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Background

Antifreeze proteins (AFP) have evolved in organisms
living in sub-zero temperatures to avoid freezing of inter-
nal fluids. They bind to ice nuclei lowering the freezing
point and inhibiting recrystallization [1]. Even though
this protein has been thoroughly studied, including sev-
eral structures determined by X-ray crystallography, the
exact mechanism of binding of ice to the largely hydro-
phobic Ice Binding Surface (IBS), (i.e. the region of the
protein involved in the ice recognition) has remained
unclear. In particular, the study of the hydration layers
around the protein using X-ray crystallography did not
provide a model of the IBS-ice interface.

Here we highlight the contribution of neutron scat-
tering techniques to compare the single-crystal structure
of type-11I AFP with that in solution (using SANS), and
to identify the hydration layers by NPC (Neutron Protein
Crystallography), especially those slightly disordered,
based on the special property of the strong scattering sig-
nal of deuterium atoms. As shown below, the study of the
hydration layers by NPC led to a model of the IBS-ice
interface.

The crystallographic study was made possible due
to the availability of perdeuterated samples, which im-
proves the signal-to-noise ratio of the diffraction data
allowing one to measure radically smaller crystals than
those usually used for NPC [2].

Small angle neutron scattering experiments

In order to determine the low-resolution structure in
solution and the association state of type-1I1 AFP, SANS
experiments were carried out at 6 °C on the small angle
neutron diffractometer D22 at the Institut Laue-Langevin
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(ILL, Grenoble, France). Three samples of type-III AFP
at 21.6, 16.2 and 10.8 mg ml"' were prepared by dissolv-
ing the lyophilized protein in pure D,O. The transmis-
sions of all samples were determined in the same detec-
tor/collimator configuration using 200 second exposure
times.

The raw data were reduced with a standard ILL soft-
ware package [3] into scattered intensities 1(Q), and the
D,0 solvent signal subtracted from the sample signals.
Figure 1a shows the experimental scattering curves (nor-
malized to the highest concentration and scaled to 1) for
type-111 AFP at the three concentrations measured at 6
°C, as well as the theoretical curve calculated from PDB
entry 1HG7. In the concentration range explored, the
experimental scattering curves are in excellent agree-
ment with the theoretical curve corresponding to 1HG7
over the entire angular range. From these data, there is
no evidence for any higher oligomeric states. The ex-
perimental radii of gyration (Figure 1b), 10.40 + 0.03,
10.33 + 0.03 and 10.28 + 0.03 A (type-III AFP at 21.6,
16.2 and 10.8 mg ml'") are in excellent agreement with
that from the 1HG7 structure (10.2 A). Minor differences
may be due to effects of hydration shell water. In addi-
tion, we calculated a pair distance distribution function
p(r) from the experimental data and for the monomeric
1HG7 (Figure 1c). Both display a slightly asymmetric
Gaussian shape indicative of a compact particle deviating
slightly from a sphere. An ab initio low-resolution model
was constructed from the experimental neutron scatter-
ing data and compared to the single-crystal structure us-
ing a normalized spatial discrepancy criterion (NSD).
Figure 1d shows the superposition of the low-resolution
model of type-III AFP and 1HG7. They are very simi-
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Figure 1. Small angle neutron scattering of type-IIl AFP at 6 °C. (a) Experimental neutron scattering curves from type-III AFP in D,O and the theo-
retical curve from PDB entry 1HG7; (b) Guinier plots of the same experimental data; (c) p(r) of experimental data and back-calculated from PDB
1HG7, Dmax designs the maximum extension in real space of the particles. (d) Superposition of the low-resolution structure from experimental data

and the high-resolution X-ray structure (PDB 1HG7).

lar, as reflected by a low normalized spatial discrepancy
criterion NSD of 0.74 (values <1.0 indicate similarity).
We therefore conclude that type-III AFP is monomeric
in solution and that there are no large structural differ-
ences between the crystal structure and the structure in
solution [4].

X-ray + neutron crystallographic studies

Methods

A synthetic gene of the type-III AFP [5] was over-
expressed in Escherichia coli BL21(DE3). The perdeu-
terated protein was produced at the ILL Life Sciences
group Deuteration Lab facility in Grenoble, France [6],
where more than 99% of the 418 non-exchangeable (car-
bon-bound) hydrogen atoms were replaced by deuterium
atoms.

The crystallization of perdeuterated type-III AFP in
D,0 was carried out by the sitting-drop vapor-diffusion
method [6,7] adapting the particular conditions from

those of protiated type-IIT AFP in aqueous solution. Us-
ing these conditions, orthorhombic-shaped crystals ap-
peared after 3 weeks and grew to maximum dimensions
0f 0.35 x 0.55 x 0.7 mm, corresponding to a crystal vol-
ume of 0.13 mm’.

Perdeuterated type-II1 AFP crystals were measured at
the ESRF beam-line ID29 at room temperature, provid-
ing X-ray diffraction data to a resolution of 1.05 A [8].

Using a crystal with a volume of 0.13 mm?, neutron
quasi-Laue diffraction data were collected at 293 K, to
1.85 A resolution on the LADI-III beam-line installed on
cold neutron guide H142 at the Institut Laue-Langevin.
The data were then scaled and merged in SCALA [9].
Data collection statistics are summarized in Table 1.

