ELSEVIER

Biophysical Chemistry 116 (2005) 11-21

Biophysical
Chemistry

http://www.elsevier.com/locate/biophyschem

Comparison of the helix—coil transition of a titrating polypeptide in
aqueous solutions and at the air—water interface

Helen Sjogren™', Stefan Ulvenlun

da,b,*

*Physical Chemistry 1, Lund University, P.O. Box 124, 221 00 Lund, Sweden
bAstraZeneca R&D Lund, 221 87 Lund, Sweden

Received 3 December 2004; received in revised form 18 January 2005; accepted 18 January 2005
Available online 29 January 2005

Abstract

The transition from a-helix to random coil of the titrating polyamino acid co-poly-L-(lysine, phenylalanine), (p-(Lys,Phe)), has been
investigated as a function of pH and ionic strength in aqueous solution and at the air—water interface by means of circular dichroism (CD)
spectroscopy and the Langmuir surface film balance technique. The results strongly suggest that the helix—coil transition for peptides at the
air—water interface can be determined by using the two-dimensional Flory exponent, v, to express the pH dependent peptide surface
conformation. The helix—coil titration curve of p-(Lys,Phe) shifts approximately 2.5 pH units towards lower pH at the air-water interface, as
compared with the bulk solution. This finding is of relevance for the understanding of conformation and conformational changes of
membrane-transporting and membrane penetrating peptides as well as for the use of peptides in molecular devices.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Helix-to-coil transitions are ubiquitous to biological
macromolecules, and are often of decisive importance for
their biological function. However, the sheer complexity of
native systems often calls for studies of simpler, synthetic
model compounds. Over the years, polymers and co-
polymers of a-L-amino acids (polyamino acids) have been
extensively studied in aqueous solutions, in order to
understand the behaviour of native peptides. The use of
polyamino acids as peptide models builds on the observa-
tion that peptide function in vivo is intimately linked to
dynamic changes between different conformations, and that
quite simple peptides may act as powerful models for the
ordered conformations in the more complicated systems [1].
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Studies of polyamino acids have thus provided detailed
insight into the aggregation behaviour of peptides [2] and
the dependence of peptide secondary conformation and
conformation stability on temperature and solvent character-
istics [3—10].

Studies of poly-L-lysine (p-Lys) and poly-(L-lysine,
phenylalanine) (p-(Lys,Phe)), interactions with membranes
have shown that peptide secondary conformation directly
influences membrane diffusion or permeability [11,12], and
that an increased amount of a-helical conformation facili-
tates peptide penetration into vesicle bilayers [13]. Similarly,
the polyamino acids have helped elucidate the mechanism
of membrane-transporting peptides, which transport macro-
molecules like DNA and proteins through cell membranes
[14]. The trans-membrane DNA transport mediated by p-
Lys and p-(Lys,Phe) involves formation of complexes
between the polyamino acid and DNA [14,15]. These
complexes have found use as non-viral vectors for gene
delivery used in treatment of, for instance, cancer and cystic
fibrosis [16-18]. Both p-Lys and p-(Lys,Phe) are also
known to possess fusogenic activity, i.e. to induce vesicle
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fusion. Studies of the fusion process have been claimed to
help the understanding of complex biological processes
such as endo-and exocytosis, fertilisation and formation of
myofibrils, which involve biological membrane fusion [19].
Interaction between p-(Lys,Phe) and vesicles induces
changes in the polyamino acid secondary peptide con-
formation, yielding more a-helix conformation [20].

All of the above applications and phenomena actually
involve surface processes, and it is therefore of obvious
importance to understand peptide behaviour not only in
solution, but also at interfaces. In particular, it is important
to understand the differences between helix-to-coil tran-
sitions in solution and those at interfaces. Peptide and
protein conformation and conformational changes at the air—
water have previously been investigated [21,22]. For
example, (-casein has been studied at the surface of
different aqueous solutions [23-26]. However, there seem
to be no previous studies that directly compare the helix-to-
coil transition of a given peptide in solution with that at the
air—water surface. For this reason, we have investigated the
helix-to-coil transition for p-(Lys,Phe) in aqueous solution,
as well as on the air—water interface, under conditions where
solution pH and ionic strength are rigorously controlled.
Despite the large numbers of studies already performed on
p-(Lys,Phe), a detailed study of its pH dependent helix—coil
transition is still lacking. The present work is therefore also
of direct relevance for the numerous technical applications
of this peptide.

