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ABSTRACT: We study the solution structure of antifreeze glycoproteins (AFGPs) with linear
and two-dimensional infrared spectroscopy (2D-IR). With 2D-IR, we study the coupling
between the amide I and amide II vibrations of AFGPs. The measured nonlinear spectral
response constitutes a much more clearly resolved amide I spectrum than the linear absorption
spectrum of the amide I vibrations and allows us to identify the different structural elements of
AFGPs in solution. We find clear evidence for the presence of polyproline II (PPII) helical
structures already at room temperature, and we find that the fraction of PPII structures
increases when the temperature is decreased to the biological working temperature of AFGP.
We observe that inhibition of the antifreeze activity of AFGP using borate buffer or enhancing
the antifreeze activity using sulfate buffer does not lead to significant changes in the protein
conformation. This finding indicates that AFGPs bind to ice with their sugar side chains.

ntifreeze proteins (AFP) and antifreeze glycoproteins

(AFGPs) are a unique class of proteins that inhibit the
growth of ice crystals in living organisms and thereby enable
their survival in freezing and subfreezing habitats.”” AFGPs
were the first AFPs to be discovered and are subject to
considerably less structural variations than AFPs. The primary
structure of an AFGP consists of the repeating tripeptide unit
(alanyl—alanyl—threonine) to which a f-p-galactosyl-(1 — 3)-
a-N-acetyl-p-galactosamine is attached at the threonine side
chains, as shown in Figure la. AFGPs typically occur in
isoforms that are grouped into large AFGP,_5 and small
AFGP,_g isoforms.
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Figure 1. (a) Chemical structure of a representative AFGP repeat; n =
4-50. (b) Infrared spectrum of AFGP,_; at a concentration of 2 wt %
in D,O at room temperature.
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The secondary structure of AFGP in solution and at the
surface of ice has not yet been unambiguously identified. Early
circular dichroism (CD) spectra suggested that AFGPs possess
an extended random coil structure in solution.” Follow-up
studies using a combination of NMR and CD experiments
proposed a left-handed helical conformation that is similar to
that of a polyproline II (PPII) helix.”* The results of later CD,
IR, quasi-elastic light scattering, and Raman spectroscopic
studies all suggested the presence of folded structural elements
but did not allow a definite determination of the structure.’
Recently, molecular dynamics simulations and a systematic
chemical synthesis study of small AFGP isoforms showed that
the sugar unit and the PPII structural element play an
important role in the binding to ice.”® The uncertainty
regarding the solution structure of AFGPs leaves important
questions regarding their working mechanism unanswered. It
remains, for instance, unclear which site of the protein binds to
ice.

Linear infrared spectroscopy is a widely used method to
study the secondary structure of proteins. Structural elements
such as a-helixes or f-sheets can be derived from the
frequencies of their amide vibrations. In particular, the
frequency of the strongly absorbing amide I mode constitutes
a clear marker for the presence of specific secondary structural
elements.”' Unfortunately, for more complex and (partly)
disordered proteins, the measured linear infrared absorption
spectra are often too strongly congested to determine the
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secondary structure of the protein. Additional information on
the protein structure can be obtained with two-dimensional
infrared spectroscopy (2D-IR). 2D-IR is a nonlinear
spectroscopic technique in which the vibrational response is
measured as a function of two frequencies (excitation and
probing frequencies). The coupling of different vibrations leads
to off-diagonal signals in the 2D-IR spectrum.'’ The
magnitude of these off-diagonal signals reflects the strength
of the coupling, which can provide information on the relative
position and orientation of the vibrations and thereby on the
spatial structure of the studied molecule.”™"*

Here we use 2D-IR to study the coupling between the amide
I and amide IT modes of AFGPs."”> We demonstrate that the
measurement of this coupling enables decomposition of the
complex amide I solution spectrum of AFGP in subbands that
correlate with distinct structural elements. Thereby, we can
determine the relative fractions of these structural elements of
AFGPs in solution as a function of temperature. The spectral
decomposition of the amide I spectrum using 2D-IR also
allows us to analyze the linear infrared absorption spectrum of
the amide I modes and to study the effect of the addition of an
enhancer'® (sulfate) and inhibitor'”'® (borate) of the
antifreeze activity on the structure of AFGPs in solution.

