news and views
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Ferroelectricice

Steven T. Bramwell

ater molecules are dipolar, and
Vthile tumbling in the liquid state

can be partly aligned by an electric
field (Fig. 1). In ice, however, although the
molecules are essentially static, there is no
overall alignment (Fig. 2). A question that
has long fascinated researchers is whether
there is a form of normal ice in which the
molecular dipoles have a net orientation
towards one direction. Recent papers'™ have
revived an old debate about whether such
‘ferroelectric’ ice exists, and if so, what im-
plications its existence would have for
our understanding of condensed matter. The
groups concerned report definite experi-
mental evidence that at least partial ferro-
electric alignment can be induced in normal
ice, either by interaction with a substrate'?,
or by doping with impurities’.

The debate dates back to the 1920s and
the development of X-ray diffraction. Using
this technique, it was established that the
oxygen atoms of normal hexagonal ice (ice
I,) form a regular crystal structure in which
each oxygen atom is coordinated with
respect to four others in a tetrahedral
arrangement (Fig. 2). X-rays are insensitive
to hydrogen, but in 1933 Bernal and Fowler"
argued that each hydrogen mustlie along the
oxygen—oxygen line of contact, but displaced
from the mid-point so as to form one shorter
covalent bond and one longer hydrogen
bond. To ensure that the structure consists
entirely of water molecules, two hydrogens
must be positioned closer to, and two others
further away from, each oxygen. These ‘ice
rules’ allow for many structures, differing in
their relative orientations of the water mol-
ecules. In most ice structures the orientation
of water molecules follows no regular pat-
tern (Fig. 2), but Bernal and Fowler pro-
posed that ice I, has the simplest ordered
arrangement — a form of ferroelectric ice in
which the molecules are, on average, aligned.

They were undoubtedly guided in their
choice of structure by the third law of thermo-
dynamics, which states that the entropy of a
perfect crystal is zero at a temperature of
absolute zero (0K). Entropyis proportional to
the logarithm of the number of arrangements
or motions available to the system of molec-
ules, and so zero entropy means one arrange-
ment (logl = 0). It was suspected at the time
(and still is) that the third law arose from a
much deeper truth: that for any substance one
definite crystal structure is the most stable,
and is adopted at 0 K provided that equilibri-
umi is attained. So to postulate a unique struc-
ture for ice seemed very reasonable.

It did not, however, prove to be correct. In
the same year that Bernal and Fowler’s paper
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Figure 1 Polarized water. In a simple experiment, a
stream of tap water is deviated by the static
electricity of a plastic pen (which has previously
been charged by rubbing on wool) because the
water molecules are partially aligned in the
electric field.

appeared, Giauque and Ashley® definitively
demonstrated thatice stillhad entropyat 0K.
They did this by carefully comparing the
‘spectroscopic’ entropy for gaseous water
(calculated from spectroscopic data using a
theoretical expression), with the ‘third law’
entropy (estimated from calorimetric
measurements by summing the entropy
from 0 K upwards, and assuming the third
law). The two estimates should be identical,
but the third law entropy was 0.82 =+ 0.05 cal
K~ 'mol ™! (about 2% of the total) too small.
Giauque and Ashley suggested that rotation
of the water molecules might account for the
discrepancy, but Pauling “consistently
objected to” this explanation®. In a landmark
paperin 1935 (ref. 7) he argued that ice could
adopt any one of the huge number of molec-
ular arrangements compatible with the
Bernal-Fowler ice rules. He calculated this
number and found it to be (1.5)", where Nis
the number of molecules — which, foral g
crystal of ice, is a number with 6 X 10°' dig-
its! This translates to a residual entropy of
0.81 cal K™' mol ™}, exactly the value found
experimentally (within error). Pauling’s
explanation was immediately accepted®; but
itwas not until the advent of neutron diffrac-
tion, which can easily locate hydrogen in the
form ofits isotope deuterium, that the struc-
ture was directly confirmed®’.