2. Materials and methods
2.1. Chemicals

Co-poly-L-(lysine, phenylalanine) HBr (p-(Lys,Phe)) and
poly-L-lysine HCl (p-Lys) were purchased from Sigma
Chemicals. They were stored at —18 °C and used as
received. The mean molecular weight (M,,) stated by the
manufacturer is 49 kDa for p-(Lys,Phe) and 52.5 kDa for p-
Lys, both determined by viscosimetry. This corresponds to
an average degree of polymerisation of 275 and 319,
respectively. In p-(Lys,Phe) the Lys:Phe molar ratio stated
by the manufacturer is 52:48. Dichloromethane of spec-
trophotometric grade was obtained from Aldrich. Trifluor-
acetic acid (TFA) of Uvasol® grade was obtained from
Merck. Both solvents were used as received. The absence of
surface active contaminants in the solvents was verified by
spreading the neat solvents on clean water in the surface
balance trough and then, after 15 min, recording the surface
pressure upon compression. The solvents were found not to
affect the surface pressure at any degree of compression
relevant for the present study.

n-Dodecyl-B-D-maltoside (3-C;,G,) was obtained from
Anatrace Inc. and was of Anagrade™ quality. Acetic acid,
NaCl and sodium acetate of p.A. grade, as well as HCI and
NaOH of Titrisol® grade were purchased from Merck.

Trizma® base of SigmaUltra quality was purchased from
Sigma and sodium hydrogen carbonate of p.A. grade was
purchased from Fluka. Distilled water was purified on a
PureLab Plus water purification apparatus. The water had an
electrical resistivity of >18 M{)/cm and was filtered through
a 0.10-um filter prior to experiments.

2.2. Preparation of buffer solutions

All solutions used as subphases in the surface experi-
ments had a buffer concentration of 0.05 M. Appropriate
amounts of NaCl were added, to give an ionic strength of
either 0.1 or 0.5 M, irrespective of pH. Buffer solutions used
for experiments with p-(Lys,Phe) in aqueous solutions had a
buffer concentration of 0.02 M, and the ionic strength was
kept constant at either 0.02 or 0.1 M by addition of NaCl.
Depending on the pH range under study, either acetate, tris
or carbonate buffer was used. For all titration curves (both in
bulk and on surfaces) an overlap of at least one pH unit was
used when switching buffer system, in order to check for
buffer dependent effects. No such effects were observed.
The range of salt concentrations possible to investigate is, at
low ionic strength, limited by the requirement to have a high
enough buffer concentration to prevent drift in pH and, at
high ionic strength, by the requirement that the level of
background UV absorption in CD measurements must be
kept sufficiently low.

2.3. Preparation of spreading solutions

The solid p-(Lys,Phe) used in this work was found to be
insoluble in all common organic solvents, except TFA and
mixtures of TFA and dichloromethane with a maximum
TFA:dichloromethane ratio of 1:5. Spreading solutions were
therefore prepared by first dissolving p-(Lys,Phe) in pure
TFA and thereafter dilute this solution by dichloromethane
to a TFA:dichloromethane ratio of 1:5. The p-(Lys,Phe)
concentration used in the final TFA:dichloromethane
spreading solutions in all surface balance experiments was
1 mg/ml.

2.4. Formation of polymer films and recording of isotherms

Isotherms were recorded on a KSV 2000 System 2
surface balance equipped with hydrophilic barriers, a
Wilhelmy plate made of roughened platinum and a thermo-
statted Teflon trough with a total surface area of 510x 150
mm (765 cm?). The trough was thermostatted at 25.0 °C by
means of a circulating water bath and enclosed in a
Plexiglas box in order to avoid airborne contaminants.
The Wilhelmy plate was oriented roughly parallel to the
barriers. The surface was cleaned prior to the spreading of a
polymer film on the subphase as described elsewhere [27].
50 pl of the spreading solution was added to the clean
subphase surface by careful, drop-wise additions from a
Hamilton syringe and the solvent allowed to evaporate for at
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least 15 min prior to compression. The film was then
symmetrically and continuously compressed. All isotherms
were recorded using a barrier speed of 10 mm/min.

A given subphase was used for a maximum of four
experiments before being discarded. The pH of the
subphase was monitored with a Metrohm 744 pH meter
after each isotherm experiment. The pH of the subphase
was found to decrease 0.2 pH units or less over a series of
four experiments. However, this decrease did not affect the
isotherms. In the following, the mean molecular area is
denoted A4, and given as calculated per amino acid
residue.

