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ABSTRACT: By binding to ice, antifreeze proteins (AFPs) depress the freezing point of
a solution and inhibit ice recrystallization if freezing does occur. Previous work showed
that the activity of an AFP was incrementally increased by fusing it to another protein.
Even larger increases in activity were achieved by doubling the number of ice-binding sites
by dimerization. Here, we have combined the two strategies by linking multiple outward-
facing AFPs to a dendrimer to significantly increase both the size of the molecule and the
number of ice-binding sites. Using a heterobifunctional cross-linker, we attached between
6 and 11 type III AFPs to a second-generation polyamidoamine (G2-PAMAM)
dendrimer with 16 reactive termini. This heterogeneous sample of dendrimer-linked type
III constructs showed a greater than 4-fold increase in freezing point depression over that
of monomeric type III AFP. This multimerized AFP was particularly effective at ice
recrystallization inhibition activity, likely because it can simultaneously bind multiple ice
surfaces. Additionally, attachment to the dendrimer has afforded the AFP superior
recovery from heat denaturation. Linking AFPs together via polymers can generate novel
reagents for controlling ice growth and recrystallization.

■ INTRODUCTION

Antifreeze proteins (AFPs) are produced by diverse over-
wintering organisms that are intolerant to freezing, such as fish
and terrestrial insects.1 In these animals, AFPs function by
binding to any seed ice crystals that form internally to prevent
their further growth and hence protect the organism from
damage caused by freezing. The surface adsorption of AFPs to
ice depresses the freezing temperature below the melting
temperature, a phenomenon termed thermal hysteresis (TH).
AFPs are also found in organisms, such as plants, that tolerate
freezing.2 Rather than blocking freezing, these AFPs function to
prevent the growth (recrystallization) at high subzero temper-
atures of large ice crystals that would damage the frozen
organism. This ability has led to use of AFPs in the frozen food
industry to preserve product texture and improve storage.3 The
ability of AFPs and their mimic’s to depress the freezing point
of a solution has many possible applications in the health and
biotechnology fields.4−10 Advances in this area might be
achieved by engineering these proteins to increase their freezing
point depression and ice recrystallization inhibition (IRI)
activities.
In tackling this objective, we sought to enhance AFP activity

by attaching multiple copies of the protein onto a dendrimer.11

Poly(amidoamine) (PAMAM) dendrimers are monodisperse,
highly branched polymers suitable as a scaffold to generate
compact protein multimers.12 The attachment of multiple AFPs
together via a dendrimer might also lead to improvements in
solubility and stability.13,14 One reason for anticipating activity

enhancement stemmed from work done with type III AFP
fusion proteins, where the 7 kDa AFP was fused via its N
terminus to the much larger (42 kDa) maltose-binding protein.
This bulky adduct proved that type III AFPs did not need to
self-associate to form patches on the ice surface for antifreeze
activity. Surprisingly, this simple size increase resulted in the
fusion protein having more TH activity than that of the wild-
type protein.15 Subsequently, a series of type III AFP fusion
proteins was analyzed and showed incremental increases in TH
activity with increasing size of the fusion protein.16

Even greater increases in TH activity came from lengthening
the ice-binding site (IBS) of an AFP, either in nature or as a
result of protein engineering.17,18 Engineering increases in IBS
length require structural verification that the changes do not
compromise the flatness, regularity, or functionality of the IBS.
Similar gains in activity have resulted from generating AFP
dimers, trimers, and tetramers that increase the number of IBSs
rather than their length.16,19−22 Here, by attaching multiple
type III AFPs (6−11) to the outer termini of a dendrimer,
termed dendrimer-linked type III AFP or DLTIII, we were able
to enhance both TH and IRI activities. This was particularly
evident at low multimer concentrations. In addition to
increased activity, dendrimer linkage provided the AFP with
enhanced recovery of activity following heat denaturation. The
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combination of increased AFP size and multiple IBSs provides a
novel way to improve both AFP activity and stability. Through
the use of higher-order dendrimers and hyperactive AFPs, this
approach has the potential to lead to even greater increases in
AFP activity.