Linear Infrared Absorption Spectrum. Figure 1b shows the
normalized infrared spectrum of a solution of AFGP,_g in
deuterated water (D,0), between 1380 and 1720 cm™'. We
used a concentration of 2 wt % in all of our experiments as this
was the minimum concentration that provided sufficient
absorption to perform 2D-IR experiments with a good
signal-to-noise. The frequency range between 1400 and 1500
cm™! represents the region of the amide II vibrations, and the
frequency range between 1600 and 1700 cm™' represents the
amide I region. The amide II vibration is dominated by N—H
bending vibrations and the C—N stretching vibrations, whereas
the amide I mode is dominated by the stretching of the C=0
bond of the amide group. Amide I and amide II modes are
strongly coupled by through-bond, mechanical anharmonic
interactions."”

The AFGP spectrum in the amide II region is congested due
to the overlap of modes belonging to different protein
conformations and the response of the bending mode of
residual HDO in the D,O solvent.”” The amide I region is also
highly congested and consists of a broad band with a maximum
at around 1645 cm™" and a shoulder at around 1620 cm™. As a
result, the different amide I subbands and the corresponding
structural motifs of the protein cannot be resolved.

Two-Dimensional Infrared Experiment. We study the vibra-
tional response of the amide I and amide II vibrations and their
coupling with 2D-IR spectroscopy. The details of the setup can
be found in the literature.”’ In brief, we excite the amide
vibrations with a strong femtosecond infrared pulse pair (~100
fs, 4 uJ per pulse). This excitation induces transient absorption
changes that are probed with a weaker (0.35 pJ) single-
femtosecond probing pulse that is delayed by a time T,,. In all
experiments, the excitation pulses are centered at 1630 cm™
with a bandwidth of 200 cm™, in resonance with the amide I
vibrations. The probe pulse is centered at 1630 cm™' to
measure the response of the amide I vibrations and at 1450
cm™' to measure the response of the amide II vibrations
induced by the excitation of the amide I vibration.

Diagonal Two-Dimensional Infrared Spectra. In the left panel
of Figure 2, we show the isotropic 2D-IR spectra obtained by
pumping and probing the amide I vibrations (diagonal region)
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Figure 2. Isotropic 2D-IR spectra of a 2 wt % AFGP,_; solution in
D,O0 at 0 °C. The spectra were collected at a delay time T,, of 0.5 ps.
The left panel shows the 2D-IR spectrum obtained when exciting and
probing in the amide I region, and the right panel shows the 2D-IR
spectrum obtained when exciting the amide I region and probing the
amide II region. Bleaching (reduced absorption) is indicated in blue,
while excited-state absorption (increased absorption) is indicated in

red.

for a solution of a 2 wt % AFGP,_; solution at 0 °C. The 2D-
IR spectrum in the diagonal region shows a clear bleaching
component (reduced absorption) due to the depletion of the
fundamental v = 0 to 1 transition and induced v = 1 to 0
stimulated emission. At a slightly lower probing frequency, we
observe an induced v = 1 to 2 excited-state absorption. The
bleaching signal is strongly elongated along the diagonal. The
maximum signal is observed at ~1655 cm™', which is slightly
higher than the frequency of the maximum in the linear
infrared spectrum. The 2D-IR spectrum also contains a
shoulder at 1620 cm™" that has a higher intensity relative to
the main band that is observed in the linear infrared spectrum.
This difference can be explained from the fact that the signal in

the linear infrared spectrum is proportional to cti1?, where cis

the concentration of the species and II* is the square of the
transition dipole moment of the molecular vibration, whereas
the signal of the diagonal 2D-IR spectrum is proportional to

