JACS

OURNAL OF THE AMERICAN CHEMICAL SOCIETY

Subscriber access provided by American Chemical Society

Ice Surface Reconstruction as Antifreeze
Protein-Induced Morphological Modification Mechanism
Christina S. Strom, Xiang Yang Liu, and Zongchao Jia

J. Am. Chem. Soc., 2005, 127 (1), 428-440+ DOI: 10.1021/ja047652y « Publication Date (Web): 14 December 2004
Downloaded from http://pubs.acs.org on March 24, 2009

] Face (201)

o3jten ]

More About This Article

Additional resources and features associated with this article are available within the HTML version:

. Supporting Information

. Links to the 1 articles that cite this article, as of the time of this article download
. Access to high resolution figures

. Links to articles and content related to this article

. Copyright permission to reproduce figures and/or text from this article

View the Full Text HTML

ACS Publications

High quality. High impact. Journal of the American Chemical Society is published by the American Chemical
Society. 1155 Sixteenth Street N.W., Washington, DC 20036


http://pubs.acs.org/doi/full/10.1021/ja047652y

JIAICIS

ARTICLES

Published on Web 12/14/2004

Ice Surface Reconstruction as Antifreeze Protein-Induced
Morphological Modification Mechanism

Christina S. Strom,T Xiang Yang Liu,*™ and Zongchao Jia*

Contribution from the Biophysics and Micro/nanostructures Laboratory, Department of Physics,
Faculty of Science, National Usérsity of Singapore, 2 Science Dei 3, Singapore 117542, and
Department of Biochemistry, Queen’s Waiisity, Kingston, Ontario, Canada K7L 3N6

Received April 23, 2004; E-mail: phyliuxy@nus.edu.sg

Abstract: The crystal growth process by which fish antifreeze proteins (AFPs) and antifreeze glycoproteins
(AFGPs) modify the ice morphology is analyzed in the AFP—ice system. A newly identified AFP-induced
surface reconstruction mechanism enables one-dimensional helical and irregular globular ice binding
surfaces to stabilize secondary, kinetically less stable ice surfaces with variable face indices. Not only are
the relative growth rates controlled by the IBS engagement but also the secondary face indices themselves
become adjusted in the process of maximizing the AFP—substrate interaction, through attaining the best
structural match. The theoretical formulation leads to comprehensive agreement with experiment.

1. Introduction mechanisms producing or modifying the face orientations, the
. . . surface molecular compositions, as well as the relative growth

The ant_|freeze proteins have evolved_ to meet the special taSkrates. Examples are the formation of kinks and steps (if the faces

of protecting smal_l water ‘?‘”d Iaqd animals, as well as SOMe 4o essentially flat) on the ice crystals, the motion of steps, and
plants, from freezing. Their special mode of interaction with the transport of impurities and heat. If the AFP is involved, the

the ice lattice SUPPTesses .the freezing pqlnt of Watgr b,y up to adsorption of the AFP on the ice surface and the impact of the
several degrees. Freezing is a process of Ice crys_tal||zat|on f_romkink and step integration kinetics should be included. These
supercooled water. Ice should first experience ice nucleation, are not equilibrium but growth mechanisms.

followed by growth. Whether or not freezing takes place is Second, previous studies have not appreciated the crucial

de.tgrmlnetdh t? f_ahlargtgf extent b;: ice Qluﬂetaﬁén'gherg IS h distinction between, on one hand, kinetically stable surfaces
e]\ff'. ence f?] tls antiireeze plro Et}.'ns .;n Otﬁn tr:e ub(?ed' egrowing slowly with well-defined unique orientations and, on
etliciency ol heterogeneous nucieation sites, rather than bindingyye gther hand, kinetically less stable or unstable surfaces lacking

i i "2 i i i . . . . . .
to gmbr;llqnlcdu_:e nlch_I?’eg). %lwmllar _?henomen_a Wefrehotiglellggd a two-dimensional nucleation barrier and either growing too fast
and explained In refs-35. The antifreeze action of the IS to feature in the morphology or growing as roughened faces.

actually first to inhibit the nucleation by terminating the relevant Only the so-called “primary” surfaces, which are limited in
kinetics3~> When the inhibition of ice nucleation fails, the AFP number, have the capacity to grow slovlvly, maintaining a well-
proceeds to inhibit the growth of ice. defined surface orientation and assuming a flat appearance; other
At present, AFP-related research focuses on the detailedgrfaces do not have that capadity.
action of the AFP on the ice substrates, in the context of either |, dealing with the adsorption of the AFP on specific ice
the isolated AFP-ice system or some approximate Afiee— surface$;89previous studies suffer from a common drawback:
water system. In the latter case molecular dynamics (MD) the jce substraté4?!1considered available for the AFP action
simulations are used to study the equilibrium molecular distribu- 5. produced by cutting randomly the hexagonal ice structure
tion on the simulated faces. These studies do not deliver a full 51 juxtaposing the AFP ice binding surface to those planar
picture on the AFP-induced morphological modifications of ice ¢t substrates, without calling to question the crystallographic
crystals for several reasons. validity of the randomly obtained planar cut surfaces. In some
First, in previous AFP studies the morphologically pivotal case&®11.25surfaces were used that are either kinetically totally
processes, that is, growth rather than equilibrium processes, haveinstable or molecularly roughened and in either case are
hardly received any attention. In studying the morphology or incapable of layer growth. Crystallographically valid surfaces
the morphological modification, one is forced to deal with the

(6) Jia, Z.; Davies, P. LTrends Biochem. ScR002 27 (2), 101-106 and
references therein.

" National University of Singapore. (7) Strom, C. S.; Liu, X. Y.; Jia, ZJ. Biol. Chem2004 279, 32407-32417.
¥ Queen’s University. (8) Antson, A. A.; Smith, D. J.; Roper, D. |; Lewis, S.; Caves, L. S. D.; Verma,
(1) Jia, Z.; DeLuca, C. I.; Chao, H.; Davies, P. Nature 1996 384, 285— C. S.; Buckley, S. L.; Lillford, P. J.; Hubbard, R. B. Mol. Biol. 2001,
288. 305, 875-889.
(2) Wilson, P. W.; Leader, J. Biophys. J.1995 68, 2098-2107. (9) Knight, C. A.Crystal Growth Des2001, 14, 429-438.
(3) Du, N.; Liu, X. Y. Appl. Phys. Lett2002 81, 445-447. (10) Dalal, P.; Sonnichsen, F. D. Chem. Inf. Comput. S&200Q 40, 1276~
(4) Du, N.; Liu, X. Y.; Hew, C. L.J. Biol. Chem2003 278 36000-36004. 1284.
(5) Liu, X. Y.; Du, N. J. Biol. Chem2004 279 6124-6131. (11) http://pout.cwru.edu/frank/afpl/.
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satisfy strict conditions, not one of which is the need to be planar :
cut slices of the structure. On the contrary, they can be bounded i
by heavily undulating and corrugated surface boundafi&s!® i
Both the AFP-ice interaction and the molecular equilibrium i N\ :
distribution in the AFP-ice—water system depend on the '

detailed definition of the simulated ice crystal substrates. PBC 2
Whenever those substrates are invalid, so are the obtained PBC 2 \
results.

Third, the appearance of some pyramidal forms on ice crystals :
grown under the influence of the AFP has thus far been based '
on the incorrect assumption that crystallographic face orienta- :
tions could be averaged. The pyramid has been explaifiad i
the occurrence of an intermediate orientation between the basalyjg,re ;. Schematic illustration of a primary, kinetically stable surface
face and the primary prism. For example, it is held in ref 1 that drawn face-on. Its molecular composition consists of intersecting PBC1
reduction of the (100) prismatic growth rate could give rise to and PBC2, both parallel t(h(d)., as outline_d by dotted lines. Growth units
a pyramid; it is also held in ref 19 that the (201) pyramid could g?o?:fe(fr%?ﬁé"’:get[g""“tf'fgtr?gslgfggﬁ é'ifi‘grs]'){."t'ons parallel to the growing surface
result from some sort of intersection between the basal face
and the primary prism when the RD3 AFP attaches one terminuslinearly arranged biding intervals or are two-dimensional but
of its IBS on the basal face (001) and the other terminus on the !ack a regular arrangement of binding sité&xperimentally,
prism (100). In reality, given two adjacent primary surfaces, the former cqrrelates WiFh the kingtically stable.primary ice
two possible occurrences can take place: either one of theseSUrfaces having unambiguous orientations while the latter
will suppress the other if its growth rate is dominantly lower or correlates with the kinetically less stable secondary surfaces
both will appear on the crystal, their relative importance being having adjustable orientations. The periodic bond chain (PBC)
reflected in their relative growth rates. However, some inter- theory of Hartman and Perdbk'® enables us to explain the
mediate surface, which by the above definition is not a valid experimentally observed indices of the ice facets and identify
primary surface, being adjacent to both of the above primary the mechan?sm causing their morphological mpdification. The
surfaces, will never appear on the crystal as a “crystallographic theory considers the AFP action on the bare ice substrates to
average” between the two original faces, regardless of their be the major external factor affecting the morphology. This work
respective growth rates. The commonly observed phenomenonshOWS that the fish-type IBS acts to adjust the orientations and
of surface roughening that gives crystals a rounded appearances'[abilize kinetically less stable secondary ice surfaces through
has likely been confused with the erroneous assumption of the m.orphological modification mechanism of surface recon-
crystallographic averaging. struction.

