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8 Probing chirality at
aqueous interfaces

We demonstrate that the absolute configuration of complex chi-
ral molecules at an aqueous interface can be determined using
heterodyne-detected vibrational sum-frequency generation (VSFG).
We perform VSFG spectroscopy with a polarization combination that
selectively probes chiral molecular structures. We use frequencies
that are far detuned from electronic resonances to probe the chiral
molecular structures with high surface specificity. By heterodyning
the generated sum-frequency light with light of a local oscillator, we
enhance the signal and we determine the phase of the sum-frequency
light generated by the chiral molecules. With this approach we can
distinguish right-handed (L-type) and left-handed (D-type) helical
peptides at a water-air interface. We thus show that heterodyne-
detected VSFG allows for the determination of the absolute configu-
ration of complex macromolecules with monolayer sensitivity.

8.1 Introduction

The determination of the absolute configuration of a chiral molecule is of impor-
tance in many areas of (bio)chemistry, ranging from enantioselective catalysis,
supramolecular chemistry to protein biochemistry. Chirality is often connected
to a stereogenic carbon atom. Macromolecules can also exhibit chirality if their
building blocks are arranged in such a way that the macromolecular assembly is
non-superimposable with its mirror image. Examples of supramolecular chiral-
ity that is related to the intrinsic chirality of the building blocks are biological
macromolecules, such as proteins, peptides and nucleic acids, and self-assembled
polymer-helices [141]. The assembly of supramolecular structures from achiral
building blocks has been demonstrated [142,143], a process likely related to an
asymmetry in the molecular forces driving the assembly.
Only few measurement techniques are capable of determining the absolute con-
figuration of chiral molecules. One of these techniques is anomalous X-ray scat-
tering dispersion [20]. More common is circular dichroism (CD) with which the
difference in absorption of left- and right-circularly polarized light is measured.
Electronic CD-spectroscopy in the near-ultraviolet region is routinely employed
to quantify secondary structural elements in peptides and proteins [144, 145].
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118 Probing chirality at aqueous interfaces 8.1

Vibrational circular dichroism in the mid-infrared [146–149] and Raman op-
tical activity [150–152] potentially hold a greater promise for the structural
elucidation of small molecules in solution, owing to their sensitivity to distinct
vibrational marker bands.
Since the aforementioned experimental approaches are all based on linear optical
techniques, their enantiomer-specificity results from magnetic dipole or electric
quadrupole interactions, which are inherently weak, and much effort has been
devoted to the enhancement of electronic and vibrational CD-spectroscopic sig-
natures, both in terms of instrumentation and chemical modification of the
samples [21, 25, 28, 153]. Additionally, the potential of non-linear optical tech-
niques such as second harmonic generation (SHG) and sum-frequency genera-
tion (SFG) to study chiral molecules has been increasingly recognized over the
past years. The first non-linear optical study of chiral molecules was reported
by Hicks and co-workers [154, 155], who observed a pronounced difference in
the efficiency of SHG from oriented surface layers of 2,2’-hydroxy-1,1’-binaphtyl
using either left- or right-circularly polarized light.
Vibrational SFG-spectroscopy (VSFG), illustrated in Figure 8.1A, is a second-
order non-linear optical technique, in which an infrared and a visible pulse are
combined at an interface to generate light at their sum-frequency. This genera-
tion is enhanced in case the infrared light is in resonance with specific molecular
vibrations. Within the electric dipole approximation, SFG is only allowed in
media that lack inversion symmetry such as chiral media [156] or interfaces [157],
where the inversion symmetry is inherently broken. Vibrational SFG therefore
offers the structural resolution of vibrational spectroscopy with the specificity
to non-centrosymmetric media, thus combining spectroscopic aspects ideal for
the study of chirality at interfaces.
The application of VSFG to the study of chiral molecules has been pioneered
by Shen and co-workers [24, 158]. In these early studies, chiral VSFG-spectra
were obtained from the bulk of optically active solutions, and the detection of
a chiral VSFG-spectrum from a molecular monolayer was only possible under
electronically resonant conditions [24]. Recently, chiral VSFG-spectra of pro-
tein monolayers at the air-water interface were successfully measured in the
spectral region of the amide I vibration (C=O-stretch) and the NH-stretch vi-
bration [159–162]. This approach allowed for the first time the monitoring of
complex structural rearrangements of proteins with interface specificity. In par-
ticular, Yan and co-workers have succeeded in studying the aggregation behavior
of amyloidic peptides at water-lipid interfaces and found that the aggregation
of the human islet amyloid peptide at the water-lipid interface proceeds via
an α-helical intermediate before folding into a β-sheet structure [161]. Such
structural transformations taking place at aqueous interfaces cannot be studied
with many other techniques, as these do not provide surface specificity (such
as 2-dimensional infrared spectroscopy [163]), or merely probe interfacial order-
ing without the ability to resolve structural features (such as X-ray reflectivity
measurements [164]).
In the aforementioned studies, only the intensity of the generated SFG-light
Isfg ∝ |χ(2)|2 was detected, from which only the absolute value of the complex-
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8.2 Probing chirality at aqueous interfaces 119