■ RESULTS

Assessment of Conjugation Reaction between AFP
and Dendrimer. To attach multiple AFPs to the PAMAM
dendrimer (Figure 1A) in a controlled manner, we used a
heterobifunctional linker, SM(PEG)2 (Figure 1B). The SM-
(PEG)2 linker has two reactive groups, N-hydroxysuccinimide
(NHS) and maleimide, separated by a poly(ethylene glycol)
(PEG) cross-bridge. The NHS-ester reacts specifically with
primary amines, such as those of the dendrimer, to form a
stable amide bond (Figure 1C). The maleimide group reacts
with a reduced sulfhydryl on the protein (Figure 1D), forming a
covalent thioether bond. The PEG cross-bridge increases
solubility while serving to extend the proteins away from the
dendrimer. Note that the location of A65C is the last residue of
the C terminus of the AFP, which is on the opposite side of the
protein from the IBS. So, after the cross-linking procedure, the
IBSs of the linked AFPs should all be pointing outward, as
shown by the model (Figure 1E). The efficacy of cross-linking
was evaluated by SDS-PAGE analysis (Figure 2A). Control
lanes consisting of dendrimer, SM(PEG)2-modified dendrimer,
and reduced type III A65C were run between the molecular
weight markers (lane 1) and a sample from the conjugation
reaction (lane 5). The sample of the conjugation reaction

shows multiple distinct high-molecular-weight bands ranging
from 60 to 125 kDa that were not present in the other lanes.
Additionally, in the conjugation lane, the broad band near 7
kDa represents type III AFP not linked to the dendrimer and
some disulfide bonded dimer at 14 kDa, which required
separation from the AFP-bound dendrimer sample.

Purification of AFP-Linked Dendrimer. Unincorporated
type III A65C was separated from dendrimer-linked type III
AFPs (DLTIII) by size-exclusion chromatography under
reducing conditions to prevent the formation of a disulfide
bridge between type III AFP monomers (Figure 2B). Peak 1 in
Figure 2B corresponds to the void volume of the column and
does not contain significant amounts of DLTIII, as judged by
SDS-PAGE (Figure 2C). Peak 2 has higher absorbance
intensity than peak 3, but both show a similar high-
molecular-weight banding patterns as that in lane 5 of the
previous SDS-PAGE (Figure 2A). The fractions from the peaks
2 and 3 containing DLTIII were pooled and concentrated. Peak
4 corresponds to the large amount of unincorporated
monomeric type III A65C (Figure 2C). The SDS-PAGE
analysis provides an indication of purity and shows that size-
exclusion chromatography was able to separate monomeric
type III from the DLTIII.

Characterization of AFP−Dendrimer Multimers. Puri-
fied AFP−dendrimer conjugates were analyzed by MALDI-
TOF to assess the number of AFP loaded onto the dendrimer
(Figure 3). The reaction produced a heterogeneous mixture of
conjugates, with the bulk of the material having a mass between
64.9 and 97.7 kDa, corresponding to between 6 and 11

Figure 1. Schematic representation of the cross-linking reaction between G2-PAMAM dendrimer and type III antifreeze protein from ocean pout.
(A) A second-generation polyamidoamine dendrimer (G2-PAMAM). (B) Heterobifunctional cross-linker SM(PEG)2. (C) Model of a G2-PAMAM
dendrimer fully decorated with 16 SM(PEG)2 linkers. (D) Type III antifreeze protein from Macrozoarces americanus (ocean pout, PDB ID: 1HG7)
with the compound ice-binding site colored in purple (pyramidal plane) and cyan (prism plane). The yellow coloring indicates the C-terminal
cysteine residue (the His-tag sequence has been omitted). (E) Model of G2-PAMAM dendrimer with 16 type III antifreeze proteins populating the
16 arms.
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attached AFPs per dendrimer. The apex of the broad peak at
73.4 kDa represents the mean of eight linked AFPs (Table 1).
Linear regression analysis comparing predicted and observed
molecular weights follows the equation y = 0.97x + 1.81, with
an R2 = 0.998 (Supporting Information Figure S4). A slope and
R2 value near 1 indicate the high level of accuracy with which
the observed molecular weights match the predicted weights.
Thermal Hysteresis Activity and Ice Crystal Morphol-

ogy. The ability of the dendrimer−AFP multimers to inhibit
ice growth in aqueous medium was assessed by ice crystal
morphology and TH. In the presence of DLTIII, ice crystals
were shaped into hexagonal bipyramids characteristic of
moderately active AFPs in general and type III AFP in