Fourth, the exceptional morphological occurrence of variable 2. pBC Theory
face orientations in AFP-modified ice has escaped attention.
One of the most striking characteristics of the ice crystallites
produced by fish AFPs and AFGPs is the large variety of
secondary prismatic and especially pyramidal forms obsefved.
These shapes correlate directly to specific mutant AFP variants
and indirectly to the experimental conditions. This is in sharp
contrast to the constant and consistently predictable facet
orientations, usually (001) and (100), associated with the ice . .
crystal morphology triggered by the insect AFPSince one nonzero step free energy in two npnparallel crystallographic
may not expect the variation in pyramidal shapes to result from directions; hence growth proceeds in a layer-by-layer manner.

a variation in the lattice constants, that variation must be based A PBC is an uninterrupted chaln (or bunde of (_:hal_ns) pf
on a strong variation of the pyramidal face indices strong bonds and has a well-defined crystallographic direction

The ice binding surface (IBS) of insect AFPs is two- [uow]. Strong bon(.:Js are bo.nds. between growth units (usually
dimensional, rigid, planar, and repetitive with regularly spaced moleculg;) n the f|rst.coord|nat|onlsphere. The PBC molecullar
binding intervalg%45 The IBS of fish AFPs and AFGPs has composition is (a fraction of) the unit cell, and it may not contain

binding sites that either are one-dimensional with regularly and Iattlpe tre_tns_,la_\tlons diverging fro_rru{zvy]. A PB.C IS _actL_JaIIy a
family of infinitely many parallel identical chains, differing only

(12) Hartman, P.: Perdok, W. Gcta Crystaliogr.1955 8, 49, 521. by lattice translation§*1618 A primary surface, illustrated in

(13) (a) Hartman, PActa Crystallogr.1956 9, 569-572 and 72+ 727. (b) Figure 1, is parallel to (at least two) intersecting PBEY;18
Hartman, PActa Crystallogr.1958 11, 365-369 and 459-464. . . . . . =
(14) Hartman, P. The dependence of crystal morphology on crystal structure. SO It has a fixed surface orientation given klj = [usw]; x

Hng(géo\cllﬂ} O;Crys:taziIIfSSheftal, N. N., Ed.; Consultants Bureau: New York, [uvw],, where [ivw]; and Jusw], are PBC directions. The layer-
; Vol. 7, pp :

The occurrence of crystallographic faces on a crystal cannot
be arbitrary; it is controlled by the growth kinetics of specific
faces. Crystal surface properties can be analyzed quantitatively
by the periodic bond chain (PBC) theory developed by Hartman
and Perdok (cf. some original referented’ and an extensive
list of reference). The growth of a primary surface is governed
by two-dimensional nucleation or spiral growth, due to the

(15) Hartman, P. Crystal Growth. An Introduction.@nystal Growth Hartman, by-layer growth mechanism is attributed to the two-dimensional
P., Ed.; North-Holland: Amsterdam, 1973; pp 36401. i i i
(16) (a) Strom, C. &Z. Kristallogr. 1980 153 99. (b) Strom, C. SZ. Kristallogr. network of strong bonds In.h(d) formed by the mtersectmg_
1981, 154, 31. (c) Strom, C. SZ. Kristallogr. 1985 172, 11. PBCs. The growth layer is generated by repeated lattice
(17) Strom, C. S.; Hartman, Rcta Crystallogr. A1989 45, 371—380. H H i ;i
(18) Strom, C. S. lonic Crystals. Chapter S\vlolecular Modeling Applications translations alo,ngmd) of a basic block equwalem to the unit
in Crystallization Myerson, A. S., Ed.; Cambridge University Press: New ~ cell and has thicknesdy.
York, 1999; pp 228-312 and references therein. ; R ; i
(19) Miura, K. J. Biol. Ghem2001 276 (2), 1304-1310. ) An es"sentlal propert_y is the crystallographic condition of
(20) Zhang, W.; Laursen, R. AZEBS Lett.1999 430, 372-376. flatness”1416.18responsible for layer growth and the emergence
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o o O1[100] O4[100]

PBC2 03[-1 00 02[-10 0]

\ Figure 4. Unit cell of hexagonal ice consisting of water molecules with
\ oxygen atoms 14, projected on a plane perpendicular to Haxis, and
for each oxygen the strong bongs ¢, g, g) in the first coordination sphere.
Each strong bond consists of two-@ links, mediated by two hydrogen
/ / PBC 1 (hkl) i atoms. Dark balls, oxygen atoms; light balls, hydrogen atoms.

. . . o Table 1. Fractional Axial Coordinates x, y, and z of the Positions
Figure 2. Schematic illustration of a flatness-violating, molecularly  of the Four Oxygen Atoms in the Unit Cell of Ice

roughened surface, drawn face-on. Even though its molecular composition

consists of two intersecting PBCs, the growth units (molecules) are related X y z

by lattice translations oblique to the growing surface (larger units are above o1 0.3333 0.6667 0.0622
the face, differing by lattice translations from the smaller growth units that 02 0.6667 0.3333 0.5622
are below the face). For that reason the depicted surface configuration is 03 0.6667 0.3333 —0.0622
crystallographically invalid. 04 0.3333 0.6667 0.4378

consideration.) Because infinitely many faces exist parallel to
any given single strong-bonding direction, the orientation of a
secondary surface possessing only one strong-bonding direction
is indeterminate, meaning that its face indices are variable. Such
surfaces are less stable but may grow by a layer mechanism
under exceptional circumstances.

The observed crystal morphology is a composite effect of a
basic or structural morphology, for which the structure is
responsible, often subjected to a morphological modification
effect due to external factors. The structural morphology can
be derived*16.18from the primary surfaces. The higher the slice
energy (that is, the amount of energy contained in that growth
layer), or equivalently the lower the attachment energy (that is,
the amount of energy released when a new growth layer
becomes attached to the crystal), the lower the growth rate and
the more important the fadé:® The optimal molecular

Figure 3. Schematic illustration of a secondary surface that is structurally composition of a primary surface is the one with the lowest

capable of becoming stabilized, drawn face-on. Its molecular composition attachment energy-’lﬁ’lslt is empirically found tha_t the growth
consists of only one PBC. Now infinitely many facdslj, (hkl):, (hkl),, rates are proportional to the attachment energies. Whether or

etc., outlined by dotted lines are parallel to the single PBC direction, making not a primary surface will actua”y appear on the growth form,
the surface orientation indeterminate. and to what extent it will dominate the morphology, depends

of flat surfaces in crystals: the basic block generating the growth on thﬁ rlela_tlvtla grc()jv_\;[h rgtes of thz Belghbonnlgfsurfaces. Tge
layer should not contain lattice translations oblique to the growth morpho ggllcca ml? : |(‘ia30n Ca;u;e y e?;ernadictors fharl o€
front. Its violation results in roughened growth, according to assessed from knowledge of the growth conditions, that 1s,

which growth units are deposited in subsequent layers beforeusually the sur_rounding quuid., often containing influential

the underlying layers can be completed. Because the Iatticemolecmallr Species. such species may exert an even stro_nger

translations in such surfaces, illustrated schematically in Figure morphological effect than the liquid itself, as is the case with

2, are not restricted to be parallel to the face, crystal growth is the AFP.

not restricted to IaFeraI, face-parallel directions. Suc_:h surfaces3 pgc Analysis of Hexagonal Ice

cannot follow a strict layer-by-layer growth mechanism. Inter-

layer growth becomes possible and inevitable. The surface grows Figure 4 shows the O atoms in the unit cell and their

randomly away from the face. Roughened growth is the result. respective strong bonds. Hexagonal ice belongs to the space
Surfaces possessing only one strong-bonding direction, thegroup P6g/mmg a = 4.519 A andc = 7.357 A. The unit cell

so-called secondary surfaces, lack a two-dimensional nucleationcontains four water molecules, taken at the oxygen positions

barrier, and deviations from that face parallel to the strong- (cf. Table 1). The O bonds, having lengths = 2.763 A

bonding direction cannot be suppressed. Such a surface@andq = 2.765 A, are in tetrahedral coordination. Each oxygen

illustrated schematically in Figure 3, experiences acceleratedhas four bonds in the first coordination sphere (cf. Table 2).

growth and will soon disappear from the growth form, even if Whereas the bonds of each oxygen are symmetrically related,

it did occur at the beginning. (Obviously the above holds also the p bond is symmetrically distinct.

for a surface possessing no strong-bonding directions at all, The PBCs and primary surfaces having the surface structure

hence being kinetically totally unstable; it should be left out of of Figure 1 are derived graph-theoretically by program FFACE.

