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This application is a PCT application
corresponding to U.S. Patent Applications Serial Nos.
08/413,370, filed March 30, 1995, and 08/485,185, filed
June 7, 1996, the entire 'texts of which are hereby

incorporated by reference.
' BACKGROUND OF THE INVENTION _
Ice formation is damaging to living systems and
food products and may be a nuisance and a hazard to human
beings who must cope with snow and ice in their
envircnment. The field of the present invention is the

_provision of processes for the preparation of specific

chemical agents, referred to herein as ice interface
dopants (IID), that will effectively reduce ice formation
and make ice that does form innocuous to living systems
and foodstuffs and less troublesome and hazardous to
humans and machinery in the environment.

Referring to Figure 1, ice crystallizes in the
shape of a hexagonal plate 10. A plane defined by the a
axis 12 and the b axis 14 (which is crystallographically
identical to the a axis) and perpendicular to the c axis
16 defines a hexagonal cross section called the basal
plane 18. The six faces of the hexagon are called prism
faces 20. Crystallographically, the basal plane 18 is
referred to as the 0001 surface, and the prism face is
referred to as the 1100 surface or the 1120 surface
depending on the orientation.

Figure 2 shows that the units of the crystal that
give rise to this macroscopic structure are also
hexagonal. 1In Figure 2, following common usage, only the
oxXygen atoms are represented. The hydrogen atoms lie
along the straight lines shown bonding each oxygen atom to
its four nearest neighbors.

Figure 2A shows the basal plane 0001 surface as

seen from above. Within each hexagon, three vertices
project upward {(or forward), and the three intervening
vertices project downward (or backward). The wupward

vertices are separated by 4.5 & + .02 A and are located at
a 60° angle with respect to each other. Their fourth
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' 10 AFGPs) and antifreeze proteins or antifreeze peptides

(AFPs) produced by several species of fish are believed to
adsorb preferentially to the prism face 20 of ice and thus
to inhibit ice crystal growth perpendicular to the prism
face, i.e, in the direction extending along the basal

15 plane 18 and along the a and b axes 12 and 14.

This capability is sufficient to permit certain
fish to live their entire lives at a body temperature
about 1°C below the thermodynamic freezing point of the
fishes’' body fluids. These fish can ingest and contact

20 ice crystals that might otherwise provide crystal
~nucleation sites without being invaded by the growth of
ice through their supercocled tissues because the AFGPs
present in their tissues and body fluids block ice growth
despite the presence of supercooling. Insect antifreeze

25 or "thermal hysteresis" proteins (THPs} are even more
effective, being active at supercooling levels of 2°C or
more below the thermodynamic freezing point.

The natural "antifreeze"” or "thermal hysteresis"
proteins found in polar fish and certain terrestrial

30 insects are believed to adsorb to ice by lattice matching
(Davies and Hew, FASEB J., 4; 2460-2468, 1990} or by
dipolar interactions along certain axes (Yang, Sax,
Chakrabartty and Hew, Nature, 333:232-237, 1988).

Antifreeze glycoproteins (AFGPs) and antifreeze

35 proteins or antifreeze peptides (AFPs) found in certain
organisms provide natural "proofs of principle" for the
concept of novel man-made IIDs. However, mnatural ice
interface doping proteins are not sufficiently active or
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14. 5 by default, predominantly in the dlrectlon of the c axls
16, perpendicular to the basal plane 18. This results in
the formation of spindle or needle-shaped ice crystals
(Figure 1B) that are more damaging to living cells than
normal ice, apparently for mechanical reasons.

10 Natural IIDs are commercially available only in a
very limited quantity and variety. Furthermore, they must
have fairly high relative molecular masses {(typically at
least about 5,000 daltons) to be effective. This tends to

@ make them expensive, and they often require complex

15 interactions with other hard-to-acquire proteins and often

require carbohydrate moieties for full effectiveness.
Purthermore, addition of natural fish AFGP to a

concentrated solution of cryoprotectant (30-40% v/v DMSO)

had minimal effect on ice crystal growth rates below -20

20 to -40°C (Fahy, G.M., in Biological Ice Nucleation and its
Applications, chapter 18, pp. 315-336, 1995), thus making
guestionable ite effectiveness for |use in organ
vitrification for cryopreservation.

Another problem with natural antifreeze proteins

25 is that continuing confusion over their precise mechanisms
of action hampers the development of recombinant variants
that could be more effective. Recently, Warren and
colleagues reported some progress in this direction (U.S.
Patent No. 5,118,792).

30 Caple et al. (Cryvo-lLetters, 4:51-58, 1983) made
several apparently arbitrary synthetic polymers and showed
that some of them were able to prevent nucleation of watér
by silver iodide crystals. They suggested that these
polymers adsorbed either to the silver iodide or to ice

35 crystal nuclei, but they did not suggest any specific
interactions, and their polymers were made without regard
to any consideration of the structure of ice or of AgI.
Further, except for noting that a 2 to 1 ratio of
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10 than academic uses. Caple et al. (Crvo-Letters, 4: 59-64,
1983) also reported detecting unidentified,
uncharacterized, and unpurified nucleation-inhibiting
substances from natural sources, but again suggested no
applications.

15 The concept of designing specific artificial
chemical agents whose purpose is to control the physics of
ice was first mentioned by Fahy in Low _Temperature
Biotechnology, McGrath and Diller, eds., ASME, pp.113-146,
1988. The sole mention of this idea was the single

20 statement that "insight into- the mechanism of AFP action

. opens the possibility of designing molecules which
may be able to inhibit ice crystal growth in complementary
ways, e.g., along different crystallographic planes."
However, no method of preparing such molecules was

25 suggested.

Kuo-Chen Chou ("Energy-optimized structure of
antifreeze protein and its binding wmechanism", J. Mol.
Biol., 223:509-517, 1992) mentions an intention to
specifically design ice <c¢rystal growth inhibitors.

30 However, it is confined to minor modifications of existing
antifreeze molecules, and does not envision the present
radically different approach of preparing synthetic IIDs
de novo.

Based on these obsgervations, it is advantageous to

35 design ~molecules that can prevent ice crystal growth
specifically in the direction of the c axis in accordance
with the present invention. When used in combination with
an agent acting to block growth in the direction of the



WD-96/ 30459 PCT/ US96/ 04284
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Furthernore, a disadvantage of basal plane growth inhibition is
t hat, when supercooling becones sufficient to overcone ice crystal
growt h i nhi bi {igygmedowt h occurs, 5 by default, predom nagtcrmssandtsac
direction of the ¢ axis 16, perpendicular to the basal plane 18. This
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(typically at | east _abqut 5,00 al tons tg be effective. This tends
to using only basal plane growth inhibitors. Furthermore,
5 since growth in the direction of the ¢ axis, hereinafter
“C growth," is the limiting factor for supercooling in the
presence of agents that adsorb to the prism face (agents
that block growth in the a axis direction, or "A growth"),

C growth inhibitors should enhance supercooling

10 considerably over the supercooling achievable with A
growth inhibitors alone when used in combination with A

growth inhibitors.

A problem with natural antifreeze proteins has

been continuing confusion over their precise mechanisms of

15 action. Recently, Sicheri and Yang (Nature, 375:427-431,
1995) described a clear model of how AFPs undergo lattice
matching with ice. They indicated that, of 8 AFPs
examined, the number of ice-binding atoms ranged from 3 to

10 per AFP and that each AFP formed, on average, ice
20 contacts at between 'l in every 4.8 to 1 in every 15 amino -
acids present in the molecule (roughly 1 ice bond per 422-

1340 daltons of AFP mass). The ice-binding amino acids
were threonine (thr), aspartate (asp), asparagine {asn),

and lysine (lys). Each binding amino acid formed one bond

25 per amino acid and the bonds were formed by the hydroxyl
oxygen of thr, the amino nitrogen of lys and of asn, and

the acid oxygen (0" or carbonyl O) of asp. For the winter
flounder AFP, detailed analysis showed that the lattice
matching depended on a planar arrangement of the AFP’'s

30 bonding groups and on geometrical constraints on the
freedom of motion of the matching groups. Bonding took
place on the ridges of the 2021 plane (Biophys. J.,
63:1659-1662, 1992; Faraday Discuss., 95:299-306, 1993; J.

Am, Chem. Soc., 116:417-418, 1994.) More detailed

35 analysis - showed that the lattice match between asn and asp
oxygen and nitrogen and ice oxygens was imperfect. For

one thing, the oxygens in ice associated with these sites
were located to the side of each binding atom, not
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10 The present 1nventa.on provides processes for

preparing ice interface dopants, ice interface dopants
prepared thereby, and methods of using them. One process
entails determining a distance between hydrogen bording
sites on an ice nucleating body and preparing synthetic
15 molecules having a complementary bonding distance between
their own hydrogen bonding sites and the identified sites
on the ice nucleating body. Enhanced ice bonding capacity
of these molecules is cbtained by considering in a design
process the novel concept of "orbital steering." Orbital
20 steering refers to the positioning of lone pair electron
orbitals in a preferred direction so as to facilitate
hydrogen bonding to ice. This is accomplished in part by
locking the bonding atoms of the IID into fixed, non-
rotating positions by covalently bonding them to at least
25 two other atoms other than hydrogen that form a part of
the relatively rigid structure of the IID. Synthetic
molecules of the invention may be designed in such a way
that they can be both highly active and sufficiently
available to be practical to use. A second process is to
30 find IIDs that are essentially antibodies directed against
ice. This entails raising actual anti-ice antibodies in
animals or by standard "short cut" in vitro cell culture
methods, or by searching for complementary protein or
nucleic acid IIDs using the methods of combinatorial

35 chemistry and in vitro natural selection.
According to the present invention, IIDs can be
prepared that exceed the effectiveness of natural agents.
Given that nature has been constrained to using protein,
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5 proper procedures, as provided by the present invention,
are followed. Furthermore, the present invention provides
methods of preparing new and optimal protein structures
for inhibiting ice crystal formation without regard to

existing natural antifreeze proteins or glycoproteins.

10 The dopant molecules of the present invention can
be prepared to adsorb to each surface facet ice presents.
Dopant molecules can be prepared to act cooperatively by
providing binding sites for other dopant molecules along
the edges of the molecule. The invention provides

15 processes for the preparation of molecules that can
effectively adsorb to an ice lattice or another ice
nucleating surface to preclude ice crystal growth at these
ice nucleating surfaces.

The present invention also provides methods for

20 inhibiting the growth of ice. in and on various objects,
for example, aircraft wings, footwear, pathways,
foodstuffs, plants, windows, cables, transplantable tissue
including blood tissues, and other objects where control
of ice growth is beneficial.

25 A process embodied in the invention includes a
process for preparing an ice interface dopant comprising
determining determining at least one distance between a
plurality of ice crystal template hydrogen bonding sites
on a body capable of nucleating an ice crystal and

30 synthesizing a dopant molecule having a plurality of
dopant hydrogen bonding sites spaced at such a distance as
to be capable of associating with said ice nucleating body
hydrogen bonding sites.

Embodiments also include determinig said distance

35 by binding at least one polymer to at least one of said
ice nucleating body hydrogen bonding sites, and said at
least one polymer comprising a polynucleotide and said
polynuclectide is capable of being amplified.
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10 Figure 1A shows the macroscopic prism structure of
an ice crystal, including the surface arrangement of the
basal plane and the prism faces.

Figure 1B shows an ice spicule formation in the
presence of a and b axis inhibitors.

15 Figure 2 shows the lattice structure of the basal
plane 0001 (Fig. 2A) and the prism faces (Fig. 2B) of an
ice crystal.

Figure 3 depicts techniques for maximization of
lattice matching using branched or ringed structures that

20 minimize or preclude nucleation tendency.

Figure 4 ghows an adaptable dopant molecule with
hydrogen bonding sites for bonding to an ice nucleating
body.

Figure 5 shows three views of an ice lattice

25 structure with a dopant molecule attached. 5a presents a
view looking down the prism axis of an ice crystal; 5b
shows the complex rotated to clearly show hydrogen bonding
between the ice and dopant molecule; and 5c¢ shows the
dopant with only the water molecules of the ice lattice

30 structure that bond to the dopant.

Figure 6 shows the relationship between the 1lone
pair electrons of a hydroxyl group and the bonding sites
in ice that exists when the oxygen of the hydroxyl group
is oriented directly above an oxygen atom in ice.

35 Figure 7 shows the steered orbitals of an
artificial IID (IB2) arranged in such a way that they form
an almost perfect match to the hydrogens of the basal
plane of ice.

This Sheet- Has Been Re|plac

EAHIN




specifically in the direction of the ¢ axis in accordance with the

present invention. Wen used in conbination w.th an agent acting to
bl ock growth in the direction of the WO 96/ 30459

PCT/ US96/ 04284 5 basal plane, such
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agent should avoid the I ethal drawbacks of the prior art of freezi ng
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A 5 Pigure 9 shows a second example of a mixed steered
and unsteered IID employing the same principle as that
employed in IB3 but using a different physical embodiment.

Figure 10 shows the surface, in atomic detail, of
the smallest ice crystal that resembles the

10 macroscopically vigsible plate-like, hexagonal ice crystal
shape.

DETAI ES TION OF PREFE D EMBODI

The principles described herein permit IIDs to be
designed to bind to any crystallographic plane of ice

15 desired whatever, or even to non-crystallographic patterns
inherent in the ice crystal structure. Specific molecular
prototypes described herein have been designed
specifically to bind to the basal plane so as to prevent C
growth.

20 Although the details of preparation of different
IID classes as described herein will differ somewhat
depending on the specific application, the following
primary criteria apply in varying degrees to all
categories.

25 An ice interface as defined herein is the portion
of a surface capable of nucleating ice crystal growth. An
ice crystal presents several such surfaces and is used
throughout the specification as an exemplary ice
interface. Heterogeheous nucleators are alsc considered

30 to possess ice interfaces that may be blocked by the
molecules of the instant invention.

The preparation of IIDs by any of the following
criteria or combinations thereof will be significantly
facilitated by use of adequate computational chemistry

35 packages. Suitable packages include "HyperChem" (made by
Auto Desk, 8San Francisco, California), "ECEPP/2" (see
Chou, J. Mol. Biol., 223:509-517, 1992), and "Insight II,
Discover, and Analysis" {made by Biosim Technologies,
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Soc., 116 417 4lgbje%1?:?ée and t?xe or easy visualization of lone
pair electron positions in ways not always available using
computational models. This is critical because it is the
lone pair electrons of oxygen and nitrogen, for exarple,

that bind to hydrogen atoms in the ice crystal lattice.

15 The following considerations define criteria used
for the design and preparation of the wvarious IID
molecules:

a. Principles £for balancing the conflicting
considerations of molecular mass, molacular mobility, and

20 meolecular bonding to ice. The water molecule is only 18
daltons in mass, and is thus highly mobile in comparison
with any structure that may be synthesized for the purpose
of inhibiting water adsorption to an existing ice crystal.
For the IID to compete maximally with water for access to

25 the advancing ice interface, the molecular mass of the IID
should be kept to a minimum. This is particularly true
for fast cooling situations. Furthermore, the cost of
synthesizing artificial molecules generally goes up as the
mass of the molecules becomes larger. Thus, the mass of

30 synthetic IIDs of the present invention is preferably
maintained at or under 4500 daltons, and more preferably
at or under about 1000-3000 daltons. As disclosed herein,
IIDs can be designed with a molecular mass as low as about
100-500 daltons. '

35 By the same token, the effectiveness of a given
IID molecule will depend on the area of the ice nucleating
interface, for example an ice crystal, that it can cover
and on the number of bonds it can form with the ice



35 -analysis showed that the lattice match between asn and asp oxygen

and nitrogen_and ice oxygens was inperfect. For one_thing. the
oxygens in ice associated with these sites were |l ocated to the side of
each binding atom not 7 WD 96/ 30459 o
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underneath. For another, the trigonal planar (sp2) coordination of

t he hydrogen-bondi ng groups of asn andnasp differ fromthe tetrahedral
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5 molecular mobility on the part of synthetic IIDs could
allow high rates of detachment from the ice interface in
addition to high rates of attachment to the ice interface.

Yet another factor that will make low mass adverse
in some (e.g., biological) though not in other (e.g.,

10 industrial) IID applications is the higher osmotic effect
of low-mass molecules per unit weight.

To offset the negative effects of lower molecular
mass, each IID should satisfy the following criteria.

1. Synthetic IIDs should exceed natural IIDs’

15 ratio of ice bonds to IID mass. According to Chou (J.
Mol. Biol., 223:509-517, 195%2), the 37 amino acid flounder
antifreeze protein forms one bond to ice at every eleyenth
amino acid. This results in a total of four ice bonds per
molecule, or one ice bond for every 819 daltons.

20 Synthetic IIDs should possess a bond to mass ratio of
approximately 1 bond per 50 to 500 daltons. Bonding sites
should be 1linearly disposed, that is essentially one
dimensional, to minimize nucleation tendency.
Alternatively, the ice bonding portion of the molecule

25 should be of limited width or local area for the same
reason. Lattice matching over large contiguous areas
promotes nucleation (Gavish et al., Science, 250:973-975,
1980), but this tendency can be reduced or eliminated by
spreading the matching sites apart and/or arranging them

30 in lines.

2. The bonds formed by synthetic IIDs should be
at least as strong as bonds formed by natural IIDs, and
preferably stronger when nucleation tendencies can be
avoided, such as by constructing an essentially linear

35 molecule. Charged groups such as protonated amines or
ionized oxygen (as in carboxylic and other acid groups)
are preferred, both for strong hydrogen bonding to
specific ice lattice sites and for breakdown of local



10 - The present invention provides processes for

preparing ice interface dopants, ice interface dopants pr epar ed

t her eby, and nethods of using them One process entails determning a
di stance between hydrogen bording sites on an ice nucl eating body and
preparing syntvwebésmsssdc nol ecul es havi ng a conpl enent ary bondiangsdésnsnce
bet ween their own hydrogen bonding sites and the identified sites

on the ice nucleating body. Enhanced ice bondizg capacity of these
nol ecul es is obtained by considering in a design process the novel

concept of "orbitawaseeer istguttireitdhtd0 a stremviiwp-ldkers faxm,he further
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as to facilitate Ice. This 1s acconplished in part
by | ocki ng thsassﬁaﬂag %‘Ejeﬂ%x’@fe't r?é‘ lfpbei ang PhRERhatgOTOUPS I%)1248%g
posi tions by coval gawbye@onding themto at |east 25 two other atons ot her

t han hydr ogen Eﬂat forma éc§$%§r 1%£ftreLgt|£%k& néﬁgg %EEUC (ﬁbe

the I'lID Syntheti c € i nvention may eS|gne

such a way t hdpt?n@yn%nbﬁecm#aﬂ fixi idn \af e sfeﬁrfdm.%mcgpp tor
avail able to be pragbnsaaci&:ysewhéréeceaﬁlﬁqee%sl Sat 0 c¥cerhi, nd byl Dxhe
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cut" in vitro cell tbal tI¥R with nehéodometripad earems tpinhs céﬁple%%ntdhy
protein or 10 unfavorable attraction or repulsion between IIDs at these
strongly ice-bonding sites, and by the tendency of
particularly strong ice-binding sites to serve as
nucleation sites. In certain embodiments, howevexr, the
nucleating tendency of very strong ice-bonding sites is
15 not a disadvantage if, at the same time the agent
nucleates ice, it also adsorbs to the ice surface to
prevent further growth.

3. A good way to form strong bonding without
using exotic chemical groups is to rely on the principle
20 of molecular recognition as exempiified, for example, by
enzyme-substrate or hormone-receptor affinities. This
involves, generally, a 3-dimensional £fit between the
feature being recognized and the recognizing molecule.
Thus, the operating reference mass of the IID is
25 preferably the minimum mass consistent with specific
recognition of a particular feature of the ice crystal
surface. Total mass may be one or more multiples of this

operating reference mass.
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Structure 1 Structure 2
30 Sample structures 1 and 2 depict weak (low
operating reference mass and therefore low bond number,



nucl eic acid |1 Ds using the nmethods of conbinatorial 35 chemistry and in
vitro natural selection. According to the present invention,

I 1 Ds can be prepared that exceed the effectiveness of natural agents.

G ven that nature has been constrained to using protein, WO 96/ 30459
PCT/.US96/ 0428wo 9630489 Whi ch has |imted chem cal and struct ulPET/USI6/04284
versatility, and limted evolutionary flexibility, synthetic IIDs as
provi ded herein can vastly exceed the perfoﬁ'ﬁance of exi sting natural

antifreeze macr culs [V . p e S :qyi.ded
by the present i%nstei k)hraf,?amal.pﬁar%i'ﬁ%%lc?\%g&. Eﬁ??ﬁ%ﬁ%ﬁe?ﬂ{{erﬁﬁgg‘%@!bﬁ
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adsorb to eacdh shEsadavd dmsti-bopndspr tbenmess to bond ratios are 58 and 52
daltons/bond respectively, compared to 819 for the
flounder antifreeze protein.

