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Abstract: The inhibition activities of two antifreeze proteins (AFPs) on the formation of tetrahydrofuran
(THF) clathrate hydrate have been tested. AFPs from fish (WfAFP) and insect (CfAFP) changed the
morphology of growing THF hydrate crystals. Also, both AFPs showed higher activities in inhibiting the
formation THF hydrate than a commercial kinetic inhibitor, poly(vinylpyrrolidone) (PVP). Strikingly, both
AFPs also showed the ability to eliminate the “memory effect” in which the crystallization of hydrate occurs
more quickly after the initial formation. This is the first report of molecules that can inhibit the memory
effect. Since the homogeneous nucleation temperature for THF hydrate was measured to be 237 K, close
to that observed for ice itself, the action of kinetic inhibitors must involve heterogeneous nucleation. On
the basis of our results, we postulate a mechanism for heterogeneous nucleation, the memory effect and
its elimination by antifreeze proteins.

Introduction can bind to embryonic ice crystals and prevent their growth
within a certain temperature range and, consequently, depress
the freezing point of body fluid in a noncolligative manfer.
The inhibition activity has been proposed to derive from the
Kelvin effect induced by the adsorption of AFPs on the ice
surface, and is referred to as the adsorption-inhibition hypoth-

Clathrate hydrates are crystalline, ice-like solids that form
when guest molecules {8 A) are trapped in frameworks
formed by hydrogen-bonded water moleculds the petroleum
industry, natural gas hydrate plugs formed during production,
transportation and processing have long been a serious préblem.>" 7 . o
Some chemicals, like methanol, can shift the hydrate equilibrium €SS’ Several types of AFPs and AFGPs have been identified
conditions such that the operational conditions fall outside the from cold-water fishes, and one group of these, Type | AFPs
hydrate formation region. They are called thermodynamic from winter flounder and sculpin are smaikhelical, Ala-rich
inhibitors. Recently, new groups of chemical inhibitors have Proteins> AFPs with ag-helical, Thr- and Cys-rich structure
been developed that act in a different way. Some’ such as thehave been isolated from inseét%.Theil’ ice grOWth inhibition
“anti-agglomerants”, keep small hydrate particles dispersed asactivity can be up to 100 times higher than that of the fish AFPs
they forn® and other “kinetic inhibitors” retard hydrate forma- on a molar basi&] although it is not yet understood how such
tion to times that are longer than the residence time of the gashigh activity is achieved (but see ref 11). The proposed
in the pipeling Kinetic inhibitors are polymer-based and likely mechanism for AFP activity has led us to question whether AFPs
cause interference with the nucleation and/or the crystal growth can inhibit the formation of clathrate hydrate and this has been
of hydrate. The effective concentrations of these new types of explored by examining the inhibition activity of fish and insect
inhibitors are much lower than those required for thermodynamic AFP on tetrahydrofuran (THF) hydrate and by comparison with

inhibitors. the kinetic inhibitor, poly(N-vinylpyrrolidone) (PVP).
Antifreeze proteins (AFPs) and antifreeze glycoproteins
(AFGPs) are found in certain cold-adapted organidriibey (6) Yeh, Y.: Feeney, R. EChem. Re. 1996 96, 601—618.
(7) Raymond, J. A.; DeVries, A. LProc. Natl. Acad. Sci. U.S.A.977, 74,
T ) ) ) 2581-2593.
Queen’s University. ) (8) Tyshenko, M. G.; Doucet, D.; Davies, P. L.; Walker, V.¥at. Biotechnal
* National Research Council of Canada. 1997 15, 887-890.
(1) Sloan, E. D., JrClathrate Hydrates of Natural Gase&nd ed.; Marcel (9) Graham, L. A.; Liou, Y. C.; Walker, V. K.; Davies, P. INature 1997,
Dekker: New York, 1998. 388 727-728.
(2) Mehta, A. P.; Klomp, U. CProceeding of § International Conference on (10) Walker, V. K.; Kuiper, M. J.; Tyshenko, M. G.; Doucet, D.; Graether, S.
Gas Hydrates2005;4, 1089-1100. P.; Liou, Y. C.; Sykes, B. D.; Jia, Z. C.; Davies, P. L.; Graham, L. A. In
(3) Lederhos, J. P.; Long, J. P.; Sum, A,; Christiansen, R. L.; Sloan, E. D., Jr. Insect Timing: Circadian Rhythmicity to SeasonaliBenlinger, D. L.,
Chem. Eng. Scil996 51 (8), 1221-1229. Giebultowicz, J., Saunders, D. S., Eds.; Elsevier: Amsterdam, 2001; Chapter
(4) Sloan, E. D., Jr. US Patent No. 5,432,292, 1995. 16, pp199-211.
(5) Davies, P. L.; Baardsnes, J.; Kuiper, M. J.; Walker, V. Rfilos. Trans. (11) Wathen, B.; Kuiper, M.; Walker, V. K.; Jia, Z. @. Am. Chem. So2003
R. Soc. London B Biol. S&2002 357, 927-933. 125 729-737.
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Experimental Section 280