430 J. AM. CHEM. SOC. = VOL. 127, NO. 1, 2005
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Table 2. Strong Bonds between Water Molecules (Oxygen Several crystallographically important directions, having low-
Atoms) in the First Coordination Sphere index lattice translations, contain no PB&sExamples: al-

01-04 p 03-02[00-1] p though PBCs exist in [011] and [0-11], they are absent from
o1 03[010] d 09 01 [100] d the low-index directions [012], [0 £2], [021], and [0 2—1];
01-03[-100] q 03-01[0-10] q although PBCs exist in [101] and [1 ©1], they are absent
02-03[001] p 04-01 P from the low-index directions [102], [1 G-2], [201], and
83:82‘ 1L00] q 8‘:85 010 q [2 0 —1]; although PBCs exist in [110], they are absent from
02-04 [0-1 0] g 04-02[-100] g the low-index directions [+-1 0], [120], [1—2 0], [210], and

[2 —1 0]. This leads to theoretically classifying some low-
@Nonzero cell indices are shown in brackets. index crystallographic faces parallel to a single important PBC

Table 3. Chain Directions [uvw]'® and Face Indices (hki) as secondary surfaces.

Satisfying “Flatness” Constructed from the Chain Directions? The important secondary surfaces, amenable to stabilization
primary form (hki [k by external factors, have relatively large energy quantities, which
prism (100) [010] [001] [011] 0£1] amounts to relatively _Iow qry;tgllographlc indices. They can
(010) [100] [001] [101] [10-1] be extracted from the list of infinitely many secondary surfaces,
(1-10) [001] [110] [111] [11-1] having the surface structure of Figure 3, as follows. The
pyramid  (101) (010] (10-1] [11-1] symmetrically distinct PBC directions are [001], [010], [+Q],
Eélol_)l) [[%%]] [[%,01111] [[ﬂlll] and [1 1—1]. Of these, the first two are most important: [010]
(01-1)  [100] [011] [111] has the largest number of bonds per period, while [001] is found
(1-11) [10-1] [011] [110] experimentall§® to be a direction of growth promotion by the

(1-1-1) [101] [110] [01-1]

basal face  (001) [100] [010] AFGP. Each PBC direction is parallel to infinitely many

surfaces. Of those, the primary (flathess-observing and flatness-
aFaces with symmetrically identical orientations are grouped together. Violating) surfaces are eliminated. Of the retained secondary
surfaces, those with relatively low crystallographic indices are
investigated further.
Faces parallel to the important PBC direction [001] are the
prismatic forms{hk0}. The prism{ 104G resulting wherk =0
is here left out of consideration because it is a primary surface.
Of the secondary prismghk0} with nonzeroh andk, {11G
and{120 have relatively low indices. (Whem=k =2, 3, ...,
{hhO} is parallel to{ 11G.) Faces parallel to the important PBC
direction [010] are the bipyramidal forn{$0l}. The pyramid
{101} is here left out of consideration because it is a primary
surface. Of the secondary pyramigd®I} with h unequal td,
{102 and{201} have relatively low indices. (Wheh=| =
2, 3, ...,{hOh} is parallel to{101}.) The remaining secondary
surfaces parallel to [001] and [010] have relatively high
crystallographic indices. Thus secondary surfaces structurally
: capable of becoming kinetically stabilized are pristn®j, with
nonzerch andk, such as (110), (120), up to, for example, (140),

Figure 5. Three stacked growth layers of each primary surface, basal face and pyramidsH0l) with nonzero and unequaland|, such as

dooz, prism digo, and pyramiddio;, are shown edge-on in a projection (102), (201), (302), (203), up to, for example, (501).
perpendicular to the [010] direction. Straight thin lines indicate the slice

boundaries of the molecular compositions. The oxygens of the unit cell are 4. Structural Ice Morphology

1-4 and the lattice periods [100], [001], andT O 1] are marked by arrows.

d(002)

e

In this work the broken bond energfésare used as global

Table 3 lists in summary all the directions in which chains are indicators of the relative, that is, not the absolute, strengths of
found and the primary surfaces admissible by the flatness the various slice and attachment energies. They serve the
condition. For completeness, Figure 5 shows the orientations Purpose of comparison, in deciding whether the energy quantity
and molecular compositioffsof the primary surfaces. of a given surface is smaller or larger than the corresponding
As can be seen from the list of PBC directions\j] in Table energy quantity of another surface.
3, pyramidal form (111) contains intersecting strong-bonding  Slice and attachment energies in terms of bond strengths are
directions, yet it is neither a primary nor a secondary surface. tabulated in Table 4 for the primary surfaces and a selection of
Because no combination of the PBCs intersecting on the (111)low-index hk0) and (0l) secondary surfacéé!8 The crystal
plane can deliver a surface molecular composition satisfying energy is the sum of the slice and attachment energies, and it is
the “flatness” condition, the molecular compositions belonging a constant equal top2+ 64, independently of the orientation
to the{ 111} family have the flatness-violating surface structure (hkl). The energy quantities in the last two columns are
of Figure 2 and are unable to maintain well-defined unique normalized top = q = 1.

surface orientationg, 111} will likely not appear on the ice In terms of normalized energies, the (100) prism and the (001)
crystal growth form, or if it does, it should have a molecularly basal face (normalized growth rate 2 in Table 4) are of similar
roughened appearance. importance. Taking the central distances proportional to their

J. AM. CHEM. SOC. = VOL. 127, NO. 1, 2005 431
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Table 4. Slice and Attachment Energies of the Primary and Some | H

Secondary Surfaces? E \ E

face Es\lce (Py CI) Ealt (Py q) Esl\ce (norm) Eall (norm) : \ :

Primary Forms -\
basal face (001) @& 2p 6 2 ! !
prism (100) p+4q 2q 6 2 : H
pyramid (101) P+ 3q 3q 5 3 PBC

Secondary Forms ! !

prism (110)A,B,C P+2g 4q 4 4 H H
prism (120)A,B,&  2p+2q 4q 4 4
pyramid (102) p+4q p+2q 5 3

pyramid (201) p+4q p+2q 5 3 i 1

[S—— R - 1

Figure 7. Schematic illustration of a statistical distribution of fish-type
IBSs on a low-index secondary surface, inducing a surface-reconstruction

aEnergies are expressed in terms of bonds, and in terms of bonds
normalized to bond strength 1, in order of decreasing slice ener@jice

+ Eat = Ecysta = 2p + 6q = const. units per unit cell per moleThe type effect while selecting the face indicdsl);.
(210)A,B,C variants are equivalent to the (120)B,A,C variants, respectively,
by symmetry. by increasing its effective slice energy. Additional bonding can
also take place in ways other than fusion of dangling bonds on
{001} the surface; there can also be AFP-induced additional bonding.
The slice energies of the low-indetikQ) and 60I) secondary
{100 surfaces in Table 4 are characterized by relatively high slice
energies, comparable to those of the primary surfaces. For