In structure 1, oxygens are separated by 4.5 A,
and in structure 2 they are separated by precisely 7.36 A,

10 an amazingly exact fit to the ice lattice spacing in both
cases. _

4. Low atomic number molecules, such as boron and
nitrogen are preferred to minimize molecular weight and to
maximize mobility and maximize the ratio of ice bonds to

15 IID mass.

bl. Cooperativity and Belf-assenbly.
Cooperativity of bonding to ice inherent in a repeating
polymer  has the great advantage of summing ice
interactions over large numbers of monomers, maximizing

20 the number of bonds per molecule. An important principle
allowing molecules to attain the economies of synthesis
and high mobilities associated with lower molecular masses
while at the same time attaining the major advantages of
such cooperative binding is to design IIDs to serve as

25 modules in a larger structure. Two examples are a)
modules that are independent self-assembling molecules and
b) modules that form monomers within a single polymeric
molecule.

For separate molecular modules, side-to-side

30 bonding between edges of the modules, such as hydrogen
bonding, can occur when the modules are properly oriented
to cooperatively interact with ice. This allows the
modules as a population to rapidly self-assemble into an
ice-covering surface when an invading ice front becomes

3s available as a template to catalyze this self-assembly
process. The mobility of each module allows the module
with the wmost favorable orientation with respect to the
intruding ice front to orient itself in the proper manner



Dopant nol ecul es can be prepared to act cooperatively by provi di ng

bi ndi ng sites for other dopant nol ecul es al ong the edges of the

nol ecul e. The invention provides 15 processes for the preparation
of nolecules that can "effectively adsorb to an ice lattice or
anot.her ice wosssmbseating surface to preclude ice crystal (rarWs26/04284 hese
I ce nucl eating surfaces. The present I nvention al so provides
nmet hods for 20 i nhibiting the grovvth of ick*in and on various obj ect s,
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preparing an ice erf e_ | Si ter
one distance ?‘\ﬂ&%gﬁafg e“gfldf‘% {p?r(??Heg.é taI q;lten“i'rf"pflgl & arﬂr%%g#\
bondi ng sites5  tighterpdwpdsaubl éhef imec| enysmflanuréécgrmla
synthesizing a dopaBkociRtES WBre-udtavesy a plurality of dopant

nasoc ating wi th said | coRRuEKAMRIRgShody SBSEEt RS .t MRASHY L 1"
Enbodi nent s al so iasseunbdydéseprovigedaby GhadinteeB5al. bﬂ"%ehﬂrwsmblmm
one polyner to at okg@afiicOidndtused Based on a cyclic peptide architecture",

10 Nature, 366:324-327, 1993, hereby totally incorporated by
reference) . Ghadiri et al. discloses design of planar
cyclic polypeptides that form hydrogen bonds to identical
cyclic polypeptides above and below their own plaﬁe g0 as
to generate long, self-assembling molecular tubes. The

15 tubes in turn are associated side-to-side to generate
structured 3-dimensional arrays. This work involved no
recognition of any target molecules other than the cyclic
polypeptides. Forming thick 3-dimensional structures is
inappropriate for IiDs, which should form more-or-less 2-

20 dimensional or cup-shaped or stair-stepped structures (to
maximize the ratio of IID-ice bonds to adsorbed IID mass).
However, an essentially 2-dimensional analog of this work,
with the further modifications indicated below, would be
appropriate for IID preparation. '

25 This approach is preferred in situations where a)
there is no limitation on the amount of IID available to
cover the ice surface (since this geometry could, by
covering the ice surface too intensively at one site,
deplete the supply of IID and therefore leave other ice

30 faces uninhibited), and/or b) the 1IDs are sufficiently
well spaced to avoid the development of nucleator activity
that wmight arise from the IID organizing water molecules
into an extensive planar ice-like structure, or c)
nucleation is not an issue.

35 b2. Synthesis of regular (periodic) polymexrs. The
second modularity approach is modularity within a given
molecule. When IIDs must be relatively large, it is
generally more economical to create them if they can be



i ce nucl eating body hydrogen bonding sites, and said at east—one
pol.ymer conprising a polynucleotide and said_ pol ynucl eof eol{le!ﬁS Sh?'éﬁﬁa\&ggm
of being anplified. WD 96/ 30459 REPLACED
PCT/ US96/ 04284 -Anot her enbodi nment features a —process
for . prepawovspoasy i ce i nterface dopant according to the PRGESIH04284

I nvention conprising at | east one pol yner nagg from DNA fragnent ed
froma biological source, and the process further conprising steps of
adhering DNA frag e egie b

adher ed fragnentsﬁggaan%8 28 %01¥p?f{%€;$%ﬂ gﬁgggfﬁ§ gEng egé§ ?Y%gﬁgﬁPg
from the i cesmaﬂiéle!irrpl"lqn)ﬂ“ﬁg‘st he fr&RFent gxamp e, glycogen pgfpra .
DESCRI PTI ON OF THpoD¥¥ &t ildh product florgiede byAcohdensabibomast ogtoeose.

prissm structure of nogssila’ §Fubbds! Abredbfd Wi bd NEorRbiAARE AEAGETPH
5 of arbitrary molecular mass. Natural or modified nucleic
acids and natural or modified amino acids can also be
polymerized into IIDs of unlimited size at relatively low
cost.

The IID should be designed to prevent self-

10 assembly at its ice-bonding side, and preferably also at
its complementary side facing away from the ice front.

Self assembly on the former side will block the
functional, i.e. ice inhibiting, sites on the molecules,
while association of the non-ice-bonding sides of the

15 molecule may orient too many molecules away from the ice

face. Intentional steric hindrance and care in
positioning polar groups can prevent unwanted self-
association.

Naturally occurring molecules, such as simple

20 sugars, polysaccharides  and arabinoxylans that contain
relatively large numbers of hydrophilic groups, have been
found to produce weak thermal hysteresis. Known AFGPs

that act as natural IIDs consist of disaccharides linked

to a polypeptide chain (often comprising several Ala-Ala-

25 Thr repeats). In the same way, synthetic IIDs can be
produced or synthesized that comprise, for example,
saccharides or polysaccharides linked to a carbon polymer
backbone, such as that found in polyvinyl alcohol (PVA).

In this example, synthesis may be achieved by production

30 of monomer units with saccharide side chains which are
then polymerized, or by reaction of saccharide units with

a preformed polymer backbone. Optimal distances between
functional units can be achieved by controlling, in each
monomer unit, the number of carbon atoms unit that

35 possesses condensation sites for the saccharide side
chains. For example, C-C-OH, C-C-C-OH or C-C-C-C-CH
repeats would space side chains by 1, 2 or 3 carbon atoms,
respectively. Not all possible saccharide acceptor sites
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basal plane and the prismfaces. Figure 1B shows an ice
spicule formation in the . __presence of a and b axis inhibitors. 15

Fi gures 2A-2D show the lattice structure of the basal plane 0001
(Fig. 2A) and the prismfaces (Figs. 2B-2D of an ice crystal.

Fi gure 3 depi svedmmaseni ques for maxi m zation of | at t i ce PERUSP/4EB4USI NQ
branched or ringed structures that 20 m nim ze or preclude nucl eation

t endency. Figure 4 shows an ada'\"ﬁt abl e dopant nolecule with

hydr ogen bondi ng Siies,.for | ng, L O pce atLj . bady.
Fi gures 5A-5C shoév%‘ﬁr%é \c/’lcgﬁgg%$ téé\ Fggal{%t fllggg'!lgS%wgﬁ%t urg(gwict<> ha
dopant ol ecul e athd® heRPPragchur 8aBA Use Ji¥es SHPSLALYPRYS | Jdidthg PRSRASEhe

prismaxis of an réquisite GlasSbindihgoueeibBrgphavst tjisstc aRdcharidest ed Iho

clearly show ro bondi bet the hge paq‘Ei polecukg,e.and
Fi gure 5C shows tﬁgggbp%ﬁt?ew ?%dc])ng t%\g&{]\/\/at%r Pgl eggﬁgu g’of bt e1?§§
| attice strucBureundexivifri®eds t Ferdepample, the polymerrjgure 6 shows the

rel ationship between the | ogg, (cHouteH,) chorl tR))SCROH ecly dy, @ry| group and
t he bonding sites i n i.ce that exists when the oxygen of the hydroxyl

gr oup s ori e‘ﬁfe'i}"%i‘?"elé't"ﬁef above an oxygen atomin ice. 35
Figure 7 shows the steered GHICHRHEH,H,CHQHCH,CH,) CH,

where n is 1 to 1000, preferrably, 3 to 500, and more
10 preferrably, 4 to 300, should be both easily synthesized
and active.

Another molecular class useful for forming
polymeric IIDs is the sulfhydryl (-SH) -containing
compounds. In this example, relatively low molecular

15 weight monomers with ice-crystal lattice matching
character are synthesized with one or more sulfhydryl
groups at appropriate positions. Upon oxidation, the
sulfhydryl groups react to form disulphide bridges that
link the low molecular weight monomers to one another to

20 produce higher molecular weight IIDs. The sulfhydryl
groups on each monomer should be positioned to avoid
steric hindrance that would prevent monomers from binding
to the ice surface, following the polymerization
reactions. Steric hindrance can be avoided, for example,

25 by placing sulfhydryl groups above or parallel to the
plane of the molecules, thereby allowing relevant-
hydrophilic groups on the IIDs to interact with the ice.
The oxidation of two thiols (sulfhydryl containing
compounds) to form such a disulphide bridge can be brought

30 about by using mild oxidizing conditions, and in this way,
the rate of polymerization and therefore the molecular
weight distribution of the resulting 1IIDs can be
controlled to some extent. Also, the ratio of mono- to
poly-functional sulfhydryl compounds can be varied to

35 produce different molecular weight IIDs, using the same
monomer species.

The polymerization process that forms active
polymeric IIDs from rélatively inactive monomer units can



artificial 11D (1B2) arranged in such a way that they form

perfect match to the hydrogens of the basal pl ane of icel THIS U'“—J dA&\BEEN
96/ 30459 PCT/ US96/ 04284 REPLACED

9 Figure 8 shows an exanple of a partly steered :
artificial |1 Bvdddaidsei n which one oxygen is steered and RATAIS96/0M284 | S

| ocated in a pern1SS|ve position for rotation into the correct
orientation. F|gure 9 shows a setbnd exanple of a m xed steered

and"Unst cerd 110,01 RIS R PEATGLEL £t cpe 50D, D 5
surface, in aton1g_netnp{ymewizatioanélowenﬁhee§ser F@edeléV?Etﬁflat%YE&Y
resembl es  the 1QowMdIRRARKCHeIght SmBhemekat enitidkeanhargonaheree 11D
crystal activity is required, for example, by spraying from an
5 aerosol can, before polymerization takes place. Several
chemical methods can be used to achieve the jin situ
polymerization, depending on the nature of the wmonomer.
Examples of these methods include free radical initiation,
anionic and cationic polymerization, and catalysis. If
10 the monomeric species contain reactive groups such as
sulfhydryl groups, polymerization can be brought about by
using mild oxidizing conditions such as those mentioned
above, including, for example, exposure of monomers to
atmospheric oxygen after spraying. A modular polymer is

18 described in the examples and shown in Figures 4 and 5.
c. Molecular shape. At least some natural AFPs
are linear polymers, and at least one appears to lie on or
in the crystal as a linear rod (Yang et al., Nature, 333:
232-237, 1988; Chou, . Mo iol., 223:509-517, 1992.)
20 In terms of minimizing the number of atoms needed to
attain a given number of hydrogen bonds to ice, however,
this arrangement is less preferréd than a branched

structure, because it bypasses potential bonding sites.
As shown in Figure 3, a more preferred approach to
25 achieving tight binding to the forward or upward vertices
of ice (other vertices omitted in the Figure), for
example, with minimum mass investment is to permit
lateral binding, not merely linear binding along a one-
dimensional axis, i.e., to design structures 31 that can
30 bind the nearest binding sites, not just binding sites
that happen to lie along a particular straight line. This
can be achieved by using molecularly branched structures
{such as rods with flexibly extending periodic "arms" such
as structure 2, or "Y' or "X" shaped molecules), circular
35 (cyclic) structures, or combinations and variations of

these forms.

I1IDs preferably include steric hindrance features
(*bumps" or "standoffs“) to avoid or 1limit self -assembly
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sHape. DETAI LED DESCRI PTI ON OF PREFERRED ENMBODI MENTS

The principles described herein permt |IDs to be designed to bind to
any crystall ographic plane of ice 15 desired whatever, or even to
non-crystal | ographi c patterns i nherent in the ice crystal structure.
Speci fi c nol ecwlodszesse prot ot ypes described herein hav epcT/Os56104284
desi gned specifically to bind to the basal plane so as to prevent C
growt h. 20 Al though the details of }feparation of different

I 1D classes as desgribed.hergein.wll _differ sone . i . { he
specific applicat ?‘%n,t?‘ghé‘cgé's?%%% side %rri eryg\ﬂzgri%%crlingd %aHpHPI tt&;‘-ialwir)\r&éé]
varying degrees (tbe hyfrophobimtaigieli.es Sugh features pay| tecludermefdylas
defined herein isgiBBpBOrtéOlyl grdipsd SWrbame etRabl eppbtrusisnd) nedsLe
crystal grow h. Ag i}ge cg%s‘%aéﬁﬁ)resefgs %everal suF’h sgrf%ces &né]ds
used t hr oughSEPETRRLY sEERRAPLER i ofilhs PSn WYOERBASPIC 9% b4

interface. HeSerodydwopBibicl eators are al so considered 30 to possess ice
interfaces that may be b'&.(:kemi?z_hglicit Dl @il qubhsﬁba?iam act by
r e
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use of adequate cgmpupali onabneh@iidet of the molecule and non-ice bonding
groups (e.g., non-polar or hydrophobic groups) on the
10 other, effectively attracting ice on one side and
repelling water on the opposite side. This feature
generally is preferred in synthetic 1IIDs, with the
cautions indicated above about polar-polar or hydrophobic-
hydrophobic interactions on the ice-binding and non-ice-
15 binding faces of the I1D, respectively.

e. Lattice matching. Lattice matching is
fundamental to the binding of IIDs to ice. Lattice
matching may involve direct hydrogen bonding to specific
ice sites or bonding along electrical resultant vectors on

20 -the ice surface (Yang et al., Nature, 333:232-237, 1988).
The structure of a normal ice 1lattice is known.
Furthermore, this structure is essentially invariant with
temperature, the 4.52 A spacing decreasing by only 0.04 A
and the 7.36 A spacing decreasing by only 0.05 A as

25 temperatures decrease from 0°C to -196°C. Thus, to a
first approximation, 1lattice matching provides clear
design information that can be used to match repeat
distances in ice to repeat distances in synthetic IID's.
Ice contains gseveral additional lattice matching

30 distances. These include distances of 16.7 ¢ .5 A for
molecules aligning along the 0112 axis and 6.3 + .4 A for
molecules aligning along the 2021 ice plane. Bonding
sites related by the longer distance form an essentially
isosceles triangle of two approximately 16.7 A sides

35 separated by an approximately 48 1 2° angle. The
approximately 6.3 A bond length repeats in an essentially
linearly disposed pattern.



35 packages. Suitable packages include "HyperChent (nmade by Aut o

Desk, San Francisco, California), "ECEPP/2" (see ~ Chou,__J. Mdl. Biol..
223:509-517, 1992), and "Insight II, Di scover, and Anal ysis" (made by
Bi osi m Technol ogi es, WD 96/ 30459 :
PCT/[ US96/ 042 8o 96130459 10 I n

Par si ppany, New Jersey), or the direct rograns upon which they are
based, such as "MW" (Dr. Nor man Al I [ r?gqgr University of Georgia).
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5 of these prograns are 'nc
Physi cal nol et:ulitall?—e nﬁwfsakamrwféb be tabedpresence §E§gé‘§’?en€8nﬂ§t & ihal -

nol ecul ar  nodel g a £1BBYSi&&l crystalDl gast aridogeksenteay ofite t Gutany dl y
get a feel for positions of the oxygen and hydrogen atoms in that face
5 are, to a first approximation, defined, and a match to
these positions can be sought. In a growing crystal,
however, newly-added water molecules will be found on the
otherwise-£flat primary crystal face, potentially
interfering with IID adsorption for steric and geometric
10 reasons. Addition of ice to the crystal face will create
some disorganization of the crystal face that should be
taken into account, and generally ice crystal faces are
considered to be molecularly "rough". IIDs are preferably
designed to accommodate this situation by "recognizing”
15 steps or bumps on the ice faces and binding to the step or
bump sites specifically, or by being step-shaped or
concave themselves. The hydrogen bonding sites on step-
or bump-recognizing IIDs will bind to ice molecules in two
or more lamina of the ice crystal. A means of
20 accomplishing these objectives is described below.

When IIDs 19 are present that induce the growth of
spindle-shaped ice crystals 22 in the direction of the ¢
axis 16 (Fig. 1B), one can remedy this "C growth" by
adding an IID that binds to the basal plane 18 of ice (the

25 face that faces along the ¢ axis direction 16
perpendicular to the prism face 20). In addition, the
side of a spicule may not necessarily resemble well either
the normal prism or basal plane structure and an IID
designed to match this spicule surface may prevent or help

30 to prevent this type of surface from forming. Therefore,
an analysis of the structure of the spicule surface is
alsc advantageous for designing IIDs lattJ.ce matching to
this unusual surface.

£. Rigidity. Designed synthetic 1IIDs are

35 preferably structurally rigid. This is particularly
important when fairly large (5 or 6 or more monomers)
polymers are created, because free or limited rotation
from monomer to monomer rapidly creates a proliferation of
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1000- 3000 dalt0{1§. %orfgsscixﬂ.s&dtﬁgrf&ﬂ’ molecule so that lone pair electron
orbitals are forced into definite positions. The usual
paradigm of matching oxygens or nitrogens in an AFP with
oxygens in ice neglects the fact that a) it wmay be
hydrogen in ice rather than oxygen that is actually being

15 bound, and b) both hydrogen and lone pair electrons of
oxygen in ice are located at a 104.5° angle with respect
to each other.

Figure 4 shows one possible effect of matching
oxXygen positions in a molecule with oxygens in ice lattice

20 eites as has been commonly related in the literature to be
an ideal strategy for ice bonding. The example shown uses
the basal plane as the bonding surface for the IID. The
oxygen positiong 62 and 64 are superimposable, but the
bonding is weakened by failure of the orbitals in ice 62

25 to align properly with the orbitals of the binding
molecule 64 to permit hydrogen bonding. "Orbital
steering" provides an exact orbital orientation which
should be more effective for binding to the ice lattice
than just a local electron density increase designed into

30 "non-orbitally steered® IID molecules.

Similar problems are found in natural AFPs.
Orbitals are not aligned properly for proper hydrogen
bonding. Despite this, natural AFPs are effective, but
are not as effective as artificial IIDs that can be

35 designed to achieve precise orbital alignment.

A preferred means to accomplish orbital steering
is to incorporate the bonding atom into a ring structure
analogous to the way in which oxygen is incorporated into

atomic arrangenents that acconplish the desired 10 obj[eg \Sﬁr AS BEE
pos 552%
Q
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|1 Ds* can be designed with a nol ecul ar mass as | ow as about 100- 500
dal tons. 35 By the sane token, the effectiveness of a given
| 1D nolecule wTT depend on the area of the ice nucleating i nterface,
for exanple an ice crystal, that it can cover and on the nunber of
bonds it can fwassg3okdh the ice WO 96/ 30459 PCT/US96/04284
PCT/ US96/. 04284 interface, and both of these will generally decrease
as ~its nolecular mass decreases. Thes@3f actors presunably
Galtons in mmssthe “vbaGkbaieTortnd sREUELibe S HIRAR 4 nabhi 1SS
the part of synthft¥m. | | Dhec@aisdtioningl bfw thiegtbansiag ottt dehibat zngm
the ice interfacegbfres thiddind PaikOelb8bréRt S8bOiak (A HBHlnd GPdtd fice
i nterface.
positions and these specific and predictable positions can
5 be arranged to be parallel to each other and spaced
appropriately for bonding to appropriate atoms in ice.

In addition to oxygen, other elements, such as
nitrogen and fluorine, having lone pair electron orbitals
can be used in much the same way as oxygen but to arrive

10 at slightly different architectures. For example,
nitrogen can serve as a vertex separating two rings, and
unlike oxygen, should project a lone pair above the plane
of a graphitic surface.

Chirality of the bonds is important. If an

15 alternate enantiomorph is used, the lone pair orbital
electrons will not be optimally oriented.

h. Surface characteristics and acceptable void
areas. As illustrated in Fig. 1B, natural IIDs 19 cover
only a small fraction of the ice crystal surface, yet are

20 effective. This is accomplished because growth inhibition

" is not purely a matter of steric interference with the
approach of water molecules to and their adsorption on the
ice surface. Rather, it is also a matter of the lack of
lateral bonding sites for an adsorbed water molecule to

25 provide stabilizing forces to prevent spontaneous loss of
the adsorbed water molecule baék into the surrounding
solution, in other words, a matter of the surface energy
of ice (the Kelvin effect; see Mazur, Ann. N.Y. Acad. of
Sci., 125:658-676, 1965). Adsorption of IIDs indirectly

30 creates an increase in ice surface energy between IID
adsorption sites, thus producing an ice-retarding effect
that extends very many molecular diameters over the ice
surface beyond the IID adsorption site itself as indicated
in Figure 1B.