valued, 2nd-order nonlinear susceptibility χ(2) can be inferred [165–170]. The

non-linear susceptibility χ
(2)
chiral of a chiral molecule contains elements that

change sign between enantiomers, and thus valuable information on the absolute
configuration of chiral molecules could be obtained in case the real and imagi-

nary part of χ
(2)
chiral could be determined. A phase-resolved chiral SFG-spectrum

has been reported for the CH-stretch vibrations of the R- and S-enantiomers of
limonene under electronically off-resonant conditions [171], in which the signal
originated from the bulk of the solution and therefore did not provide access
to chirality at interfaces, and recently also for a variety of proteins at the air-
water interface [172]. Here, we demonstrate heterodyne-detected chiral VSFG
spectroscopy of two enantiomeric forms of a complex (bio)macromolecule at
the water-air interface. We show that this method allows for an unambiguous
identification of the absolute configuration of macromolecules at interfaces.

8.2 The molecular origin of the SFG-signal

The macroscopic non-linear susceptibility χ
(2)
IJK , where the indices I,J,K refer to

the laboratory coordinate frame (X,Y,Z), is linked to the microscopic molecular
hyperpolarizability βijk, where the indices i,j,k refer to the molecular coordi-
nate frame (x,y,z). The hyperpolarizability βijk in turn is determined by the
transition dipole moment and the Raman polarizability of a molecular vibration
as [173]

χ
(2)
IJK = N

∑
i,j,k

〈RIiRJjRKk〉βijk (8.1)

where R denote rotation matrices and 〈...〉 denotes an orientational average.
For an isotropic surface the orientational average corresponds to an integral

of the form
∫ 2π

0
dφ and for an isotropic three dimensional distribution to∫ π

0
sin θdθ

∫ 2π

0
dφ

∫ 2π

0
dψ, where θ, φ and ψ denote the Euler angles.

Chirality can be due to local chiral molecular groups giving rise to chiral ten-
sor elements like βxyz or more generally βijk with i �= j �= k [173]. In addi-
tion, elements of the molecular hyperpolarizability tensor such as βxxz, that

are achiral in the molecular frame, can contribute to χ
(2)
chiral in case a chiral

arrangement of chromophores is present, such as in a helix with a well-defined
handedness [173–175].
In order to understand the chiral specificity of particular polarization combina-
tions in an SFG-experiment, we consider the point groups to which chiral and
achiral surfaces belong. In the following, we assume a laboratory coordinate
frame in which the X- and Y-axis span the interfacial plane and the Z-axis is
normal to the surface. A chiral surface belongs to the C∞-point group, whereas
an achiral surface has C∞V -symmetry. The latter point group contains mirror
planes as additional symmetry operations compared to the C∞-symmetry of
chiral surfaces. Because of the mirror symmetry, all elements of the non-linear

susceptibility tensor χ
(2)
IJK , where the indices I,J,K refer to the laboratory co-
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120 Probing chirality at aqueous interfaces 8.3

ordinate frame (X,Y,Z), with I �= J �= K such as χ
(2)
XY Z are zero for a surface