1. Materials. Purified fish Type | AFP from winter flounder (WfAFP;
4000 Da) was kindly provided by A/F Protein Canada Inc. An inactive
form of wfAFP with a Leu for Ala substitution at position 17 (A17L) 2784
was chemically synthesized at the Queen’s University Protein Function
Discovery facility. Recombinant AFP from the spruce budworm insect,
Choristoneura fumiferama(CfAFP; 9000 Da) was produced as
previously describetf Cytochrome C (12 000 Da) and bovine serum
albumin (BSA; 67 000 Da) were purchased from Aldrich Inc. (Canada).
Poly(N-vinylpyrrolidone) (PVP-K30, molecular mass-40 000) was
kindly provided by Dr. E. D. Sloan (Colorado School of Mines, Golden,
CO).

Silicone oil AR20 from Fluka (Switzerland) was used for the
emulsion experiments. The surfactant, SP65, was from Sigma (Canada). 272 T T
THF and water of HPLC grade were obtained from Fisher Scientific
(Canada. Figure 1. Typical exothermal peak recorded during the induction time

2. Methods. 21 Preparatlon of THF Hydrate. THF hydra_lte Wa§ mgasureme%/tpfor the THF hde:ate formation from 9']FHFon. Symbols
prepared by using a mixture of THF/water at a molar. ratio of 1:15. includety: the time when the sample reaches the bath temperagurie
Although THF and water form a hydrate at a molar ratio of 1:17 that time when nucleation starts, indicated by a sudden temperature increase;
melts congruently at 277.4 K (1 atm.), preliminary differential scanning tp: the time when the sample attains peak temperature (277.K)the
calorimetry (DSC) measurements (not shown) indicated that a mixture time when the crystallization ends and the temperature drops to the bath
of ice and THF hydrate was usually obtained by cooling a stoichiometric temperature. The induction timg, is defined ag; = t, — to.

(1:17) solution. Therefore, a slight excess of THF (1:15) was used to
ensure that the crystals obtained were pure THF hydrate.

For observation of THF hydrate crystal growth, an apparatus was
constructed according to a published des#fi.A THF-water (1:15
molar ratio) solution was placed inside a glass tube and cooled below
the hydrate melting point (275.5 K). A copper wire, cooled with dry
ice, inserted into a glass pipet, was placed in the tube to initiate hydrate |
formation as a single crystal at the tip of the pipet. The resulting hydrate
crystal was transferred into the THIH.O test solutions (containing
proteins or PVP) and kept at 275.5 K. The time-dependent growth of
the crystal was monitored with a HITACHI video camera (HV-62C)
equipped with an OPTEM macro video zoom lens (18 to 108 mm)
and images were captured with an ATI graphics card (ATI TV Wonder
VE).