35 The value of this effect decreases as the extent
of supercooling of the liquid medium increases and the
driving force for crystallization thus increases to
overcome the higher ice surface energy barrier to crystal




Yet another factor that will nake | ow nass adverse in sone (e.g.,
bi ol ogi cal) though not in other (e.g., 10 I ndustrial) |1 D applications

is the higher osnotic effect of I ow nmass mol ecul es per unit weight.

To of fset the negative effects of | ower nolecul ar " mass, each I1D

shoul d sati sf ywigdwsdabl owi ng criteria. 1. Synt hepcTrusdsios2ss
shoul d exceed natural 1I1Ds' 15 ratio of ice bonds to |1 D nmass. According
to Chou (J. Mol . Biol., 223:509-517, 19%2) t he 37 am' no acid fl ounder
antifreeze protein for one_hond to_ice at er, eve m no_aci d.
This results in aqr&wégso i ée iou1d *‘?ﬁ igneg) gﬁe FeEsT

bond for every 81@111'411100581; HarfaSentticethe appxopmnej :Fmsssbs eXremt tof
mass ratio of suplR8%h TRg € xn&tborﬂ Peim p%%:fa%tf?o%ial tans. Bepdiddar

sites shoul d be l.inearly d| S IS essentjall
di nensi onal ,  to8PPL ﬂ'FﬁF?P ﬁ{)fadeat i Sg“s 3pprgRRigte "Y’igAﬁpm iRy,
the ice _bondi 5y parIbisomsefl f.be pnbmnﬁngbranghoalrdwbs véy| bei laxvgerx dtiamwr
| ocal area for th o] (@A PeTcN hi o]

%pﬁggrlate 8380 bpacked Gawnfﬁf Eagd \f%e&i‘ﬁge and the

contiguous areas rompt.es nucl €ati on I_a]]a Sci en
250: 973- 975, lagssY, VRl ERREefMA¥NEFCeed B€°?%d Yy are e?PR?‘PB’E’e%‘%y
spreadi ng t he mat cornpislbgicapattyapr@éservaciangi ng t hem 30 in |lines.

2. The bonds formed by Sy@ﬁgekgfviﬁtéqﬁggﬂ&& 5E%cribes the freezing point

10 depression caused by forcing ice to assume a highly curved

(high energy) shape in order to propagate through an

aperture. This equation is also applicable to the freezing

point depression caused by restricting ice surface area

between both natural AFPs/AFGPs (Wilson, Cryvo-lLetters,

15 14:31-36, 1993) and synthetic IID molecules. Thus, in

designing a circular IID, for example, this relationship

establishes the diameter of the IID loop that will protect

against ice crystal growth through the locop at a given

level of bulk solution supercooling. If extreme extents

20 of supercooling are required (as in organ vitrification),

complete inhibition of crystal growth may not be feasible

without complete coating of ice nuclei, but complete

inhibition may be unnecessary if crystal growth is

sufficiently slow. In the latter consideration, the

25 smaller the loop diameter the slower the crystal growth

will be, until the diameter becomes small enough to
possibly induce ice nucleation activity.

i. Template-mediated synthesis of IIDs. Ice

nucleating agents (INAs) are the functional opposites of

30 THPs. They induce ice crystal nucleation rather than ice

growth inhibition. Both THPs and INAs clearly must have a

structural relationship to ice. Whereas THPs bind to ice,

they do not regemble ice. 1INAs, because they create ice,

are considered to more closely "resemble" ice, either

35 structurally {(as in AgI, mica or cholesterol crystals) or

in terms of having a surface energy that is similar to

that of ice, as might be the case for Pseudomonas syrindaae

nucleating sites. Parody-Morreale et al. (Nature,



at |l east as strong as bonds fornmed by natural 11Ds, and preferably
stronger when nucleation tendencies_can be avoi ded, such _as_by

constructing an essentially linear 35 nolecule. Char ged groups such as
pr ot onat ed am nes or i oni zed oxygen (as in carboxylic and other acid
gr oups) wovepoasber red, both for strong hydrogen bondi ng PCOAUS96/04284
specific ice lattice sites and for breakdomg of Iocal WO 96/ 30459
PCT/ US96/ 04284 water structure

into a non-ice—4ikKeg,t er i sc gin rys h
Doubl e- bonded oxy%3 782,76 Eyg%ﬂ | Sh°T’?gxu dgﬂééul {Eighily s cikaue

groups is also 9 YCPRFBFEHRS 51nh1b1ted TReClepikan By tba Begb%%d ice
strength wll Imcleators, suggesting that the antifreeze molecules bind

to the nucleators due to the ice-like structure of the
5 nucleators.

One existing technology for making molecules that
bind to particular structures found in bioclogy is to
inject these structures into an animal. The animal will
make antibodies to many foreign substances, the antibodies

10 having a close structural complementarity to these
substances. However, it is impossible to form antibodies
to ice simply by injecting ice into an animal. This
obstacle may be overcome to allow synthesis of antibody
IIDs based on the recognition that (a) an antibody that

15 binds to a bacterial ice nucleator or to another known ice
nucleating substance may also bind to ice, and (b) that an
antibody that binds to ice may function as an IID to block
ice crystal growth, and may do so more effectively than
natural AFPs.

20 A method of preparing IIDs by this route is to °
select an appropriate nucleator, raise antibodies to it,
such as by methods known in the immunology art, and screen
the antibodies for effectiveness for inhibiting ice
crystal growth and/or binding to ice.

25 Exemplary nucleators include but are not limited
to P._sgvringae nucleator fragments (fragments to allow
exposure o¢f the nucleator site to the antibody),
previously synthesized IIDs, IIDs attached to proteins or
associated with other adjuvants to make them more

30 immunogenic, THPs/AFPs, c¢ross linked modified C,,H,,O0H
alkane alcohol chains arranged with 4.5 A spacing between
head groups or tails (Gavish et al., Science, 250:873-975,
1990), cross linked crystals of a-amino-octanocic acid, 1-
methionine, d,l-tyrosine, or d,l-alanine and similar

35 species (Gavish et al., Science, 256:815-818, 1992), and
previously formed anti-ice antibody fragments.



determ ned by chem cal toxicity of the bonding group for applications
where toxicity is a concern, by the conpatibility of the geonetry of
strong bondi ng groups in the IIDwith the geonetrical constraints of
ice, by 10 wunfavorable attraction or repulsion between I1Ds at these
strongly ice-bwodssgssi tes, and by the tendency of part i oriTAIS9§04284 r ONQ
Ice-binding sites to serve as nucleatlon sites. In certain

enbodi mrents, however, the nucI eatl ng t éfdency of very strong

i ce-bonding sites is 15 é):qlee %'P ol a‘?@fﬁ&%‘ t%}?"ﬁ Rt m},,lggl ?n& Bor

the agent nucleates 1 ce e iCcé sur ace
prevent further giemt pinding activity cam gbed Resfarmetor &% st oMAtERMdIORg -

wi t hout usi ngr@.x@iné: éj&pyﬂlaehtgf;ggﬁs is torely on the principle 20 of

nol ecul ar recognition as | fi ed e sy rate
or hornone-receptor affi ut%ng‘? assayg; gor )ﬁlﬂe \?‘gﬁ}\}g’étiﬁgngf%ag'l”% ﬁsstt al
3-di mensi onal 5f i tgbewtieeare hknown f(Earuexappieg seeofnighl, abeVrhes, and
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25 preferably '

t he S _consi st ent spec
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[err] the ‘antibodies and measure the partitioning of label from

10 ~the liquid phase to the ice phase when low concentrations

of antibody are added to a mixture of ice and solution at

a static temperature when the ice is at its thermodynamic

freezing point. Another assay for binding activity is the

ice crystal growth habit assay (Knight et al., Nature,

is 308:295-296, 1984). This assay is frequently performed

using a microscope in conjunction with Clifton Technical

Physics (Hartford, NY) Nanoliter Osmometer to observe ice

crystal growth and melting (see, for example,

Chakrabartty, Yang and Hew, J. Biocl. Chem., 264(19);

20 11313-11316, 1989). This assay technique can be used in

an identical way to determine the activity of synthetic or

isolated IIDs. The nanoliter osmometer can be used to

investigate the effect of the IID on the growth of the ice

crystal in each of the component crystallographic

25 directions (i.e., on the crystal habit) (see, for example,

Chakrabartty and Hew, J. Biochem., 202; 1057-1063, 1918).

Assays performed with the nanoliter osmometer involve

observing an ice crystal in a solution of the IID near the

melting temperature. The difference between the

30 temperature at which the crystal starts to melt, and the

temperature at which the crystal begins to grow is a
characteristic of an IID, termed thermal hysteresis.

3. Synthesis of 1IIDs through combinatorial

chemistry. The field of combinatorial chemistry uses

35 transcription systems to generate large numbers of DNA,

RNA, or protein variants that are then screened for the

desired activity (Alper, Science, 264:1399-1401; Kenan,

Tsai, and Keene, T.I.B.8., 19:57-64, 1994). This



Structure 1 Structure 2 30 Sanple structures 1

and. 2 depict weak (low operating reference mass and therefore | ow
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extremely powerful approach is direct, in contrast to the
indirect antibody approach, which requires an artificial
ice surrogate. .
, If the desired activity is binding to ice, the
5 best products (proteins or even nucleic acids, or
unnatural wvariations [Fahy, Clin., Chem., 39:2011-2016,
1993) of either) for ice binding can be determined by
screening the products made by the combinatorial approach
for ice adsorption to a crystallographic plane of
10 interest. For example, finely divided ice may be used as
a device for concentrating good ice binders from an
initial mix of candidates by repetitively segregating the
ice fraction (for example, by lifting or filtering the ice
out of the solution) after binding, then melting the ice,
15 optionally amplifying the released substances in the melt,
and checking the (amplified) released substances for
enrichment of selected molecules in the new candidate
solution formed. As an example of combinatorial
synthesis, such as the synthesis of protein, the growing
20 protein molecules are linked to bonds that are alsc linked
to labeling molecules that allow the protein sequence to
be easily determined after the protein activity has been
ascertained. This requires that ice-bonding activity be
determined while the protein is still attached to the
25 bead. Given sufficiently strong bonding, however, and
sufficiently open meshes on an ice straining bag used to
retrieve the ice from the test solution, the entire bead
should adhere to the ice and be retrievable as described
above. If too many diverse beads stick to permit
30 igolation of single beads for analysis, increasingly
stringent selection criteria can be used to reduce the
number of candidates to something manageable. This can be
done, for example, by transferring the retrieved ice to
pure water and centrifuging at wvarious g forces. Since
35 the bead density will be greater than that of water and
the ice density will be less, centrifugaticn will tend to
separate the more weakly bonded beads. The beads that
remain adherent can be decoded one by one using standard



pl us m nimal 3-di nensional character) ice recognition nol ecules wth

an operating ref erence mass_~ of approxi mately 100 daltons (116
and 104 daltons, for structures 1 and 2 respectively). Since each
structure 5 has two ice-bonds, the mass to bond ratios are 58 and 52

dal.t ons/ bond weegmass vel y, conpared to 819 for the f | ourREEFUSAHI2M ceze
pr ot ein. In structure 1, oxyge are separated by 4.5 A
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of such coopeedt £ox Bhadreptrifugation.greugibsag ook vY g8ucrose or

"Ficoll" solutions or other solutions of adjustable

10 density.

The combinatorial chemistry approach typically

operates by generating literally all possible variants of

a given polymer for a given polymer length, and then

selecting active variants from this universal population.

15 A possible drawback is the limited polymer lengths that

can be screened in this way. An analogous approach is to

begin with diverse libraries that are constructed from

natural sources. Genomic DNA can either be cut with

restriction enzymes or lysed by sonication to form myriad

20 "short" sequences of DNA that can then be selectively or

randomly amplified using, for example, polymerase chain

reaction (PCR), fermentation or tissue culture to produce

a large number of variants with varying molecular weights.

Selective amplification is achieved by the use of specific

25 primers in the amplification, and random amplification

requires the use of random priming in the PCR (random

sequence primers). Alternatively, synthetically produced

nucleic acid libraries can be screened against ice to

isolate ice-binding species, as described above. Further

30 structural variety can be produced in DNA libraries of

this type by denaturing the oligomers to produce

essentially single stranded DNA which will display a

larger number of potential ice binding (hydrophilic) sites

to an ice surface than will the corresponding double

35 stranded polymers. The concentration of each ice binding

species can then be increased by use of the amplification

techniques. While a substantial amount of computer

simulation or experimentation may be involved in some of



25 nmodules in a | ar ger structure. Two exanpl es are a) ot EsS =
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nol ecul ar nodul es, side-to-side 30 bonding between edges of the nodul es,
such as hydr®¥@H6B0459 phondi ng, can occur when the nmodul es ar BCPUSHARSS
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WD 96/ 30459 PCT/ US96/ 04284
EXAMPLES
5 A generic IID. As noted above, the 37-amino acid

flounder antifreeze protein forms as few as one hydrogen
bond per eleven amino acid residues, or a ratic of one
bond per 819 daltons or so of AFP. Figure 4 shows a
synthetic IID (IBl} (Structure 4) designed to have one
10 bond per 75 daltons of IID. This IID was constructed and
dimensions were determined using HyperChem, a
computational chemistry software package that typifies
software available to facilitate the preparation of novel
IIDs given the principles described here. In this
15 structure, the black circles represent carbon atoms, dark
grey circles represent oxygen atoms of ice, light grey
circles represent oxygen and attached hydrogen atoms of
IBl and unfilled circles represent hydrogen atoms.
- Bonding sites are represented by the oxygen atoms
20 41-43 and 45-47. Structure 3 consists of three monomer
rings 101, 102 and 103 that act as a supermodule that is
repeated once. The spacing of oxygens across the width of
the strip is precisely 4.50 A (oxygens 41 to 42 and 45 to
46), and the nearest oxygen spacing along one edge of the
25 strip is 4.55 A, a negligible difference from the 4.52 A
spacing of ice oxygens. Furthermore, the spacing between
oxygens 41 and 45, and between oxygens 42 and 46, is 7.54
A, a close match to the 7.36 A spacing of ice oxygens.
The spacings across the strip (41 to 42 and 45 to 46) do
30 not resemble the spacings in sugar molecules observed by
DeVries, and the spacings along the strip edges also
resemble no structure ever before contemplated. The
combination of the axial spacings, e.g., oxygen 41 to 43
and 41 to 45, with the lateral spacings, e.g., oxygens 41
35 to 42, so as to match the triangular site distribution
pattern of ice, similarly represents a previously-unknown
structure and motif.

- This Sheet Has Been RTlaced
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per unit mass than is achieved by natural IIDs. The
potential for inserting lateral polar groups for side-to-
side hydrogen bonding into cooperative arrays is also
evident. '

In Figure 5, oxygen atoms in the uppermost layer
of the ice crystal 0001 basal plane surfate 18, are shown
as unbroken circles. Shaded circles represent bonded ice
lattice sites. In Pigure 5, 51 represents structure 3

that has been rotated so as to face the basal plane

surface to permit hydrogen bonding. For orientation some
oxygen atoms of the IID (41, 43, 45) have been identified
using the same numbering shown in Figure 4. The diagram
discloses that all available sites 30 are in fact bonded
by the IID.

This ice crystal lattice was created using the
computational chemistry package, Hyperchem, and all inter-
atomic distances and angles represent, as closely as
possible, the published experimental values. The hydroxyl
groups of structure 3 51 are colored dark grey to
differentiate them from the oxygens and hydrogens of the
ice lattice. Pigures 5b and Sc, show structure 3 51 that
has been rotated so as to face the basal plane surface to
permit hydrogen bonding. For orientation some oxygen
atoms of the IID 41, 43, 45 have been identified using the
same numbering shown in Figure 4. Figure 5a presents a
view locking down the c axis of an ice crystal, and Figure
5b shows the same ice-IID complex rotated to clearly show
the hydrogen bonding between the ice and the IID (the
hydrogen bonds are shown as dashed lines). Figure 5c
shows structure 351 and only the water molecules of the

Sheet Has Been Re laced

\\ll\l\\ Ml il




with the further modi fi cations indicated bel ow, would be —aPPF-epi =
for |ID preparation. 25 This approach _is preferred| ThiSsSiiiat iﬁhﬁ EN
wher e a) there is no limitation on the anount of 11D alail alRE#LAGED

cover the ice surface (since this geonetry could, by covering the 1ce
surface too wa%messscly at one site, depl et e the suppl PCAUSP¢H28Md
therefore | eave other ice 30 faces uni nhi gi ted), and/or b) the IIDs are
sufficiently wel | spaced to avoid the d2vel oprment of nucleator activity

that mght arisedJq r%trta%el lt'RaQr Q@Q' ai:?&: Eﬁelr&l %.Ctma%s viewed FOrf the

extensive pl anar 1ce- nucleation 1's not an issue.
35 b2. %hesﬂk’-ﬁ)fﬁr@g‘iﬂ zﬂhcﬁ"ﬁe i @Llpavpddpble piges 30 axeong
modul arity appr daclfact bogdedr biyyeheé t1go a gi ven nol ecul e.  Wen [1Ds

T D reatl vely o Oigyl 15 spphalEDEk /it "DeRaPRRRAE Wind RieR' o

themif they can be
PCT/ US96/ 04484 between the spacing of strategically-located hydroxyls on

a graphitic "molecular pegboard" backbone and the 4.5 A
and 7.4 A spacing of forward-projecting oxygen atoms of
ice. Of the six oxygen atoms 41-43 and 45-47 (shown as
the large dark grey circles 50), all six are directly
10 poéitioned over forward oxygen atoms in the ice lattice
shown as light grey circles, and the number of
bonds/dalton for structure 3 is over ten times the number
identified for one antifreeze protein by Chou. 1In fact,
the ability of the IID structure 3 to bond to every single
15 vertex 30 in its path indicates that it may represent
structurally an almost ideal IID motif of those that can

be created for the unmodified basal plane.
Structure 3 exemplifies one preferred class of
dopant of the present invention that prevents ice crystal
- 20 growth specifically in the direction of the c¢ axis 16.
When used in combination with an agent acting to block
growth in the direction of the basal plane 18, such that
all growth planes would be inhibited rather than only one,
such an agent should avoid the 1lethal drawbacks of
25 freezing cells that attend using only basal plane growth
inhibitors. Furthermore, since growth in the direction of
the ¢ axis 16 ("C growth") is the limiting factor for
supercooling in the presence of agents that adsorb to the
prism face 20 (agents that block growth in the a axis
30 direction, or "A growth"), C growth inhibitors used in
combination with A growth inhibitors should enhance
supercooling considerably over the supercooling achievable

with A growth inhibitors alone.

AFPs plus a c¢ axis selective IID should also
35 reduce freezing injury by preventing ice crystals from
growing to appreciable sizes during cooling as well as by
preventing ice crystals from coalescing during warming, a
process variously referred to as grain growth,
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deéigned as polymerization products of commonly-avail abl e

1L e
nononer s. For exanpl e, gl ycogen IS a pol yr@H‘SzﬁgFRg@ng}g!ﬁ(ﬁﬁﬁyt
forned by condensation of gl ucose. A nodified gl ucosk nol dlli-80eBn be
condensed into an 11D 5 of arbitrary nol ecul ar nass. tural or nodified
nucl ei c wopasossnd natural or nodified am no aci ds can SFENVE04284
polynerized into I1Ds of unlimted size at Jel atively | ow cost.
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side, and prefer iz},'gtl[ : : lLL.S i d ' a om
the ice front. EQE e E?ﬂal?saé"r%‘grlf/ g% P%gq?%‘?rrng&%%lgw ﬁ%%gc?rcl%et ‘Ié?bwfth
functional, i.e. ofcdceninnystadg, if tehowght hkombredifieesprimary yRepRs by
associ ation of thRiden- ifyeelindi ndaiades of thée Helicabeecx rravellulamt
L.OO many ol ecul Sér@g@yrefg Oﬂ}ége%d C%n or aﬂﬁ%‘éa tislsﬂtegntﬂnca"alar%§1§§r aha
indrance and care 1n 051t 1'0niAG porar groups can prevent  unwant ed
sel f - aBsocieadsnto the failurengfrthese obigfussgand| exgprag, afker as

Si Irml e 2|0 ngarﬁhawn@‘.yS&?ﬂbarEﬂéﬁiTv_”éKi:iaﬁﬁWXdéﬁn§upé:l‘IE§tiQ£€1tc%irﬂ&rol
o ekt DRt SeBhatE SaR i BB DOV I col
| 1 Ds consist of warmindariaped | preyddes an alternative approach to

vitrification for the cryopreservation of complex systems,

10 achievable with dramatically less technical complexity.