composed of achiral molecules, and only elements with two equal indices such

as χ
(2)
XXZ , χ

(2)
Y Y Z are non-zero [173]. In contrast, elements χ

(2)
IJK with I �= J �= K

can be non-zero for a surface containing chiral molecules.
A chiral VSFG signal can in principle originate both from the bulk and the
surface of a solution. However, for an isotropic bulk system, the generation
of a chiral SFG signal requires the antisymmetric part of the Raman tensor
to be nonzero, which is only the case at frequencies close to electronic reso-
nances [23,24,158,173,176]. In an aqueous solution, the helices are isotropically
oriented in three dimensions, and thus χbulk

chiral = 0, if the Raman-tensor is to-
tally symmetric, which is usually the case if ωV IS and ωSFG are far away from
electronic resonances. The surface possesses C∞ symmetry which implies that
the orientational average in Eq. (8.1) is only performed over the in-plane ori-

entation of the molecules. Hence, χsurface
chiral can be non-zero, even for a totally

symmetric Raman-tensor [173,174]. In the present experiments ωV IS and ωSFG

are far away from electronic resonances, meaning that the chiral SFG signal is
only generated by protein molecules at the water-air interface. The phase of
χsurface
chiral can be determined by comparing the phase of the chiral SFG signal

with the phase of the SFG signal from a system with a known χ(2) (see below).

8.3 Results and Discussion

We use VSFG to study the biologically relevant type I antifreeze peptide
(AFP1) [177] at the water-air interface. AFP1 is naturally found in the body
fluids of the cold-adapted winter flounder fish, forming a natural protection
against freeze damage from ice-crystals by adsorbing to the ice-crystal surfaces
and inhibiting further growth [178]. AFP1 is 37 amino acids in length and fully
α-helical. The handedness of an α-helix is defined by the chirality of the amino
acids (L- or D-enantiomers) and constitutes a form of supramolecular chirality.
We have synthesized two AFP1 peptides with either (L)- or (D)-amino acid
configuration, which allows us to selectively control the handedness of the helix
and hence the absolute configuration of the molecule. The helicity of (L)- and
(D)-AFP1 was studied by circular dichroism. The CD-spectra in Figure 8.2C
show the characteristics of an α-helix, but with opposite sign for (L)-AFP1 and
(D)-AFP1, confirming that the two peptides form indeed helices with oppo-
site handedness. The temperature-dependence of the CD-spectra shows that
the thermal stability of (L)- and (D)-AFP1 is highly similar and agrees with
literature values (see Appendix B). An independent activity assay (sonocrys-
tallization) demonstrated that (L)- and (D)-AFP1 show also equal antifreeze
activity (see Appendix B).

The sum-frequency generation setup described in Section 3.3 has been used
to record VSFG-spectra of AFP1 at the air-water interface. Figure 8.1B shows
the intensity VSFG-spectrum of (L)-AFP1 obtained under ssp-polarization con-
ditions (s-polarized SFG, s-polarized VIS, p-polarized IR). The spectrum con-
sists of a broad band around ∼ 3200 cm−1 originating from the OH-stretch
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Figure 8.1. (A) Schematic representation of the sum-frequency generation process:
a femtosecond mid-infrared pulse (IR) couples the vibrational ground-state |0 > and
the first vibrationally excited state |1 > of the NH-stretch vibration of the peptide
backbone and the resulting coherence is upconverted by a non-resonant 800 nm-pulse
(VIS), leading to the emission of light at the sum-frequency (SFG). (B) Direct SFG-
spectrum obtained from an aqueous solutions of (L)-AFP1 using ssp polarization con-
ditions. The sharp resonances below 3000 cm−1 originate from CH-stretch vibrations
of the peptide and the broad resonance centered around ∼ 3200 cm−1 originates from
the OH-stretch vibration of interfacial water molecules. A peak on the high frequency
side of the broad OH-band can be observed around 3350 cm−1.

vibration of interfacial water molecules, and two additional narrow resonances
at 2890 cm−1 and 2950 cm−1, which originate from the symmetric and anti-
symmetric CH3-stretching vibrations [179] of methyl-groups in the amino acid
side chains of AFPI. Additionally, a peak on the high frequency side of the
broad OH-band is observed at 3350 cm−1. Based on its resonance position and
its narrow line-width, we assign this band to an NH-stretch vibration. While
the signal could in principle also originate from NH-groups in the side-chains
of amino acids (lysine and arginine) or the N-terminus/amidated C-terminus
of the peptide, the overwhelming prevalence of backbone-NH-groups (36) over
side-chain (2) or N/C-terminal NH-groups (2) supports an assignment to back-
bone NH-vibrations.

