presence of a
polypeptide matrix, the characteristic spectral red shift
and the hypochromic effect were observed in aque-
ous and 40% MeOH/H,O solutions. These spectral
changes are typical of polypeptide—porphyrin inter-
actions [37-39]; however, it could be a consequence
of porphyrin—-porphyrin self-aggregation of the J-type
or porphyrin-porphyrin interaction mediated by their
binding to the matrix. The TATP rate constant of J-
aggregate formations is the smallest of the different
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meso-phenyl substituents [48], however, the rate of
formation increases with special treatment, for exam-
ple by vigorous stirring and increased ionic strength
[48]. Because the red shift and hypochromism were not
observed in TATP solutions without PLGA at the same
concentration of TATP, we believe that the polypep-
tide—porphyrin complexation or porphyrin-porphyrin
interaction mediated by their binding to PLGA are the
preferred interactions occurring in the systems studied.

The complexation of PLGA with porphyrins influences
both the components and vice versa. The secondary
structure of the polypeptide part of PLGA-TATP was
determined by VCD, which has proved its high
sensitivity to the spatial structure of macromolecules,
and ECD, which was used to confirm the secondary
structure of PLGA at small concentrations. The ECD
spectroscopy was also used to study the porphyrin part
of the complexes.

The precipitation of PLGA at strong acidic pH may be
caused by non-covalent interactions of the COOH side
chain groups. Due to the ionic interactions with PLGA
the TATP molecules work as molecular spacers that are
spread along the whole polypeptide chain and prohibit
precipitation. However, due to the appropriate spatial
arrangement of the porphyrin molecules interacting
with PLGA [40], n-7 interactions between porphyrin
rings occur, influencing the matrix conformation and
vice versa. It was found that the intensity of the positive
couplet in amide I region characteristic of the «-helix
structure of PLGA-TATP depends on the polypeptide
chain length. A similar dependence was less significant
for the PPII structure than for the «-helix conformation
of PLGA (Figure 3). This difference is explained by the
fact that the «-helix structure is stabilized by hydrogen
bridges in the peptide bonds, while the PPII structure is
also supported by the solvation of the carboxylate side
chain groups in polar solvents.

When pH decreases (pH ~ 5) the structure of PLGA-
TATP in 40% methanol-d;/D,O turns from PPII to
a-helix. The presence of TATP and a decrease in relative
permittivity of the solvent by the addition of methanol
serve as a-helix supporting conditions. To separate the
influence of methanol, PLGA-TATP-TPPS at pH ~ 5 in
pure D,O was studied. The system provided a clear
solution even at pH ~ 4. However, the VCD patterns
in amide I region did not correspond to any well
known structures, e.g. «-helix or PPII (Figure 4). The
shape of the observed VCD pattern can be obtained
as the weighted average of VCD patterns typical for
a-helix and PPII like structures. The contribution of
the VCD pattern characteristic for the «-helix structure
is evident from the positive band at 1649 cm~! and
the negative band at 1661 cm™!. The intensity of both
bands is reduced by overlapping the negative VCD
couplet, which is typical for PPII. Simultaneously,
this couplet contributes to the observed spectrum
by a second negative VCD band at 1632 cm™!. It
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follows from the coincidence between the simulated
and the experimental spectra that PLGA can adopt
both «-helix and PPII conformations under the specific
conditions at the same time. Although the band position
and shape of the simulated and experimental VCD
spectra are very similar, the intensities differ. This fact
is explained by the existence of spatially unordered
polypeptide chains in solution, which are inactive in
the VCD spectra. This effect probably occurs only
close to the state of equilibrium between the two
conformations.

The effect of ionic interaction in the PLGA-TATP
complex in D,O at pH~5 was studied further by
observation of the influence of different PLGA/TATP
ratios on the VCD spectra of the polypeptide part
of the complexes (Figure5). A decrease of the
ratio R progressively favours the content of PPII
structure. However, without the presence of TPPS
the content of «-helix was never equal to PPII
according to the simulation of spectra presented in
Figure 5. It means that the presence of TATP pre-
vents sample precipitation and supports the forma-
tion of «-helix in D,O in the presence of alcohol or
TPPS.