particular.23 Attaching type III AFP to the dendrimer did not
affect ice crystal morphology, suggesting that the ice-binding
site of type III AFP has not been altered or occluded. The
heterogeneous mixture of DLTIII AFP molecules was
extremely active in thermal hysteresis (Figure 4). For
comparison, the TH activity of dendrimer-linked type III
AFP (black line) was plotted against monomeric type III AFP
(red line) and maltose-binding protein-linked type III AFP
(blue line) based on molar amounts of each construct (Figure
4A).15 When comparing the TH activities on a molar basis,
increasing concentrations of each type III construct led to an
increase in the amount of TH. The plots resembled rectangular
hyperbolas but shifted to higher values for the larger constructs.
At concentrations below 0.07 mM, the dendrimer showed a 4-
fold increase in TH activity compared to that of the monomeric
type III AFP. Furthermore, to assess activity on a per AFP-
domain basis, we normalized the concentration of the DLTIII
conjugate (black line) to monomeric type III AFP (red line,
Figure 4B). This type of assessment indicates that the DLTIII
conjugate has enhanced activity over monomeric type III at
concentrations higher than 0.15 mM. We attempted to assay
even higher concentrations of DLTIII, but we were unable to
form a single ice crystal due to the high level of melting
hysteresis.24 Melting hysteresis is the elevation of the melting
point due to the surface adsorption of AFPs. At high
concentrations of DLTIII, adsorption of the molecule to ice
led to superheating, which prevented the isolation of a single
ice crystal for TH measurements.

Ice Recrystallization Inhibition Assessment of Den-
drimer-Linked Type III AFP. IRI activity of DLTIII was
assessed by two established techniques: the splat and sucrose-
sandwich assays. The ability of the dendrimer−AFP molecule
to prevent ice recrystallization as compared to that of
monomeric type III was investigated by testing various dilutions
with the splat assay (Figure 5A). At an initial concentration of
1.4 μM, both monomeric and dendrimer-linked type III AFPs
are able to inhibit recrystallization, as indicated by the small ice
grains after 16 h of recrystallization. A 2-fold dilution of the
monomeric-type III AFP was enough to abolish IRI activity.
However, a greater than 15-fold dilution was required to stop
IRI by the DLTIII sample. This result indicates the dendrimer-
linked AFP molecule is able to prevent recrystallization at lower
molar concentrations than monomeric type III AFP. However,
on the basis of the number of AFPs being directly compared,
free or bound, the samples are equally effective. Another point
of interest is the differences in the ice grain boundaries between
the two samples. Recrystallization in the presence of low
amounts of monomeric type III (or no AFP; Supporting
Information Figure S2) led to the formation of regularly shaped
and ordered ice crystals with crisp grain boundaries. However,
low concentrations of DLTIII caused irregularly shaped ice
grains to form with indistinct boundaries, suggesting that the
channels between ice grains are narrowed (Figure 5A, 0.08 μM
enlargements).
A striking result was seen with the sucrose-sandwich assay

(Figure 5B). When recrystallization occurred in the absence of
AFPs, or at very low AFP concentrations, ice crystals expanded
and contracted in the shape of uniform discs (Figure 5B).
However, in the presence of low concentrations of DLTIII,
many of the ice discs had one or more indentations on their
surface and formed highly irregular shapes (Figure 5C).

Figure 2. Assessment and purification of the cross-linking reaction
between the G2-PAMAM dendrimer and type III antifreeze protein.
(A) SDS-PAGE analysis of the cross-linking reaction run alongside
various controls: 1, molecular weight marker; 2, G2-PAMAM
dendrimer; 3, G2-PAMAM dendrimer reacted with heterobifunctional
cross-linker; 4, type III A65C antifreeze protein; 5, result of the cross-
linking reaction between heterobifunctional cross-linker-modified G2-
PAMAM dendrimer and type III A65C antifreeze protein. (B) G75-
Sephadex size-exclusion chromatography elution profile of the product
from the cross-linking reaction. (C) SDS-PAGE analysis of selected
fractions from the G75-Sephadex size-exclusion chromatography
purification of dendrimer-linked type III (DLTIII).
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■ DISCUSSION
By attaching multiple antifreeze proteins to the outward-
pointing termini of a dendrimer, we were able to enhance both
the AFP’s TH and IRI activities. This was particularly evident at
low multimer concentrations. Introducing a Cys into the AFP
at a specific location in the known crystal structure and the use
of a bifunctional cross-linker gave control over how the AFP
was presented on the dendrimer surface, with its compound
ice-binding site outermost to make first contact with ice.25