2.5. Deposition of Langmuir-Blodgett (LB) films

Prior to LB deposition, the film under study was com-
pressed beyond the target surface pressure, 18 mN m™', then
decompressed and kept at the target pressure for at least 20
min. Deposition was then performed by raising the substrate
through the film at a speed of 3 mm/min. The substrate was
oriented parallel to the barriers. All transfer ratios were in the
range 0.96-1.08.

For analysis by atomic force microscopy (AFM), plates
of freshly cleaved mica were used as substrates in the LB
deposition. LB films for analysis by circular dichroism
(CD) spectroscopy were deposited on rectangular plates
(50x12 mm) of optic quartz. Prior to the deposition, the
plates were placed in sulphochromic acid for several
hours and then washed with large amounts of purified
water.

2.6. Circular dichroism spectroscopy

CD spectra of aqueous solutions and LB films of
polyamino acid were recorded on a Jasco J715 spectropo-
larimeter. For LB films, the quartz plate supporting the film
was placed in the standard cuvet holder of the instrument.
Two perpendicular orientations of the quartz plate were
investigated in order to check for contributions from linear
dichroism originating from long-range net lateral orientation
of the polyamino acid strands on the substrate. Due to the
weak CD signal from the LB films, over-night sampling
(corresponding to >700 scans) was required. The low
intensity of the signal also necessitated correction for the
weak background contribution from the quartz substrate and
minor instrument misalignment. Consequently, the CD
signal from a clean quartz plate was recorded by over-night
sampling and this signal was subsequently subtracted from
all spectra of LB films.

Aqueous solutions analysed by CD spectroscopy had a
polyamino acid unimer concentration of 0.15 mM and were
enclosed in a 10 mm quartz cuvet. All measurements were
performed at 25.0 °C within 1 h from sample preparation.
The CD signal recorded at 225 nm was used in calculations
of the polyamino acid conformation. However, the CD
spectra were scanned between 220 and 250 nm to verify

absence of other secondary conformations than «-helix and
random coil. The ratio of helix and coil was calculated by
assuming that the measured CD signal depends linearly on
this ratio. P-(Lys,Phe) and p-Lys forms only a-helical and/or
random coil conformation under the conditions used in the
present study. The recorded CD signal, 4, can thus be
expressed as

A= AuXy + (1 — X, A, (1)

where 4, and A4. is the CD signal for a peptide in a 100% «-
helix and a 100% random coil conformation, respectively,
whereas X, is the fraction of the peptide conformation in a-
helical conformation. Eq. (1) can be rewritten as

Xo=(4—4c)/(Aa — Ae) (2)

For p-Lys, conditions for obtaining 100% «-helix or
100% random coil conformation can be found in the
literature. At 22 °C, 0.01-0.06% solutions of p-Lys at
pH<5 are known to form a 100% random coil con-
formation, whereas the same p-Lys concentration form a
100% oa-helix conformation at pH>11 [28]. In this study
a 0.15 mM (unimer concentration) p-Lys solution in 0.1
M HCI and 0.1 M NaOH was used for determine the
100% random coil and 100% o-helix spectra, respectively.
As will be discussed in more detail in the Results section,
p-(Lys,Phe) contains appreciable amounts of a-helix in 0.1
M HCI solutions due to high ionic strength of such
solutions. For p-(Lys,Phe), a spectra corresponding to a
100% random coil conformation was instead observed in
0.02 M acetic acid solution. Conditions for formation of
100% helix was achieved in a 0.1 M NaOH solution
containing 5 mM of B-C;,G,. The addition of surfactant
was found necessary in order to inhibit precipitation of the
peptide.

2.7. Atomic force microscopy

Constant force AFM studies of LB films on mica were
performed in contact mode on a Nanoscope® Illa instru-
ment (Digital Instruments, Santa Barbara, CA). Experiments
were run under ambient atmosphere and temperature within
10 h from sample preparation. An E tube scanner was used
for imaging. Microfabricated square pyramidal shaped tips
of silicon nitride with a bending spring constant of 0.12 N/m
(manufacture specified, Digital Instruments, Santa Barbara,
CA) were used as received. The scan rate was 2 Hz and the
applied force was in the order of 1-10 nN. Each sample was
checked for tip-induced damages after scanning. The
samples were scanned in two directions perpendicular to
each other to secure that the image was not influenced by
the scanning direction.