¢t 1*. Thus, molecular vibrations with a large transition dipole
moment will be enhanced in 2D-IR spectra.'’ It has been
shown that the higher nonlinear dependence of the diagonal
2D-IR signal on the transition dipole moment can help in
revealing the secondary structure of proteins.””*
Off-Diagonal Two-Dimensional Infrared Spectra. The right
panel of Figure 2 shows the isotropic 2D-IR spectrum obtained
by exciting the amide I vibrations and probing the amide II
vibrations. This region of the 2D-IR spectrum shows the
presence of several off-diagonal features or cross-peaks. The
cross-peak signals consist of a bleaching component at higher
frequencies and an induced absorption component at lower
frequencies. This signature implies that the frequency of the
probed amide II vibration is shifted to lower frequencies as a
result of the excitation of the amide I vibration. At probe
frequencies between 1480 and 1500 cm™, we observe an
antidiagonally elongated bleaching band, highlighted by the
green rectangle in Figure 2b. In addition, we observe bleaching
signals at probe frequencies of 1447 and 1460 cm™" following
excitation at ~1660 cm™. The linear infrared spectrum shows
a peak near 1450 cm™' that has been assigned to the CH;
bending vibration (see Figure S1). Hence, we assign the signal
near 1447 cm™' to the coupling of the amide I vibrations and
the CH; bending mode.”* To analyze the broad antidiagonal
amide II response between 1480 and 1500 cm™', we plot the
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maximum of this signal as a function of the excitation
frequency in the amide I band.

Figure 3a shows the resulting spectra at 0, 5, 23, and 40 °C.
We also measured the spectral response at —5 °C, but this
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Figure 3. (a) Maximum bleaching signal of the amide I—amide II
cross-peak region for probing frequencies between 1480 and 1500
em™ as a function of the excitation frequency, at four different
temperatures, for a solution of AFGP,_; at a concentration of 2%. The
signal is normalized to clarify the temperature dependence of the
spectra. Also shown are the five Gaussian subbands in which the
spectrum is decomposed. (b,c) Areas of the five Gaussian bands used
to fit the spectra of (a) as a function of temperature. The areas are
normalized to the total area at each temperature. The error bars
represent the standard deviations obtained from the global fit and
from the propagation of the experimental errors.

spectrum did not show significant changes compared to the
off-diagonal 2D-IR spectrum at 0 °C (Figure S3). The
spectrum at 0 °C shows a maximum intensity at 1644 cm™
and two shoulders at around 1620 and 1660 cm™'. We find
that at higher temperatures a significant change of the
spectrum occurs. At 40 °C, the signals at 1630 and 1670
cm™! increase, while the shoulder at 1620 cm™' becomes less
pronounced. The measurement of the maximum response of
the amide II vibrations as a function of the amide I excitation
frequency results in a more clearly structured amide I spectrum
compared to the linear IR spectrum of the amide I modes. The
improved spectral resolution can be explained from the
nonlinear character of the signal. The intensity of the signals
measured in the cross-peak region is proportional to the
product of the squares of the transition dipole moments of the
two coupled molecular modes.'"”"> This leads to a strong
suppression of all contributions that do not involve a coupling
between amide I and amide II. Hence, all contributions of the
background and contaminations that lead to congestion of the
linear IR spectrum of the amide I modes are no longer
observed in the off-diagonal 2D-IR spectrum, which allows us
to identify the different amide I subbands. The resulting
spectrum reveals the presence of five different amide I
subbands.

We performed a global fit of the spectra at different
temperatures using five Gaussian subbands, as shown in Figure
3a. In this fit, we take the widths of the subbands to be
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temperature-independent, and we assume the central frequen-
cies to blue shift by 0.05 cm™'/ °C to take into account the
effect of an increase in temperature on each of the subbands.
From the fit, we extract the central frequencies and the
temperature-dependent amplitudes of the five subbands. The
obtained frequencies agree very well with frequency values
reported in previous studies.”> >’ We assign the modes as
follows: the 1619 + 2 cm™' band is assigned to the PPII
structure, the 1630 + 2 cm™ and 1671 + 2 cm™! bands are
assigned to extended structures (or turns), the 1644 + 3 cm™
band is assigned to a random coil structure, and the 1659 + 3
cm™' band is assigned to an a-helical conformation. These
assignments are in line with previous findings” ™" and are
further supported by the observed polarization dependence of
the 2D-IR signals (see the Supporting Information for a
complete discussion).