Figure 6. Structural ice morphology, that is, the morphology for which example, the slice energies of (110), (120), (102), and (201)
the structure is responsible in the absence of any external influence, basedyre roughly?/s—5/¢ the slice energy of the energetically strong
on attachment energies. . :

primary prism (100). In terms of energy, the extra cost necessary

respective attachment enerd®d® and taking into account O activate secondary surfaces such as (110), (120), (102), and
geometrical factors, we can construct schematically (not to scale)(201) IS not very hlgh-_ The main Impedlment to the appearance
the structural growth form of ice as shown in Figure 6. We ©f Some secondary prismatic and pyramidal facets on the growth
find that the (101) primary pyramid (normalized growth rate 3 form of ice would not Ilkely arise from a quest c_ieflcn in the
in Table 4) does not appear on the growth form because it €"€rg9y of the surface b_ondmg pattern. Th_at|m_ped|_ment is rather
happens to lie just below the threshold of appearance by a smaldue to the lack qf b_ondlng in a second lattice direction transverse
amount. The threshold of appearance of (101) lies high for a 0 the single existing one.
geometric reason and because the attachment energy of (101) TO stabilize a secondary surface, the fish-type IBS introduces
has the relatively large value of 3, as compared to the value of effectively a second strong-bonding direction to intersect with
2 for (001) or (100) (cf. Table 4). For that reason (001) and the existing one. This is schematically illustrated in Figure 7.
(100) dominate the morphology by suppressing (101). Should, Some of the surface molecular compositions available for
however, some external factor cause a reduction in the growth€ngagement will offer a better match than others to the IBS
rate of (101), bringing it below the theoretical level, then we structure. The selection of the face indices of the reconstructed
may well observe the primary pyram|d (101) on the growth form surface occurs by |dent|fy|ng the particular surface molecular
of ice. composition that offers the best structural match or the strongest
interaction with a fish-type IBS. By providing supplementary
bonding in various directions transverse to the existing strong-
The most effective mechanism of enhancing preferentially bonding direction, the IBS adjusts the surface orientation. Out
some primary surfaces, of which the face indices are predeter-of the numerous possibilities available for the surface orienta-
mined, is to occupy crystallographic sites and block parts of a tions parallel to the PBC in Figure 3, the specific face indices
surface. The approaching crystallizing units are delayed or (hkl)i are selected in Figure 7. Consequently, the indices of the
prevented from reaching crystallographic sites and becoming observed ice facets are expected to vary according to the specific
incorporated in the crystal structure. Thus the strong binding properties of the IBS of the AFP and according to the changes
of AFP molecules to the surface of ice will give rise to the in the IBS caused by the experimental conditions.
pinning effect, which will hinder the movement of steps and  The available experimental results show that the morphologi-
inactivate the kinks at the surface. The two-dimensional insect cal modification mechanism of surface reconstruction is trig-
type IBS possesses the necessary periodicity properties to matclyered by two variants of the fish-type IBS. The “one-
simultaneously the existing lattice translations in two intersecting dimensional” IBS variant found in fish type | AFPs and AFGPs
directions’ But the variants of the fish-type IBS are not equipped is characterized by one or more linearly extended helices, having
for that task. Moreover, neither the “insect-type” [B®r the regularly spaced binding intervals in only one direction; cf.
“fish-type” IBS variants (see below) offers a mechanism for Figure 8a. It can align its helix/helices along any one of several
transforming the flatness-violating molecular composition (111) alternative lattice translations transverse to the existing strong-
from a molecularly roughened into a kinetically stable flat face. bonding direction, thus mimicking a second intersecting strong-
A surface is considered to become “reconstructed” when bonding direction that is absent from the crystal structure. The
dangling bonds on the surface combine to form additional bridged distances are lattice periods between adjacent parallel
(usually strong) bonds that are not present in the bulk structure.(PBCs). So the one-dimensional IBS variant triggers surface
In this way, additional bonding enhances the surface involved reconstruction through “supplementary ifesinbonding”. On

5. Ice Morphology in the Presence of AFP
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Figure 8. (a) One-dimensional helical variant of the “fish type” IBS: type
| AFP (upper right) and AFGP (lower left). (b) Irregular globular variant
of the “fish type” IBS having mixed//( structure: type Il AFP (left) and
type Il AFP (right).

the other hand, the “irregular” IBS variant found in globular
type Il and Il AFPs, includes mixed andp structures that
are not one-dimensional. It need not be planar and its binding
sites need not exhibit any spacing regularity in order to function;
cf. Figure 8b. It can align itself along numerous shorter distances
in various directions. It bridges intermolecular distances that
need not be lattice translations, by linking oxygexygen pairs

on adjacent parallel PBCs. So the irregular IBS variant can
trigger surface reconstruction through “supplementary imter
lecular bonding”.

6. Surface Reconstruction on Secondary Prisms

Secondary prismshik0), with nonzeroch andk, containing
the single strong-bonding direction [001], are usually observed
in the presence of some fish AFPs and AFGPs:

(A) O1—p—04—q—02—p—03[001}-g—01[001]

(B) O1-p—04—q—02[—1 0 0}-p—03[-1 0 1}-q
~01[001]

(C) O1-p—04—q—02[010}-p—03[011}-g—O01[001]

Each PBC defines a growth block alongk)) containing the
full unit cell content. When the growth block is repeatedly
translated along all lattice directions parallel bé@), the above
PBCs generate three molecularly distinct growth layhs®,
dnioB, anddnie©. By way of illustration, only the PBCs A and B
are considered below, generating the growth layers

dyo” ={01, 02, 03, O¥
and

0> ={01,02[100], 03 [-100], 04

The (110) and (120) surfaces serve to illustrate the process

of surface reconstruction, as it might take place on drk)
prism. The lattice translations omkQ) are in general [00]

but usually [001], and+k h w] for arbitraryw. The [k h w]
directions are transverse to the single strong-bonding direction,
[001], on (kD). The lattice periods offk h w] are available

for supplementary interchain bonding, by the one-dimensional

Figure 9. Distinct surface molecular compositiords;¢* obtained from
PBC (A) in [001] (top) andd;1® obtained from PBC (B) (bottom), for a
single growth layer. Larger circles denote oxygen atoms closer to the viewer;
solid lines, 0103 and O2-04 bonds; dashed lines, ©D4 bonds; four
adjacent PBCs are drawn; dashed arrows, PBC lattice period 00Hxis

and transverse lattice periogt1 1 0] shown to scale define the plane of
the paper (110). The single strong-bonding direction [001] supplemented
by AFP-induced bonding along transverse direction® L w], for example,

like [-1 1 O], causes surface reconstruction. The one-dimensional IBS
variant is suited for interchain bonding along] 1 w] lattice periods. The
irregular IBS variant is suited for intermolecular bonding of shorter distances,
illustrated by dasheédotted lines.

helical IBS variant. Other ©0 distances to be described below,
are available for supplementary intermolecular bonding by the
irregular globular IBS variant. This enables théQ) surface

to undergo reconstruction, whereby the specifik0] indices
are selected so as to optimize the AHEe structural match or
other interaction.

The growth layersl ¢, diod®, di1d®, andd;»s® are depicted
face-on in the structure projections of Figures 9 and 10, where
PBCs A and B in [001] are discernible. For{i10 de-
notes the collection of symmetrically identical surfaces (110),
(1 =2 0), and (2—1 0) and their opposites—1 —1 0),
(=120), and (2 1 0). The AFP interaction with the surface
molecular composition of (2-1 0), which is identical by
symmetry to the surface molecular composition of (110)
analyzed in this work, was the subject of scrutffy.

The secondary prisms offer a rich variety of surface con-
figurations for engagement by the IBS. The available molecular
compositions abound not only due to the different surface
orientations possible but also because alternative, symmetrically
distinct, molecular compositions occur in each surface orienta-
tion. The probability for either IBS variant to attain the best
structural match by engaging the most suitable surface molecular
composition is high.