In the presence of DLTIII constructs, ice was shaped into a
hexagonal bipyramid that burst along the c-axis, characteristic of
type III AFP. This indicates that DLTIII binds to ice in a
similar manner as that of monomeric type III and that any
changes in activity are not due to changes in the planes of ice to
which the AFP is binding. Furthermore, comparisons on a
molar basis show a substantial increase in TH activity with
DLTIII over that of monomeric type III. As the amount of
DLTIII increases, its TH activity resembles a rectangular
hyperbola curve. We think this increase in activity is due to the
DLTIII having a greater impact on the ice surface due to both
its larger size and faster binding. Additionally, if one compares
the activity of DLTIII to monomeric type III AFP on a per
AFP-domain basis, then DLTIII has slightly lower activity
below 0.15 mM, but it has enhanced activity at concentrations
greater than this value (Figure 4B). Similar to AFPs with an

Figure 3. Analysis of the amount of cross-linking between G2-PAMAM dendrimer and type III A65C antifreeze protein. MALDI-TOF analysis of
the purified product from the cross-linking reaction between the G2-PAMAM dendrimer and type III A65C.

Table 1. Estimation of the Amount of Type III A65C
Antifreeze Proteins Attached to the G2-PAMAM Dendrimer

no. of type IIIa predicted MW (kDa) observed MW (kDa)

6 57.2 57.0
7 65.3 64.9
8 73.5 73.4
9 81.7 81.5
10 89.8 89.9
11 98.0 97.7
12 106.1 103.6

aNumber of type III A65C attached is based on the proximity of the
predicted molecular weight to the observed (MALDI) molecular
weight.

Figure 4. Assessment of the thermal hysteresis activity of the
dendrimer-linked type III AFP molecule. (A) Comparison of TH
activity on a molar basis of DLTIII molecules (black squares), type III
AFP attached to maltose-binding protein (blue triangles), and
monomeric type III A65C AFP (red dots). Inset: hexagonal bipyramid
ice crystal formed in the presence of DLTIII. The white scale bar
represents 10 μm. (B) Comparison of TH activity on a per AFP-
domain basis. DLTIII conjugate (black squares) vs monomeric type III
AFP (red dots). Here, the DLTIII concentration based on AFP
content is 8 times greater than that used in (A).
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extended IBS, one advantage of having multiple IBSs is the
ability to arrange a quorum of ice-like waters, facilitating the
binding to ice.17,18 By having multiple IBSs connected together,
the minimum number of ice-like waters required to bind to ice
could potentially be reached sooner, increasing the odds of a
productive interaction between an AFP and a growing seed ice
crystal and thereby leading to increased TH activity. Addition-
ally, growth out of the basal plane might be restricted better by
the large size of the DLTIII molecule binding at the edge of the
basal−pyramidal plane.
It is generally accepted that TH caused by AFPs is due to the

Kelvin effect.1,26 When an AFP binds ice, water can only add to
a growing ice crystal between ice-bound AFPs. This leads to a
microcurvature of the ice and makes it energetically unfavorable
for more water molecules to be incorporated into the ice and
thus leads to a halting of growth. The distance between ice-
bound AFPs has been measured only indirectly but will be a
key piece of information in the future to guide further
enhancements of AFP activity.27 When one type III AFP
attached to an arm of the dendrimer binds to ice, the likelihood
that another type III AFP will be attached to the same
dendrimer binding nearby will be increased. In this instance,
how does the distance between these bound AFPs linked via
the dendrimer compare to the distance between monomeric
AFPs on the ice and between whole multimers? Dendrimers
and two-dimensional branched polymers with AFPs attached
could provide opportunities to control and change the distance
between AFPs that are bound to ice to study this variable in
relation to TH. We think that only a few (2 or 3) of the cross-
linked type III AFPs in the DLTIII molecule are likely to bind
to a single ice crystal due to the curvature of the dendrimer
(Figure 6A). Higher-generation dendrimers with a larger radius
and more reactive termini should have proportionally more
AFPs bound to the matrix and therefore more AFPs on the

same plane to contact ice. Two-dimensional arrays have the
potential for full engagement of the bound AFPs.
In addition to an increase in TH activity, we hypothesized