We now turn to chiral-specific VSFG-spectra. By performing the SFG-
experiment with a polarization combination that specifically probes elements of

the non-linear susceptibility tensor χ
(2)
IJK with I �= J �= K such as χ

(2)
XY Z , we

can probe the chiral molecules without any contribution from achiral molecules
[22–24, 160–162, 173, 181]. If the plane of incidence of the IR- and VIS-beams
is spanned by the X- and Z-axis of the laboratory coordinate frame, the polar-
ization combination psp (p-polarized SFG, s-polarized VIS, p-polarized IR) will

probe the chiral-specific χ
(2)
ZYX -element. For a helical peptide, the chirality re-

sults from the handedness of the helix, which is right-handed for (L)-AFP1 and
left-handed for (D)-AFP1. The NH-stretch vibrations of the peptide backbone
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Figure 8.2. (A) Chiral SFG-spectra of L-type and D-type AFP1 obtained under
psp-polarization settings. The sharp resonance at 3300 cm−1 originates from the NH-
vibration of the peptide backbone [161]. (B) Structure of AFP synthesized from L-
and D-amino acids; the structure of (D)-AFP1 has been generated by a mirror-image
transformation of the structure of (L)-AFP1 published in [180](Protein Data Bank
identifier 1WFA). (C) Near UV-circular dichroism spectra obtained from solutions of
(L)- and (D)-AFP1 at 15 ◦, respectively. The CD-spectra exhibit the characteristic
features of an α-helix, showing extrema in the molar ellipticity at 207 and 222 nm.
The opposite sign of the CD-spectra confirms that (L)- and (D)-AFP1 indeed form
helices with opposite handedness and are enantiomeric to each other.

report on this chirality [161,173].

The spectra of Figure 8.2A are measured using psp-polarization conditions.
The broad signal from the OH-stretch vibration of water molecules observed
in Figure 8.1B is completely absent from the psp SFG spectrum, and only the
sharp NH-feature of the peptide backbone is observed. Both the resonance
frequency and the width of the peak are in good agreement with the values
that were recently reported for the NH-stretch vibration of a number of other
α-helical peptides and proteins [161].

The intensity-spectra in Figure 8.2A only demonstrate the presence of chi-
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Figure 8.3. (A) Spectral interferogram of L-type AFP1 protein obtained by Fourier
filtering of the spectral interference signal measured in psp configuration. (B) Spectral
interferogram of the quartz surface obtained by replacing the sample with a quartz
crystal.

ral molecules at the surface, but do not provide information on their absolute
configuration, i.e. their handedness. The χ(2)-elements, that are probed under
psp-polarization, change sign between enantiomers [22–24,158,171,173]. Hence,
the nature of the enantiomer can be determined by measuring the phase of χ(2),
which requires heterodyne detection of the SFG light. We perform heterodyne-
detected SFG experiments using the setup that is schematically depicted in
Figure 3.3. The IR and visible beams are first both sent on a gold mirror
which leads to the generation of broadband light at the sum-frequency (local
oscillator, LO). Subsequently, the three resulting beams (IR, VIS and SFG) are
sent together onto the sample where additional SFG light is generated at the
aqueous surface. The local oscillator SFG light is delayed by ∆t by sending
this beam through a tilted fused silica plate. The SFG light generated at the
gold mirror and at the sample co-propagate to the spectrograph and are de-
tected by the CCD camera. The detected intensity of the heterodyne-detected
SFG (HD-SFG) signal is given by Eq. (3.3). The cross-term EsampleE