(21) Wierzbicki, A.; Taylor, M. S.; Knight, C. A.; Madura, J. D;

Harrington, J. P.; Sikes, C. Biophys. J.1996 71, 8—18.
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A Face (120) Table 6. Some O—O Distances between Adjacent Parallel
Identical PBCs Transverse to [001] Available for Supplementary
.‘\,_ [-210] Intermolecular Bonding on Face (110) for the Molecular
O4[001]F= | == 5=| o= a=ammimm s R0al.211 1] Compositions di10” and dh10®
4 : o] o] distance (A)
c I 03[-211] c did
4 2[-110] 5.967
02 04 Toon e 4 3[-110] 6.834
. 1 H 4 1[-110] 8.3
3 2[-110] 8.648
3 1[-110] 10.746
3 4[-110] 10.795
dllOB
2[-100] 4[-110] 6.963
3[-100] 4[-110] 7.434

O1[00-1
B CtT[ ] ¢

04 ./.02['1 001 | ligaren

a_ 40l : 03[-100
—T b[ ]

[001]: C

| ‘:._ I oWt i 5(:2[.'21"] Two PBCs in [010] contain half the unit cell content,

.\T 1 4[-110] 8.648

7. Surface Reconstruction on Secondary Pyramids

Secondary pyramid$Ql), with unequalkh andl, containing
5 the single strong-bonding direction [010], are usually observed
in the presence of the winter flounder AFP, often accompanied
by loss of the symmetry on the plane perpendicular to the 6-fold
axis22-24 The most widely documented face indices are (201).

el consisting of two oxygen atoms each:
Figure 10. Distinct surface molecular compositiortio® obtained from
PBC (A) in [001] (top) andd;»® obtained from PBC (B) (bottom), for a (A) 0O1—g—03[010}-q—01[010]
single growth layer. Symbols are as in Figure 9. Two adjacent PBCs are
drawn. Transverse strong-bonding directions2[1 w], for example, (B) 02—g—04—qg—02[010]
[—2 1 O]. PBC lattice period [001F c-axis and transverse lattice period . )
[—2 1 0] shown to scale define the plane of the paper (120). The corresponding growth blocks are irrelevant, because they

define two half-growth layers alon$y@l), each containing half

Table 5. Some Periods L of Transverse Lattice Translations the unit cell content. After repeated translations paralleh@b)(

[k h w] Coplanar with (hk0) Available for Supplementary

Interchain Bonding on Secondary Prisms (hk0) they would generate growth layers with half thicknedis o 2
(hk0) [~k h v] L) = (¥3)dnoi. Commonly half-layer growth is unlikely as it is not
(110) [1-10] 7827 energetically favored. The above PBCs A and B can be linked
1-11] 10.742 by the strong bond G104 and combined to form a third PBC
[1-12] 16.667 C in [010], of which the molecular composition comprises the
(120) [22:1 2] ﬂ-ggg full unit cell content. After repeated translations parallelal,
{2 -1 2% 18.972 the corresponding growth block now contains growth layers with
(140) [4-10] 20.710 the full thicknessly. Therefore a single molecular composition
{j —i ;} gé%g is possibledn©, corresponding to PBC C:

C=A+B+ (01-04)

The one-dimensional helical IBS variant could induce supple-
mentary interchain bonding across parallel adjacent PBCs by dho|c ={01, 02,083, 0% =d
bridging lattice translations transverse to [001]. Table 5 il- ) . .
lustrates a selection of the lattice translations and lattice periods The lattice translations orhQl) are in general [ O] but
available to it for bridging parallel adjacent PBCs on the (110), usually [010], and {1 v h] for arbitrary ». The [-| v h]
(120), and (140) prisms. Some of the tabulated lattice periods directions are transverse to the strong-bonding direction [010]
are shown in Figure 9 oth1¢* anddy;®. The irregular globular ~ ©n (0l). The Ia_ttice pe_riods of_—fl v h] are availa_ble fo_r
IBS variant could induce supplementary intermolecular bonding SUPPlementary interchain bonding, by the one-dimensional
across parallel adjacent PBCs by bridging shorter distances inhelical IBS variant. Other 60 dlstgnces, to be descrlbgd below,
various directions between oxygen pairs located on parallel '€ available for supplementary intermolecular bonding by the
adjacent PBCs. Table 6 illustrates a selection of theQO irregular globular IBS variant. This enables télj surface to
distances available on the molecular compositions of the growth Undergo reconstruction, whereby the specifi@l) indices are
layersdyid® and dii®. Some of the tabulated 90 distances selected so as to optimize the AFBubstrate structural match
are shown in Figure 9 ody1¢* anddiP. or other interaction. .

In effect, both IBS variants can mimic one or more transverse 1 he molecular compositions of theQ() faces with the lowest
coplanar PBCs that are absent from the structure, intersectingc'ystallographic indices, (102) and (201), serve to illustrate the

the ongma} strong bpndmg direction [001]. The typical bridged (22) Harding, M. M; Ward, L. G.: Haymet, A. D. &ur. J. Biochem1999
distances involved in Tables 5 and 6 range from 6 to above 25 264, 653-665.

; ; ; (23) Fairley, K.;Westman, B. J.; Pham, L. H.; Haymet, A. D. J.; Harding, M.
A. So surface reconstruction through alignmentlokDj is well M.: Mackay, J. P.J. Biol. Chem2002 277, 2407334080

within the capabilities of the fish-type IBS variants. (24) Houston, M. EJ. Biol. Chem.199§ 273 11714-11718.
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Face (201)
o 02[010] —_— . Face (1 02)

04  o21010) ©4[010]
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04[207) 04[217)

L - T = DN . =

02[207] 02[217] ;

01[207) 01[217]
02[102) s, il ’

. s o4[112],.

oaroay ~ oam3
% % % 031207 03217]

01[102) 01[113) Figure 12. Surface molecular compositiomiso, obtained from PBC (C)

P g P Y et in [010] for a single growth layer. Symbols are as in Figure 11. Transverse
5 . 8 N . N . N strong-bonding directions{2 v 1], for example, {2 0 1]. PBC lattice
period [010]= b-axis and transverse lattice periodZ 0 1] shown to scale
define the plane of the paper (120).

03[102) 03[113]

Figure 11. Surface molecular compositiondy; obtained from the
composite PBC (C) in [010] for a single growth layer. Larger circles denote Table 7. Some Periods L of Transverse Lattice Translations
oxygen atoms closer to the viewer; dashed lines;-O3 bonds belonging [/ v —h], Coplanar with (hO/) and Available for Supplementary
to PBC (A); dasheddotted lines, O204 bonds belonging to PBC (B); Interchain Bonding on Secondary Pyramids (h0/), Periods in A
wavy lines, 0104 bonds linking the two PBCs to form the composite

PBC (C); only two adjacent PBCs are drawn; solid arrows, PBC lattice (no) rv-h LA
period [010]= b-axis and transverse lattice period] 0 2] shown to scale (102) [20-1] 11.65
define the plane of the paper (201). The single strong-bonding direction [21-1] 10.74
[010] supplemented by AFP-induced bonding along transverse directions [2—-1-1] 14.04
[-1 v 2], for example, £1 0 2], causes surface reconstruction. One- (203) [30-2] 20.00
dimensional IBSs are suited for interchain bonding along p 2] lattice [31-2] 18.96
periods; irregular IBSs are suited for intermolecular bonding of shorter [3-1-2] 21.95
distances, as illustrated by thin solid lines. (302) [20-3] 23.85
[21-3] 23.42
process of surface reconstruction, as it might take place on any (201) [10-2] 15.39
(h0l) pyramid with molecular compositiodyg = dho©. The H 35312] ig'gg
composite PBC C in [010], together with its constituent PBCs (301) [10-3] 2253
A and B, and the surface molecular compositidgsg anddio; [12-3] 23.42
are shown in the structure projections on faces (102) and (201) (401) [[113:1} é?%

in Figures11 and 12, respectively.
We see that multiple possibilities are available to the fish-
type IBS for attaining the best structural match, by selecting gab/en 8|- IdSOI_ne I%ngeﬂgoxygen D:St?glcas Eet\l_\llegr /f\diacent
. . . . f . aralle entica S lransverse to , Avallable Tor
the appr_oprlate surf_ace orientation. The one_-dlmens_lonal he_IlcaI Supplementary Intermolecular Bonding on Face (201), for the
IBS variant could induce supplementary interchain bonding Surface Structure Generated by Molecular Composition dsoy

across parallel adjacent PBCs by bridging lattice translations o o distance (&)

Fransversg t.o [010], thus mimicking a transverse PBC intersect- 3 2[10-2] 11.083
ing the original [010] PBC. 3 4[10-2] 11.34

Table 7 illustrates some of the many possible lattice transla- 3 2[11-2] 11.535

tions and periods available for supplementary interchain bonding 1 4[10-2] 12.776
1 2[10-2] 13.01

on a range of l{0l) pyramids observed experimentally. The
irregular globular IBS variant could induce supplementary
intermolecular bonding across parallel adjacent PBCs by bridg- oxygen—-oxygen distances available for supplementary bonding
ing shorter distances in various directions between oxygen pairsin the surface molecular compositiab .