The amide I vibration of the sugar unit N-acetyl-p-
galactosamine absorbs at 1627 cm™' (see Figure S7) and
thus overlaps with the band at 1630 cm™ that is assigned to
the amide I vibrations of the protein part of AFGP with an
extended conformation.”>”>” However, the observed band for
AFGP shows a distinct temperature dependence, which is not
observed for the amide I vibration of N-acetyl-p-galactosamine
(see Figure S7). Hence, the observed band at 1628 cm™ likely
contains contributions from both the amide I vibration of N-
acetyl-D-galactosamine and the amide I vibrations of the
protein part of AFGP with an extended conformation.

In Figure 3b,c, we present the normalized areas of the five
spectral components as a function of temperature. We find that
there is no dominant conformation of AFGP in solution, and at
all temperatures, a mixture of different structural elements is
present. When the temperature is increased to 40 °C, the
amplitude of the PPII band (1619 cm™") decreases from 0.4 +
0.02 to 0.35 + 0.02, while the extended structure bands (1671
and 1630 cm™) increase from 0 =+ 0.01 to 0.04 + 0.01. The
amplitudes of the other two bands show very little change with
temperature. We performed the same experiments and data
analysis for 2 wt % solutions of AFGP,_g and obtained similar
results (Figures S4 and SS).

Comparison of the Linear Infrared Spectra of AFGP, s and
AFGP,_g. In Figure 4a, we show linear IR spectra of solutions
of AFGP,_s and AFGP,_g in D,O at room temperature. We
observe that AFGP, g has a stronger absorption in the
frequency region between 1580 and 1620 cm™ in comparison
to the larger AFGP,_;. In comparison to the 2D-IR spectra,
these spectra show an additional response near 1595 cm™" due
to differences in the amino acid composition.””**For the
smaller AFGP,_g isoforms, it was shown that alanine is
occasionally substituted by proline in some of the repeated
monomer units.””*’

The five spectral bands that we obtained from the analysis of
the cross-peak region (exciting amide I, probing amide II) of
the 2D-IR spectra can now also be used to analyze the linear
IR spectra in the amide I region. We decompose the linear IR
spectra in these five bands plus a sixth band centered at 1595
cm™L. The center frequencies reported in Figure 3b,c are used
as input parameters for the linear IR infrared decomposition.
We allow the center frequencies of the six bands to shift
slightly to the blue with increasing temperature.”’ The
extracted widths and center frequencies are reported in
Table S1. Figure 4b shows the linear spectra of solutions of
AFGP,_; in D,O for different temperatures between S and 70
°C. We find that the temperature-dependent spectra can be
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Figure 4. (a) Normalized linear infrared spectra of solutions of
AFGP,_g and AFGP,_; at a concentration of ~2 wt % in D,0 at room
temperature. (b) Linear infrared spectra of solutions of AFGP,_; at a
concentration of ~2 wt % at different temperatures between S and 70
°C. We also show the decomposition of the spectra in six Gaussian-
shaped bands. (c) Normalized areas of five Gaussian bands that are
used to fit the infrared spectra of (b) and the temperature-dependent
spectra of AFGP,_g (fit and raw data are reported in Figure S6). (d)
Normalized areas of five Gaussian bands that are used to fit the linear
spectra of solutions of AFGP,_; (OJ) and of AFGP,_; in the presence
of borate (<) or in the presence of sufate (O) (Figure S6).

well described with the same bands that we obtained from the
2D-IR measurements.

In Figure 4c, we present the normalized areas of the five
bands as a function of temperature. We observe that for all
temperatures neither AFGP,_5 nor AFGP;_g shows a single
dominant conformer, indicating that the proteins have a
certain structural flexibility. We find that both AFGP,_g and
AFGP,_; have a significant content of PPII structure but that
at high temperatures the larger AFGP,_; has less overall PPII
content than the shorter AFGP,_g. When the temperature is
lowered, the PPII content of AFGP,_ increases more strongly
than that for AFGP,_g but remains smaller for AFGP,_g than
that for AFGP,_g at 5 °C. For both AFGP isoforms, the
amplitude of the extended structure band decreases when the
temperature is lowered, in agreement with the 2D-IR
experiments. Figure 4c also shows that at all temperatures
the shorter AFGP,_g isoforms have a lower a-helix content
than the larger AFGP,_g isoforms, which likely is a result of
their difference in amino acid composition, i.e., AFGP, g
contains more prolines. In fact, proline residues are known
to be a-helix breakers.”” The a-helical content of AFGPs does
not show significant changes when the temperature is lowered.
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We thus find that both AFGP isoforms and, in particular, the
larger AFGP,_; tend to form more PPII conformations at the
expense of the extended structures as soon as the temperature
is lowered to their biological working temperature. This result
is in line with a recent molecular dynamics simulation study
that showed that PPII structures are important for AFGPs’
antifreeze activity.”