∗
LOe

−iω∆t

contains the electric field of the SFG-signal originating from the sample and is
directly proportional to the complex χ(2). The detected spectral interferogram
is Fourier filtered to remove the |ELO(ω)|2 and |Esample(ω)|2 contributions and
back transformed to yield an interferogram as shown in Figure 8.3A.
To determine the absolute phase of the SFG light generated by the proteins
at the water-air interface, we compare the interferogram resulting from the
heterodyne-detected SFG experiment of the sample with an interferogram mea-
sured for a sample with a well-known phase. To this purpose, we replace the
sample by a quartz crystal that we orient in such a way that its bulk χ(2) equals
zero. For quartz the sum-frequency generation process is non-resonant, mean-
ing that χ(2) is real and frequency independent. Hence, the real and imaginary
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Figure 8.4. (A) Real and imaginary χ(2) measured for L-type AFP1. (B) As (A)
but for D-type AFP1. The intensity VSFG-spectra (proportional to |χ(2)|2) of (L)-
and (D)-AFP1 are shown in black for comparison.

χ(2) of the AFP molecules at the water-air interface can be obtained from the
ratio of the spectral interferogram measured for the surface of the aqueous AFP-
solution (Figure 8.3A) and the interferogram measured for the quartz surface
(Figure 8.3B) directly yields the values of according to Eq. (3.4).

χ
(2)
sample(ω)

= χ
(2)
quartz(ω)

Esample(ω)E
∗
LO(ω)e

−iω∆t

Equartz(ω)E∗
LO(ω)e

−iω∆t
= χ

(2)
quartz(ω)

Esample(ω)

Equartz(ω)
(8.2)

In Figure 8.4, we plot the real and imaginary χ(2) of L-and D-type AFP1 in
the spectral region of the NH-stretch vibration obtained under psp-polarization
settings and calculated according to Eq. (8.2). The opposite phase of the back-

bone NH-vibration resulting from the different signs of χ
(2)
chiral for right-handed

(L-AFP1) and left-handed (D-AFP1) α-helical peptides is clearly resolved. This
is most clearly seen in the absorptive imaginary part of χ(2) that shows a sign

change between (L)-AFP1 and (D)-AFP1. The dispersive real parts of χ
(2)
chiral

reflect the same trend, with Re(χ
(2)
chiral) of (L)-AFP1 being negative at ω < ω0,

exhibiting a zero-crossing at ω0 and becoming positive ω > ω0. For (D)-AFP1
the opposite trend is observed, which is fully consistent with the opposite sign

of the imaginary parts of χ
(2)
chiral. The observed frequency dependence of the

real and imaginary parts of χ
(2)
chiral confirms that the psp SFG signal originates

from AFP molecules located at the surface. In case these signals would have

resulted from bulk AFP molecules, the detected χ
(2)
chiral would have been phase

shifted by π/2 [182,183]. Then the imaginary part of χ
(2)
chiral would have shown

a dispersive shape, i.e. a sign change at the resonance frequency of 3350 cm−1,
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and the real part would have been absorptive.
The above results demonstrate that the heterodyne-detected chiral SFG method
allows for the determination of the absolute configuration of chiral molecules
at interfaces. Due to the low sample amount that is required and short data
integration times (<10 minutes), the experimental approach outlined here is
perfectly suited to study (bio)chemical transformations at interfaces, offering
unique insight in structural and conformational rearrangements of interfacial
macromolecules. This method may find many applications, especially in fields
where stereoselective (bio)chemical processes at interfaces play an important
role. Examples are the assembly of superhelical protein complexes such as
SNARE-complexes during membrane fusion events [184], the enantiospecific
interaction between nucleobases and amino acids at surfaces [185] and the for-
mation of two-dimensional chiral domains upon adsorption of helicenes onto
metal surfaces [186].