Images were obtained from at least ten macroscopically
separated areas on each sample. All images were processed
using standard procedures for plane-fit and flattening in
Nanoscope® Illa software version 5.12 (Digital Instru-
ments, Santa Barbara, CA) without any filtering.
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3. Results and discussion
3.1. P-(Lys,Phe) in aqueous solutions

The CD signal of aqueous p-(Lys,Phe) solutions meas-
ured at 225 nm as a function of pH displays a drastic
decrease when the pH is increased, consistent with a
transition from random coil to a-helix (Fig. 1). This pH
dependent transition has both entropic and enthalpic origins.
Increasing the pH decreases the number of charges on the p-
(Lys,Phe) peptide (pK, for lysine in solution is 10.53) [29],
and hence decreases the electrostatic repulsion between the
polyamino acid unimers. In addition, the entropic loss of
counter-ion binding vanishes when the polyamino acid is
neutralized (increased pH) and the counterions are released
to the surrounding solution. A decreased polyamino acid net
charge thus favours a-helix formation for both entropic and
enthalpic reasons, but it also lowers the polyamino acid
water solubility. Consequently, p-(Lys,Phe) was observed to
precipitate from solutions above pH 9.5, unless a solubilis-
ing agent is added. The non-ionic surfactant 3-C;,G, was
found to act as such an agent. It stabilises the «-helical
conformation, prevents precipitation and thereby enables the
whole titration curve to be determined (Figs. 1 and 2).

Since the complete titration curve for p-(Lys,Phe) could
not be determined in the absence of surfactant, a direct
comparison between the behaviour of p-Lys and p-(Lys,Phe)
is not possible over the whole pH range (Fig. 2). However,
since the titration curve of p-(Lys,Phe) with addition of -
C1,G; yields a titration curve that only shows a parallel shift
compared with the system without surfactant (Fig. 2), the
titration curves of p-Lys and p-(Lys,Phe) can be compared in
qualitative terms.
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Fig. 1. CD signal at 225 nm as a function of pH for p-(Lys,Phe). The ionic
strength was kept constant at 0.02 M (filled symbols) and 0.1 M (open
symbols) by addition of NaCl. The titration curve for p-(Lys,Phe) was
measured with (triangles) and without (diamonds) addition of 5 mM p-
C2G,. The titration curve for p-Lys (circles) is added for comparison.
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Fig. 2. X, (calculated from Eq. (2)) as a function of pH for p-(Lys,Phe). The
ionic strength was kept constant at 0.02 M (filled symbols) and 0.1 M (open
symbols) by addition of NaCl. The titration curve for p-(Lys,Phe) was
measured with (triangles) and without (diamonds) addition of 5 mM -
C1,G,. The titration curve for p-Lys (circles) is added for comparison.

In comparison to p-Lys, the helix-to-coil transition of p-
(Lys,Phe) is broadened and shifted towards lower pH.
Adding p-C,,G, shifts the transition further towards lower
pH, but does not appear to have any impact on the width of
the helix-to-coil transition (Fig. 2). Addition of B-C;,G, to
p-(Lys,Phe) yields at least 10% more a-helix conformation,
at any given pH, in the whole region where measurements
could be performed. Adding B-C;,G, to p-Lys on the other
hand, does not give rise to an increase of a-helix content in
any part of the titration curve (result not shown).

The effect of the ionic strength on the a-helix content in
p-(Lys,Phe) does not depend on whether B-C;,G, addition
is made or not (Fig. 2). At low pH (<8) an increased ionic
strength increases the amount of polyamino acid in a-helical
conformation. This is easily understood from the fact that an
increased salt concentration decreases the electrostatic
repulsion between charged lysine monomers and decreases
the entropic loss of counterion condensation, which both
facilitate a-helix formation. At higher pH, on the other
hand, an increase in ionic strength yields a decease in the
amount of polyamino acid in a-helix conformation. This
observation is, as yet, not fully understood and common
theoretical models used to predict peptide secondary
conformation fail to account for this salt dependence [30].
However, a possible explanation could be the subtle shift of
the balance between the free energy of electrostatic
interaction between side-chains (where an increased ionic
strength favours a-helix formation) and the free energy
contribution arising from the fact that the charge density of
the peptide as a whole is not independent of the salt
concentration in this pH region. More specifically, the
increase of the charge density with salt addition is more
pronounced for the a-helix conformation, which means that
an increased ionic strength actually favour random coil
formation [31,32].
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3.2. P-(Lys,Phe) at the air—water interface