2.2. Induction Time Measurement.Induction time was assessed
in an apparatus containing 14 test tubes with a small stirring bar and
3 mL of test solution immersed in a tank containing circulating coolant
at 273.0 or 274.0 K2 The onset of hydrate formation was indicated G i :
by a sudden temperature increase of several degrees in the sample, asigure 2. Morphology of THF hydrate crystal growth: (A) octahedral THF
monitored by thermocouples, connected to a data acquisition boardcrystals (B) platelike THF crystal growth in the presence of 0.05 mM PVP,
(OMEGA DBK52). The induction time is defined as the difference (C) 0.05 mM wfAFP and (D) 0.05 mM CfAFP. The images were captured
between the onset of hydrate formation and the time at which the test 220Ut 5 min after transfer to the testing solution. The length of the bar is

. . 1.3 mm and the platelike crystals that appeared and grew out from original
solution reached the bgth ter_nper_ature (Flgur(_e 1)._ If hyd_rates were not j i -uedral crystal are marked with arrows.
formed after 24 h, the induction time was arbitrarily assigned 24

h. Approximately 50 induction time data points were collected for each anq of 4 glass pipet at 275.5 K and grew into regular octahedra
sample, and the percentage of unfrozen samples vs time was used t((Figure 2A). However, if the crystal, while still small, was
assess inhibition activities. Samples tested included THF solutions andtransferred to a THF ’Solution conta,ining 0.05 mM V\,/fAFP

THF solutions containing cytochrome C, BSA, wfAFP, CfAFP, or PVP. o .
2.3. Homogeneous Nucleation Temperature Measurementhe octahedral crystal growth was inhibited and only platelike crystal

homogeneous nucleation kinetics of THF hydrate were assayed by Dscdrowth was observed (Figure 2C), similar to the growth
on sample solutions (0.2 mg) emulsified in silicone oil as previously ©Observed in PVP-containing solutions (Figure 2B). The hyperac-
described for ice nucleation experimetftsSince THF has some  tive AFP from CfAFP, also showed similar, slow platelike
solubility in silicone oil, sufficient THF was added to give the correct growth (Figure 2D), as seen with wfAFP and PVP. When
THF concentration in emulsified water droplets. The dispersed aqueoushydrate crystals were transferred to THF solutions containing

276

Temperature (K)

274

Time (h)

droplets were cooled at 1.0 K/min. 0.05 mM BSA, the octrahedral crystals could not be distin-
Results and Discussion guished from those grown in THF solutions alone (not shown).
2. Induction Time Measurements.A typical curve for the
1. Morphological Observations of THF Hydrate Crystals. induction time for hydrate formation is shown in Figure 1. In

Single crystals of THF hydrate were successfully grown at the ¢ plot, to is the time when the sample reaches the bath
temperaturet, is the time when the nucleation starts and is

(12) Zeng, H.; Wilson, L. D.; Walker, V. K.; Ripmeester, J. 8an. J. Phys.

2003 81, 17-24. _ indicated by a sudden temperature increaseepresents the
(13) 2"9%"7"%% T Larsen. R.; Knight, C. A Sloan, E. D.ICryst. Gowth - time when the sample attains peak temperatur7¢.0 K);
(14) Michelmore, R. W.; Franks, FCryobiology1981, 19, 163-171. and tce is the time when the crystallization ends and the
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Figure 3. Induction effects of different additives at 0.05 (A), 0.14 (B), and 0.25 mM (C) on the formation of THF hydrate at R3riimber of unfrozen
samples at timé; No: number of unfrozen samples at the starting tilNg i6 about 50 for all the samples)l: THF—H,0; O: WIAFP—THF—H,0; <:
CfAFP—THF—H0; A: PVP-THF-H,0; v: cytochrome G- THF—H,0; Note that CfAFP was only tested at 0.05 mM (A).

temperature drops to the bath temperature. The induction time,change the general conclusions. The known kinetic inhibitor,
t;, is defined as PVP, inhibited hydrate formation as a function of concentration.
At 0.05 mM, PVP did not show inhibition activity to the THF
i=t-1% hydrate formation. After 300 min, more than 90% of the PVP
. . THF—H,0 samples had crystallized (Figure 3A). For PVP at
and was used to compare THF hydrate formation under dn‘ferento_14 mM, 65% of the tubes had crystallized after 300 min
conditions and in different samples as follows. _ (Figure 3B) compared with 90% of the control (THF,O)