8.4 Conclusions

We demonstrate heterodyne-detected chiral vibrational sum-frequency gener-
ation (VSFG) of an interfacial layer of biomolecules. By interfering the SFG
light generated at the surface with the light of a local oscillator, and by com-
paring the resulting interferogram with that of a sample for which the phase
of the SFG light is known, we determine the real and imaginary part of the
second-order susceptibility χ(2), and we demonstrate that the signal originates
from molecules at the surface. This χ(2) directly reflects the absolute configu-
ration of chiral molecules. We show that the method allows for the distinction
between surface bound type I antifreeze peptides with left- and right-handed
helices. Probing the absolute configuration of chiral molecules at interfaces is
of great value in understanding the adsorption affinity of proteins at interfaces
and their associated structural and conformational changes.
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8.5 Appendix A: Determination of the phase
of ESFG
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Figure 8.5. (A) Comparison of the orientations of the quartz-crystal used for refer-
encing in psp-polarization. (X,Y,Z) and (x,y,z) denote the laboratory coordinate frame
and the crystal coordinate frame, respectively. The optical axis (o.a.) of the z-cut
crystal is oriented parallel to the surface normal (the Z-axis of the laboratory frame).
φ denotes the angle between the X-axis and the x-axis. The φ = 0◦-orientation is
also used in the experiments under ssp-polarization. (B) The spectral interferograms
obtained for φ = 90◦ and φ = 0◦ under psp-polarization with 7 sec. and 55 sec. of
integration time, respectively. The signal for φ = 90◦ has been scaled down by a factor
of 0.65 for better comparison. The inset shows the corresponding time-domain data
obtained by an inverse Fourier transformation of the spectral interferograms. (C) The
complex phase-resolved chiral SFG-spectrum of (L)-AFP1 obtained using Eq. (8.2)
and the quartz-crystal at φ = 0◦-orientation. (D) Same as (C) but using Eq. (8.3)
and the quartz-crystal at φ = 90◦-orientation.
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Since for a solution of chiral molecules the SFG-spectrum obtained under psp-
polarization can in principle originate both from an interface and from the bulk
of the isotropic solution [22,24], we use the phase of the SFG-spectrum relative
to the SFG-spectrum from quartz Equartz to determine the origin of the sample-
SFG (interface or bulk). The efficiency of the SFG-process is determined by the
effective nonlinearity deff , and in quartz its dependence on rotation over the
surface normal (the z-axis of the crystal) is given by deff ∝ dxxx cos(3φ) in
ssp and deff ∝ dxxx sin(3φ) in psp [187, 188], where φ is the angle between the
X-axis of the laboratory frame and the x-axis of the crystal frame as shown
in Figure 8.5A. We can verify this by comparing the spectral interferograms
obtained from quartz in two different orientations, φ = 0◦ and φ = 90◦. As
expected, the signal obtained for φ = 0◦ is much smaller (about one order of
magnitude) than for φ = 90◦. We furthermore note that the fringe patterns in
the two interferograms in Figure 8.5B are exactly π/2 phase-shifted with respect
two each other. This can also be clearly observed in the time-domain signals in
the inset of Figure 8.5B obtained from an inverse Fourier transformation of the
interferogram. These observations confirm that the quartz signal obtained for
a crystal orientation of φ = 0◦ under psp-polarization results from the interface
between quartz and air and not from the bulk. The real and imaginary part of

χ
(2)
chiral of the aqueous interface are then obtained from Eq. (8.2). This procedure

has been applied to Figure 8.4. An alternative approach is to rotate the quartz
crystal by φ = 90◦ and to compare the spectrogram measured for the AFP
solution with that of bulk quartz. In this case the real and imaginary part of

χ
(2)
chiral are determined by:

χ
(2)
sample(ω) = χ

(2)
quartz(ω)

Esample(ω)

iEquartz(ω)
(8.3)

The factor of i in the denominator of this equation is introduced because the
sum-frequency field generated in the bulk of the non-centrosymmetric quartz
crystal has a phase shift of π/2 relative to the sum-frequency electric field
generated at the surface [182,183].
The very efficient SFG-generation from quartz at φ = 90◦-orientation causes the
CCD-camera to become saturated after a few seconds of signal integration, thus
posing an upper limit for the integration time of the much weaker LO-signal. It
is possible to show that the noise in the cross-terms of Eq. (3.3) is dominated
by the shot-noise from the SFG-field with the higher intensity [170]. If ELO is
smaller than than Equartz by a factor of f with f�1, then it can easily be shown
that the signal-to-noise ratio is effectively reduced by a factor of f compared to
the usual situation where the LO is large compared to the signal it interferes
with [170]. Thus referencing the peptide-SFG signal to the quartz-SFG signal
obtained at φ = 90◦ leads to an elevated noise level in the final phase-resolved
SFG-spectrum of the peptide sample. The effect can be seen when comparing
Figure 8.5D to 8.5C. Measuring the reference spectrum from quartz for φ = 0◦

circumvents this problem since in this case ELO and Equartz are of comparable
magnitude, thus avoiding the introduction of additional noise sources into the
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final phase-resolved spectrum.