Itis now accepted that below about 160 K
the water molecules of hexagonal ice settle
into arandom arrangement (Fig. 2), which s
always preferred to an aligned one because
thereare so many more random structures to
choose from. But in reality would an aligned
structure be more stable? It may be that once
ice has adopted a random form at high tem-
perature, relaxation into the preferred state
atlow temperature isimmeasurably slow. An
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early report" found a maximum in the elec-
trical response of slightly impure ice at 100
K, suggestive of a transition to a ferroelectric
state, but this was later ascribed to slow
relaxational effects'".

The latest work"” provides experimental
evidence of some net ferroelectric alignment
in films of ice grown on ultra-clean platinum
surfaces. Ice films deposited at temperatures
below about 120 K are amorphous, whereas
those deposited at higher temperatures are
crystalline, with either the hexagonal struc-
ture of the bulk, or a closely related cubic
modification to which the Bernal-Fowler ice
rules and Pauling’s arguments also apply (see
caption to Fig. 2). ledema et al." use potential
difference measurements to demonstrate a
net polarization in amorphous or cubic ice
films of 10°-10° monolayers, deposited
between 40 and 150 K. They argue that inter-
action with the substrate during growth
aligns a surface layer of molecules, which
then influence the orientation of water mol-
ecules in the rest of the sample. Only a small
proportion (0.2%) of the molecules are actu-
ally aligned, but this is sufficient to give the
sample a sizeable polarization, and may in
fact be relevant to the agglomeration of ice
particlesininterstellar space'.

Su et al.” show that surface interactions
can indeed make ice ferroelectric: ultra-thin
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Figure 2 The structure of normal hexagonal ice
I,, showing the arrangement of oxygen atoms
and one of the many possible random
arrangements of hydrogen atoms (from ref. 9).
The cubic modification of ice, I, has the same
tetrahedral coordination of oxygen atoms, but
the six-membered oxygen rings shown in the
figure are repeated in a three-layer, rather than a
two-layer, stacking sequence. Other high
pressure phases of ice have different oxygen
lattices and are called II...X. Three groups'™
have demonstrated the existence of ferroelectric
ice in which some of the dipolar water molecules
are thought to be aligned.
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hexagonal ice films (1-10 monolayers thick)
have a net polarization that decays with dis-
tance from the substrate. They use ‘sum fre-
quency generation’ to measure polarization
in the sample — an ingenious method of
overlapping a tunable-frequency infrared
laser beam with a fixed-frequency visible
laser beam. A vibrational spectrum at the
summed frequency results only if the sample
medium lacks inversion symmetry, a charac-
teristic of aligned (ferroelectric) but not of
random ice. The third approach to ferroelec-
tricice’isto dope normal hexagonalice witha
catalytic quantity of hydroxideions, a process
that enhances the alignment (perhaps by
enabling relaxation), without significantly
disrupting the oxygen structure. Below 72 K
this substance, known as ice XI, is suspected
to be ferroelectric. Jackson et al.’ show that
the neutron diffraction of ice XI is consistent
with a ferroelectric arrangement, although
the exact structure and degree of alignment
are not unambiguously determined.

The experimental realization of ferro-
electric ice would allow thermodynamic

Telomeres

measurements to establish whether nature
really does prefer order at low temperature.
However, as ledema et al.' write “Over the
years there have been many UFI citings
(underidentified ferroelectric ices) in the lit-
erature”, and itis not yet clear whether one of
these elusive objects — a fully hydrogen-
ordered ice—has finally fallen to earth. [
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Capping off the ends

Carolyn Price

ow many times have you had to deal
I—I withaloose end? Whetheritbeastray
end ofhair, a frayed end of rope or the
exposed end of a chromosome, ends can pose
a problem. Reporting in Cell, Steve Schultz
and co-workers' describe how the ciliate
Oxytricha nova deals with the ends of its
chromosomal DNA (telomeres). They have
solved the crystal structure of the telomere
end-binding protein (TEBP), which forms a
protective cap over the DNA terminus. Their
structure illustrates how the TEBP is exquis-
itely tailored to solve the chromosome-end
problem’, and also providesinsightsinto how
single-stranded (ss) DNA-binding proteins
canrecognizea particular sequence.