that we would see an increase in IRI activity due to the DLTIII
construct potentially being able to bind to multiple ice crystals.
The DLTIII molecule was equally effective as free type III AFP
on a per AFP basis, but it was roughly 8 times better on a molar
basis than monomeric type III at preventing ice recrystalliza-
tion. We interpret the increased IRI activity compared to TH
activity due to more AFPs of the DTLIII molecule being able to
interact with ice (Figure 6B). In this two-dimensional model,
DTLIII is shown interacting with four different ice crystal
grains. In three dimensions, the possibilities for interacting with
multiple ice grains are enhanced.
The DLTIII molecule has been modeled to be roughly

spherical with ice-binding sites of type III AFP molecules facing
outward in all directions (Supporting Information Figure S1). It
is thought, when ice recrystallization occurs in the absence of
sufficient AFPs, that smaller ice crystals melt and the liberated
water joins a nearby larger ice crystal to further increase the
latter’s size. Dendrimers might simultaneously interact with
different sized ice grains; AFPs on one part of the dendrimer
could be preventing an ice grain from getting bigger by freezing
point depression while preventing another grain from getting
smaller by raising the melting point (melting hysteresis). Also,
the large size of the DLTIII complex should resist engulfment
better than a single type III AFP and thus help to maintain a
high effective AFP concentration in the intergrain boundary
regions. Irregularly shaped ice grain boundaries seen in Figure
5A in the presence of DLTIII might result from two or more
ice crystals being bound together such that when a smaller ice
crystal begins to melt it pulls on the DLTIII molecule, inducing
a stress on the other ice crystal. The ability of the DLTIII
molecule to simultaneously bind multiple ice crystals and the

Figure 5. Assessment of IRI activity of dendrimer-linked type III AFP compared to monomeric type III AFP. (A) Splat assay results of type III AFP
and DLTIII at various concentrations. Below: sucrose-sandwich IRI analysis of DLTIII. (B) Positive control for sucrose-sandwich RI assay. (C)
Sucrose-sandwich assay of 0.14 μM DLTIII. Needle-shaped crystals are flat disks lying on their side rather than floating, with their round basal plane
uppermost.
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increased local concentration of AFPs lead to superior IRI
activities. Furthermore, higher-generation dendrimers may
potentially lead to more effective molecules for the control of
ice growth. Higher-generation dendrimers have more arms
available for AFP attachment, which may lead to an increase in
activity through the larger particle size and more AFPs available
to bind to an ice plane.
Another interesting innovation attained from attaching type

III AFPs to a dendrimer is resistance to, or recovery from, heat
denaturation (Figure 7). We think type III AFPs linked to the
dendrimer unfold when subjected to boiling temperatures.
However, due to the high solubility of the dendrimer and PEG
cross-linker, type III AFP is prevented from aggregating by
being physically restrained at one end and by being given a
longer opportunity to refold without aggregation over that of
monomeric type III. It is clear from the 50% reduction in
activity that not every type III AFP is able to recover from
thermal insult (Figure 7C). However, this encouraging result
has potential for many applications in medicine or food
preservation, where there is a requirement for sterilization
before use.
Generating AFP constructs with enhanced activities will

provide superior reagents for cold storage and cryopreservation
systems. Here, we have combined two approaches to achieve

this goal. With the use of higher-order dendrimers, hyperactive
AFPs, and optimizing the density of conjugation, greater
increases in antifreeze activity can be potentially achieved.

■ EXPERIMENTAL SECTION
Type III A65C Protein Expression and Purification. The

A65C mutant of type III AFP from the m1.1 clone in pET 20b
with a C-terminal His-tag was generated by primer-directed
mutagenesis using the primer sequence 5′-GTTAAAGGTTA-
CGCTTGTCTCGAGCACCAC-3′.28 The terminal Ala in the
altered C-terminal YAA sequence was changed to Cys. Protein
preparation was performed as detailed by Baardsnes et al. with
slight changes.16 Cells were pelleted by centrifugation at 3000g
in a Beckman Coulter JS 4.2 rotor and resuspended in 25 mL of