The structure 3 has the further advantage of being
finely adjustable to any desired ice crystal morphology by
virtue of the fact that the graphitic backbone’s
tetrahedral arrangement is clearly capable of following

15 the ice 1lattice’s tetrahedral arrangement. Carbon
hexagons can be built out from the "strip-like" structure
3 shown into the surrounding plane in any manner desired,
similar to patterns shown in Figure 3. (Figure 6 reveals
that the geometry of the IID 3 is such that it effectively

20 possesses branching -character in that Structure 3 most
resembles the "I" shape of Figure 3.) Furthermore, carbon
hexagons can be built upwards or downwards from the parent
plane as well using a similar geometrical construction
perpendicular to the plane.

25 Evidently, the ability to create an extended
matching pattern between structures like structure 3 and
ice has not heretofore been recognized. DeVries noted one
sugar OH-OH spacing of 4.5 R in isolation in antifreeze
glycoproteins containing the N-acetylgalactosamine residue

30 on a repeating Ala-Ala-Thr structure (DeVries, Comp.
Biochem., 73A:627-640, 1982), but this sugar spacing
resulted from a different, more limited geometry not
suggestive of artificial IIDs like the IID 3.

Orbitally steered IIDs. Figure 7 shows a molecule

35 with three oxygen atoms bound in such a way so as to
orient the lone pair electrons from each oxygen molecule
into definite positions. A variation of this theme is
shown in Figures 8 and 9 wherein at least one oxygen atom
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%ﬁ& Qr 3 carbon atons, respectively. Not al
[ cceg? sites WO 96/ 30459 ,
his approach combines such "locked" atoms with

atoms that are free to rotate about a single bond but
whose rotating orbitals are capable of assuming positions
that are approximately parallel to and spaced
appropriately from "steered" orbitals so as to allow
bonding to atoms in ice.
Figure 6 represents a prototype orbitally-steered
IID that achieves that achieves the gocal of bonding all
three vertices of an ice oxygen hexagon when all such
vertices terminate in a hydrogen atom. The 1lone pair
electrons 71, 72 and 73 of the oxygens 74, 75 and 77 are
shown projecting directly downward from the IID and
alignment with great fidelity with the ice hydrogen atoms,
to form three strong hydrogen bonds. The positions of two
of these orbitals 71 and 72 are not freely movable and are
therefore correctly aligned for ice bonding at all times.
This arrangement is referred to as "orbital steering" or
more simply as "gteering"® in this application. The third
oxygen 77, while free to rotate, is constrained to a
position that allows its orbitals to align with the
"steered" orbitals of the locked oxygens during rotation.
This molecule attains a bonding density of approximately
1l bond per 95 daltons, a ratio that compares £favorably
with the 1 bond per roughly 422 daltons representing the
optimum bonding density reported by Sicheri and Yang (see
above). The spacing of the locked oxygens 74 and 75 is
4.87 angstroms and the spacing between each locked oxygen
and the rotationally free oxygen 77 is 4.58 angstroms.
This particular prototype is chosen for this
example also to illustrate the principle of building IIDs
that have great structural rigidity to prevent the
molecule from flexing and thereby changing the orientation
of its ice bonding groups from bonding orientations to
non-bonding orientations, as may happen in a simple
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the IID and the costs and practicality of synthesis.

Figure 8 illustrates a considerably simpler
molecule 80 (IB3) that combines less elaborate structural
control of one locked oxygen 82 with rotationally
permitted alignment on the part of a second oxygen 84.
The structure, consisting of three 5-membered rings 85-87
sharing a common pair of bridge carbons 88, could
optionally be simplified by deleting the three carbons 89
that form the third, oxygen-free ring 86 which helps to
establish the chirality of IB3. As shown, the bonding
density is one bond per 84 daltons, and with the three
carbon deletion would be one bond per 63 daltons. The
oxygen-oxygen separation distance is 4.55 angstroms. In
addition, molecules of IB3 can be tethered or rigidly
linked together at proper spacings and angles so as to
summate bonds over several IB3 monomers for greater
overall bonding stability.

Figure 9 represents a second embodiment of the
concepts illustrated in Figure 8 (IB4). Again, a steered
orbital 91 can align with a rotationally free orbital 92
to produce a very local lattice match. The oxygens 93 and
94 are separated by 4.41 angstroms. The bonding density
is about one bond per 77 daltons. IB4 monomers can be
linked as needed to summate bonds over several monomers as
for IB3.

Figure 10 represents the simplest aggregation of
water molecules that retains the familiar hexagonal plate
structure of macroscopically visible ice growing in
solution. Water molecules fit into the lattice 100 at
random orientations. Thus, on the basal plane 101, the
vertical bonds extending upward from the three uppermost
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steric hindrance that would prevent nononers from bi ndi ng to the ice
surface, followng the polynerization _-reactions. Steric hindrance
can be avoi ded, for exanple, 25 by placing sulfhydryl groups above or
parallel to the plane of the nolecules, thereby allowi ng relevant
hydrophilic owoeqimesn the |1 Ds to interact with the ice. PORES96/04284t | On
of two thiols (sulfhydryl containing conpounds) to form such a

di sul phi de bridge can be brought 30 about using m | d oxidi zi ng
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i nacti ve non®nerdigtributdon of vexdigell can vary randomly.

PCT/ US96/ 04284 gpecific IID will bond only a fraction of the poss:.ble
basal plane binding sites that are available, but this is
desirable given that complete ice surface coverage is not
necessary and that full coating of ice would require more

10 IID than is desirable to incorporate into the solution.
The examples given here are based on carbon,
hydrogen and oxygen only and are with one exception devoid
of bonds other than single bonds. Clearly, these
restrictions are not necessary, but are selected for

15 simplicity and to minimize biological toxicity.

Applications.' The selection of specific IIDs
will depend on the particular application at hand, and
many applications of IIDs are envisaged.

By preventing Ostwald ripening, IIDs can, for

20 - example, prevent £frozen foods such as frozen vegetables
from sticking firmly together in the household freezer.
By reducing the surface energy of ice (the sublimation
rate), freezer burn in steaks and other products can be
slowed. For such uses, a non-toxic IID can simply be

25 coated on the materials to be frozen.

By preventing coalescence of small ice particles
in ice cream and similar products, the storage life of
such products can be extended by months, and the ice cream
itself will be somewhat softer at household £freezer

30 temperature than conventionally produced ice cream without
using the enormous sugar concentrations required by the
FreezeFlo process, for example. For this purpose, an
effective amount of a non-toxic IID can be mixed with the
product, preferably before packaging of the product.

35 By preventing seed crystals from nucleating
supercoocled water on crops such as citrus crops, thousands
of acres of agricultural products (e.g., entire Florida
orange groves) can be prevented from freezing on an annual



al so be conpleted at the site of use of the IIDs. This in situ

pol ynmeri zation allows the user to deliver relatively | ow nol ecul ar
wei ght nononers into an area where |ID activity is required, for
exanple, by spraying froman 5 aerosol can, before polynerization takes
pl ace. Severwbo963e4se chem cal nethods can be used to achi everCREsI5M4284 t U
pol yneri zati on, depending on the nature of the nononer. Exanpl es of
t hese-net hods include free radical initiaii%ﬂl ani oni ¢ and cationic
pol yneri zati on, nd_catal ysis the on
reactive groups ?ggﬁsasmucx msmiefh 7blg}’r oups c%%?’igggt ﬁ%‘r?%ca%
brought about byaChleV@%lHganﬁmwléﬁﬁélenn@ﬂuﬁ%ﬂﬂﬂhﬁﬁ)s%cﬁﬁ§§thB§ethat

ment | OEed o ab%ﬁ%ylwwli‘%ucﬁ%&tgiﬁg”lﬁhee 6% PO e r AN 0 MHc ithis
atrmsp eric oxygen after s ul ar ol yner, i.s escrine

t he exanpl es and PRRBARS 1 ’E @ﬁ&g‘l an® 5, e§693i’¥ ;- but EE ﬁiece ﬁbréﬂly I*ar
shape. At | Bastnenntoxig ucah ArPscoated apa |thracrppbyndicy, amlmnlel &arst

one appears to | ggr le in the crystal as a | inear rod (Yang et al.
Nat ure, 333: 23 1 223;509-517,..1 2.)
20 In terms of mnini 1f\gﬁ%' iﬁﬁnbgl?e fg gedéﬁ € oth V%ﬁ%a%%ﬁ

gi ven nunber of &gtwbipens tnfrld:sybprotectm»agant& rarehice aerystpisemilils
less preferred tpgpafn bE@PEIEfbntly small as to be innocuous to organs,
. 10 body fluids and other body tissues being vitrified for
clinical transplantation or transfusion. For this
purpose, an IID which is preferably, but not necessarily,
transplantable or transfusable, is added to the tissues,

for example by inclusion in a cryoprotective solution.

15 For preservation by £freezing ‘rather than by
vitrification, IIDs can be prepared that will be unable to
interact directly with nucleating agents, thus allowing a
freezing process in which nucleating agents are used to
catalyze the formation of large numbers of ice nuclei and

20 the IIDs simultaneously prevent these nuclei from growing
to damaging sizes. This will change the physics of ice so
as to permit complex systems to survive or to withstand
freezing.

IIDs can alsoc be prepared specifically to interact

25 with nucleating substances and thus directly inactivate
them to enhance supercooling. This will prevent freezing
altogether in many critical applications.

IIDs can also be utilized to stabilize formed ice
crystals. For example, they can be used in the snowmaking

30 industry to stabilize previously formed snowflakes to
attain a longer-lasting "powder® for skiers’ enjoyment.
In this application, IIDs can be sprayed onto snow flakes
as they are created. This will prevent recrystallization
(coalescence) of the snow flakes.

35 IIDs also have important applications in the
prevention of or removal of now-troublesome icing of
automobiles, aircraft, rocket boosters, and similar
equipment, and in the removal or safe navigation of icing



structure, because it bypasses potential bonding sites. As
shown in Figure 3, a nore preferred.approach to 25 achieving tight binding
to the forward or upward vertices of ice (other vertices omtted in
the Figure), for exanpl e, with mninmum mass investnent is to
per-m t |0 gé3t45%i ndi ng, not nerely |inear binding al ongPCI/O396/04284

di nensional axis, i.e., to design structures_31 that can 30 bind the
nearest binding sites, not just binding sit t hat happen to |lie al ong

a particul ar S”@théaé\b?e Thf.ﬁe Wthgtcgg.gbg)r(ggdbyf&_slg,ga é‘Céﬂrﬁ{Ay

branched structures such as ro y extendlng erio
"arns" such the sepbsgance \\andjpr: V‘reéﬁs“? SHERS 39 cBhPes) so3fhat
cyclic struct ucass, peopdébiand i stlterincbyectst wihd afot slipedbatl ariisl

11 Ds preferably ce.feqtlyes s (Db .
"standoffs") to %@%#%g& EFE%? 1£el ?si}s n% Fee, reduclr(g 4eBideflts and
injuries due to icy condltlons IIDs can coat thin layers

of ice on airplane wings and automobile windshields,

presenting a greasy surface that will not stick to

additional ice, thereby allowing additional deposited ice

to simply be wiped or pushed off or to fall off rather
10 than to be chiseled or melted off.

In these different applications, the non-ice
bonding surface of the IID will be modified for ease of
assimilation into the substrate material during the
manufacturing process, or to achieve goals of solubility,

15 texture suitability or of toxicity limitation.
Modifications to the non-ice bonding surface will depend
on the substrate material and will be apparent to those
skilled in the art. Changes in the ice-bonding surface
will be made to extend or reduce the ice adhesion strength

20 in a straightforward manner for the application at hand.

While this invention has been described in
conjunction with specific embodiments thereof, it is
evident that many alternatives, modifications and
variations will be apparent to those skilled in the art.

25 Accordingly, the preferred embodiments of the invention as
set forth herein are intended to be illustrative only, and
not limiting. Various changes may be made without
departing from the spirit and scope of the invention as
defined in the foilowing claims.
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effectively att ‘one side and repel |l ing, water on

the opposite side. This ZeRroFess foxycREERRYINGs &%t efi€Pr ciptgrface
synthetic |1Ds, \doplnt)iecomprigidigi:i ons indi cated above about pol ar-polar or
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1% bl ndi ng faces of 1 bor 1 D g EEE By By Ut '1adtOBal' GLEGnANhdiien
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Il Ds. ]EQ ice.  LahtacCbody capml(éhbrtgrxﬁa!eailamvem djdee@tryhl ydi9gaadbondi ng t2 8
specific ice sites or 0] e ectr| ul.t ctQrs on
the ice surface (Yang et al. h?éi? f%% %)le ute $ﬁ %
structure of aPlavakity ¢ﬁx§onannlhx§rossn hnadhng sites spaced at such

a distance as to be capable of associating with said ice

10 nucleating body hydrogen bonding sites.

2. A process according to claim 1, wherein said
plurality of ice crystal template hydrogen bonding sites
comprises at least three ice crystal template hydrogen
bonding sites.

15 3. A process according to claim 2, wherein step
(a} further comprises determining coordinates of at least
three said ice crystal template hydrogen bonding sites,
and step (b) comprises synthesizing said dopant molecule
having said dopant hydrogen bonding sites, said dopant

20 hydrogen bonding sites being capable of associating with
said at least three ice crystal template hydrogen bonding

sites.
4. A process according to claim 3, further
comprising:
25 (c) bonding said dopant molecules together at
edges of said dopant molecule.
5. A process according to claim 4, wherein step

(c) comprises bonding said dopant molecules together
covalently or by hydrogen bonding.

30 6. A process according to claim 1, wherein step
(b} comprises synthesizing said dopant molecule with an
ice nucleating body bonding side that contains said dopant
hydrogen bonding sites and a non-ice nucleating body
bonding side that does not contain said dopant hydrogen

35 bonding sites.

7. A process according to claim 6, wherein said
non-ice nucleating body bonding side does not associate
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i stances of 16.dherd] nof-fol huchone TRk OBULGS sBHLARL G, g L BRI

axis and 6.3 [err gni ng a
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di sposed pat& ern. selecting a stable molecule having a hydrogen

bonding dispersal pattern antigenically similar to a
hydrogen bond dispersal pattern found on at least one
surface of the ice nucleating body;

immunizing an animal with said stable

10 molecule to produce anti-ice nucleating antibodies; and

collecting said antibodies.

9. A process according to claim 1, wherein said
ice nucleating body is an ice crystal.

10. A process according to claim 1, wherein said

15 dopant molecule comprises at least one hydrogen bonding
gite fixedly positioned in said dopant molecule to point a
fixed lone pair electron orbital or a hydrogen at one ice
crystal template hydrogen bonding site when said dopant
molecule is bound to said body.

20 " 11. A process according to claim 10, wherein said
dopant molecule comprises at least two dopant hydrogen
bonding sites fixedly spatially oriented to point lone
pair electron orbital(s) or hydrogen(s) at at least two
ice crystal template hydrogen bonding sites.

25 12. A process according to claim 10, wherein said
dopant molecule further comprises a second dopant hydrogen
bonding site, said second site having a rotatable lone
pair electron orbital or hydrogen bond-forming atom, said
second site being able to rotate to point the orbital or

30 the hydrogen bond-forming atom to a second ice crystal
template hydrogen bonding site.

13. A process according to claim 10, wherein said
dopant molecule further comprises second and third dopant
hydrogen bonding sites, said second and third sites each

35 having a lone pair electron orbital or hydrogen bond-
forming atom rotatably associated with said fixed lone
pair electron orbital so that said second site rotates to
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dopant molecule further comprises a third dopant hydrogen
bonding site having a rotatable lone pair electron orbital
or hydrogen bond-forming atom so that said third dopant
site rotates to point the orbital or hydrogen bond-forming
atom at a third ice crystal template hydrogen bonding
site.

16. A process according to claim 10, further
comprising bonding said dopant molecules together at edges
of said dopant molecule.

17. A process according to claim 3, wherein said
at least three said ice crystal template bonding sites
comprise a combination selected from the group consisting
of (i) three oxygens, (i) two oxygens and one hydrogen,
(iii) 6ne oxygen and two hydrogens and (iv) three
hydrogens.

18. A process according to claim 1, wherein said
at least one distance is selected from the group
consisting of 4.5 + 0.4 A, 6.3 + 0.4 A, 7.3 £ 0.5 A and
16.7 &+ 0.5 A.

19. A process according to claim 3, wherein said
dopant hydrogen bonding sites comprise three sites
defining triangles being defined by dimensions selected
from the group consisting of (i) three sides each 4.5 ¢ .4
A in length, (ii) three sides each 7.3 : .5 A in length,
and (iii) two sides each 16.7 + .5 A in length separated
by a 48 + 2° angle.

20. A synthetic ice interface dopant molecule,

said molecule having a molecular mass of
about 4500 daltons or less and comprising:
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1B), li m ﬁmmm "C growt h"._-by -adding an IID M{ﬂ_ﬂ&_@%@@,
the
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spi cul e surface may prevent or help 30 t 3% prevent this type of surface

surface is al so advantageous esl n|n ng to
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created, because free or nonomer
rapi dly credt es ipepmidlieatingoboping sidev\0saddsbydgogen bonding sites

PCT/ US96/ 04284 being capable of hydrogen bonding to at least one surface
of an ice nucleating body at a given temperature;

wherein the molecule, when hydrogen bonded to

the at least one surface, inhibits growth of ice on said

10 surface at said temperature.

21, A molecule according to claim 20, wherein
said molecular mass is about 1000 daltons or less.

22. A molecule according to claim 20, wherein
said molecule is a polymer having a linear, branched or

15 cyclic structure.

23. A molecule according to claim 20, wherxein
said ice nucleating body non-bonding side does not
significantly associate with an ice nucleating body non-
bonding side of another said molecule. .

20 : 24. A molecule according to claim 20, wherein
said ice nucleating body bonding side does not associate
with an ice nucleating body bonding side of another said
molecule.

25. A molecule according to claim 20, wherein

25 said molecule further comprises edges that associate with
edges of another said molecule without eliminating the
ability of either said molecule to inhibit growth of ice
on said surface at said temperature.

26. A molecule according to claim 20, wherein a

30 first hydrbgen bonding site of said at least two hydrogen
bonding sites has a lone pair electron orbital pointing
directly at an ice nucleating body hydrogen bonding site
when said dopant molecule is bonded to an ice nucleating
body.

35 27. A molecule according to claim 20, wherein
said hydrogen bonding sites comprise at least two hydrogen
bonding sites having 1lone pair electron orbitals
chemically fixed to p01nt ‘at two corresponding ice

fromformng. Therefore, éﬂﬁﬂ eé%f%f Lgﬁ? 55#C%§5§}§§mé{¢%8p'CUI
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” ”“I“Hm @ ma:]i onal for][ns of }Qihe' 8_0I ynmer, nost of whi ch
vm not the ice_surface. gidity

struct ures I ned, which is both a desi ﬂ'%@ﬂgfﬂgs b@:ﬁ\l
physi cal functlonal 5 advant age in performng | attice loatc 'n'(}'f

wel | - defi ned wos3mshpl enentary surface, such as that of an I’Q%US%MQI
g. Obital Steering. An even nore rig {)‘? process for defining a
structure of II1Ds is the concept of tal steering. O bital

steering rel at esnh@lgﬁéiﬂ?‘ Bday OpyB80dsnl %BﬁgiJ?E b PegOhBel 5@ tdartone

pair el ectron S ar I,nto I nite posjitions. The usual
par adi gm of mat cRPAGCHLS o1f PN, it @FcASe RUSEHERYRAY - oxygens in
ice neglects the fact thas. a)aithoXesulee accordiylgrazg:ercliarini @5 ,r aslfereitnhan

oxygen that is a y n ot e a?gt gyﬁ air
el ectrons of %EHSLg sgﬂi %ﬁoggﬁ qmt tg (f%@*g%rg% a%ng 3 ¢
respect 5t0 8g€RR tl@e pair electronpp t'ea °§h bxdregen jeeud pfermime ct
of mat chi ng a@s¥igeBaias iselcona md&ogehemhamgt Biesygotating datlbatd i ce

20 sites as hagogfﬁfoﬁoegvﬁaxngegﬂ loblotde1bld SAI E106H% orpi i}

| deal strategy f I ce basal ane
as the bonding s@Ff a'éléﬂlfQﬁeIth ondafornﬁ:r@g atom at a corresponding 1ce

nucleating body hydrogen bonding site when said molecule

10 is bound to said ice nucleating body.

29. A synthetic ice interface dopant molecule
produced according to the process of claim 1.

30. A method of preventing or slowing growth of
ice crystals, comprising applying to an object, an ice

15 crystal growth preventing or slowing effective amount of a
plurality of molecules of claim 20. '

31. A method according to claim 30, wherein said
object is selected from the group consisting of an ice
crystal whose growth is to be prevented, a food product, a

20 living plant, a vehicle surface, a road surface, a shoe, a
walkway, a light transmitter and a utility line.

32. A method according to claim 30, wherein said
ice crystal whose growth is to be prevented is a
manufactured snow crystal.

25 33. A method according to claim 30, wherein said
object is an organ, body fluid or other body tissue that
is to be cooled for cryopreservation.

34. A method according to claim 30, comprising
applying a pluraiity of different said molecules to said

30 object.

35. A method according to claim 34, wherein said
different molecules bond to different surfaces or features
of an ice crystal.

36. A method according to claim 35, wherein one

35 said surface is an ice spicule.