The single conformation X-ray structural model
of perdeuterated type-III AFP to 1.05 A resolution de-
termined at room-temperature was used as the starting
model for the joint X-ray + neutron refinement using the
PHENIX program (version 1.6.2) [10]. D,O molecules
were added to the model according to positive nuclear

Volume 25 « Number 4 « 2014



Downloaded by [181.228.215.161] at 13:39 03 November 2014

Table 1. Neutron quasi-Laue diffraction data collection statistics for the perdeuterated type-III AFP crystal with volume of 0.13 mm?.

Neutron source, guide, instrument

Institut Laue-Langevin, cold neutron guide H142, LADI-I11

Wavelength (A)

No. of images

Setting spacing (°)
Average exposure time (h)
Space group

Unit-cell parameters
Resolution range (A)
No. of observations

No. of unique reflections
Completeness (%)

Rmerge

Mean I/o(1)

Multiplicity

3.18-4.22
82

5,7

6.15

P2,2,2,

a=327A,b=39.14A,c=465 A, a=90° B =90°y=90°
3274 1.85 (1.95 — 1.85)

71182 (3133)

4803 (544)

89.3 (71.4)

0.140 (0.195)

17.5 (5.5)

14.8 (5.8)

Values in parentheses are for the highest resolution shell.

density in c,-weighted F) — F_ maps, with manual ad-
Jjustment of all D,O molecules completed using both 6 ,-
weighted 2F — F_and F — F_nuclear scattering density
maps. A total of 73 solvent molecules were included in
the final round of refinement; 64 of these could be mod-
eled as full D,O molecules, with another 9 exhibiting
spherical nuclear scattering density and hence were mod-
eled as O-only. The neutron R, and R, values for the
final model were 16.2% and 21.6%, respectively, while
the X-ray R, and R values were 15.7% and 18.2%,
respectively.

free

Results

The joint X + N refinement resulted in a model giving
a very detailed description of the type-III AFP structure,
including the positions of all deuterium atoms of both the
protein and ordered water molecules.

Figure 2. View of the tetrahedral water cluster bound to Thr-18 at the
IBS (o,-weighted 2F  — F_ nuclear scattering density map [contour
level = 1 r.m.s.] for the tetrahedral water cluster).
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The structure obtained was essentially the same as the
previously published type-III AFPs. However, the joint
X+N refinement led to a more complete description of
the hydration layers, including both ordered (64 D,O
molecules) and slightly disordered waters (9 O-only),
which are difficult to observe using X-ray diffraction data
alone. The disordered water molecules do not contribute
to high-resolution diffraction, and therefore this problem
is not overcome by obtaining very high-resolution X-ray
data.

From analysis of the nuclear scattering density maps
for the solvent structure, we were able to identify a clus-
ter of four water molecules bound to Thr-18 at the IBS
with tetrahedral geometry (Figure 2). This tetrahedral
water cluster was then used to fit a primary prismatic
plane of ice to the protein, through a least-squares super-
position using the CCP4 program LSQKAB [11]. Three
waters of the tetrahedral cluster were then expanded to
a six-membered water ring, which is the basic building
block of the hexagonal ice structure. When doing this ex-
pansion, there are two possibilities for the water ring con-
formation, boat or chair. The boat conformation clearly
placed the primary prismatic face roughly parallel to the
orientation of the IBS plane and therefore was chosen as
the most plausible orientation (Figure 3a).

From inspection of the AFP-ice interaction it was
clearly observed that the hydrophobic patches (such as
the methyl groups of Thr-18, Val-20, Met-21) at the IBS
face the holes in the middle of the ice water rings (Fig-
ure 3b). This is in agreement with the NMR observation
[12] that these hydrophobic residues make strong van der
Waals interactions with ice, requiring a large interaction
surface that can be provided by burying these residues in
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Figure 3. (a) Type-III AFP bound to a primary prismatic ice face through the IBS. The ice model is built by expansion of the experimentally de-
termined positions of the tetrahedral water cluster. (b) Close-up of the AFP-ice interface showing the methyl groups of the hydrophobic residues
Thr-18, Val-20 and Met-21, which are placed facing the holes in the ice crystal structure.

the water rings. The ice waters resulting from this model
show clear hydrogen-bond interactions with the polar
IBS residues.

Conclusions

Using neutron scattering techniques we have contrib-
uted to the understanding of two of the main questions in
the mechanism of interaction between type-III AFP and ice.

We have proved that the type-III AFP is highly solu-
ble and does not aggregate even at high concentrations
[4], so in solution it is surrounded by liquid water.

In addition, we have observed a tetrahedral water
cluster at the IBS, which has been reliably determined
by the joint X + N structure determination at room tem-
perature [8]. This cluster was used to fit a primary pris-
matic plane of ice. The IBS specifically recognizes local
structural features present in ice but not in liquid water.
Clear examples of such unique features are the holes at
the centre of the water rings of ice.

We propose that the IBS of type-III AFP uses these
holes to distinguish between ice and liquid water. Cold
water has a short-range order similar to ice, but (contrary
to ice) the holes in the middle of the six-membered water
rings can be filled.

As shown above, the strong neutron diffraction signal
of deuterium atoms (and therefore of water molecules)
allows to reliably identify hydration features in proteins,
even those that are slightly disordered. We have also
shown that methodological developments, such as per-
deuteration, overcome the previous limitations of NPC,
such as the need for very large (>1 mm?) crystals. The
newly available spallation neutron sources combined
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with the methodological developments [13] should fur-
ther enhance the power of NPC and enable it to be ap-
plied to many important biological questions.
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