The ECD spectra in the Soret region prove that the
interaction of TATP with PLGA induces the optical
activity of TATP, which strongly depends on the
matrix conformation. In the presence of the PPII
structure of PLGA, no distinctive ECD spectral changes
were observed. However, if PLGA adopted the «-helix
conformation, enhanced ECD intensity was observed: a
three times higher intensity occurred in the MeOH/H,O
solution compared with pure aqueous solution, which
correlates with the different «-helix content proved by
the typical VCD and ECD signals in the amide I and the
peptide regions, respectively (Figure 3, Figure 6).

Besides the characteristic couplet in the Soret region,
which occurs due to porphyrin bonding to the PLGA «-
helix, two distinctive sidebands occur in MeOH/H,O
solution at pH ~ 5 (Figure 6b). These sidebands were
discussed in a detailed study by Pescitelli [46]
etal, in which the effect of mutual orientation of
porphyrins on ECD spectra was thoroughly tested
experimentally and theoretically. The existence of
the very distinctive sidebands was explained [46] as
a consequence of a very strong coupling between
some components of the coupled circular oscillators
underlying the face-to-face n-n stacking. A comparison
of our experimental ECD spectra with the published
calculated spectra leads to the conclusion that the
TATP molecules in the PLGA-TATP complex in o-
helix structure are bonded to the matrix parallel
to each other at a very short distance, enabling
strong porphyrin coupling due to n-7 stacking between
the porphyrin rings. Such an interaction strongly
contributes also to the intensity of the dominant
couplet and explains the observed increase in the
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magnitude of the observed ECD signal. Moreover,
the ‘secondary’ interactions between porphyrins bound
in an appropriate manner to the «-helical matrix
provide a stabilizing effect on the «-helix conformation
of the complexes. On the other hand, porphyrins
bound to the PLGA matrix possessing the PPII
structure are not in positions that favour the n-nw
stacking.

CONCLUSION

This VCD and ECD study focused on the study
of interactions of poly-L-glutamic acid and meso-
tetrakis(a-trimethylammonio-p-tolyl)porphyrin  tetra-
bromide and the variations of spatial structure of both
interacting agents. Appropriate mixed solutions and
pH values were found suitable for the study of the
PLGA-TATP complexes for both the main conformations
of PLGA - PPII and «-helix structures. It was shown
that not only the porphyrin part of the complexes
is influenced by the conformation of the polypep-
tide matrix but the porphyrin affects the polypeptide
part as well. The interaction of PLGA with TATP pre-
vents the precipitation at pH~ 5 which occurs for
pure PLGA at concentrations higher than 0.1 mol/l.
The VCD pattern typical for both the «-helix and PPII
structures depends on the length of the polypeptide
chain: the longer chain possessed a higher VCD signal
for the both polypeptide conformations. It was shown
that the interaction of porphyrin with PLGA leads to
the simultaneous existence of both the «-helix and
PPII structure in pure aqueous solution at acidic pH
without precipitation. The ratio of both the conforma-
tions was influenced by the ratio of porphyrin/amino
acid residue: a higher relative content of porphyrin
caused a higher content of the PPII conformation of
PLGA.

The ECD results show that the induction of the
porphyrin optical activity depends on the matrix con-
figuration. The highest ECD signal was observed in the
case of a high content of «-helix in the matrix struc-
ture which occurs in MeOH/H,O solutions at pH ~ 5.
The presence of the «-helix polypeptide matrix is the
driving force for the formation of porphyrin assemblies
which significantly adopt the spatial coordination of
the polypeptide template. Hence, the originally achiral
porphyrins create objects with specific geometry pro-
viding optical activity. Besides the main ECD pattern
in the Soret region, the porphyrin assemblies provide
significant ECD sidebands on both the long and short
edges of the main porphyrin signal predicted previ-
ously by the study of the bis-porphyrins possessing the
-7 interaction. This coincidence leads to the conclu-
sion that the assembled porphyrins are bonded to the
matrix in methanol/H,O solutions at pH ~ 5 in a way
enabling close mutual porphyrin face-to-face interac-
tion.

Copyright © 2005 European Peptide Society and John Wiley & Sons, Ltd.
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