37. A method according to claim 30, further
comprising applying to said object a plurality of ice
nucleating bodies.

This Sheet Has Been Reilac




oxygen 64 are superinposable, but the bonding is
vve_gkg_nelmm Iﬂmrlmmlmrm he orbitals. in ice 62 25 to al'[WB—WQﬁé—BEENMm
bital st or  $he binding nDIecuIe 64 to |[perm ;}L Hpge
bond| ng "Orbital steering" provides an exd
orientati onwipadeas®s . should be nore effective for bindi ng’qfdimﬂ‘te
Iattice than just a local electron density increase designed into 30

“non-orbitally steered" I1D nolecules. 41 Simlar problens are

found in natural AFPs. b gggﬂi o] f
hydr ogen bondi ng. Daes i te P&lﬁkﬁena ur:%lte A ar eé)éef ?%%t%}é\t}e%%ﬁaﬁ%

not as effectlvEra§u€?¢|#¢Q9ﬁﬂlmﬂ b Phetp¥gﬁﬁ§ﬁ3Q§531&é@|Qneﬂtt¥F§R§n9Rﬁa

prgCl sle or bi t al gakdoadEarit hond:.ng s:Lte s Biialg @l hydzogehobend omth sin
orbital steerin

structure %ﬁygﬁﬁ %F%@:% a&ggd gﬂ%qﬁﬁﬂ%ﬁgggg ?gorkggﬁgo?a{ggglnto
A synthetic ice interface dopant molecule
produced accordlng to the process of claim 1, at least one
said dopant bonding site involving a hydrogen bond with a
nitrogen atom or a hydrogen associated with said nitrogen
atom.

10 40. A process according to claim 1, wherein step
(b) includes selecting a plurality of molecules having
bond lengths, said bond lengths summing to provide a
distance between at least two of said plurality that can
participate in hydrogen bonding.

15 41, A process according to claim 1, wherein said
at least one distance is determined by binding at least
one polymer to at least one of said ice nucleating body
hydrogen bonding sites.

42. A process according to claim 41, wherein said

are

20 at least one polymer comprises at ‘least one member
selected from the group consisting of saccharides, amino
acids and nucleic acids as ice bonding moieties.

43. A process according to claim 43, wherein
amplification comprises using said polynucleotide or a

25 complement of said polynucleotide as a template for
specifying a polymer sequence.

44. A process according to claim 41, wherein said
at least one polymer binding to said ice nucleating body
hydrogen bonding sites is polymerized using said ice

30 nucleating body as a template.

45, A process according to claim 41, further
comprising:

- determining a sequence of said at least one
polymer; and

35 synthesizing said at least one polymer.

46. A process according to claim 41, wherein said
at least one polymer comprises a polypeptide, said process
further comprising:
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21 __ « _the "backbone" ring structure of glucose in its closed form
The positioning of the bonding atomin the ring forces the lone pair
el ectron orbitals to assune specific - positions and these specific and
predi ctabl e pWO9e/BMd5%s can 5 be arranged to be parallel to RCRUS%04284 and
spaced appropriately for bonding to appropriate atons in ice.
In addition to oxygen, other elenments, such as nitrogen and fluori ne,
having | one pair electron orbitals can be used in nmuch the same way as
oxygen but to arrive 10 at slightly dffferent architectures. For
exanpl e, nitrogen can serve as a vertex separating two rings, and
unl i ke oxygen, should project a |lone pair above the plane of a
graphitic surface. Chirality gof the bonds is inportant.
If an 15 alternate enantionorph is used th?ﬁ | one pair orbital
electrons will not be optimally oriented. h. Surface .
characteristics and acceptable{ i d afeas. As illustrated in Fig. 1B,
natural 11Ds 19 cover only alsmal|l frpction of the,ijge crystal
surface, yet are 20 qbfective. RS TS RCCOMPKT S ed'becauia growt h
i nhi bition I --7
~
_________ e e L D
/,/ \\\
P ~

20

FIG.1A
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I S not purely a matter of steric mterference with the approach of
wat er nol'ecul es to and their adsorption on the i ce surface. Rather., it

is al'so a matter of the lack of | at eral bonding sites for an adsorbed
wat er nolecule to 25 provide stabilizing forces to prevent spontaneous

| oss of woss/3a4890r bed wat er nol ecul e back into the surr @¢RAISHE04284
solution, in other words, a matter of the surface energy of ice (the
Kel vin effect; see Mazur, Ann. N. Y. Acadz/ief Sci., 125:658-676, 1965).
Adsorption of |1Ds |nd|rectly 30 cfeates an in aa?e\qin i ce surface
energy between I1D adsdr p#4.8n s|tes, thus prpduci §2an ice-retarding

ef f ect t hat ext ends ver I ecul ar d a ters over the ice .
surface beyond the 11D ads | tse nao |d1 Fi gure
1B. 35 The val ue 5 /

supercool ing of the liqui d rre g force for
crystallization thus i ncreases surface

energy barrier to crystal _

—_
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22 ‘growth. 11Ds therefore should be designed to _cover

suffici'ent surface to be appropriate for the extent of super cool i ng
that is inportant for the particular application at hand. Thus
appropri ate wepss/smassces for 5 | 1 Ds used for protecting oreuTZiss04284&s nay
be | arger than appropriate void spaces used for food freezing and the
| atter void spaces may exceed those that are appropriate for

bi ol ogi cal cryopreservation. The Kel vin equation describes the
freezing point 10 depression causedlnxf%ﬁglng ice to assune a highly
curved (high energy) shape in ogder to prgpagate thrkugh an

aperture. This equation is al so appkishk DAURAC T A poi nt
depression caused by restrictifg rq;L«»g‘." Fardly”Z® bel ween bot h natural
AFPs/ AFGPs (W son, Cryo- Let t AT a8 298N anfl synthetic 11D
nol ecul es. Thus, in debygni e, this

rel ati onship est abl i shes P di 5 tih will

pr ot ect agai nst ice cryst a given

CAXIS

F16. 2C

¢ AXIS
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| evel of bulk solution supercooling. If extrene extents 20 of
supercooling are required (as in_organ vitrification), conplete
inhibition of crystal growth nay not be feasible wi t hout conpl ete
coating of ice nuclei, but conplete i nhibition may be unnecessary if
crystal growWO9a304s9  sufficiently slow In the latter cdCITUR6RA2 %n
the 25 smal l er the |oop dianeter the slower the crystal growth mAII
be, until the dianmeter becones small enough to possi bly induce ice
nucl eation activity. i. Tenplate-nediated synthesis of [|1Ds.
I ce nucl eating agents (I NAs) are the functional opposites of 30 THPs.
- They induce ice crystal nucleation rather4pn$n ice grow h inhibition.
Both THPs and I NAs clearly nust have a Structural relationship to ice.
Whereas THPs bind to ice, they do not resenble ice. |NAs, because they
create ice, are considered to nore closely "resenble" ice, either 35
structurally (as in Agl, mca or cholesterol crystals) or in ternms of
having a surface energy that is simlar to that of ice, as mght be
t he case for Pseudonobnas syringae nucl eating sites.
Parody-Morreale et al. (Nature,
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23 '333: 782- 783, 1988) showed t hat fish . antifreeze .
glycoproteins inhibited nucleation by bacterial ice nucl eat or s,
suggesting that the antifreeze nol ecul es bind to the nucleators due to
the.ice-like wovesws® e of the 5 nucleators. CPETIESa6/84284 o

t echnol ogy for naking nol ecul es that bind to particular structures
found in biology is to i nject these structures into an aninal. The
animal wll make anti bodi es to many L3&§%gn substances, the antibodies
10 having a close structural conple tarity to these

subst ances. However, it is inpossible to forn1antiboq¢

by injecting ice into an ani mal . Thi s obst acl e
al | ow synt hesi s of anti body |1 Ds based on the ra
anti body that 15 binds to a bacterial ice nuclea
I ce nucl eati ng substance may al so bi nd_t4§c
anti body that binds to ice may function as i’ || D

to ice sinply
ey becopfercone to
WLi-0N) t hat (a) an
Q4 anoher~known

laced

i
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ice crystal growh, and may do so nore effectively than nat ural AFPs.

20 ) A nethod of preparing IIDs by this route is to select _an
appropriate nucleator, raise antibodies to it, such as by net hods
known in the inmmunol ogy art, and screen t he anti bodies for

ef fecti venesswbos/sesshi biting ice crystal growt h and/ or BCTU$968428¢ | ce.
25 Exenpl ary nucl eators include but are not limted to P
syringae nucl eator fragnents (fragnents to all ow exposure of the
nucl eator site to the antibody), previ ously synthesized I1Ds, 11Ds
attached to proteins or associated wth other adjuvants to nmake them
nore 30 I munogeni c, THPs/AFPs, <cross linked nodified Clerr]Herr]CH
al kane al cohol chains arranged with 4.5 Abst#aci ng bet ween head groups
or tails (CGavish et al., Science, 250:973-975, 1990), cross linked
crystals of [err]-am no- octanO|c cid, 1- thlonln I-tyr05|ne or
d,l-alanine and sim| 35 pecqes (GﬁV|sh , SC|e 256: 815- 818,
1992), and previ Iy forne ti-ice a dy frag

F1G.5A
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24 ) Screening for crystal growth.inhibition and for i ce
bi nding activity can be perforned as a natter of routine
experinmentation. Routi ne assays for the inhibition of ice
crystal 5 gmowdsoessse known (for exanple, see Knight, DeVri ®#CT/USH604284

ol man, Nature, 308:295-296, 1984). One assay for ant i body
binding to ice is to |abel (radioactively, fluorescently,
enzymatically, antigenically or otherw se) t he anti bodi es and neasure
the partitioning of |abel from 10 the liquid phase to the ice phase when
| ow concentrations of anti body are aﬂﬂ?d to a mxture of ice and

sol ution at a static tenperature whe he ice is at its thernodynam c
freezing point. Another assay for binding activity is the i ce crystal
grow h habit assay (Knight et al., Nature, 15 308: 295-296, 1984). This
assay is frequently perforned using a mcroscope in conjunction wth
Clifton Techni cal Physics (Hartford, NY) Nanoliter GCsnoneter to
observe ice crystal growth and el tiHg (see, for exanpl e,
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Chakrabartty, Yang and Hew, J. Biol. Chem, 264(19); 20 11313- 11316,

1989). This assay technique can be used in_ an identical way to
determne the activity of synthetic or isolated 11 Ds. The nanoliter
osronet er can be used to investigate the effect of the 11D on the

growth of thwoisemeass crystal in each of the conponenPCT/USI604284
crystall ographic 25 directions (i.e., on the crystal habit) (see, for
exanpl e, Chakrabartty and Hew, J. Bi ochem, 202; 1057-1063, 1919).
Assays performed with the nanoliter osnoneter involve observing an ice
crystal in a solution of the IID near the melting tenperature.

The difference between the 30 tenpapature at whi ch the crystal starts
to melt, and the tenperature at which the crystal begins to growis a
characteristic of an IID, terned thermal hysteresis. J -
Synthesis of 1I1Ds through conbinatorial chem stry. The field of
conbi natorial chemstry uses 35 transcription systens to generate |arge
nunbers of DNA, RNA, or protein variants that are then screened for the
desired activity (Al per, Science, 264:1399-1401; Kenan, Tsai, and
Keene, T.1.B.S., 19:57-64, 1994). Thi s

» POSITIONALLY~MATCHED
HYDROXYL OXYGEN

GROUP

y ICE

FIG.6

[

heet Has Been Replaced

T

RECTIFIED SHEET (RULE 1)



WD 96/ 30459 PCT/ US96/ 04284

25 “extrenely powerful approach.is direct, in contrast to the

i ndirrect_anttbody approach, which requires an artificial i ce surrogate.
If 'the desired activity is binding to ice, the 5 best products (proteins or
even nucl ei cyvpdkagse OF unnatural variations [Fahy, C i npCriisosn42ss

39: 2011- 2016, 1993] of either) for ice binding can be determ ned by
screeni ng the products nade by the conbi natorial approach for ice
adsorption to a crystallographic plane of 10 interest. For exanple,
finely divided ice may be used as a¢®ice for concentrating good
ice binders from an initial mx of candidates by repetitively .
segregating the ice fraction (for exanple, by lifting or filtering th
ice out of the solution) after binding, then nelting the ice, 15
optionally anplifying the rel eased substances in the nelt, and checki ng
the (anplified) rel eased substances for enri chnment of sel ected

mol ecul es in the new candi date
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soluti.on forned. As an exanpl e of conbi nat ori al synt hesi s, such
as the synthesis of protein, the growing 20 protein nolecules are |inked

to bonds that are also |inked to | abeling nolecules that allow the
protein sequence to be easily determ ned after the protein activity
has been WO0A63M52 ai ned. This requires that ice-bondi ng aRETUINA428L
determ ned while the protein is still attached to the 25 bead. G ven
sufficiently strong bonding, however, and sufficiently open nmeshes
on an ice straining bag used to retrieve the ice fromthe test
solution, the entire bead shoul d adhere to the ice and be retrievable
as descri bed above. If too nard@/12liverse beads stick to permt
30 isolation of single beads for analysis, increasingly

stringent selection criteria can be used to reduce the nunber of

candi dates to sonet hi ng manageabl e. This can be done, for exanple, by
transferring the retrieved ice to pure water and centrifugi ng at
various g forces. Since 35 the bead sity will be greater than that of
wat er and the ice density wll be<g§EE, centrifugation will tend to

separate the nore weakly bonded beads. The beads t hat remain
adherent can be decoded one by one using standard
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‘t echni ques,

PCT/ US96/ 04284
e.g., PCR applied to nucleic acid coding

sequences to yleld
pr ot ei ns.

for exanpl ewdge3oyset hesi zi ng the

transfecting, and
m cr oor gani sm or

These proteins can then be nmade in

the primary structures of the ice- bondi ng
unlimted quantities,

5 corresponding DNA PEIAIS86104284 and

expressing the protein in a convenient

cell line. |If needed, substances other than water can

be used for the centrifugation, such as oil, or sucrose or
"Ficoll" solutions or other solutions of adjustable 10 density.
operates by generating

The conbi natori al

literally all
| engt h, and then
popul ation. 15 A

possi bl e vari ants of

chem stry approach typically
apai2ven polyner for a given pol ymer

sel ecting active variants fromthis universa
possi bl e drawback is the limted polyner |engths that

can be screened in this way. An anal ogous approach is to
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begin with diverse libraries that are constructed from nat ur al
sources. Genomi ¢ DNA can either be cut with restriction_enzynes_or
| ySed by sonication to formmnyriad 20 "short" sequences of DNA that can
t hen be sel ectively or random y anplified using, for exanple,

pol ynmer ase wWo96/30459 reaction (PCR), fermentation or tissPCTASPME t O
pr oduce a large nunber of variants with varying nol ecul ar weights.
Sel ective anplification is achieved by the use of specific 25 priners in
the anplification, and random anplifi ®&ftl2on requires the use of
random primng in the PCR (random sequence priners). Alternatively,
synthetical ly produced nucl eic acid ribraries can be screened agai nst
iceto i solate ice-binding s eC|es escntxﬁkggl gacFurther 30

structural variety can pro%§ S thls type by

denaturing the oligo WIFE*E r anded

DNA which will display erﬂ “F"ce bi ndi ng
(hydrophilic) si i the correﬁg Edlng
doubl e 35 st ranged Py y

speci es can then‘be RyCr eash EEYQEP technlques
Wiile a subsCHRTHMW 3

experinmentation

Numberssnumber of verlical
projeclions occupied by hydrogen
per oxygen hexugon

FIGURE 10
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WO 96/ 30459 ; PCT/ US96/ 04284 hese . <
approaches;  sug 'TH $ E_IS'H.:.fiILj oy experinentation ?\ADUUSbQ &25@2684
routi ne by those.o# [dngrlz‘ I%EJEN , in the art. ,
EXAMPLES 5 . ixlgbRdric 1] D. 3§ noted above, tP'EECAlus nledm,
flounder antifreeze protein forns as few as one hydrogen - bond per 1
el even agppe agi drAaedksiuss, or a ratio of one bond per 819 dal tons ogf'
so of AFF. Frgure 4 snows a synthetic 11D (1B1l) (Structure 4) ;
desi gned to haveione AOprbeadsp€br’prdphtong ah likl inbeir¥FakkDddpant, '
constructed and di mrensions - were determ ned usi ng Hyper Chem

a coopptrasiogal chemistry software package that typifies

software available to facilitate the preparation of novel 1 Ds given
the principles descfibedselrgtdng an| dcet phslestingthady 1are thehdasligr ge
open circles, represent carbqn atons, densely stippled circles
represenPfo%§§eﬂghfbﬁ% EQKﬂuéiSﬁ&e ice, as a template;

(2) selecting a dopant molecule on the basis of

its capability of associating with said template to inhibit ice
nucleation by said'template; and
(3) synthesizing said dopant molecule;

whereby said dopant molecule inhibits ice crystal growth.

i“' : . 2. A process according to claim 1, wherein the dopant
molgcule is selected in step (2) by:
(a) determining at least one distance between a
" plurality of ice «crystal hydrogen bonding sites on said
é%mplate; and |
{b) selécting a dopant molecule having a
plurality of QOpant hydrogen bonding sites with such a
relationship to said distance as to be capable of associating
f“i with said hydrogen bonding sites on said template to inhibit
e

ice nucleation by said template.

3. A process according to claim 1, wherein the dopant
molecule is selected in step (2) by immunizing an ‘animal with
said template to produce antibodies that bond to said template
and inhibit ice crystal growth on said template, and collecting
said antibodies.

4. A process according to claim 1, wherein the dopant
molecule is selected in step (2) by creatihg a .pool of

molecules containing at least one said ' dopant molecule .by

_—— [N W [REPLACEMENT SHEgT
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to ice, and small open circles represent hydrogen atons.

Al
Bondi ng sites y the oxygen atons % 8&.
Structure 3 cphdISsBRLG !-';'ﬁﬁr%Eanononerdg_p ri ngs 101, %M % %2
as a supernodlul e t WEFLASED rlepeat ed” once. The spacn Uh ﬁ
the w dth of The StTTp—+s preC|ser450A(oxygens 41to 42 and 45 t

46) , andcbhBingesLsdl ozsueﬁncépae?,aehéép@,g ang &d9ReRintN®Baid pddyi Bl S
4.55 A, a negligible difference fromthe 4.52 A 25 spacing of ice oxygens.

Fur t her mabgectibes spaciduhtdigywsand dopaxty gesichleand 45, and bet ween oxygens
42 and 46, is 7.54 A’ a close match to the 7.36 A spacing of ice
oxygens. TheSspach npeocassossordingr tp ¢ldin ol A2vhemeids atto 148ptde

not resenbl e the spacings in sugar nol ecul es observed by 30 DeVries, and
t he spacPAgsianorf Wéi gmpéaéag@étcm%oa c-axiSsefbpB i¢® crYShAl-ure ever

oxygen 41 1o 43 € APHETYE ASCUPIAG, e PELh ot sinaigs e, GPABEygens
e, BoRraft, BPabPiBl Al LABMOUAG SRR SRR, BopeRl T
groups physically complementary to hydrogen bondlng sites of
said ice hucleéting body.
7. A process according to claim 1, wherein the dopant
molecule comprises polymerized amino acids.
8. A process according to claim 1, wherein the dopant
molecule comprises polymerized ﬁucleic acids.
9. A process according to claim 1, wherein the dopant
molecule comprisgs polymerized carbohydrates.
iO.' A process'according to claim 1, wherein at least a
portion of said template matches an a;axis and a b-axis of an
ice crystal.
11. A process according to claim 2, wherein step (a)
N further comprises determining coordinates_'of' at least three
said template hydrogen bonding sites, and step (3) comprises
synthesizing said dopant molecule having said dopant hydrogen
bonding sites, said dopant hydrogen bonding sites being capable
df associating with said at least three ice crystal template
hydrogen bonding sites. |
12, A process according to claim 1, further
comprising:
(4) bonding a plurality of said dopant molecules
together at edges of said dopant'molecules. |
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28 . Al T u!cal | ustrates the internal ATNSMS /04 8(.!"
14D (rings 1dﬁ-§ “11ﬁ@3éﬁaﬂdr (and By inplication UH[

-ring- shaped |nat ur PBACRDhe 111D, the posi ti oni ng o poI ar gr oups
exclusively on one side of the 5 anphiphilic nolecule, the use

at least nodergde A prédddiClddctirdihggitdi tYaiholepswhereimi sbépl (4)

positioning of bondlng sites, the mnimzation of 11D nmass and

l ocal compwfﬁesewnhdingeﬁaxdrﬂnpanuﬁmqmamuaéerabbythorecocel@@ﬁbyngr

per unit mass than is achieved by natural |1Ds. The 10 potential for
|nsertlngYIhwd#QQGQthndlggoups for side-to- si de hydrogen bonding into
cooperative arra s |s al so evi dent . n Figures 5 C,
oxygen. atons in JbpRFORATS according tg ¢ialim c‘P’]%{%’r‘gOﬁbe_Lp bAgg

pl ane surface, 18 a

stippledcﬁ??5+%%§re%¥¥e ?ﬁlZlﬁgwnﬁgﬁgee%%gaXFZE#Bgégg+%;;&l?% Fggﬂfgé 5A-5C,
o1 repreggbidating S%éQNHdHainé Lhat Pastbesh { Qe & Adankonlaesgbhe

basal
bonding sites and a non-ice nucleating body bonding side that

does not contain said dopant hydrogen bonding sites.