8.6 Appendix B: characterization of (L)- and
(D)-AFP1

8.6.1 UV-Circular Dichroism

To determine the thermodynamic properties of (L)- and (D)-AFP1, the unfold-
ing of the peptides was studied using a circular dichroism temperature wave-
length scan from 1 to 85 ◦C (Figure 8.6). All samples were measured in a
quartz cuvette with a path length of 0.2 cm in 5 mM phosphate buffer on a
Jasco J-815 spectropolarimeter, where the sensitivity, time constant and scan-
rate were chosen appropriately. Temperature was controlled by a PFD-425S/15
Peltier-type temperature controller. To derive the thermodynamic parameters
from the temperature dependent CD measurements, we used a simple two-state
model, where the peptide is either in a fully folded (F) or a fully (reversible)

°C
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°C
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°C

°C
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ε

C D

Figure 8.6. Temperature-dependent CD-spectra of (A) (L)-AFP1 and (B) (D)-AFP1.
(C,D) Circular dichroism temperature-wavelength scan at 222 nm of (L)-AFP1 and
(D)-AFP1. Black symbols are data points, red and blue lines denote a fit for the 100%
unfolded state (fu) and for the 100% folded state (ff ), respectively. The latter were
obtained from a quadratic fit to the data points outside the transition region. The
melting temperature Tm corresponding to fu = ff is 23◦C for both peptides.
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unfolded (U) state, given by

F � U, KD =
U

F
(8.4)

The fraction folded (ff ) and unfolded (fu) peptide is then

ff =
α

α+ β
, fu =

β

α+ β
(8.5)

where α and β is the helicity calculated as the difference between the fitted
lines for 100% (un)folded and experimental data points. These equations can
be inserted into Eq. (8.4), leading to KD = fu/ff . A Van’t Hoff plot of ln(KD)
vs 1/T [K−1] can be used to derive the thermodynamic parameters. Equimolar
amounts of folded and unfolded peptide (ff = fu) give KD = 1 and ln(KD)
= 0, from which the denaturation temperature Tm can be derived from the
intercept with the horizontal axis, which gives an equal denaturation temper-
ature Tm = 23 ◦C for (L)- and (D)-AFP1, which agrees well with literature
values [189].

8.6.2 Freezing hysteresis activity of (L)- and (D)-
AFP1

A B

Figure 8.7. Activity of (A) (L)-AFP1 and (B) (D)-AFP1 as determined by thermal
hysteresis measurements. While both (L)- and (D)-AFP1 alone exhibit very little ac-
tivity, both peptides are able to potentiate the observed antifreeze-activity of AFP-III.
This agrees with the observations in Ref. [190] from ice-crystal growth measurements.

The thermal hysteresis activity of the synthesized peptides was measured by
sonocrystallization of which the methods and experimental setup are described
elsewhere [191]. Sonocrystallization is a method to determine the lowering of
the non-equilibrium freezing point by antifreeze proteins. Samples are cooled
to -6 ◦C after which ice-crystallization is initiated by the application of a short
ultrasound pulse, resulting in the release of latent heat. This raises the sam-
ple temperature until it stabilizes at the non-equilibrium freezing point of the
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solution. Hereafter the temperature is slowly raised to determine the melting
point of the solution. As expected, type III antifreeze protein (AFP-III) shows
a stable freezing plateau as seen in Figure 8.7. Surprisingly, type I AFP does
not form a stable freezing plateau, however the addition of AFP1 to AFP-III
enhances the non-colligative freezing point depression. The effects observed in
the sonocrystallization experiments are virtually indistinguishable for (L)-AFP1
and (D)-AFP1.

The CD-spectroscopic characterization and freezing hysteresis activity tests
have been performed at the Laboratory of Macromolecular and Organic Chem-
istry of the Technical University Eindhoven by Luuk L.C. Olijve under the su-
pervision of Dr. Ilja K. Voets.