Despite the fact that p-(Lys,Phe) is soluble in the buffer
solutions up to pH 9.5 it forms remarkably stable mono-
layers when spread at the air—water interface on subphases
with pH>3.5 (Fig. 3). The surface pressure isotherms
display good reproducibility under all pH conditions, as
exemplified in Fig. 3. In addition, the surface pressure
isotherms upon repeated compression and decompression
cycling display only minute loss of material to the subphase
when the films were compressed up to 47 mN m™'
(normally less than 5% after three compression/decompres-
sion cycles). However, at compression to higher surface
pressures, [1>47 mN mfl, film material is irreversible lost
to the subphase, barriers and trough walls (results not
shown). Even at extremely low pH and ionic strengths
(pH=3 and /=1 mM) only less than 10% of the monolayer
material is lost after two repeated compression and
decompression cycles (results not shown).
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Fig. 3. Surface pressure isotherms of p-(Lys,Phe) spread on 0.1 M acetate
buffer pH 3.7. Upper figure shows compression (solid trace) and
decompression (dotted trace) isotherms from three independent measure-
ments. Lower figure shows the isotherms of three repeated compression/
decompression cycles.
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Fig. 4. Surface pressure compression isotherms of p-(Lys,Phe) spread on
subphases with pH 3.5 (dashed trace), pH 8.1 (solid trace) and pH 10.2
(dotted trace). The subphase ionic strength was kept constant at 0.5 M by
addition of NaCl.

As can be seen in Figs. 4 and 5, at large apparent mean
molecular area, A, (=15 A?) the surface pressure is
increasing with decreasing pH and decreasing ionic
strength. This is readily explained by the fact that the
amount of charged polyamino acid monomers, and therefore
the inter-and intra-molecular electrostatic repulsion, increase
when lowering the pH. Decreasing the ionic strength
increases the electrostatic repulsion and hence the surface
pressure, in full agreement with previous results from
surface studies on various charged di-block copolymers
[33].

Using the standard procedure for derivation of 4, at close
packing (extrapolation of the linear part of the isotherm to
I1=0), yield values between 13 and 18 A for p-(Lys,Phe),
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Fig. 5. Surface pressure compression isotherms of p-(Lys,Phe) spread on
subphases with ionic strength of 0.1 M (solid trace) and 0.5 M (dashed
trace) respectively. The subphase pH was 3.6+0.1.
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depending on subphase pH and ionic strength (Fig. 4).
These values are comparable to previously obtained values
for hydrophobic a-helix forming polyamino acids at the air—
water interface [27,34-39].

On subphases with pH>8 an inflection point at IT = 38
mN m~' is observed in the isotherm during compression
(Fig. 4), whereas, during decompression, a shoulder is
observed at IT=34 mN m~' (result nor shown). It is
noteworthy that the isotherm of p-(Lys,Phe) does not
display a more pronounced plateau in the compression
isotherms, even at high pH where it is predominantly o-
helical. This contrasts with entirely hydrophobic (non-
titrating) a-helix forming polyamino acids studied at the
air water interface, where a steep rise in the isotherm is
generally followed by a flat plateau. The plateau is normally
interpreted in terms of a collapse of a monolayer comprising
close-packed a-helical rods and subsequent formation of a
bi-or multi-layer [34,35]. Consequently, the absence of a
collapse plateau for p-(Lys,Phe) indicates a lower degree of
cooperativity or a slower kinetics of the collapse process.
The electrostatic repulsion between the polyamino acid
strands originating from the polyamino acid net charge and
the presence of not only a-helix but also polyamino acid
random coil conformation, could account for both these
effects.

The IT vs. A isotherm becomes steeper with higher pH,
regardless of subphase ionic strength (Fig. 4). This can be
explained by the larger flexibility of a peptide in random
coil conformation (low pH), as compared with a peptide in
a-helical conformation (high pH). In order to maximise the
content of a-helix, attempts were done to investigate even
higher subphase pH (0.1 M NaOH). However, these
attempts were unsuccessful, since the peptide tended to
adsorb irreversible to the edges of the trough, the barriers
and the Wilhelmy plate. These problems were not observed
at any other pH investigated.