The antifreeze activity of AFGP,_g is known to be lower
than that for AFGP,_;,*>** which at first sight may be
interpreted as a pure size effect, the larger protein showing an
energetically more favorable adsorption to the surface of ice. In
view of the present findings, the difference in antifreeze activity
between AFGP,_; and AFGP,_g may also be partly due to an
intrinsic structural difference, the antifreeze activity of
AFGP,_g being higher than that of AFGP,_g because of its
larger a-helix content. The higher a-helix content could, for
instance, be beneficial in the segregation of the hydrophilic and
hydrophobic groups of the protein, which is vital for ice
binding.

Effect of the Addition of an Enhancer/Inhibitor of the
Antifreeze Activity. We measured linear infrared spectra as a
function of temperature for solutions of AFGP,_s in D,O, to
which we added 1 M magnesium sulfate or 0.3 M sodium
borate.'®'® Sodium borate is a well-known inhibitor of
antifreeze activity, and it has been proposed that borate
interacts with AFGP by bindin% to the cis-hydroxyl groups of
the f3-p-galactopyranosyl group.'® Magnesium sulfate has been
shown to enhance the antifreeze activity of AFGP.'® The
molecular mechanism of this enhancement is unknown. Figure
4d shows the normalized areas of the five different Gaussian-
shaped bands obtained from decomposition of the linear
spectra (see also Figure S6). We find that at all temperatures
the addition of magnesium sulfate or sodium borate does not
lead to a significant change in the distribution of structures of
AFGP,_g in solution.

Hence, the addition of enhancers or inhibitors does not
change the distribution of the protein structural elements and
the temperature dependence of this distribution. This result
indicates that the effect of the inhibitors and enhancers is likely
related to interactions with the disaccharide units, meaning
that AFGPs bind to ice with the hydroxyl groups of the
disaccharide side chains rather than with the hydrophobic
groups of the peptide backbone. This type of bindin§
mechanism agrees with the results of previous studies.””™>
In one of these studies, the reorientation dynamics of the
hydration water of AFGP was investigated, and it was found
that inhibiting the antifreeze activity using borate induced no
changes in the dynamics of the water molecules.*® This result
indicated that borate is primarily interacting with the sugar unit
of AFGP, in agreement with the present results.

We used linear IR and 2D-IR to study the structure of
different AFGP isoforms in solution. With 2D-IR, we measured
the spectral response of the amide II modes dependent on the
excitation frequency of the amide I modes. The obtained
response constitutes a much more clearly structured amide I
spectrum than the linear IR spectrum. This better resolution
can be explained from the nonlinear character of the signal that
leads to suppression of background and/or contamination
signals that congest the linear amide I spectrum. The amide
II—amide I cross-peak response reveals the presence of five
distinct amide I vibrations, which we used to decompose and
analyze the linear infrared amide I spectra of AFGP,_5 and
AFGP;,_g. We assigned the 1619 cm™ band to a PPII structure,
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the 1630 and 1670 cm™ bands to an extended structure (or
turn), the 1644 cm™' band to a random coil structure, and the
1659 cm™" band to an a-helix.

We found that AFGPs already adopt a PPII conformation at
room temperature. This PPII content increases as the
temperature is lowered. We further observed that the addition
of borate, as an inhibitor of antifreeze activity, or sulfate, as an
enhancer of antifreeze activity, has a negligible effect on the
distribution of AFGP structures in solution. This result
indicates that the AFGPs bind to ice with the hydroxyl groups
of their disaccharide side chains.

Using linear and 2D-IR spectroscopy, we thus identifed the
different structural motifs and conformations of AFGPs in
aqueous solution. Our results demonstrate that AFGPs do not
have one preferred secondary structure and have a high
structural flexibility, which make them quite distinct from
nonglycosylated AFPs that ty?ically have one preferred
conformation and are very rigid.””*’
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