2.1. The Effect of Proteins and PVP on the Fo_rmatmn of tubes. PVP at 0.25 mM showed significant inhibition activity
THF Hydrate. The effects of AFPs, control proteins and PVP, - 5 a6t 4096 of the samples remained hydrate-free after 300
on the induction time for hydrate formation at 273 K are shown min (Figure 3C). Strikingly, wiAFP showed stronger inhibition
In Figure 3.\, represents the ngmber.of ;ample§ that had not activity than PVP at every concentration used. For example, at
forr_ned hydrates (assessed by induction tifjeat tlm_et, and 0.14 mM wfAFP, less than 50% of the samples had crystallized
No is the number of samples-0). ThereforeN/No (I.e., the - ¢0 360 min. Although the availability of CfAFP was limited,
uncrystallized fraction) vs. time represents the inhibition activity it also showed strong inhibition activity, with similar induction

of the addmye.. 'TT effect, the slower the curve declines, the times for 0.05 mM CfAFP as seen for 0.14 mM wfAFP (Figure
stronger the inhibition. Most curves could be fit reasonably well . .
3A,B). In contrast, at the same concentration or higher, the

by first-order kinetics once the samples which did not form control protein, cytochrome C, showed no inhibition (Figure
hydrate were accounted for. That is, the fraction of samples P Y ' g

with hydrateNy/Np varied as a function of time as 3B,C). ]
2.2. The Reformation of THF Hydrate: the Memory
N/N, = (1 — A) + Aexp(-tit,) Effect. If the THF solutions were crystallized and then melted

before subjecting the samples to low temperature again, hydrate
where A was the fraction of samples that showed hydrate formation was accelerated, compared to fresh solutions, sug-
formation during the entire observation period (independent of gesting a “memory effect” (Figure 5). The reformation of
lag time,t;). The fitting results are represented in Figure 4 and hydrate was tested when THF solutions were recrystallized at
listed in the Supporting Information. The large error bars for 273.0 K (Figure 5A) or 274.0 K (Figure 5B). These experiments
some of the inhibited samples indicate that first-order kinetics also indicated that the rate of reformation was influenced by
may not be an ideal description of the process but this does notthe temperature at which the melted hydrate was kept prior to
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Figure 4. Fitting results for THF hydrate formation in bulk solution at 273 K. A shows the fraction of samples that showed hydrate formation during the
observation periodd), independent of lag time, and B hydrate formation after the average lagttim®amples: 1: THFH,0; 2: THFH;0, melted (at

279.5 K for 1h before isothermal at 273 K; see text) and FH;O solutions with additives: 3: PVP (0.25 mM); 4: PVP (0.25 mM), melted; 5: PVP (0.05
mM); 6: PVP (0.05 mM), melted; 7. cytochrome C (0.25 mM); 8: cytochrome C (0.25 mM), melted; 9: wfAFP (0.25 mM); 10: wfAFP (0.25 mM), melted;
11. wfAFP (0.05 mM); 12: wfAFP (0.05 mM), melted; 13. CfAFP (0.05 mM); 14: CfAFP (0.05 mM), melted.
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Figure 5. Effect of pretreatment temperature on the induction time of THF hydrate, or the memory effect. (A) isothermal at 273.0 K and (B) isothermal at
274.0 K. Samples werl: melted at 27% K 1 h; +: melted at 2856 K 1 h; x: melted at 28% K 1 h; O: melted at 298.0 K 1h$: melted at 279.5 K
24 h; O: all fresh samples.