located on parallel adjacent PBCs. Table 8 illustrates a selection Again, both IBS variants effectively can mimic one or more

of the numerous ©0 distances available on the molecular transverse PBCs that are absent from the structure, intersecting
composition of the growth layedo;. Figure 11 shows some  the original strong-bonding direction [010]. The typical distances
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involved in Tables 7 and 8 range from 6 to above 30 A and  Since the specific mode of interaction between secondary
imply that surface reconstruction through alignment ladi)(is surface and IBS decides which surface should be engaged, we
well within the capabilities of the fish-type IBS variants. may expect to observe in experiment a variety of orientations
of secondary prisms and pyramids. The dominant secondary
surfaces may on occasion be combined with primary or other
In Table 2 of ref 10, in simulating the AFRce—water secondary surfaces. The molecularly roughened surface (111)
system, use was made of face (201) as well as “a different cut” is not expected to appear.
of face (201). On page 3 of ref 11, there appears a list of various  Theoretically, the stabilization of secondary surfaces by the
ice planes used for docking of AFP type I. The first ice plane fish-type IBS implies the alignment of that IBS along one or
is (201), while the second ice plane is “(201) cut 2"! The so- more directions transverse to the single strong-bonding direction.
called “different cut” or “cut 2" ice planes cannot be correct, Moreover, the one-dimensional helical IBS should be aligned
since only one molecular composition exists in the (201) face coplanar to the engaged surface. An exclusive alignment of any
that could grow as a stable flat face under the influence of an IBS along [001] on secondary prisms, or along [010] on
external factor. secondary pyramids, could not lead to surface reconstruction
As shown above, the kinetically less stable secondary surfacesand hence it is theoretically implausible. This holds for both
(hko) and (0I) can be stabilized and activated as slowly growing methods of engagement: supplementary interchain bonding for
surfaces. This is accomplished by means of surface reconstructhe one-dimensional helical IBS variant or supplementary
tion whereby the AFP distributes itself statistically throughout intermolecular bonding for the irregular globular IBS variant.
the surface and induces transverse bonding. In the [010] strong-For the secondary prisms, the IBS should be alignedhé)(
bonding direction, only one PBC molecular composition of the along the -k h w directions and not exclusively along the
full unit cell exists, PBC C, corresponding to only one growth [001]. For the secondary pyramids, it should be alignechoh (
layerdno. Accordingly, in the specific case of (201), the single along the [ v —h] directions and not exclusively along the [010].

8. Note on “Cut” Ice Pyramids: (201) and (111)

molecular composition igo:. [This effect should be contrasted Symmetrically identical surfaces could well interact slightly
with the occurrence of three possible alternative molecular differently with the IBSs distributed throughout the surfaces. It
compositionsghie”, dhio?, anddnie®, of the full unit cell content,  is theoretically possible that, in interacting differently with

associated with thehk0) prisms, and corresponding to three  symmetrically identical molecular compositions, the IBS could
distinct [001] PBCs.] Therefore a “different cut (201)” or a cause a slightly different reduction in the growth rates of

“(201) cut 2” could only be a molecular composition not symmetrically identical facets, thereby introducing a decline in
containing any PBCs whatsoever, and hence a kinetically highly the outward symmetry of the crystallite.

unstable layer that is highly unlikely to become stabilized by Growth inhibition is attained by reduction of the growth rates
an external factor. of the crystal faces. A complete halt of the growth of ice would
Computer modeling of the IBS of a type Il AFP was amount to the growth rates of all the ice growth fronts becoming
performed on the pyramidal (111) ice face in ref 25. It is not zero. If the growth inhibition were successful for 100%, hardly
clear by which means (other than by an arbitrary cut) the any crystallites would be observed. In studying the resulting
employed molecular composition on (111) was determined and crystallites as modified by the AFP action, we are in effect
whether the inherent property of (111) to be molecularly \orking within a framework where the AFP-induced growth
roughened was considered. In concluding that “the fold of type jnnipition is incomplete, resulting in varying degrees of growth
Il AFP could facilitate a stereospecific mode of interaction with  ate reduction. When the growth rates are reduced without
(111) planes of ice®> the fact that (111) is neither crystallo-  actually dropping to zero, the various growth fronts experience
graphically valid nor can it become stabilized kinetically by 4 delay in their advance. The more severe the growth delay,

the AFP was overlooked. o _ the smaller the size of the resulting crystallites and the more
These examples emphasize that performing simulations onsyccessful the freezing inhibition. However, in the course of
substrates obtained by random cutting is meaningless. reducing all absolute growth rates, the AFP action may maintain

the preexisting relations between the growth rates of the ice
faces or it may allow these ratios to undergo modifications. In
the former case the crystallite would look the same in the
Theoretical predictions concern the surface orientations presence and in the absence of the AFP; only its absolute size
featuring in the modified ice morphology; consequences of the would diminish. In the latter case, the resulting crystallites would
interaction between fish-type IBS and engaged surface; and thehave a different shape in addition to having a smaller size.

9. Experimental Criteria for Testing Theoretical
Predictions

relation between IBS, morphology and activity. In the less successful AFP attempts, when the growth
We saw that both fish-type IBS variants can align themselves jnhipition effect is marginal, the final crystallite size would not
along a multitude of lattice translations or oxygesxygen be very different from the original size, since the overall absolute

distances so as to trigger reconstruction of the engaged secondyg|yes of the growth rates would not have decreased by much.
ary surface. Alternative structure matches or other interactions Nevertheless the AFP action could well affect the relations

between the ice substrates and the IBS are possible for variougyetween the growth rates without reducing their absolute values

values ofh, k, andl of the face indicesh0) and (0I). The by a large amount. The resulting crystallites would retain close
closest structural match or optimal interaction selects the surfaceyq their normal original size but may well exhibit a modified
orientation and fixes the face indices. morphology.

(25) Wierzbicki, A.; Madura, J. D.; Salmon, C.;'@uchsen, FJ. Chem. Inf. Thus t_he AFP aC_tIVIty_’ that is, the_ degree of sucgess of the
Comput. Sci1997 37, 1006-1010. AFP antifreeze action, is reflected in the overall size of the
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resulting crystallite; that depends on the absolute growth rates.[270] | Paper [270] L Paper
On the other hand, the mechanism by which the AFP acts is e (0101 L Paper
refle.c.ted_ in .the morphological qulflcauefor lack of (102) (2701 L Paper
modification—induced on that crystallite; that depends on the <> @ o o
face indices and ratios between pairs of growth rates. A strong E
relation between IBS structure and morphology, as well as (401)
between IBS structure and activity, may be expected in (203)
experimental results. But no direct relation between morphology <> @
and activity need be observed.

In testing the theoretical prediction against experimental

observation, the geometrical differences between prismatic and (101)
pyramidal faces become important. The prism is an open form, /£ |

meaning that it cannot appear on the crystal habit by itself but (@01)
only in combination with other forms, for example, basal plane

and/or pyramid. A hexagonal prism seen in isolation cannot be
distinguished from another differently oriented hexagonal prism. (302) T
On the other hand, a hexagonal bipyramid is a closed form that
can (and does) appear on the growth form by itself; however,
it can also (and does) appear in combination with the basal face
and/or various prisms. Bipyramids can readily be distinguished
from other differently oriented bipyramids simply by visual Figure 13. Outlines of ice pyramidal face$i@l) encountered in a broad
inspection of the crystallite shape, which means the apical anglerange of pyramid-shaped ice crystallites under the influence of (mostly)
or the height-to-baseline ratio. For that reason, the broad rangefish AFPs (absolute size is not to scale). [The ice pyramid face labeled
L . . . (101) resembles those triggered by the insect TmAFP.]

within which the experimentally observed pyramidal facets vary

is directly observable on the obtained images published in the ' ;
literature.

10. Comparison between Theory and Experiment

10.1. Variable Secondary Face Orientations and Combi-
nations with Primary Surfaces. The secondary prismatic
surfacesltk0) contain the [001] direction. According to ref 43,
the fish-type IBS enhances the growth rate along that direction.
Their face indices, as observed in ref 26, vary from (110) up to
(410). (110) is the most frequently reported secondary prismatic
form. The identification of the (110) secondary prism in ice
grown in the presence of sculpin AFP is reported in ref 26.
According to refs 6 and 21, the sculpin AFP is responsible for
the growth of prismatic (2-1 0) ice crystals, where (21 0)
is symmetrically identical to (110). Combinations of secondary
prisms with primary (and other secondary) forms are not ruled
out theoretically. Indeed, ice crystallites grown out of a solution
with AFGPs exhibit fik0) surface€® sometimes in combination
with the primary surface (10GY.