What is the chromosome-end problem?
First, because DNA polymerase cannot copy
the 5" end of a linear DNA molecule, chro-
mosome ends must be replicated by some
other mechanism. In most eukaryotes this is
done by the enzyme telomerase, which adds
tandem repeats to the DNA terminus. A
second problem is that exposed DNA ends
are lethal to cells. Not only do they trigger a
DNA-damage response and subsequent cell-
cycle arrest but, at chromosome ends, they
allow degradation and end-to-end fusion.
To avoid such dire events, the chromosome
ends exist as DNA—protein complexes’.

The Oxytricha TEBP was the first telo-
mere protein to be isolated™. It is unusually
abundantbecause Oxytrichahasaround 5 X
10’ minichromosomes, and TEBP is found
at each of the 1 X 10° telomeres. Oxytricha
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telomeres consist of exactly 36 nucleotides of
G,T, sequence. The first 16 nucleotides pro-
trude to form a single-stranded 3° G,T,G,T,
overhang, whereas the remainder is double
stranded. The TEBP specifically recognizes
the 3" overhang and binds tightly to form a
protective complex over the end of the
telomeric DNA. The protein is well-suited
forits functionasachromosome cap because
it binds only to the 3" terminus of single-
stranded G,T, DNA, and forms a very stable
DNA-protein complex, protecting the DNA
from nuclease digestion’. During DNA repli-
cation, the TEBP is thought to dissociate
from the telomere to allowaccess to the repli-
cation machinery. On rebinding it may regu-
late the length of the telomere by displacing
telomerase®.
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The TEBP is a heterodimer composed of
an a-subunit (relative molecular mass, M,
56,000) and a B-subunit (M, 41,000).
Although the a-subunit binds specifically to
(T,G,), DNA in vitro, the B-subunit is need-
ed to form all the DNA—protein contacts that
are observed in vivo™*. The TEBP must have
a unique DNA-binding motif because no
other known ssDNA-binding proteins bind
in a sequence-specific way to a ssDNA termi-
nus. Until now, however, the nature of this
motifhas remained obscure.

Schultz and colleagues’ crystal structure'
reveals the structure of the TEBP DNA-bind-
ing motif, and explains why the protein forms
such an effective cap over the end of the
telomeric DNA. It also provides a new model
for understanding how proteins recognize
nucleic acids. In particular, the structure
shows how extensive stacking interactions,
multiple  oligonucleotide—oligosaccharide
folds, and co-folding of the DNA and protein,
can drive the sequence-specific recognition
ofasingle-stranded nucleic acid.

The af heterodimer (Fig. 1) formsa deep
groove, with a series of pockets that accom-
modate the G,T,G, sequence on the 3" over-
hang. This groove is made up of three
oligonucleotide—oligosaccharide folds —
two from the a-subunit and one from .
Within the groove the DNA traces an irregu-
lar, non-helical path, and thebases arelargely
buried in the complex with the phosphate
groups exposed on the surface. The five
nucleotides at the tip of the 3" end form a
loop thatisstabilized by hydrogen bonds, ion
pairs and stacking interactions with the a-
and B-subunits. The most terminal guano-
sine is buried deep within the complex, and
the 3’-OH is hydrogen-bonded to a peptide
amide in «. This complete burial of the ter-
minal bases explains why Oxytrichatelomer-
ic DNA is so inaccessible to activities that
modify the 3" end in vivo. The next section of
the telomeric DNA is part of an unusually
longarray of stacking interactions. The stack
spans the groove between the a- and (-
subunits, and involves four bases and three
aromatic amino acids. The last section of the
telomeric DNA interacts solely with the a-

Figure 1 Crystal structure
of the Oxytricha telomere
end-binding protein

s (‘\ (TEBP) bound to
| 3 telomeric DNA. a- and -
subunits form a deep
o, groove in which the single-

stranded DNA sits. It

B seems that the DNA and
protein must co-fold as
part of the binding
process, a new concept
that could explain how
ssDNA-binding proteins
recognize a specific
sequence.
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