LB films of p-(Lys,Phe), spread at the air—water interface
at different pH and deposited on quartz, were investigated
by means of circular dichroism (CD) spectroscopy. The
general characteristics of the CD spectra of peptide LB films
follow those of isotropic CD spectra of peptides in solutions
[40,41]. However, previous works show that CD spectra of
polyamino acid films containing laterally oriented poly-
amino acid strands comprise appreciable contributions from
linear dichroism [27,35]. In analogy with these results, the
CD spectrum of p-(Lys,Phe) displayed a distinct angular
dependence, independent of pH, which thus implies a
presence of laterally oriented p-(Lys,Phe) strands in all
films (results not shown). When the samples were placed in
a horizontal position, all spectra displayed a maximum at
192 nm, along with two minima at 208 and (less well-
defined) 222 nm. These features are typical for a peptide in
a-helical conformation (Fig. 6). As can bee seen in Fig. 6, p-
(Lys,Phe) deposited from a subphase with pH 9, yields a
markedly weaker spectra, though the typical characteristic
contribution of a peptide in a-helix conformation is re-
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Fig. 6. CD spectra of LB films of p-(Lys,Phe) deposited on quartz at I7=18
mN m ™. Prior to deposition, the polyamino acid was spread onto the air—
water interface on four different subphase pH, namely pH 3.7 (dashed
trace), pH 5.6 (solid trace), pH 7.1 (dotted trace) and pH 9.0 (dashed and
dotted trace). The subphase ionic strength was kept constant at 0.1 M by
addition of NaCl.

tained. However, deposition of films at pH>9 proved very
difficult. The transfer ratio during the deposition showed
substantial variability (from 0.6 to 1.2) and it was difficult to
prevent the surface pressure from rising. These problems is
reflected in the fact that the overall transfer ratio at pH>9.0
is 0.96, while the overall transfer ratio at pH<9 is
appreciably higher (1.03—1.08). The difficulties encountered
during deposition at high pH may be of electrostatic origin.
At low pH, p-(Lys,Phe) and the quartz plate are oppositely
charged, which of course facilitates deposition, while at
higher pH, where p-(Lys,Phe) is uncharged, this electrostatic
force is markedly reduced.

Random coil conformation gives only a weak CD signal
in solution and this may reasonably be expected to hold true
also for LB films. In combination with the presence of linear
contributions to the CD spectra and the variable deposition,
this makes quantitative determinations of the a-helix
content in the peptide LB films impossible. However,
appreciable amounts of (-sheet conformation would give
a strong, characteristic contribution [34,35] and can
consequently be ruled out. In other words, we may conclude
that the LB films of p-(Lys,Phe) contain laterally oriented
helices, but that the presence of random coil elements can
not be verified, let alone quantified. The presence of a-helix
conformation in LB films deposited also at low pH seems
analogous to the behaviour of the peptide in solution. At low
pH and an ionic strength of 0.1 M, the a-helix content of p-
(Lys,Phe) in solution levels off at almost 20% in solution
(Fig. 2). It therefore seems likely that the same conditions at
the interface yield an a-helix content in the vicinity of 20%.
Additionally, the fact that p-(Lys,Phe) is deposited on a
oppositely charged quartz plate, increases the risk for
surface rearrangement during deposition, and consequently,
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an increased amount of a-helical structure on the plate
compared to at the air—water interface before deposition, can
not be ruled out. A viable, hydrophilic alternative to the
quartz substrate is not available and a supplementary
method in which a-helix and random coil conformation
give equally strong response would obviously be very
valuable when analysing the secondary peptide conforma-
tion in the LB-films. Unfortunately, no such method is
available. Attenuated total reflection infrared spectroscopy
(ATR-IR) and surface-enhanced Raman spectroscopy,
which, in principle, would both be applicable, are ruled
out due to band overlap [36,42].

To verify the presence of a proper surface monolayer of
p-(Lys,Phe) at the air—water interface, LB films deposited
from different subphase pH were investigated by means of
atomic force microscopy (AFM; Fig. 7). Smooth mono-
layers were observed regardless of subphase pH. However,
an increased presence of aggregates was observed with
increasing pH. A similar aggregation behaviour, yielding
more aggregates with higher pH, has previously been
observed for an all a-helix, totally hydrophobic peptide
[27]. In this previous investigation, the aggregates were
shown to comprise trifluoroacetate crystallites, formed from
TFA in the spreading solvent and deposited on top of the
true polyamino acid monolayer. Since the aggregates do not
contain any peptide, they have no influence on the CD
spectra of deposited peptide films. Furthermore, they do not
affect the behaviour of peptide monolayers, and no relation-
ship whatsoever has been observed between the amount of
aggregates and the peptide conformation.

Polyamino acids like p-(Lys,Phe) can, as a first approx-
imation, be treated like a thread-or rod-like polyelectrolyte
in terms of its surface arrangement. Therefore, in the semi-
dilute regime (ca. 1-10 mN m ") [43] the surface pressure
dependence of the surface concentration, I', would be
expected to follow a power law and I' to be inversely
proportional to 4, (Eq. (3)) [23,25,43-46].