The variation of secondary face orientations is more easily : :
observed in the case of bipyramids. The secondary pyramidal Figure 14. Experimental images of pyramids triggered by AFPs with fish-

. . type IBSs. Top left: type | indexed as (201) (Figure 7A of ref 30; cf. also
surfaces.IQOI) contain the mPSt §trongly bonded PBC’ that is, ref 31). Reprinted with permission from ref 30. Copyright 2003 American
the PBC in [010]. A large variety in secondary pyramidal shapes, chemical Society. Middle left: pyramid resembling (201) with reduced
as seen by height-to-baseline ratios or apical angles, has beesymmetry and in combination with basal face and possibly prism (Figure

; ; ; 4 of ref 24). Reprinted with permission from ref 24. Copyright 1998
observed, cf. Figures 13 and 14. Table 9 lists the eStImatedWilliams & Wilkins. Bottom (Figure 6 of ref 23): pyramids with clear

pyramidal fa_Ce indi_ces tha_'t best match a br_ief Se_leCtion _Of the reduction in symmetry, resembling (a) (201) and (b) (301). Reprinted with

images published in the literature after a visual inspection of permission from ref 23. Copyright 2002 Williams & Wilkins. Top right

Figure 13. Figure 14 shows an assortment of images of ice I(':iQJUf;e 5 of fetf 323; ny?nzjid V;/:h higher_ind;éx thaﬂf (342010), with Ll:rtlfgg
. . . . . oss of symmetry. Reprinted with permission from ref 32. Copyrig

pyramids obtaln_ed experimentally from AFPs with fish-type £ iaration of European Biochemical Societies.

IBSs. The experimentally observed variety of secondary pyra-

midal surfaces activated by the fish-type IBS ranges from (302) to higher than (401). (201) is the most common secondary

pyramid, triggered, among others, by the winter flounder AFP

(26) Baardsnes, J.; Jelokhani-Niaraki, M.; Kondejewski, L. H.; Kuiper, M. J.; 2,29 ild- i i
Kay, C. M., Hodges, R. S.; Davies, P. Brotein Sci.2001, 10, 2566 type P=29and by the wild-type sculpin AFF. According to

2576.

(27) Wilson, P. W.; Gould, M.; DeVries, A. LCryobiology2002 44, 240— (29) Haymet, A. D. J.; Ward, L. G.; Harding, M. M.; Knight, C. REBS Lett.
250. 1998 430, 301-306.

(28) Harding, M. M.; Anderberg, P. |.; Haymet, A. D.Bur. J. Biochem2003 (30) Walthen, B.; Kuiper, M.; Walker, V.; Jia, Z. Am. Chem. So2003
270, 1381-1392. 125 729-737.
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Izable I9-d_ Cong)t?ri_sondqf B;]pyrFf)imidal Ice fCA)'/:SFt)aII\I/iIteS of Vé}r%/inr? direction [001] and coplanar on the secondary prisik0) =

ace Inaices tained in the Presence o utants with the _ H H

Pyramidal Forms (h0/) Drawn in Figure 13 (2_ 1 0). As expected, the IBS is exper_lmentally_observed not
aligned along the PBC direction [001], since an alignment along

reference mutant morphology [001] could not bring about reconstruction of the {2 0)
33, Figure 4 wild type (302) surface.
{'/12%73\ 883 After carrying out docking simulations of the fish type | AFP
V41A (201) with energy minimization, Baardsnes efatoncluded that, in
tigmf& 883 binding on the (201) face, the IBS aligned itself along a direction
34, Figure 2 BBB2KE (301) equivalent to [1 0-2]. The alignment dlrectllon [1 QZ] was
II12KE (001) platelet deduced from the surface-to-surface complimentarity observed
TTTTALZKE (001) and (ik0) in that work3® Yang et al*! also identified [1 0—2] as the
32, Figure 5 VL\{(VAVAAKL_ZA*;E (&Ooll))roughe”ed direction of alignment of the-helix of the winter flounder type
LKAAK-B 2 (401) I AFP. The same observation had been made earlier by Wen
AKAAK-CP (401) and Laurse?f while concluding that the fish AFP is unable to
32, Figure 4 A:é/?_}((o-c?f)b E‘Z‘gB bind to the basal face.
' A19L (201) Also, ref 21 reached the conclusion that the IBS is aligned
A20L (201) along the zonéD12(a collective notation for symmetrically
26, Figure 2 A\%\L/VZKE ((22%11)) identical directions, one of them being direction [+Q]). Thus
' the direction of alignment of the IBS on the secondary pyramid
aLoss of mirror normal ta-axis.? Loss of mirror normal ta-axis and (hOl) = (201) is [l v h] = [1 0 —2]; it is transverse to the
2-fold axis parallel toc-axis. single strong-bonding lattice direction [010] and coplanar on

(201). Also in this case, the IBS is experimentally not aligned

ref 23, no explanation for the specific occurrence of (201) has along the PBC direction [010], since an alignment along [010]
been given thus far. In line with the theoretical formulation, could not bring about reconstruction of the (201) surface. The
none of the pyramids produced by the fish-type IBS, as observed|ength of the binding interval of the fish type | AFP is not
in Figure 14 or tabulated in Table 9, matches in shape the reported in ref 35, but the helix of the winter flounder AFP
primary pyramid (101) drawn in Figure 13. (WfAFP) is found experimentally to have a binding interval

As expected, secondary pyramids appear in combination with equal toL = 16.5 A37 This is in good agreement with the values
primary (and other secondary) forms; the bipyramidal crystals of 15.39 A, equal to the lattice period of[L 0 2], and of 16.66
depicted in the images of ref 24 are combined with the basal A, equal to the lattice period of{1 —2 2] in Table 7.
face (001) and also some unidentified prismatic facets. The 10.4. Occasional Decline of Crystallite SymmetryAccord-
theoretically admissible occurrence of combinations of second- ing to ref 21, the sculpin AFP aligns its helix on the<{2 0)
ary and primary surfaces can be verified in the experimental jce prism along the [122] lattice translation but not along the
images. For example, a combination of (201) and (001) is symmetrically equivalentf1 —2 2] lattice translatio? The
observable in Figure 14a. adsorption of the IBS along a specific lattice direction, in

10.2. Experimental Absence of the (111) Bipyramidln preference to a symmetrically identical direction on the same
the ice structure the (111) bipyramid is unique in being the only face, is a natural consequence of the IBS helicity. No images
kinetically unstable (i.e., flatness-violating) surface containing of ice crystallites are provided by ref 22, but one would expect
intersecting strong-bonding directions. The known IBS proper- their growth forms to have a lower symmetry than prescribed
ties do not offer any plausible mechanism for stabilizing (111). by the space group.
It is predicted theoretically that (111) will be absent from the | refs 23, 22, 32, 34, and 39, among other works, a decline
growth form of the ice crystals, or if it does appear, it should in the symmetry properties of hexagonal ice is readily observable
have a molecularly roughened appearance. Experimentally (111)in the loss of the mirror plane normal to the 6-fold axis (the
is not observed on the usual ice morphology, and neither is theremirror plane is prescribed by the space group). This phenomenon
any experimental evidence for the occurrence of (111) on ice has not yet been dealt with, so no explanation has been proposed.
crystallites triggered by any AFP. Thus the experimental absenceTne |oss of the mirror normal to the 6-fold axis observed in the
of (111) from the morphology agrees with the present prediction. pyramidal images of refs 23, 22, 32, 34, and 39, that is
However, that experimental result disagrees with the prediction noticeable mostly in connection with high-index pyramids (cf.
of a computer simulatici carried out on an arbitrarily defined Figure 2 of ref 34 and Figure 5 of ref 32), is in agreement with
(111) surface cut. the PBC theoretic analysis.