15. A process according to claim 14, wherein said
non-ice nucleating body bonding side does not associate with a
non-ice nucleating body bonding side of another said dopant
molecule. |

16. A process according to claim 3, wherein said
template is a stable molecule having a hydrogen bond dispersal
pattern that elicits an immune response simiiar to an immune
response elicited by a hydrogen bond dispersal pattern found on
ét least one surface of ice. .

17. A process according to claim 1, wherein said ice

- nucleating body is an ice crystal. _

18. A process according to claim 1, wherein said
dooant molecule comprises at least one hydrogen bonding site
fixedly positioned in said dopant molecule to point a fixed
lone pair electron orbital or a hydrogon at one ice crystal
template hydrogen bonding site wnen said dopant moiecule is
bound to said body.

19. A process according to claim 18, wherein said
dopant molecule comprises at least two said dopant hydrogen

bonding sites fixedly spatially oriented to point lone pair

et | 111711 e
A seenewr |




;5[ ane surf acepfGhReHN en bonding. For orientatfo me oxygen
atons of the lw’:ﬂ'ﬂ ﬁeerﬂ%__%gh ve been identified 20 ‘[Hus‘igﬁ 4 84-
nunberi ng show , Elﬂlgﬁﬂﬂ 'ThF di agrgm discloses that 1 availa
Sites 30 are i MM | I et T “IPEAS ol 8 UL 197
tattice was created using the conput ati onal chem stry package,

Hyper chesllectidnaldrbifiaels) 28 h?&?%@nf:ﬂ' HARNeSLes LA &S cFpirasent,

as closely as possi bl e, the published experimental values. The

hydr oxyltemplatgr bygsogén shendiing esitesl are sparsely stippled to o
differentiate them fromthe oxygens and hydrogens -of the ice lattice.

Figures 5b and %€ sRovPrecess urecgréing hato 30laihasi8heewhepeit ecsasial as t o

face the, basal piane surface to ‘pernmit hydrogen bondi ng. For
ori ent atq°é’ﬁn§on’8°g§?‘bje°n furthgyrngonpriiges | pp saconB, deBanky ehysivagen

| dent i f ib%%d'iﬁigngsviittge\% | $3td rslggggaﬂn{%ﬁgag Srlga\agfai gﬁa:ggé&;.sﬂ'afﬁ;g;{ﬁe}rgﬁgur e

presents a
o onu ISR AR o6 LI BURL e dl A CACH Y sAL8Y pucend e
shown agidashesidd ngBle tofi 88 SCto poitOVEnest EHELELBI S510RBT gl the
wat er nol ecul es of the _ '

electron orbital or the hydrogen bond-formipg atom to a second

ice crystal template hydrogen bonding site.

21.: A process according to claim 18, wherein said
dopant molecule further comprises second and tﬁird dopant
hydrogen bonding sites, said second and third sites each having
a lone pair electron orbifal or hydrogen bond-forming atom
rotatably associated with said fixed lone pair electron orbital
so. fhat said second site rotates to point to a second ice
crystal template hydrogen bonding site.

22. A process according to ciaim 18, wherein said
dopant molecule comprises at least three.said dopant hydrogen

f““ bonding sites fixedly spatially oriented to point 1lone pair
‘ _electron orbitals or hydrogen bond-forming hydrogen atoms at at
least three ice crystal template hydrogen-bonding sites.

23. A process according to claim 19, -wherein said
dopant molecule further comprises a third dopant hydrogen-
bonding site having a rotatable lone pair electron orbital or a
hydrogeﬁ bond-forming atom so that said third dopant site
rotates to poiht the orbital or hydrogen bond-forming atom at a
third ice crystal template hydrogen bonding site.

24, A process according to claim 11, wherein said at

least three said ice crystal template bonding sites comprise a
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29 ice lattice that lie dlrectly below it as VI @ﬂ/lﬁéO%&lfOl}ZB’}
side. This fi Q hemsmh | avajlable sit 30
9‘“183 iy r?éE gur esiéA- 5C elrrpﬁzm ze(’;lr 'ﬁPGEAéus?k;baSerL '97

bonded by the
fie
cing of strategically-located hydroxyls on

coi nci dence ;-AQ-E-LXAE'E‘:
a0 aphiddh, ngRh 6! 1 2GR0 Ko DERKDGRBUBN G0 stifigh of  (1fnctnEel A
spaci ng of forward-projecting oxygen atons of ce. O the six oxygen
atons 4lndeny 43447 dwdO8kydshs andt bRel aygeogéﬁISthlst opp! exkygjenc| es
50), all six are directlry 10 positioned over forward oxygen atons in the
i ce | at tande two hydhogensisaribnidel)y threpphyediragens.es, and the nunber of
bonds/dalton for “Structure 3 is over ten tinmes the nunber i,dentified
for one antifre@®e pRotsiosesy @fe@rdipg ftgctclaim 24 hwhgpeint §adf @fe 11D
structure 3 to bond to ever athlér tes

tﬂat it 1e@pt r@BFegéﬁFance 1 %%@%U¥§ﬂff Ve%bﬁnﬁ§?ngg%TS*§ HbtS t hose
that ca ted, f f I
"t o Fiei‘ @ r@rpref é;r A L& fgfsﬁi R.3ng.

Structure "3 e é fTe cl ass
26. A process according to claim 2, wherein said

_dopant hydrogen bonding sites comprise three sites defining
triangles being defined by dimensions selected from the group
consisting of (i) three sides each 4.5 t .4 A in length, (ii)
three sides each 7.3 + .5 A in length, and (iii) two sides each
16.7 + .5 A in length separated by a 48 + 2° angle.

| 27. A process according to claim 1, wherein step (b)
includes selecting a plurality of molecules hgying bond
lengths, said bond lengths summing to provide a distance
between at least two of said plurality that can participate in
hydrogen bonding. | |

28. A process according to claim 1, wherein said at

s least one distance is determined by binding at least one
polymer to at least one of said ice nucleating body hydrogen
bonding sites.

29. A process -according to claim 28, wherein said at
least one polymer comprises at least one member selected from
thé group consisting_of saccharides, amino acids and nucleic
acids as ice bonding moieties.

_ 30. A process according to claim 28, wherein said at
least one polymer binding to said ice nucleating body hydrogen

bonding sites is polymerized using said ice nucleating body as

a templatei : , | : REPLACEmﬂﬂTr ]
| | SHERT
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d'opant of the present invention that prevents ice crystal 2

rowth ’
specifically in the direction of the c axis 16. W 8%}/%#285

conbination with an agent acting to bhqpk growh in the direction of
the basal plane 18, such that al F"growt h pl anes VIFEA{@%I @gm:g
rather than only one, - such an agent should avoid the |ethal S.
of 25 freezingrel IS tBi‘Bcé&éen%dé%'rﬂgnﬁnl Yedasahaphaneggr O‘A’E?ﬁther

inhibitors. Furthernore, since growmh in the direction of e Cc axis

16 ("C geompii'ging: the limting factor for supercooling in the
presence of agents that adsorb to the prismface 20 (agents that

bl ock growth in the adebarsid@ng daresequancer SfA grddt hay, l€agtowbdhe

i nhi bitors used in - conbination wi'th A growth inhibitors should enhance
super cooPPh@ndAder abl y over the supercooling achi evabl e with A
growt h i nhi bitors al one. Is selective IID

s . JAFPs plus a c_a
shoul d al so 35 redﬁﬂ'tﬁF@éfFﬁgl?ﬁ&%r@tngﬁﬁéﬁgﬁtPﬂgyW%ﬁ'crystals from
OO, PP o8 A0F SIS ULIRAAE 190 AP e Sulliesn oHE'EEL
referrediead® ondSpolyHed Romp?iQ¥ENa polypeptide, said process further |
comprising:
synthesizing a polypeptide_combinatorial library:;
encoding said combinatorial 1library with a code
identifying each polypeptide; |
adhering polypéptides from said library to ice in
a solution;
segregating the ice and adhered polypeptides from
the solution; |
releasing the adhered polypeptides from the ice;
and decoding the code to identify adhered polypeptides.
33. A process according to claim 1, wherein said
el dopant molecule is formed while at least a part of said dopant
molecule is assdciated-with at least one of said ice ﬁﬁcleating
body hydrogen bonding sites.
34. A process for identifying an ice interface dopant,
comprising:
| (1) selecting an 1ice nucleating body as a
template on the basis of its ability to nucleate ice; and
(2) selecting a.dopant molecule that inhibits ice
crystal growth on the basis of its capability'of associating

with said template to inhibit ice nucleation by said template.
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30 recryst sii@tHasBeen N st wal d ri peni ng. Excea\‘éﬁ% K) 84

ice crystals ist a" he pripmary neans b M ¥ Re ()
cel | ul &f st ructure'? §1t JUE

damages t he

or gani zed tlssues and organs and 5 | eads to the failure of thefe tissues
and organs afte e PROVI er t|ve
contro? ofbfce crysfw%égﬁ ;E%gﬁadéggb'ﬂy thgginggbogﬁﬁﬁ%ﬁghdt%

var m ngdopant mpLe¥hIesSis Heledlcldr At sVE @PPRRAch to vitrification
for the cryopreservation of conplex systens, 1 achievable with
dramatically |ess teg¢ani cdétexmiplieni tat least one diIbenséruetweén3ahas the
further advantage of being finel'y adjustable to any desired ice

cryst al PABrphéFsgyoby ice aaystad ohydmegéactbemding hesigremphichi ¢ saddkbone’ s
tetrahedral arran rrent Is clearly capable of follow ng 15 the ice
| atti ceT€MPLaERAN arrangenent Car bon hexagons can be

bui | t t f th " st tur i ntqQ the surrounding
plu:ame ?lrjl an;r/omanngr Z%g %%iecq:msg ;Iu%”u RPpat P@Eﬁgu%‘ﬁo ANNE gufe 3.
(F'guregﬁﬁréfigﬁlsof dobift T RGaSGRIE! ol n%heshkgs LcRuUCh Lpat it

effecti
relationship to said distance as to be capable of associating

with said hydrogen bonding sites on said template to inhibit
ice nucleation by said template.

36. A process according to claim 34, wherein the

~ dopant molecule is selected in step (2) by immunizing an animal'
with said template to produce antibodies that bond to said
template and inhibit ice crystal growth on said template, and
collectihg said antibodies.

37. A process according to claim 34, wherein the
dopant molecule is selected in step (2) by creating a pool of
molecules containing at least one said dopant ‘molecule by

P combinatorial chemical synthesis, and screening said pool of
moleculés to identify said dopant molecule.
| 38. A synthetic ice interface dopant molecule for use
in preventing or slowing the growth of ice crystals,
said molecule having a molecular mass of about
- 4500 daltons or less and comprising:
an ice nucleating body non-bonding side;
an ice. nucleating body boﬁding side, opposite the
ice nucleating body non-bonding side;
at least twb hydrogen bonding sites on the ice

nucleating bonding side, said hydrogen bonding sites being
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20 possessesRisAlOiMs Bgen®R@eRet er in that Structure 3 r,esepbl es
the "I" shape ' Furt hernore, carbon hms (‘glﬁhf tipi “
upwar ds or do !‘mﬂﬂlﬂmlm "e q@ ent %k pl ane as wel | L‘P imlar
geonetrical co pelpendif€ul ar to the pl ane. Eﬁ/ﬁ 4 JuU '97
Evidently, the_abhility to_ cré¢ate an extended mat chi ng patter

bet ween

recogni zed. DeVries "not

abaleUl s Hy}d&%g%h{)ﬁ%%ﬁriﬁg?’ £3nd e C]j-eI-aCs].LEIC %n*éa,%d}‘}ra]ggzro? %\fn? :]iecebeen

sugar spacing o

i sol ati Giudkadibhigl beageat a gilef: AUenPbehBSr&pNt ai ning the |
N-acetyl gal actosam ne residue 30 on a repeating Al a-Ala-Thr structure
(DeVries, Conp. whBrethethe mdle6aYe S4kherl Mprodunt Hdridedsugartispaci ng
resulted froma different, nore linited geonetry not suggestive of
artificial ldapd lonee sumacep Snhibits growth ofbical Py sabdrerfads atFi gure

7 shows

a nplecule 35 with three oxygen atons bound in such a way so as to

ori ent t99:-9 GSEPﬁﬁﬁFPE?ectrons from each oxygen nol ecul e into definite
positions. A vayg alion of LS LBSRaly o TR 38, FLANLERD A0k O

wher ei n

s

ot

at | east
molecular mass is about 1000 daltons or less.

40. A molecule according to claim 38, wherein said
molecule is a polymer having a linear, branched or cyclic
structure.

41. A molecule according to claim 38, wherein said ice
nucleating body non-bonding side does not significantly
associate .with an ‘ice nucleating body non-bonding side of
another said molecule.

42. A molécule according to claim 38, wherein said ice
nucleating body bonding side does not associate with an ice
nﬁcleating body bonding side of another said molecule.

43. A molecule according to claim 38, wherein said
molecule further comprises edgés that associate with edges of
another said molecule withoﬁt eliminating the ability of either
said molecule to inhibit growth of ice on said surface at said
temperature. _

44, A molecule according_to claim 38, wherein a first
hydrogen bonding site of said at least two hydrogen bonding
sites has a lone pair electron orbital pointing directly at an
ice nucleating body hydrogen bonding sife when said dopant
molecule is bonded.to an ice nucleating body.

45. A  molecule according to claim 38, wherein said

hydrogen bonding sites comprises at least two hydrogen bonding
REPLACEMENT SHEET
-
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31 " )re 0f 1ot he remai ni ng E}cﬁi&‘hﬁgf
p05|t|oned to Ju |taI or nd hydr ogens J

rre

paral l el align the— | ocked oxygen atom Thi s
approach conbi nes such "l ocked"” atons with atons t hat are free to
rotate agbies ahsviggelbasd gaitr electidns orbittallisNtHariidaally aikeenped! e of
assum ng positions that . are approxi mat el y par al | el to -and
spaced Pointypsk dpra a:toedryespuoodv.hgt bee eniclrdtiiing dogly aydirogahl bmndihg
bonding to atons in ice Figure 7 represents aprototy

orbital | StEqevher Saldlqi?P%fFFatm%ﬁlb\FESls thrungbato am ipendhagea

t hree vebtéces of an ice oxygen hexagon when all such vertlces
terninate i h a hydr ogen atom The |l one pair 15 electrons of t he

| ed t the || d
ol on with o oottt oA moleER’ aclbratq Yoo SN, WheBin  I%eedma ilc,
strong hygliOoRPabeGES bJH&ﬁSb&ten%o&brw@sl : aﬁ&:fatta!gﬁ Or%é&}dgo% o € not

freely novabl e and are 20 erefore correct | gne | ce g at
all timgsair electron orbital or hydrogen bond-forming atom, said

. second hydrogen bonding site rotating into a position to point
said second lone pair electron orbitél or hydrogen bond-forming
atom at a corresponding ice nucleating body hydrogen bonding
site when said molecule is bound to said ice nucleating body.

47. A synthetic ice interface dopant molecule prodﬁéed
according to the process of claim 1.

48. A synthetic ice interface dopant molecule produced
according to thé process of claim 1, at least one said dopant
bonding site involving a hydrogen bond with an oxygen atom of
said dopant molecﬁle.

49. A synthetic ice interface dopant molecule'produced

e according to the process of claim 1, at least one said dopént
- bondipg site involving a hydrogen bond with a nitrogen atom or
a hydrogen associated with a nitrogen atom.

50. A method of preventing or slowing growth of ice

 crystals, comprising identifying an object requiring preventing
or slowing of growth of ice ¢rystals, and applying to said
object a plurality of non-naturally occurring synthetic ice
interface dopant molecules in an ~amount effective for
preventing or slowing ice crystal growth on or in said object.

51. A method according to claim 50, wherein said

object is selected from the group éonsisting of an ice crystal

—_— REPLACEMENT SHEET|
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Thi — TR de® as "orbital steerfng" r r I apl SO
e g“%héﬁﬁui “ g o, TS BT Bl
‘otate, i o Z [ n that allows i .2

wth t 25w ﬂﬂﬂ : al s'E@f.Slt% | ocked oxygens !Emg"§ot atlgﬁ‘:t oo

with the 256 " _
This nol ecul e attains a bondi sity of approximtely 1 bond per 95

dal t ons,whoset gpowhht iconpar as f preverided, a Mdd pBeddcHONd PEIvigyghly
422 daltons representing the opti mum bondi ng density reported by

Si cheri mahtvargy (130 swiféce) . a Thedspactace ofat sisod ockedbkyeggnsa i S
4.87 angstrons and the spacing between each | ocked oxygen and the

rot at i onatIRF @SB GEReR, and @ Mg igNgdirens. This particul ar
prototype is chqsen for thjs ex le also to illustrate the principle
of building Il 5 & hg}ggkﬂgveaccgqxg;{r)xg stPuctipi 30gi yheyeino sakdyent

t he e ,f [ changing the orientation of

QHRIAC Y of LML ELEXL I AD.F RELERY)

its ice g groups from' ng orren ations to non- bondi ng
orientations, as3tayahapReRodn @cc%x@i'n% to c1a¥@ 9@/03’04§ﬁerein said

PCT/ US96/ 04284
object is an organ, body fluid or other body tissue that is to
be cooled for cryopreservation.

54. A method according to claim 50, comprising
applying a plurality of different said molecules to said
object.

55. A method according to claim 54, wherein said
different molecules bond to different surfaces or features of

" an ice crystal.

56. A method according to claim 55, wherein one said
surface is an ice spicule.

57. A method acéording to claim 50, further comprising
applying to said object a plurality of ice nucleating bodies.

e 58. A method according to claim 50, wherein said

| object is a solid substance coated with a thin layer of ice,
and said method further comprises spraying said object with an
ice interface dopant having an ice bonding surface and a
hydrophobic surface, said ice bbnding surface being bonded to
said thin layer of.ice, said hydrophobic surface being exposed
to an environment, and said hydrophobic surface being resistant
to further ice accretion.

59. A method according to claim 29, wheérein said step

of applying is carried out by a method selected from the group

consisting of coating, mixing, and spraying. REPLACI%%ENT‘SHEET-
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32 hexagon, for exanpl e when |t converts. fromthe
to the "hoat" gforn ..k} il degree of U§ %zj &Mrgfn
built-into the m)l«kcﬂﬂ% Egm‘b‘gﬁp 7 (IBZ) reat er,

esis, but i \lP(E&/ asé,ﬁﬁgy\bythe

often be desirablelfor e%%b Abg

principle of . structural cont roI . Conprom ses bet ween rigidity
and functi 60.can nethdd eacteiitighgoupainhe0 ) ecpthg Mg cdating the
1D and the costs and practicality of synthesis. - Fi gure 8

i |l ustrat evrfacensf derslid sbgelcér with smidemdleculeglB3) that conbines | ess
el aborate struct ural " control of one |ocked oxygen Wi th
rotational ly 1. pehninethed afceprabiig diP t%lealgarﬁorofcoalpgré@éng eiyiad.

The struct

t ft nmenb d
pair of SBF'Hdg%°Ig§pag%‘}s1r€llrlg(ogﬁﬂnfr1}5et’6bt FSﬁale{%e/tﬁfeéaﬁ%rrp????%% %%%ugﬁﬁng t he

three c at formthe third, oxygen-free ring which helps to
establlg Q? 8ﬁ°?%#¢ty of | B3. As shomn t he bondi ng density is one -
bond per 84 da' E20Ss, AaﬂQtH\bé hatbSrdiHL & o clalﬁﬁrs@on wiiglre %ho'éa‘i@%@nbe one
bond per 63 daltons. 20 oxygen-oxygen separatlon I stance 1's 4.55

angstromatural by syntnédu:l Qe NMfaee Cdogdht Cradlévuledf hgredmakedi gi dly
with a product before packaging of the product.
63. A method according to claim 50, wherein said
object is a cryoprotective solution.
64. A method of bonding an object to ice comprising:
incoiporating into said object ice recognition
molecules that adhere by hydrogen bonding to ice; and

contacting said object.to ice.
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. _ . . #Henpep cor y
| i nked fogether at proper spacings and angles so as to summat e bonds

over: several |B3 nmononers for greater overall bonding stability. 25

Fi gur sents a second enbodi nent of the conc trated in
Fi gur gwg 98&@2? Again, a steered orbital can al |§‘E{’\§\ns%6ﬁh&l§
rotationally free orbital to produge a very local lattice natch The
sti ppl ed oxygens are separated by 4.41 angstrons. REP & ﬁ *ﬁ‘m
density 30 i s about one bond per 77 daltons. | B4 nononghs L LN Dt

| i nked as needed to summat e bRO¥s: o¥eEr - CENTRGILYRIOMEr s as for |B3.