HoI” o4, (3)

Here, y is a critical exponent that gauges the thermody-
namic conditions in the system [43,44]. In two dimensions y
can be expressed as [23,25,43-45,47]

y=vd/(vd ~ 1) (4)

where d is the space dimensionality (here d=2) and v is the
two-dimensional Flory exponent, a critical exponent of the
excluded area that makes it possible to express the
molecular weight dependency of the peptide radius of
gyration, R,, in the form of R, a My [23,25,43-46]. Since v
is directly related to the radius of gyration and its depend-
ence of molecular mass, v provides information about the
polymer conformation at the interface. It is trivial that v for a
fully extended chain is unity, whereas the limiting v value
for a polymer on a poor solvent is 0.5 [25]. Calculations
show that v in a good solvent is 0.75-0.77 [44,45]. For a
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Fig. 7. AFM images of LB films of p-(Lys,Phe) spread on subphases with
pH 5.6 (upper image), pH 9.0 (middle image) and pH 10.7 (bottom image).
The ionic strength in all three cases was kept constant at 0.1 M by addition
of NaCl. The films were deposited on mica at IT=18 mN m~'. The
dimensions of the displayed areas are 15X 15 pm. Note that the z scale is ten
times higher in the bottom image.

theta solvent the results from different calculations of the v
exponent show larger variability (0.50-0.67), but the most
recent calculations settle around v=0.57 [23,25,43-45].

In principle, a plot of v as a function of subphase pH
for a titrating peptide would yield a titration curve that
describes its two-dimensional properties, thereby supplying
indirect information about the peptide secondary confor-
mation. A plot of IT vs. 4y for p-(Lys,Phe) in a log—log
scale (Fig. 8) indeed yields a linear region in the semi-
dilute regime under all pH conditions, as predicted by Eq.
(3). Using the slope (—y) of the linear region, v can be
determined from Eq. (4). For p-(Lys,Phe) spread on a
subphase with extremely low pH and low ionic strength
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Fig. 8. Surface pressure as a function of the apparent mean molecular area
for p-(Lys,Phe) spread on subphases with pH 3.5 (dashed trace), pH 8.1
(solid trace) and pH 10.2 (dotted trace). The subphase ionic strength was
kept constant at 0.5 M.

(acetic acid, pH=3.0 and /=0.1 mM), v is found to equal
unity. This corresponds perfectly to the v value of a fully
stretched chain, and thus to the expected behaviour of a
highly charged polyelectrolyte under conditions where there
is substantial counter-ion condensation and little screening
of the intra-molecular electrostatic repulsion. Increasing
ionic strength at low pH is observed to lead to a decreasing
value of v. For the 0.1 and 0.5 M subphases, v levels off at
0.93 and 0.71, respectively. Again, this is in agreement with
expectation in the sense that increasing subphase ionic
strength increases screening of the electrostatic repulsion,
and simultaneously decreases the entropic loss originating
from counter-ion condensation. These conditions yield a v
exponent closer to that of a peptide in a good solvent, in full
agreement with the expected behaviour for a screened
polyelectrolyte.

Increasing pH at constant ionic strength leads to a
monotonous decrease of v. At high pH, v levels off at
around 0.57 on both the 0.1 M and 0.5 M subphases. This
value is deceptively close to the calculated value for a
polymer under theta conditions. However, it has to be
remembered that at high pH, where p-(Lys,Phe) is largely
uncharged, the expected secondary conformation is all-
helical. Long a-helices have a persistence length of 700—
1400 A, corresponding to 500—1000 amino acid residues in
a-helix conformation [48—50]. For all practical purposes,
these molecules behave as perfectly stiff rods, which, in
turn, would seem to imply a v value of unity. However, the
derivation of v presupposes that it is possible to identify a
semi-dilute region in which the polymer strands are
statistically distributed over the surface. Previous studies
have shown that this picture is inapplicable to uncharged «-
helices at the air—water interface, due to extensive peptide
aggregation. More specifically, a-helical peptides form

close-packed domains (“islands”), which partially covers
the surface already at large A4, i.e. at low surface pressures
[27,51-54]. If each such domain is regarded a giant, disc-
shaped polymer, we reach the conclusion that the expected v
value at high pH would rather be ca. 0.5. This follows
directly from the observation the v can be interpreted as the
inverse of the (fractal) dimensionality of the polymer. This
conclusion is lent strong experimental support by calcu-
lations of v from our previous isotherm data on the helix-
forming, hydrophobic peptides poly-L-leucine and poly-y-
methylglutamate [27,34,35]. These calculations give a v
value of 0.52, irrespective of polyamino acid molecular
mass and subphase. The v value in the present study at high
pH (v=0.57) thus strongly indicates that p-(Lys,Phe) is
nearly all-helical under these conditions.