recrystallization. Generally, the higher the temperature used forthe same concentration. After 300 min at 273 K and a
melting or the longer the time the sample was held at this concentration of 0.05 mM, 38% of the samples containing
temperature, the slower the reformation, but storage at 279.5 KA17L had crystallized compared to 70% of the tubes contain-
for 24 h or 298.0 K for 1 h, still resulted in faster crystallization ing wfAFP (Figure 7). Indeed, A17L showed an inhibition
than in freshly prepared THF solutions. It is noted that there as strong as that seen with CfAFP (Figures 3 vs 7). How-
was no correlation between induction times within each system; ever, THF hydrate reformed more quickly after a melt indicat-
the first samples to nucleate with freshly prepared solutions wereing that the mutant could not eliminate the memory effect
not likely the first ones to nucleate after the thaw-freeze cycle. (Figure 7).
As well, samples that nucleated after a long lag time, initially, 3. Homogeneous Nucleation of THF Hydrateln an attempt
might nucleate faster when the temperature was lowered againto clarify the inhibition mechanism, nucleation of THF hydrate

There was no effect of PVP or a control protein on the formation was examined in droplets formed by emulsification.
memory effect observed after holding the THF solutions with According to Michelmore and Frankéthe nucleation rate]
these macromolecules at 279.5 K fb h before the samples  (nuclei s'm™3) is expressed by
were transferred to isothermal conditions at 273 K (Figure 6A).
However, the addition of wfAFP or CfAFP to the THF solutions
resulted in a concentration-dependent effect on hydrate reforma-
tion (Figure 6B). At a temperature altdK above the melting
point of THF hydrate (i.e., 279.5 K), 0.25 mM wfAFP
eliminated the memory effect while the presence of 0.05 mM
WFAFP appeared relatively ineffective. In contrast, 0.05 mM
CfAFP showed a strong effect on the reformation of THF
hydrate and approached that of 0.25 mM wfAFP.

2.3. Comparison of wfAFP and the wfAFP A17L Mutant.
An inactive form of wfAFP, A17L, showed an even stronger
ability to inhibit the formation of THF hydrate than wfAFP, at

__1
3=~ In(NNy) 1)

wherev is the average volume of the dropl@lp is the total
number of droplets at time 0, amdlis the number of unfrozen
droplets at timet. In this study, since the average droplet
diameter was 2.@m, a volume of 4x 1078 m3 was used to
calculate nucleation kinetics. The valueNdfNg can be achieved

by using A/A; where A is the integrated peak area from the
starting point of the peak to time(temperaturel), and Ay is

the total peak area, as shown in Figure 8A. Thus, the nucleation
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Figure 6. Effects of different additives (A for control macromolecules and B for wfAFP) on the memory effect in THF hydrate formation. (melted at 279.5
K 1 h before isothermal recrystallization at 273.0 K). Samples i&reTHF—H,O; B: THF—H,O (melted);A PVP (0.25 mM);a: PVP (0.25 mM,
melted); v: cytochrome C (0.25 mM)y: cytochrome C (0.25 mM, melted); left-facing hollow triangle: wfAFP (0.25 mM); left-facing solid triangle:
wfAFP (0.25 mM, melted); right-facing hollow triangle: wfAFP (0.05 mM); right-facing solid triangle: wfAFP (0.05 mM, mekedCfAFP (0.05 mM);

&: CfAFP (0.05 mM, melted)

the THF hydrate melting point (Table 1). It is noted that the
partitioning of THF between THFH,O solution and oil phase
might change as the temperature was changed, but since this
effect is expected to be the same for all the samples, it was not
studied. Although it is a formal possibility that inhibitors could

084

064 ig also change the partition ratio, the additives were present in
Ej Eﬁfﬁs& such low concentrations (0-1L wt %) that it is unlikely.
47 \‘ Despite the interest in gas hydrate inhibition, it is still unclear
. \ \‘\.7. if commercially important kinetic inhibitors are primarily
’ > D\D\D\ hydrate growth inhibitors or nucleation inhibitors. The change
»» > in the morphology of the growing THF hydrate crystals by AFPs
001 ads (Figure 2), which is similar to the effect seen with PVP (ref
] . 500 1200 1600 13; Figure 2B), indicates that both types of macromolecules
time (min) effectively inhibit hydrate growth. Whereas it took less than