Figure 10 represents thecuEQULES! ANDJTHEIR appPnicaTIONGt er |n]l ez @ (gAY by
retains the famliar hexagonal plate 35 structure of nrcroscoplcally

visible ice growing in solution. Water nol ecul es fijt Tmothe
lattice 100 at random orientations. Thus, on the basall plane 101, the

verti cal bonds extending cRdthands r oiNoSt

Ice formation is damaging to living systems and

5 food products and may be a nuisance and a hazard to human
beings who must cope with snow and ice in their
environment. The field of the present invention is the
provision of processes for the preparation of specific
chemical agents, referred to herein as ice interface

10 dopants (IID), that will effectively reduce ice formation
and make ice that does form innocuous to living systems
and foodstuffs and less troublesome and hazardous to
humans and machinery in the environment.

Referring to Figure 1, ice crystallizeé in the

15 shape of a hexagonal plate 10. A plane defined by the a
axis 12 and the b axis 14 (which is crystallographically
identical to the a axis) and perpendicular to the c¢ axis
16 defines a hexagonal cross section called the basal
plane 18. The six faces of the hexagon are called prism

20 faces 20. Crystallographically, the basal plane 18 is
referred to as the 0001 surface, and the prism face is
referred to as the 1100 surface or the 1120 surface
depending on the orientation.

Figures 2A-2D show that the units of the crystal that give

25 rise to this macroscopic structure are also hexagonal. In Figure 2A,
following common usage, only the oxygen atams are represented.
Stippling indicates oxygens projecting out of the plane of the sheet.
The hydrogen atoms lie along the straight lines shown bonding each

oxygen atom to its four nearest neighbors.

30 Figure 2A shows the basal plane 0001 surface as
geen from above. within each hexagon, three vertices
project upward (or forward), and the three intervening
vertices project downward (or backward). The upward
vertices are separated by 4.5 A & .02 A and are located at

35  a 60° angle with respect to each other. Their fourth
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to hexagon, the 5 distribution of vefjtical bonds can vgry randomy.
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specific |
bi ndi ng si

the sol uti

necessary,
toxicity.
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ected,for 15. si licit
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ri pening,
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|1 Ds can exanp prev zen su

veget abl esbehavior of ice and of water. Antifreeze glycoproteins
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15

20

25

30

35

(AFGPs) and antifreeze proteins or antifreeze peptides
(AFPs) produced by several species of fish are believed to
adsorb preferentially to the prism face 20 of ice and thus
to inhibit ice crystal growth perpendicular to the prism
face, i.e, in the direction extending along the basal
plane 18 and along the a and b axes 12 and 14.

This capability is sufficient to permit certain
fish to live their entire lives at a body temperature
about 1°C below the thermodynamic freezing point of the
fishes’ body fluids. These fish can ingest and contact
ice <crystals that might otherwise provide crystal
nucleation sites without being invaded by the growth of

.ice through their supercooled tissues because the AFGPs

present in their tissues and body fluids block ice growth
despite the pfésence of supercooiing. Insect antifreeze
or “thermal hysteresis" proteins (THPs) are even more
effective, being active at supercooling levels of 2°C or
more below the thermodynamic freezing point.

The natural “antifreeze'“ or “thermal hysteresis"
proteins found in polar fish and certain terrestrial
insects are believed to adsorb to ice by lattice matching
(Davies and Hew, FASEB J., 4:; 2460-2468, 1990) or by
dipolar interactions along <certain axes (Yang, Sax,
Chakrabartty and Hew, Nature, 333:232-237, 1988).

Antifreeze glycoproteins (AFGPs) and antifreeze
proteins or antifreeze peptides (AFPs) found in certain
organisms provide natural *“proofs of principle“. for the
concept of novel man-made IIDs. However, natural ice
interface doping proteins are not sufficiently active or

A
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prevent ed fmetrhbdsezxfhgppapaninagnumw and optimal protein and non-protein
structures for inhibiting ice ecrystal formation without regard to
existing natural antifreeze proteins or glycoproteins.

10 The dopant molecules of the present invention can
be prepared to adsorb to each surface facet ice presents.
Dopant molecules can be prepared to act cooperétively by
providing binding sites for other dopant molecules along
the edges of the molecule. The invention provides

15 processes for the preparation of molecules that can
effectively adsorb to an ice lattice or another ice,
nucleating surface to preclude ice crystal growth at these
ice nucleating surfaces. '

The present invention also provides methods for

20 inhibiting the growth of ice in and on various objects,
for example, aircraft wings, footwear, pathways,
foodstuffs, plants, windows, cables, transplantable tissue
including blood tissues, and other objects where control
of ice growth is beneficial.

25 A process embodied in the invention includes a
process for'preparing an ice interface dopant comprising
determining at least one .distance -between a
plurality of ice crystal template hydrogen bonding sites
on a body capable of nucleating an ice crystal and

30 synthesizing a dopant molecule having a plurality of
dopant hydrogen bonding sites spaced at such a distance as
to be capable of associating with said ice nucleating body
hydrogen bonding sites.

Embodiments also include determinig said distance

35 by binding at least one polymer to at least one of said
ice nucleating body hydrogen bonding sites, and said at
least one polymer comprising a polynucleotide and said
polynucleotide is capable of being amplified.
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BRIEF DESCRIPTION OF THE DRAWINGS

10 Figure 1A shows the macroscopic prism structure of

an ice crystal, including the surface'arrangement of the
basal plane and the prism faces.

Figure 1B shows an ice spicule formation in the’
presence of a and b axis inhibitors.

15 Figures-2a-2D .show . the dlattice structure of the
basal blane 0001 (Fig. 2A) and the prism faces (Figs:. -2B-2D)
of an ice crystal. ' |

Figure 3 depicts techniques for maximization of
lattice matching using branched or ringed structures that

20 minimize or preclude nucleation tendency.

Figure 4 shows an adaptable dopant molecule with
hydrogen bonding sites for bonding to an ice nucleating
body. '

Figures 5A-5C show three views of an ice lattice

25 structure with a dopant molecule attached. Figure 5A
presents a view looking down the prism axis of ‘an ice
crystal; Figure 5B shows the compléx rotated to clearly show
hydrogen bonding between the ice and dopant molecule; and
Figure 5C shows the dopant with only the water molecules of

30 the ice lattice structure that bond to the dopant.
Figure 6 shows the relationship between the lone

pair electrons of a hydroxyl group and the bonding sites

in ice that exists when the oxygen of the hydroxyl group

is oriented directly above an oxygen atom in ice. _

35 Figure 7 shows the steered orbitals of an
artificial IID (IB2) arranged in such a way that they form

~an almost perfect match to the hydrogens of the basal

plane of ice.
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The IID should be designed to prevent self-

10 assembly at its ice-bonding side, and preferably also at

its complémentary side facing away from the ice front.

Self assembly on the former side will block the

functional, i.e. ice inhibiting, sites on the molecules,

while association of the non-ice-bonding sides of the

15 molecule may orient too many molecules away from the ice

face. Intentional steric hindrance and care in,

positioning polar groups can prevent unwanted self-
association.

Naturally occurring molecules, such as simple

20 sugars, polysaccharides and arabinoxylans that contain

relatively large numbers of hydrophilic groups, have been

found to produce weak thermal hysteresis. Known AFGPs

that act as natural IIDs consist of disaccharides linked

_ to a polypeptide chain (often comprising several Ala-Ala-

25 Thr repeats). In the same way, synthetic IIDs can be

produced or synthesized that comprise, for example,

saccharides or polysaccharides linked to a carbon polymer

backbone, such as that found ip polyvinyl alcohol (PVA).

In this example, synthesis may be achieved by production

30 of monomer units with saccharide side chains which are

then polymerized, or by reaction of saccharide units with

a preformed polymer backbone. Optimal distances between

functional units can be achieved by controlling, in each

monomer unit, the number of carbon atom units that

35 possesses condensation sites for the sadcharide side

chains. For example, C-C-OH, C-C-C-OH or C-C-C-C-0OH

_repeats would space side chains by 1, 2 or 3 carbon atoms,

respectively. Not all possible saccharide acceptor sites
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Examples of these methods include free radical initiation,

PN

anionic and cationic polymerization, and catalysis. If
10 the monomeric species contain reactive groups such as
sulfhydryl groups, polymerization can be brought about by
using mild oxidizing conditions such as those mentioned
above, including, for example, exposure of monomers to
atmospheric oxyégn after spraying. A modular polymer is
15 described in the examples and shown in Figures 4 and 5A-5C.
c. Molecular shape. At least some natural AFPs
are linear polymers, and at least one appears to lie on or
in the crystal as a linear rod (Yang et al., Nature, 333:
232-237, 1988; Chou, J. Mol. Bjol., 223:509-517, 1992.)
20 Iin terms of minimizing the number of atoms needed to
attain a given number of hydrogen bonds to ice, however,
this arrangement is less preferred than a branched
structure, because it bypasses potenhial bonding sites.
As shéwn in Figure 3, a more preferred approach to
25 achieving tight binding to the forward or upward vertices
of ice (other vertices omitted in the Figure), for
example, with minimum mass investment is to permit
lateral binding, not merely linear binding along a one-
dimensional axis, i.e., to design structures 31 that can
30 bind the nearest binding sites, not just binding sites
that happen to lie along a particular straight line. This
can be achieved by using molecularly branched structures
(such as rods with flexibly extending periodic "arms" such
as "I" or "W" or "Y" or "X" shaped molecules),
3S cyclic structures, or combinations and variations of
these forms. '
IIDs preferably include steric hindrance features
("bumps* or “standoffs") to avoid or limit self-assembly
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complementary surface, such as that of an ice crystal.

g. Orbital Steering. An even more rigorous
process for defining a structure of IIDs is the concept of
orbital steering. Orbital steering relates to designing

10 bonds into the IID molecule so that lone pair electron
orbitals are forced into definite positions. The usual
paradigm of matching oxygens or nitrogens in an AFP with
oxygens in ice neglects the fact that a) it may be
hydrogen in ice rather than oxygen that is actually being

15 bound, and b) both hydrogen and lone pair electrons of
oxygen in ice are located at a 104.5° angle with respect
to each other.

Figure 6 shows one possible effect of matching
oxygen positions in a molecule with oxygens in ice lattice

20 sites as has been commonly related in the literature to be
an ideal strategy for ice bonding. The example shown uses
the basal plane as the bonding surface for the IID. The
oxygen positions 62 and 64 are superimposable, but the

_ bonding is weakened by failure of the orbitals in ice 62

25 to align properly with the orbitals of the binding
molecule 64 to permit hydrogen bonding. "Orbital
steering® provides an exact orbital orientation which
should be more effective for binding to the ice lattice
than just a local electron density increase designed into

30 "non-orbitally steered" IID molecules.

Similar problems are found in natural AFPs.
Orbitals are not aligned properly for proper hydrogen
bonding. Despite this, natural AFPs are effective, but
are not as effective as artificial IIDs that can be

35 designed to achieve precise orbital alignment.

A preferred means to accomplish orbital steering
is to incorporate the bonding atom into a ring structure
analogous to the way in which oxygen is incorporated into
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5 A generic IID. As noted above, the 37-amino acid
flounder antifreeze protein forms as few as one hydrogen
bond per eleven amino acid residues, or a ratio of one
bond per 819 daltons or so of AFP. Figure 4 shows a
synthetic IID (IB1) (Structure 4) designed to have one
10 bond per 75 daltons of IID. This IID was constructed and
dimensions were determined using HyperChem, a
computational chemistry software package that typifies
software available to facilitate the preparation of novel
IIDs given the principles described here. In this
15 structure, the large open circles represent carbon atoms,
densely stippled circles- represent oxygen atoms that bond

to ice, and small open circles represent hydrogen atoms.

Bonding sites are represented by the oxygen atoms

41-43 and 45-47. Structure 3 consists of three monomer

20 ;ings 101, 102 and 103 that act as a supermodule that is
repeated once. The spacing of oxygens- across the width of

the strip.is precisely 4.50 A (oxygens 41 to 42 and 45 to

46), and the nearest oxygen spacing along one edge of the
strip is 4.55 A, a negligible difference from the 4.52 A

25 spacing of ice oxygens. Furthermore, the spacing between
oxygens 41 and 45, and between oxygens 42 and 46, is 7.54

A, a close match to the 7.36 A spacing of ice oxkygens.

The spacings across the strip (41 to 42 and 45 to 46) do

not resemble the spacings in sugar molecules observed by

30 DeVries, and the spacings along the strip edges also
resemble no structure ever before contemplated. The
combination of the axial spacings, e.g., oxygen 41 to 43

and 41 to 45, with the lateral spacings, e.g., oxygens 41

to 42, so as to match the triangular site distribution

35 pattern of ice, similarly represents a previously-unknown

structure and motif.
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positioning of polar groups exclusively on one side of the

5 amphiphilic molecule, the wuse of at least moderate
structural rigidity to ensure faithful positioning of
bonding sites, the minimization of IID mass and local
area, and the attainment of considerably more ice bonding
per unit mass than is achieved by natural IIDs. The

10 potential for inserting lateral polar groups for side-to-
side hydrogen bonding into cooperative arrays is also
evident.

In Figures:%A-5C, oxygen atoms in the uppermost
layer of the ice crystal 0001 basal plane surface 18, are

15 shown as densely stippled circles. Densely stippled circles represent
bonded ice lattice sites. In Figures 5A-5C, 51 represents |
structure 3 that has been rotated so as to face the basal
plane surface to permit hydrogen bonding. For orientation
some oxygen atoms of the IID (41, 43, 45) have been J’fdent:i_fied

20 using the same numbering shown in Figure 4. The diagram
discloses that all available sites 30 are in fact bonded
by the IID.

This ice crystal lattice was created using the

_ computational chemistry package, Hypefchem, and all inter-

25 atomic distances and angles represent, as closely as
possible, the published experimental values. The hydroxyl
groups of structure 3 51 are sparsely stippled to
differentiate them from the oxygens and hydrogens of the
ice lattice. Figures Sb and Sc, show structure 3 S1 that

30 has been rotated so as to face the basal plane surface to
permit hydrogen bonding. For orientation some oxygen
atoms of the IID 41, 43, 4S5 have been identified using the
same numbering shown in Figure 4. Figure S5a presents a
view looking down the ¢ axis of an ice crystal, and Figure

3Ss Sb shows the same ice-IID complex rotated to clearly show
the hydrogen bonding between the ice and the IID (the
hydrogen bonds are shown as dashed lines). Figure 5c¢

- shows structure 351 and only the water molecules of the
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side. This figure shows that all available sites 30 are
in fact bonded by the IID.

Figures 5A-5C emphasizes the remarkable coincidence
between the spacing of strategically-located hydroxyls on
a graphitic *“molecular pegboard* backbone and the 4.5 A
and 7.4 A spacing of forward-projecting oxygen atoms of

ice. Of the six oxygen atoms 41-43 and 45-47 (shown as -

the large sparsely. stippled circles'50), all six are directly -
positioned over forward oxygen atoms in the ice lattice
shown as densely stippled circles, and the number of
bonds/dalton for structure 3 is over ten times the number
identified for one antifreeze protein by Chou. 1In fact,
the ability of the IID structure 3 to bond to every single
vertex 30 in its path indicates. that it may represent
structurally an almost ideal IID motif of those that can
be created for the unmodified basal plane.

Structure 3 exemplifies one preferred class of
dopant of the present invention that prevents ice crystal
growth specifically in the direction of the ¢ axis 16.
When used in combination with an agent acting to block
growth in the direction of the basal plane 18, such that
all growth planes would be inhibited rather than only one,
such an -agent should avoid the lethal drawbacks of
freezing cells that attend using only basal plane growth
inhibitors. Furthermore, since growth in the direction of
the ¢ axis 16 ("C growth") is the limiting factor for
supercooling in the presence of agents that adsorb to the
pris'm face 20 (agents that block growth in the a axis
direction, or "A growth"), C growth inhibitors used in
combination with A growth inhibitors should enhance
supercooling considerably over the supercooling achievable
with A growth inhibitors alone.

AFPs plus a c¢ axis selective IID should also
reduce freezing injury by preventing ice crystals from
growing to appreciable sizes during cooling as well as by
preventing ice crystals from coalescing during warming, a
process variously referred to as grain growth,

4.
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bondi ng si#R$chf freezing damages the delicate extracellular

structures present in organized tissues and organs and
5 leads to the failure of these tissues and organs after
thawing. Thus, the invention provides superlative control
of ice crystal size and stability during cooling and
warming, and provides an alternative approach to
vitrification for the cryopreservation of complex systems,

10 achievable with dramatically less technical complexity.

The structure 3 has the further advantage of being
finely adjustable to any desired ice crystal morphology by
virtue of the fact that the graphitic backbone’s
tetrahedral arrangement is clearly capable of follcwing

15 the ice lattice’s tetrahedral arrangement. Carbon
hexagons can be built out from the'“strip-like" structure .
3 shown into the surrounding plane in any manner desired,
similar to patterns shown in Figure 3. (Figure 5A reveals"
that the geometry of the IID 3 is such that it effectively

20 possesses branching character in that Structure 3 most
resembles the "I" shape of Figure 3.) Furthermore, carbon
hexagons can be built upwards or downwards from the parent
plane as well using a similar geometrical construction
perpendicular to the plane. '

25 Evidently, the ability to create an extended
matching pattern between structures like structure 3 and
ice has not heretofore been recognized. DeVries noted one
sugar OH-OH spacing of 4.5 A in isolation in antifreeze
glycoproteins containing the N-acetylgalactosamine residue

30 on a repeating Ala-Ala-Thr structure (DeVries, Comp.
Biochem., 73A:627-640, 1982), but this sugar spacing
resulted from a different,' more limited geometry not
suggestive of artificial IIDs like the IID 3.

Orbitally steered IIDs. Figure 7 shows a molecule

35 with three oxygen atoms bound in such a way so as to
orient the lone pair electrons from each oxygen molecule
into definite positions. A variation of this theme is

shown in Figures 8 and 9 wherein at least one oxygen atom
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conpri ses polynerized carbohydrates. 3§ A—p+atess according to
claim1l1, wherein at least a portion of |said tenplate mat ches a prismface
of an ice i YSlcdked* and one or more of the remaining gen atoms

are positioned to allow their orbitals or bound hydrogens
to rotate into a parallel alignment to that of the locked
oxygen atom.

S This approach combines such "locked* atoms with
atoms that are free to rotate about a single bond but
whose rotating orbitals are capable of assuming positions
that are approximately parallel to and spaced
appropriately from *"steered" orbitals so as to allow

10 bonding to atoms in ice.
Figure 7 represents a prototype orbitally-steered
IID that achieves the  goal of bonding all
three vertices of an ice oxygen hexagon when all such
vertices terminate in a hydrogen atom. The lone pair
15 electrons of the stippled- = oxygens
project directly - downward -from : the .IID and
align with great fidelity with the ice hydrogen atoms,
to form three strong hydrogen bonds. The positions of two
of these orbitals are not freely movable and are
20 therefore correctly aligned for ice bonding at all times.
This arrangement is referred to as "orbital steering" or
more simply as "steering" in this application. The third

oxygen, while free to rotate, is constrained to a
position that allows its orbitals to align with the
25 “steered" orbitals of the locked oxygens during rotation.

This molecule attains a bonding density of approximately
1 bond per 95 daltons, a ratio that compares favorably
with the 1 bond per roughly 422 daltons representing the
optimum bonding density reporte& by Sicheri and Yang (see
30 above). The spacing of the locked oxygens is

4.87 angstroms and the spacipg between each locked oxygen

and the rotationally free oxygen is 4.58 angstroms.
This particular prototype is chosen for this
example also to illustrate the principle of building IIDs
35 that have great structural rigidity to prevent the
molecule from flexing and thereby changing the orientation
_of its ice bonding groups from bonding orientations to

non-bonding orientations, as may happen in a simple
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does structural control built into the molecule shown in Figure

7 (IB2) is greater than will often be desirable for easy .
S synthesis, but vividly illustrates the principle of
structural control. Compromises between rigidity and
function can be made depending upon the requirements of
the IID and the costs and practicality of synthesis.
Figure 8 illustrates a considerably simpler
10 molecule - . (IB3) that combines less elaborate structural
contrcl of one locked oxygen with rotationally
permitted alignment on the part of a second oxygen,
The structure, consisting of three S-membered rings
sharing a common pair of bridge carbons. could
15 optionally be simplified by deleting the three carbons -
that form the third, oxygen-free ring - which helps to.
establish the chirality of IB3. As shown, the bonding.
density is one bond per 84 daltons, and with the three
carbon deletion would be one bond per 63 daltons. The
20 oxygen-oxygen separation distance is 4.55 angstroms. In
addition, molecules of IB3 can be tethered or rigidly
linked together at proper spacings and angles so as to
summate bonds over several IB3 monomers for greater
overall bonding stability. ’

‘25 Figure 9 represents a second embodiment of the
concepts illustrated in Figure 8 (IB4). Again, a steered
orbital can align with a rotationally free orbital

to produce a very local lattice match. The sktippled oxygens
.. {. are separated by 4.41 angstroms. The bonding density

30 is about one bond per 77 daltons. IB4 monomers can be
linked as needed to summate bonds over several monomers as
for IB3. .