10.3. Transverse Alignment of the IBS.Reference 21 10.5. Predominant Dependence of Morphology on IBS
reports that, in engaging one of the molecular compositions of prgperties. Reference 23 reports that although AFPs of the

the (2—1 0) ice prism, which is symmetrically identical to the  gcyipin and winter flounder families have closely related and
(110) prism (cf. Figure 9), the sculpin AFP aligns its helix along

the [122] lattice translation. Alignment directions i w like (35) Baardsnes, J.; Kondejewski, L. H.; Hodges, R. S.; Chao, H.; Kay, C. M.;
[122] or [-1 —2 2] are transverse to the only occurring PBC Davies, P. LFEBS Lett.1999 463 87—91.
(36) Wen, D.; Laursen, R. AFEBS Lett.1993 317 (1, 2) 31-34.
(37) Knight, C. A.; Cheng, C. C.; DeVries, A. Biophys. J1991 59, 409-
(31) Graether, S. P.; Kuiper, M. J.; Gagi® M.; Walker, V. K.; Jia, Z.; Sykes, 418.
B. D.; Davies, P. LNature200Q 406, 325. (38) Ewart, K. V.; Yang, D. S. C.; Ananthanarayanan, V. S.; Fletcher, G. L.;
(32) Zhang, W.; Laursen, R. AZ<EBS Lett.1999 455 (3), 372. Hew, C. L.J. Biol. Chem.1996 271, 16627-16632.
(33) Baardsnes, J.; Davies, P.Biochim. Biophys. Act2002 1601, 49-54. (39) Nishimiya, Y.; Ohgiya, S.; Tsuda, $.Biol. Chem2003 278(34), 32307
(34) Haymet, A. D. J.; et aFEBS Lett.2001, 491, 285-288. 32312.
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largely hydrophobic IBSs, the former engages secondary prismsundercooling at different concentrations, gave rise to ice crystals
such as (2-1 0) while the latter engages the secondary pyramid with pure bipyramidal forms, cf. Figure 4 of that paper. As
(201). The explanation provided in ref 23 was that although expected, no marked dependence of the shape of the bipyramid
both IBSs were indeed hydrophobic, they differed in their on the level of activity is observed; however, the size of the
structure properties, such as the arrangement of their bindingbipyramid decreases with increasing activity. The lack of any
intervals. Reference 23 reports that although most sculpin AFPsdirect correlation between morphology and activity also follows
produce prismatic ice crystals, some sculpin AFP variants and from the more recent results of ref 39.
the wild type produce secondary pyramids with various degrees |n agreement with the theoretical expectation, we see that
of activity. Here also, the root of the explanation could lie in the face indices (or pyramidal shape) do not depend on the AFP
the IBS structural aspects. activity but both the shape and the AFP activity depend directly
In the work of ref 38, the addition of divalent ions changes on the IBS characteristics. This experimental outcome does not
the IBS of the AFP so radically as to transform the crystal shape support the belief that the morphological modification “inhibits
from secondary to primary facets and vice versa. Moreover, a further crystal growth™?
recent experimental report on the action of dimer, trimer, and
tetramer of type Il AFP on ice crystdfsstates that each  11. Discussion and Conclusions
multimer “changes the morphology of a single ice crystal into
a unique shape that is similar but not identical to the ordinary
hexagonal bipyramid.” The IBS of type Ill AFP belongs to the
irregular globular IBS type. We notice in ref 39 that a substantial
change in the IBS can cause a radical transition between
pyramidal (Figure 2a of ref 39) and prismatic (Figure 2c of ref
39) forms, amounting to a strong, direct correlation between

The particular ice morphology observed under the AFP action
is a direct consequence of the structural details relating to the
adsorption mechanism of the AFP on the ice surfaces, so that
different modes of adsorption trigger consistently and predict-
ably different crystal habits. A correct PBC theoretic analysis
of the growth processes, taking the AFe system into
account, led to the face indices, surface molecular compositions,

IBS structure ahd morphology. . . and relative growth rates, as well as the mechanisms by which
10.6. Predominant Dependence of Activity and Crystallite 1,5 yarious 1BSs AFP induce morphological modifications.

Size on IBS Properties.The experimental results emphasize  pyimary kinetically stable, slowly growing ice surfaces char-
consistently an increase in AFP activity as the regularity of the ;cterjzeq by at least two intersecting strong-bonding directions

iptervals improves. Lin ar.1d Ewdftcompared the' skin-type and and unambiguous face indices are associated with the action of
liver-type AFPs of the winter flounder. The skin-type showed o insect-type IBS.

a reduced activity as compared to the liver-type due to the lack
of a complete ice binding motif. Zhang and LaurBesbserved
that a mutant of type | AFP with regular spacings showed
antifreeze activity, whereas one with irregular spacings showed
no activity. These results show the importance of the regularity
of the binding intervals in the one-dimensional helical IBS
variant, since in this case supplementary interchain bonding by
bridging lattice periods is the mechanism by which surface
reconstruction takes place.

According to a recent experimental report on type 11l ARP,
which has an irregular globular IBS variant, the thermal

This work focused on the action of the fish-type IBS to
reconstruct the secondary ice surfaces that are structurally
capable of becoming kinetically stabilized by the AFP action.
These are characterized theoretically by only one strong-bonding
direction, implying that face indices are indeterminate. In the
absence of the AFP action these kinetically less stable surfaces
would not grow slowly with unique, well-defined orientations
and hence would not appear in the morphology as flat surfaces.
They become stabilized under the action of the fish-type IBS,
which can induce preferentially transverse strong-bonding

h . X . ith the size of the AFP OIdirections that are absent from the hexagonal ice structure. The
hysteres%lsk:nceregses mhpropomon_wn t e|S|ze ofthe ,_an. one-dimensional helical variant can bridge transverse coplanar
ence of the » reaching a maximum at lower concentration; lattice periods. The irregular globular variant can bridge

this effect is accompanied by a drastic decrease in the size Oftransverse shorter-©0 distances that need not be coplanar.

ice with increasing concentration of the AFP. . . .
. . - The induced supplementary bridges crosswise on the engaged
10.7. Absence of Direct C.:orrelano.n. be'Fween Activity and secondary surfaces decide specifically which of the possible
Morphology. A morphological m'od|f|(.:at|o.n, as caused,'for surface orientations, with adjustable indickkd) and (O0l), will
example, by surface recon_structlorj, |mpl|e_s a change in the appear on the ice crystallite. The tendency of the AB&bstrate
relative growth rates but provides no information on #tesolute interaction to a maximum value serves to fix the orientation of

?r:o;/\_/th rates. Thefdrastlc reducf:tllo nttm th? tapscr)ll_lgffgrom_/th rateséthe engaged surface. The observable crystallite shape has two
at1s necessary or a successiul attempt to Innibit Ireezing nee structure-matching aspects: first, to induce an adequate surface

not fg!low from the change |n.morphology. SO. a morphologmgl bonding pattern necessary to mimic in effect the occurrence of
qu|f|cat|0n per se does not |mp_|y a depression Of. th_e fre_ez_mg a supplementary intersecting strong-bonding direction; and
point and may even accompanied by total protein inactivity; second, to maximize the IBSce structural match or other

cf., e.g., refs 6, 24, and 35. interaction. The two matching processes are interdependent; they

Baardsnes et &.synthesized several mutants of AFP type | o001 not in succession but in unison. Experimentally the
and measured the activity in relation to the activity of the wild-

type VY"_d pr.oteln.'Those mUta}n_tS that showed varied degrees(42) Madura, J. Fishy Proteins. In http://www.psc.edu/science/Madura/fishy-
of activity (including zero activity), measured as degrees of _proteins.html.

(43) Yoshinori Furukawa, Hokkaido University, private communication.
(44) Graether, S. P.; Sykes, B. Bur. J. Biochem2004 271, 3285-3296.
(40) Lin, Q.; Ewart, K. V.FEBS Lett.1999 453 (3), 331-334. (45) Liou, Y.-C.Nature200Q 406, 322-324.
(41) Yang, D. S. C.; Hen, W.-C.; Bubanko, S.; Xue, Y. Q.; Seetharaman, J.; (46) Sangwal, K.; Mielniczek-Brzoska, E.; Borc,Qryst. Res. Techno2003

Hew, C. L.; Sicheri, FBiophys. J.1998 74, 2142-2151. 38, 103-112.
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crystallites triggered by the fish-type IBS exhibit a large variety and the secondary prismatic and pyramidal face indices need
of secondary prismatic and especially pyramidal forms. be present. The AFP-induced modification of the ice morphol-

Since the AFPs are interspersed throughout the availableogy is the visible manifestation rather than the cause of the
surface, surface reconstruction has a statistical, as opposed to &eezing inhibition.

structural, nature. Since, moreover, different structural matching The present PBC formulation provides a general and rigorous
schemes might well be not quite equally opt|mal, itis possible yoaiment applicable to any macromolecule with similar proper-
that some faces could be reconstructed differently from other, ;.. 4 - is, rigid IBSs with equivalent structures, and compa-

symntwk(]atrlc;ally (ljder:_tlcal _If_z;llc_:ets%fle?@ng to a var){[mI(ig debgree oé rable distributions of hydrophobic and hydrophilic domains, as
g;m;v dergiiereorucl:olsosn.of slzrﬁeegf 'ti:);nggenrsuy c; ?nerzleetr the AFPs. According to current knowledge, this combination
P group sy Y of properties is unique to the AFPs. The available experimental

properties in the ensuing ice crystals. . . - .
The theory leads to a special dependence of the Crystalliteewdence supports the theoretical findings, whereas no piece of

shape on experimental parameters. The indices of the ObserVe((]experimental evidence has been found to contradict the theory.
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