Figure 7. Comparison of the effects of WIAFP and A17L on the induction 2 h to form CryStal§ in 90% of the THF solutions, with or with-
time and memory effect in THF hydrate formation (isothermal recrystal- out control proteins, not even 50% of the samples had
:!Zagon att 2277285 o fT‘fS'te_d a;] 2”79-5t*_< 1h| befofrz':iiozgezf?a'l\;ﬁc'lryfstta" crystallized in the presence of 0.25 mM PVP or wfAFP in the
1Ization al . . Lelt-Tacing hollow triangle: wi . mM); lert- . . .
facing solid triangle: wWfAFP (0.25 mM, melted); right-facing hollow same peno_d _(Flgure 3_C_)'_ WIAFP showed Concentrat!on'
triangle: WFAFP (0.05 mM); right-facing solid triangle: wfAFP (0.05 mM,  dependent inhibition activities at all the three concentrations
melted); hollow hexagon: A17L (0.05 mM); solid hexagon: A17L (0.05 tested. In contrast to PVP, which was ineffective as an inhibitor
mM, melted). at 0.05 mM, CfAFP at this low concentration had inhibition
rate,J, can be expressed as a function of reduced temperature,aCt'V't'e.S S! milar to that observed for wiAFP at 0'1.4 mM. These
0, according to results indicate that wfAFP and CfAFP were considerably more

' effective at suppressing hydrate nucleation than the commercial
J=Aexplke,) 2) inhibitor PVP.

AFPs are believed to decrease the growth of ice crystals by

where A and k are constantsgy is function of reduced an adsorption-inhibition mechanism of inhibition. We suggest

temperaturep: 7o = [03(A0)?]7L, with 0 =T/Ty, and A0 = that AFPs can also inhibit hydrate growth by the same
(Tm — N/Tym, where T is the temperature andy, is the mechanism. AFPs are adsorbed onto tiny hydrate crystals or,
equilibrium melting temperature of THF hydrate. A typical curve alternatively, on impurity particles (that are unavoidable in bulk
showing the relationship between the nucleation htandzy solutions) and effectively increase the energy barrier for further

is shown in Figure 8B. There were only minor effects on the growth of the hydrate, or coat the surface of nucleating
homogeneous nucleation of THF hydrate by PVP or the control impurities thus making it difficult for heterogeneous nucleation
protein; the maximum nucleation rate corresponded to a to occur. It is curious that the mutant wfAFP, A17L, with no
temperature of 237 K in each trial (Table 1). However, wfAFP inhibition activity toward ice, was able to inhibit THF hydrate
increased the nucleation temperature (the temperature at whicHormation (Figure 7). It suggests that, unlike the requirements
the nucleation rate reached a maximum value) by about 1 K for ice inhibition, the Ala residue may not be crucial for
while CfAFP tended to weakly inhibit it, as shown by a slight adsorption to hydrates. In this regard, it is interesting to note
decrease in the nucleation temperature. In these small dropletsthat overall A17L was not as effective an inhibitor as wfAFP
evidence of the memory effect seemed to disappear after thesince the mutant did not inhibit the rapid reformation of hydrate
samples were heated for one min to 279.5 Kt @K above demonstrated by the memory effect experiments.

2848 J. AM. CHEM. SOC. = VOL. 128, NO. 9, 2006
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Table 1. Homogeneous Nucleation Data for Hydrate-forming
Solutions?
hydrate type T, (K)® INAMm=3sY)e kd
THF 237.1+0.2 67.2 —0.72
melted at 27% K 1 min 236.5+ 0.6
THF-cyto C (0.25 mM) 237.20.2 70.4 —0.76
THF-PVP (0.25 mM) 237.20.2 68.1 —-0.74
THF-wfAFP (0.25 mM) 238.0: 0.3 57.0 —0.57
THF-CfAFP (0.25 mM) 236.6: 0.2 79.7 —0.90

aData are the average of at least three measurements on independe
samples® T, is the temperature corresponding to the maximum nucleation
rate. The mean droplet volume is taken ax 4.0~ m3. ¢A: constant.
dk: constant.