Figure 10 represents the simplest aggregation of

water molecules that retains the familiar hexagonal plate

35 structure of macroscopically visible ice growing in
solution. Water molecules fit into the lattice 100 at

- random orientations. Thus, on the basal plane 101, the
vertical bonds extending upward from the three uppermost



not associate substantially with a preferentially non-ice
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substanH HH"I ”ﬂmﬁl f anot her said dopant nol ecul e.
process im 3, wherein said tenplate is a table nol ecul e

havi ng a hydroge bdnd”* di spersal patterggthat elicits an ijmu
and that is simlar to a hydrogen bond dispersal pattern floynd

N2 U RAPIYS

on at Peas

one surface of ice. 14. A process according to cl gim
said dopaRHATOIScOCLAIMBDPI$ses at | east one hydrogen bondi

1, wheretrn
site fixedly

positioned in said dopant nolecule to point a fixed |one pair

el ectron

orbital or a hydroden ah gxecese doystpaleparing an ice interface dopant,

comprising:

(1) selecting an ice nucleating substance on the

basis of its ability to nucleate ice, as a template;

(2) selecting a non-protein dopant molecule on

the basis of its capability of associating with said
and

(3) synthesizing said dopant molecule;

template;

whereby said dopant molecule inhibits ice crystal growth.

2. A process according to claim 1, wherein the dopant

molecule is selected in step (2) by:

(a) determining at least one distance
plurality of ice crystal hydrogen bonding sites
template; and

(b) selecting a dopant molecule having

between a

on said

at least

two dopant hydrogen bonding sites with such a relationship to
said distance as to be capable of associating simultaneously
with at least two said hydrogen bonding sites on said template.
3. A process for preparing an ice interface dopant,
comprising:
" (1) selecting an ice nucleating substance on the
basis of its ability to nuqleate ice, as a template;
(2) immunizing an animal with said template to
produce ice interface dopant antibodies that bond to said
template; and

{3) collecting said antibodies;
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tenpl at e hydrogen bonding site when said dopant nolecule is

t enpl at process according to claim 14, whefe{n said

dopant- imuljlmlu"mr"mm onprises at | east one second dopan 2 O MAY 1998
hydr'ogén bonlliny site, said second gsjte having a rotat@ble |one pair

eI ectron orbital or hydrogen bond-form ng atom sal d
able to rotate to point the rotatable |one

secon

site belng

whereby said dopant antibodies inhibit ice crystal growth.

4.
comprising:

(1)

basis of its ability to nucleate ice, as a template;

(2)

A process for preparing an ice interface dopant,
selecting an ice nucleating substance on the

creating by combinatorial chemical synthesis

a pool of molecules containing at least one dopant molecule

capable of associating with said template; and

(3) screening said pool of molecules to
said at least one dopant molecule;
whereby said at least one dopant molecule inhibits ice
growth.

5. A process according to claim 1, wherein at
portion of said template matches a basal plane of
crystal.

6.

collect

crystal

least a

an ice

A process according to claim 1, wherein the dopant

molecule comprises carbon atoms with attached hydrogen bonding

groups physically complementary to hydrogen bonding sites of

said ice nucleating substance.

7. A process according to claim 1 or

the dopant comprises polymerized nucleic acids.
8. A process according to claim 1 or
the dopant comprises polymerized carbohydrates.
9. A process according to claim 1,
portion of said template matches

crystal.

claim 4,

claim 4,

wherein at

a prism face of

wherein

wherein

least a

an ice




crystal -t bondlng site when said dopant noljecqul e i s bound
to said terpla A process according to claim 3, gmpmgyn@og
said ice crystal tenplate bondlng sitesagonprise a conblnathn sel ect ed
from the group consisting of (i) three oxygens, (ii)l Twor—oxygens
and one hydrogen, (iii) one oxygen and two hydrogens and (iv) three

hydr ogens. 10L7. PA PpPEEESs ACCUSHRA NGO CLA m&aﬂﬁher&',n Sf{éiitﬁér

| east one distance is selected fromthe group consisting of 4.5 0.4
[err], 6.3 céhpkilsdmig:, 7.3 0.5 [err] and 16.7 + 0.5 [err] or integer
nultiples t her eof .

pair el ec mm!,rm@ r t he hydrogen bond-formng atomto R@Mﬁ B SHEET

(4) bonding a plurality of said dopant moiequles
together at edges of said dopant molecules. .

11. A process according to claim 2, wherein step (3)
comprises synthesizing " said dopant molecule with a
preferentiél;y ice nucleating substance bonding side that
contains said dopant hydrogen bonding sites and a
preferentially non-ice nucleating substance bonding side.

12. A process according to claim 11, wherein said
préferentially non-ice nucleating substance bonding side does
not associate substantially with a preferentially non-ice
nucleating substance bonding side of another said dopant
molecule.

13. A process according to claim 3, wherein said
template is a stable molecule having a hydrogen bond dispersal
pattern that elicits an immune response and that is similar to
a hydrogen bond dispersal pattern found on at least one surface
of ice. .

14. A process according to claim 1, wherein said
dopant molecule comprises at least one hydrogen bonding site
fixedly positioned in said dopant molecule to point a fixed
lone pair electron orbital or a hydrogen at one ice crystal
template hydrogen bonding site when said dopant molecile is
bound to said template.

15. A process according to claim 14, wherein said

- dopant molecule further comprises at least one second dopant
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rocess according to claim 1, further co r+shhg-

(4) scre Hﬂ ﬂ nol ecule for its ability to inhijbijft ice crystal
grow hs " , r@ ps (2) through (4) as needed to dbtlai 8 LMASEHE
mol ecul e t hat pro uces a desired degreeaqf ice crystal grgwth_inhibition.
19. A process according to claim4, wherein said dopant | ecul e conpri ses

a pol ypeptide, and ~ step (2) of said process Cerprises:
synt hesi zi rigydrquany pepididg edtbd) nshdd i SécdidrsAte ha¥idg a rotatable lone

G LR .

pair electron orbital or hydrogen bond-forming atom, said
second site being able to rotate to point the rotatable lone
pair electron orbital or the hydrogen bond-forming atom to a
second ice crystal template hydrogen bonding site when said
dopant molecule is bound to said template.

16. A process according to c;I.aim 2, wherein said ice
crYstal template bonding sites comprise a combination selected
from the group cbnsisting of (i) three oxygens, (ii) two
. oxygens and one hydrogen, (iii) one oxygen and two hydrogens
and.(iv) three hydrogens.

17. A process accorciing to claim 2, wherein said at
least one distance is selected from the group consisting of 4.5
+ 0.4 A, 6.3}: 0.4 &, 7.3 + 0.5 A and 16.7 + 0.5 A or integer
multiples thereof.

18. A process according to claim 1, further
comprising:

(4) screening said . dopant molecule for its ability
to inhibit ice crystal growth, and repeating steps (2) through
(4) as needed to obtain a dopant molecule that produces a
desired degree of ice crystal growth inhibition.

19. A process according to claim 4, wherein said
dopant molecule comprises a polypeptide, and

step (2) of said process comprises:

synthesizing a polypeptide combinatorial library;

and
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40 . encodi ng said conbinatorial library with & ’mjf\ﬁCﬁ T SHEET
I den pepti de; and step (3) of|said process
corrpmljulml" HHHIIIHH! adhering pol ypeptides fromsaid |ibrar\2tMAYCE9:Bn
a sol uti oh;L oS segregating theioi ce and adhered pol ypeptides fro
t he sol ution;- rel easi ng the "adhered pol ypepti dges from the ice;

encoding said combinatorial library with a code
identifying each polypeptide; and |

step (3) of said process comprises:

adhering polypeptides from said library to ice in
a solution; |

segregating'the ice and adhered polypeptides from
the solution; .

releasing the adhered polypeptides from the ice;
and decoding the code to identify the adhered polypeptides.

20. A process according to claim 3, further
'”zomprising:

(4) screening said qollected antibodies - for their
ability to inhibit ice crystal growth, and repeating steps
(3) through (4) as needed to obtain antibodies that produce a
desired degree of ice crystal growth inhibition.

21. A process for identifying an ice interface dopant,
comprising:

(1) selecting an ice nucleating substance as a
template oh the basis of its ability to nucléate ice; and

(2) selecting a non-protein aopant molecule that
inhibits ice crystal growth on the basis of its capability of
associating with said template and to inhibit ice crystal
growth.

22. A process according to claim 21, wherein the

dopant molecule is selected in step (2) by:
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and d to identify the adhered pol ypeptides]x
proceﬁm“HMt“[Iﬂ“I(nm‘ claim 3, further conprising:

screent ngf sai. dicobfl ected antibodies for their ability to inhi
crystal growh, and repeating steps (B)é&hrough (4) as neg¢ded

anti bodi es that produce a desired degre ice crystal gfo
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0 obtain
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21. A process for identifying an icce interface dopant, conprising:

(1) selecting an ice nuq igt hQQaEHPﬁr?&‘CQtaierft %ﬂB' Wi AL ARl A

its ability to nucl eate
dopant '““‘%&df%1&%§t of ice crystal hydrogen bonding sites on said

template; and

(b) selecting a dopant molecule having a

‘plurality of dopant hydrogen bonding sites with such- a

relationship to said distance as to be capable of associating
with said hydrogen bonding sites on said template. |
23. A synthetic, nonfprotein ice interface dopant
molecule for use .in preventing or slowing the growth of ice
crystals, comprising:
an ice nucleating substance non-preferential 'side
and an ice nucleating substance preferential side, wherein said
non-preferential side does not preferentially bind to an ice
nucleating substance relative to said preferential side and
said preferential side is opposite the non-preferential side
and is capable of binding to an ice nucleating substance;
at least two hydrbgen- bonding sites on the
preferential side, said hydrogen bonding sites being capable of
hydrogen bonding simultaneously to at least one surface of an
ice nucleating substance;
wherein the molecule inhibits growth of ice
crystals.
24. An ice interface dopant molecule comprising an
antibody that inhibits gréwth of ice crystals. |
25. A molecule according to claim 23, wherein a

molecular mass of said molecule is about 1000 daltons or less.

Iecting a non-protein



I nhi rowth on the basis of its capabiIityIwij’:z}s@gﬂg«ﬁsJ ﬂ
wthjmrwmgﬂ to inhibit ice crystal growh. 22. A
pr-oc Iain121, wherein the dopant noleculg 'szqghggtﬁdgir
step (2) by: 42 41 ©(a)
determ ning at | east one di stance between a pl ural [ ty of Te Trystat
hydrogen bonding sites on said

T

. 26. A molecule according to claim 23, whergin a
molecular mass of said molecule is about 500 daltons or less.

27. A molecule according to claim 23, wherein said
molecule is a polymer having .a linear, branched or éy&lic
structure. -

28. A molecule according to claim'23, wherein said

molecule has a structure selected from the group consisting of:
CH3 (CHOH (CHz) 3CHOH (CHz) 3 CHOH (CH,) 3) nCH3,

CH3; (CHOHCH.CH,CHOHCH2CH2) nCH3,
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(b) selecting a dopant mT) ],tég_.f EM] _h.éxmﬁbﬁ
nB mE ILm H)IMHHmnt hydrogen bonding sites with such- a |re¢lationship to
sai

be capabl e of associating wth said hyfir pgéhChAMg93

si.tes on said tenpl ate. 23. A sygghetic, non-protefnlice interface
dopant nol ecule for use in preventing or slowing the gromh of ice
crystals, conprising: an i ce nucl eating subst ahce—

non-preferential side. and mlecndenundaaiding stbsicaain @R ewhekedh Y4

wherein said non-preferential side does not preferentially bind to an ice

nucl eati ng swhspaaferertidl veide deesd poef er;gntlifabaﬁt]jy asfociate with a
non-preferential side of another said molecule.

30. A molecule according to claim 23, wherein said
preferential side does not asspciate with a preferential side
of another said molecule.

31. A molecule according to. claim 23, wherein said
moleculé further comprises edges that associate with edgeé of
another said mélecule without eliminating #he ability of either
said molecule to inhibit growth of ice.

32. A molecule according_to claim 23, wherein at least
one hydrogen bonding site of said at least two hydrogen bonding
sites has a lone pair electron orbital pointing directly at an
ice nucleating body hydrogen bonding site when said dopant
molecule is bonded to an ice nucleating substance.

33. A synthetic ice interface dopant molecule produéed _
according to the process of claim 1.

34. A synthetic ice interface dopant molecule produced
according to the process of ciaim 1, at least one said dopant
bonding site involying a hydrogen bond with a nitrogen atom or
a hydrogen associated with a nitrogen atom.

35. BAn ice interface dopant produced according to the
process of claim 3.

36. An ice interface dopant produced according to the
process of claim 4.

37. An ice interface dopant according to claim 36,

- wherein the dopant comprises polymerized nucleic acids.



said preferenti al
capabl e
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side is opposite the non-preferential sideEer$§E¥”““ Ks
H“Jmmnmll ‘H ‘I ce nucl eating substance; at | east

tes on -the preferential side, sajd h2dspgiynisss

two hyd

bondi ng si't e$ belng capabl e of hydrogen pgndi ng sinultaneously to at |east
one surface of an ice nucleating substance; wherern the

nol ecul e inhibits growth of ice crystals. 24 An icg interface
dopant ol ecul.e Comre' Si B9 Rdkhct bPOdWHBat i hghiddidwEndr Spt R el Effstals,
crystal s. . A nolecule according to Claim 23, wherein a ™

nol ecul ar n%%lﬁlsiﬁbd SARUISihg akput s40Paktad 1 0B OloPiRETL  requiring

inhibition of growth of ice crystals, and applying to said
substance or object a plurality of non-protein ice interface
dopant molecules in an amount effectivé for inhibiting ice
crystal growth on or in said substance or objéct.

39. A method of inhibiting growth of ice crystals,

~

comprising identifying a substance or object requiring

inhibition of growth of ice crystais, and applying to said
substance or object a plurality of ice interface dopant
antibodies in an amount effective for inhibiting ice crystal
growth on or in said substance or object.

40. A method according to claim 38, wherein the dopant
molecules comprise poiymerized nucleic acids.

41. A method according to claim 38 or 39, wherein said

object is selected from the group consisting of an ice crystal'

whose growth is to be prevented, a food product, a living
plant, a vehicle surface, a road surface, a shoe, a walkway, a
light transmitter, and a utility line.

42. A method according to claim 38 or 39, wherein said
object is a manufactured snow crystal.

43. A method according to claim 38 or 39, wherein said
substance or object is an organ, body fluid or other body
tissue that is to be cooled for cryopreservation.

44. A method according to claim 38, comprising
applying a plurality of different said molecules to said

'~ substance or object.




42 . ~ 26. A molecule according to claim 23, mhere@&ﬁ¥J“3?%FFq‘SqErT
mol-ecul ar ecul e is about 500 daltons or |egs.

27F. A nol &mﬂlmmﬂmmlo claim 23, wherein said mollequl ¢ g AR 199

pol ynmer havin§ a‘li‘hedr, *branched or cyclgec - structure. %8

A nol ecul'e according to claim 23, wherein said ~ nol eculfe tras—=

structure selected fromthe group consisting of:

45. A method according to claim 44, wherein said

different molecules bond to different surfaces or features of

an ice crystal.

46. A method according. to claim 38 or 39, further
comprising applying to said substance or object a plurality of
ice nucleating bodies. |

47. A method according to claim 38 or 39, wherein said
object is a solid coated with a thin layer of ice, and said

method further comprises spraying said object with an ice

.interface dopant having an ice bonding surface and a

substantially hydrophobic surface, said ice bonding surface
being bondea to said thin layer of ice, said substantially
hydrophobic surface being exposed to an environment, and said
substantially hydrophobic surface being resistant to further
ice accretion. |

48. A method according to claim 38 or 39, comprising
mixing éaid ice interface ddpant with a product.

49. A method according to claim 38 or 39, wherein said
substance'is a cryoprotective solution.

50. A method of bonding an object to ice comprising:

incorporating into or onto said object ice

recogﬁition molecules that adhere by hydrogen bonding to ice:;
and

contacting said object to ice.
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30. *A mol ecul e according to claim23, wherein said preferential side does

not-. associate with a preferential side of another said nol getie: '
31. A nplecule according to claim23, wherein said nol ecul ¢REPLAGEYENT SHEET
conprises edges that associate with edges of another said eculre W thout
elimnating the ability of either sap | ecule to inhibitjgto .
32. A nol ecul e according to clain123,-€%£?ein at least one h‘dﬁ%ggﬁ&Y 158
bonding site of said at | east two hydrogen bonding sites hasbt“a—tore—pats
el ectron orbital pointing directly at an ice nucleating body hydrogen

bondi ng site when said dopant nolecule is bonded to an ice nuclreating
subst ance.

FIG.2A



33. A synthetic ice interface dopant nol ecul e produced according to the

process Of-claim 1. 34. A synthetic ice interface dggﬁgygggﬁﬁﬁnﬂgﬁﬁﬁr_
r

produced according to the process of claiml1l, at |east one

bondi ng site involving a hydrogen bond with a nitrogen atompr| a hédrogen
associated with a nitrogen atom 3,113 An ice interface d@phHAY 1998
produced according to the process of c{é|n13. : 36. ice

i nterface dopant produced according to the process of clai
37. An ice interface dopant according to claim36, wherein
conprises pol ynerized nucl eic acids.




38. -A nethod of inhibiting growth of ice crystals, conprising

identifying a substance or object requiring inhibitioR G Ve

ice crystals, and applying to said substance or object a pis: A%E'ﬁ" '.‘TcgﬂEET
non-protein ice interface dopant nol ecules in an amount effpe
inhibiting ice crystal growth on or ip,$gid substance or ob
39. A nethod of inhibiting growh of icé crystals, -

tive for
Cl 2 0 MAY 1998
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conprisi-ng identifying a substance or object requiring

i nhi bition

of gromh of ice crystals, and applying to said substance or
plurality of ice interface dopant antibodies in an anount ef
inhibiting ice crystal growh on or in said substance or obj
40. A nethod according to claim 38, Wh%kﬁi‘the dopant nol ed
pol yneri zed nucl ei ¢ aci ds. 41. nmet hod according to
39, wherein said object is selected fromthe group consistin
crystal whose growh is to be prevented, a food product, a

a vehicle surface, a road surface, a shoe, a wal kway, a 1ligh
and a utility line.

FIG.5C
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42. A nethod according to claim38 or 39, wherein said object is a .

manuf act ured snow crystal. 43. A nethod according to

39, wher'ein said substance or object is an organ, body fluid
tissue that is to be cooled for cryopreservati on. 44,
according to claim 38, conprising éiiying a plurality o
said nolecules to said substance or oﬁf : s

45
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45. A méthod according to claim44, wherein said differentymil-eciies ba

to different surfaces or features of an ice crystal. K%zgﬁiﬁﬁ;“' h
according to claim38 or 39, further conprising applying tp paid substance
or object a plurality of ice nucleating bodies. 47. | AnetRd 1998

according to claim38 or 39, wherein sa%% object is a soli¢ ¢oated with a
thin layer of ice, and said nethod fur it conpri ses sprayilng—sard obj ect
with an ice interface dopant having an ice .bonding syrface and. a—
substantially hydrophobi c surface, said ice bonding surface being bonded
to said thin [ayer of ice, said substantially
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hydr ophabi ¢ surface being exposed to an environnent, and sSgk&

subst antial |y hydrophobic surface being resistant to furth*iﬂ&jdéﬁ 4““‘"HLE3
accretion. 48. A nethod according to claim38 or BO{COoNprisrig

m xing said ice interface dopant with a product. 4p.

according to claim 38 or 39, wherein said__substance is a fr yo&rﬁi@?d 9\%
sol ution. 50. A nethod of bondlﬁé in obj ect "to icef corpe-si-Rg:
incorporating into or onto said object ice recognit}]on nDIecuIes

t hat adhere by hydrogen bonding to ice; and comtactT g sar d

object to ice.
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HYDROXYL OXYGEN

GROUP

> ICE

FIG.6



45 . . 45. A nethod according to claim44, wherein sai
nol ecul es bond to different surfaces or features of
46. A nethod according to claim38 or 39, further conprisi
sai d substance or object a plurality of ice nucleating bodi,
47. A nethod according to claim 38 or 38,/1\¥nerei n said

Laarama




object is a solid coated with a thin layer of ice, and sai'Bﬁﬁzﬁp%gﬁﬁﬁfgagﬁT

conpi i ses spraying said object wwth an ice interface dop
ice bonding surface and a substantially hydrophobic syrf

bondi ng surface being bonded to said thin layer of ice, sg ¢ spigsfant19s8 |
hydr ophobi ¢ surface bei ng exposed to agofggironnent, and sdid

ace, said ice

substanti ally hydrophobi c surface bein Istant to furthgr —TCe€
accretion. 48. A nethod according to claim38 or 39, _conprising
m xing said ice interface dopant with a product. 49. A net hod

according to claim38 or 39, wherein said substance is a cryoprotective

sol uti on.
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50. A nethod of bonding an obj ect to ice conpri si ng:
I ncorporating into or onto said object ice recogni A
t hat adhere by hydrogen bonding to ice; and cq

object to ice.
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