Previous, similar studies of B-casein (a protein known to
be mostly in random coil conformation both in aqueous
solutions and at interfaces) [23-26,55,56] have revealed an
increase of v with decreasing pH, similar to the one
observed in the present study [24,25]. However, a more
detailed comparison is difficult since the ionic strength in
the P-casein studies was allowed to vary 50% or more
during a series of experiment, whereas for p-(Lys,Phe) the
subphase ionic strength is kept constant. Close to its
isoelectric point, 3-casein behaves in a different manner
that p-(Lys,Phe), due to p-casein being net neutral, rather
than totally uncharged. While v is constant when varying
the ionic strength for neutral p-(Lys,Phe) (high pH), v
increases with increasing salt for B-casein, just as would be
expected for a polyampholyte.

The extraordinary good correlation between the calcu-
lated v exponents and the expected surface behaviour of p-
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Fig. 9. The Flory exponent, v (calculated from Eq. (4)) as a function of
subphase pH for p-(Lys,Phe). The subphase ionic strength was kept
constant at 0.1 M (diamonds) and 0.5 M (triangles) by addition of NaCl.
The data points represent the mean value from at least three independent
measurements at each pH, and the error bars correspond to one standard
deviation.
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(Lys,Phe) in a-helix and random coil conformation shows
that by expressing v as a function of subphase pH, we have
a method to estimate the surface conformation at the air—
water interface.

3.3. Comparison of p-(Lys,Phe) in solution and at the
interface

Comparison of the helix-to-coil transition in aqueous
solution (Fig. 2) to the transition at the air—water interface
(Fig. 9) shows that the titration curve midpoint is shifted
drastically (ca. 2.5 pH units for /=0.1 M) towards lower pH
for p-(Lys,Phe) at the air—water interfaced as compared to p-
(Lys,Phe) aqueous solutions. One contributing factor to this
shift is the fact that the apparent pK, at the air—water
interface differs from pK, in solution [57]. Experiments
have shown that for surfactants with -COOH or —NH, as
head groups, pK, shifts approximately 0.7 pH units at the
surface, favouring the neutral species [58,59]. In addition
the entropic loss, associated with a-helix formation, is less
on the surface than in solution, due to the lower conforma-
tional and translational freedom in the 2-dimensional case,
which would tend to favour formation of «-helix on the
surface. Also, the a-helix has a strong dipole moment along
the principal helix axis [60,61], and orientation of dipoles
parallel to the surface would be expected to represent an
energetic gain.

It has been shown earlier that p-Lys grafted to a surface
has a markedly shifted titration curve midpoint (1.5 pH
units) in comparison to free p-Lys [62], and the titration
curve for co-poly-(glutamic acid, methylglutamate) (p-
(Glu,MeGlu)) as determined by surface viscoelacticity and
surface potential measurements, yields a titration curve
midpoint 3.25 pH units higher (also favouring the neutral
species) than pK, for glutamate in solution [63]. The
titration curve midpoint for p-(Lys,Phe) differs from pK,
for lysine in solution by 3.3 pH units, in excellent agreement
with the previous p-(Glu,MeGlu) results.

4. Conclusions

In comparison to p-Lys in solution, p-(Lys,Phe) yield a
wider random coil-to-a-helix transition, with a titration
curve shifted towards lower pH. Addition of a non-ionic
surfactant (3-C;,G,) stabilises the a-helix conformation in
p-(Lys,Phe) and prevents precipitation in the whole pH
range investigated. At the air—water interface the peptide
helix—coil transition can be followed by utilizing the Flory
exponent, v. This method makes it possible to indirectly
compare the helix—coil transition for p-(Lys,Phe) in solution
with that at the air—water interface. The p-(Lys,Phe) titration
curve midpoint at the interface is shifted approximately 2.5
pH units towards lower pH in comparison to the titration
curve midpoint for p-(Lys,Phe) in solution. The latter
conclusion is of relevance for conformation and conforma-

tional changes of membrane-transporting and membrane
penetrating peptides as well as for the use of peptides in
molecular devices.
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