Hydrate crystallization has a well-recognized “memory” in
that if hydrates crystallize from a solution and are melted, they
can subsequently reform much more rapiiy:18 In pipelines,

Therefore, when AFPs act as inhibitors of primary nucleation,
this must mean that they adsorb to the impurity particle surfaces
thus blocking the nucleating sites on these particles. The memory
effect improved heterogeneous nucleation during hydrate ref-
ormation, therefore must be ascribed to an alteration of the
surface states of the impurity particles that amplifies their
nucleating action. This could occur because of an imprinting
of the surface of the impurities by the growth of a hydrate crystal
on the particle surfaces. For instance, if the impurities are
Ir‘I%ydrated or hydroxylated silicon or iron oxides, a hydrate crystal
may well alter the surface geometry so that when the hydrate
melts, the surface is now a better nucleator of hydrate than it
was during the first nucleation cycle. Contact with the aqueous
solution will allow the surface to relax to its original state, thus
giving the memory effect a finite lifetime which depends both
on temperature and time, as observed. The AFPs can eliminate

this can lead to the troublesome reformation of serious blockagesthe memory effect by adsorbing to the altered particle surfaces,

after plugs have been decomposddduction time measure-

which may well be stronger adsorbers of AFPs than during the

ments on once-melted THF solutions showed that WfAFP (0.25 first nucleation cycle.

mM) and even lower concentrations of CfAFP (0.05 mM) were
effective at suppressing the reformation of hydrates. To our
knowledge, this is the first report of molecules that can eliminate
the memory effect.

The characteristics of the various kinetic inhibitors, e.g., as
modifiers of hydrate growth, as inhibitors of initial hydrate
nucleation or hydrate re-nucleation all can be classified sys-
tematically and suggest that in the future that kinetic inhibitors

The various observations allow us to postulate a mechanismmay be designed according to their specific activity in the
for heterogeneous nucleation, the memory effect, and its different phases of hydrate formation.

elimination by AFPs. Since the homogeneous nucleation tem-

Further work is needed to relate specific structural properties

perature lies far below the temperatures of the various eventsof the AFPs (e.g. the-helix for Wi AFP ands-helix for CfAFP)

we study here, we must conclude that the memory effect tg their effectiveness in inhibiting heterogeneous nucleation or
operates in the realm of heterogeneous nucleation, that is, itgrowth of hydrate. As mentioned before, one can assume that
involves impurities that act as nucleation sites. This observationin general all macromolecules adsorb on surfaces to a certain
eliminates so-called “structural” memory effects, that is those extent, so one must look for differences in adsorption strength
due to residual hydrate structure in solution that persists afteror the type of adsorbed film that is formed. Whether this
melting of the hydraté>1°This would be an intrinsic property,  involves surface matching of the protein structure to the hydrate
hence it should still be observable in the small droplets used crystal planes via a variety of interactions, as has been proposed
for the homogeneous nucleation experiment, where in fact no for ice®>2%is a moot point, as this does not necessarily explain
memory effects were observed (Table 1). the activity of AFPs in inhibiting heterogeneous nucleation, for
instance, by adsorbing to impurity particle surfaces. It is now
known that AFPs also adsorb on caléltand on silic& and
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that they also inhibit the formation of sl hydrafeall very commercial kinetic inhibitor, PVP. Active AFPs also inhibit the
different surfaces, the common factor being that they are faster reformation, or memory effect, of THF hydrate, but an
hydrophilic. These various observations suggest that the actualice-inactive mutant did not, suggesting that some aspects of the
inhibition mechanism for ice and hydrate growth needs to be mechanism of ice growth adsorption-inhibition are shared with
reexamined. Perhaps new insight may be gained from modelingthis hydrate inhibition phenomenon. Whatever the reason,
studies. No matter the actual mechanism, the ability of protein inhibitors based on AFPs are likely to find utility in the
antifreezes to inhibit both hydrate formation and the memory prevention of unscheduled hydrate growth.

effect has important prospects for both utility and safety. We )
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