Figure 6. Schematic representation of DLTIII binding ice. (A) DTLIII
binding to a single ice crystal, as in thermal hysteresis experiments. (B)
DLTIII simultaneously binding several ice crystals, which may occur
during ice recrystallization. The compound ice-binding site of type III
AFP is colored in purple (pyramidal plane) and cyan (prism plane).
The dendrimer is shown as branched lines, and the ice grain surfaces
are marked by hatched line. This is a two-dimensional representation
of a binding relationship that will occur in three dimensions. Figure 7. Assessment of IRI and TH activities of type III and DLTIII

after heat denaturation. Samples of type III AFP and DLTIII were
heated in boiling water for 30 min and then cooled rapidly to 4 °C.
(A) The IRI ability of various concentrations of heat-denatured type
III and DLTIII was investigated by the splat-cooling assay. (B) IRI
assay controls consisting of buffer (50 mM HEPES pH 8.4, 20 mM
NaCl), 2.7 mM G2-PAMAM dendrimer, 54 μM PEGylated dendrimer
(SM(PEG)2 modified dendrimer), and DLTIII boiled and then
digested with Protease K. (C) TH activity of 7 μM DLTIII and 70 μM
type III AFP was examined before and after the heat-denaturing
protocol. Double asterisk denotes that monomeric type III was tested
but had zero activity.
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buffer N (50 mM Tris-HCl (pH 7.6), 200 mM NaCl, 5 mM
imidazole, 100 μL PMSF). Ni2+-NTA fractions totaling
approximately 20 mL were diluted to 100 mL in no-salt buffer
A (50 mM Tris-HCl (pH 7.6)) and subjected to cation-
exchange chromatography on a High-Load 16/10 Q-Sepharose
high-performance column (GE Healthcare). The purity of
various column fractions was assessed by SDS-PAGE on a 10%
(w/v) gel. Fractions containing AFP alone were pooled and
concentrated to 7 mg/mL, as determined by UV absorbance
using the protein’s extinction coefficient as predicted by
ProtParam (http://web.expasy.org/protparam/). This concen-
trated protein was stored in reducing storage buffer (50 mM
Tris-HCl (pH 7.6), 50 mM NaCl, 5 mM TCEP).
Conjugating Type III AFP to Dendrimer. Second-

generation polyamidoamine (PAMAM) dendrimer (Dendri-
tech) was diluted to 27 μM in conjugation buffer (50 mM
Hepes (pH 8.4), 50 mM NaCl) to a final volume of 1 mL. The
diluted dendrimer was reacted with 20 μL of 250 mM
SM(PEG)2 cross-linker (ThermoFisher) for 1 h at room
temperature with mixing. Unreacted cross-linker was separated
from the conjugated sample using a Sephadex G-10 desalting
spin column (GE Healthcare). Reduced type III A65C was
buffer-exchanged into conjugation buffer using a centricon 3
kDa molecular weight cutoff centrifugal filter (GE Healthcare).
In a 15 mL Falcon tube, 35 mg of reduced type III A65C was
reacted with approximately 1 mL of cross-linker-modified
dendrimer with mixing at room temperature for 4 h and then
overnight at 4 °C. The products resulting from conjugation
were fractionated by gel-permeation chromatography using a
G-75 column (Amersham Biosciences) equilibrated in 50 mM
Tris-HCl (pH 8) and 50 mM NaCl. Conjugation efficiency and
purity were assessed by 10% Tris-tricine SDS-PAGE with β-
propionic acid and New England BioLabs broad range protein
marker (2−212 kDa). After purification, DLTIII was
concentrated to form a stock solutions. The amount of type
III AFP conjugated to the dendrimer was determined by amino
acid analysis and confirmed by UV−vis A280 readings using ABS
1.0% (mg/mL) = 1.82. Dilutions of the stock solution were
used in TH and IRI experiments.
Thermal Hysteresis Assay. TH assays were performed as

previously described, with slight modifications.29 TH measure-
ments were performed in 50 mM Tris-HCl (pH 8) and 50 mM
NaCl. The temperature was decreased at rate of 0.01 °C/min.
Samples were cooled by a Clifton nanoliter stage driven by
LabView program via a 3040 temperature controller (New-
port). Images were recorded using a Panasonic WV-BL200
digital camera at a rate of 30 fps. TH values were measured in
triplicate at each concentration with the exception of 0.07 mM
due to high amounts of melting hysteresis. Average ice crystal
size tested was 20 μm.
Sucrose Sandwich IRI Assay. Sucrose sandwich IRI assays

were performed as described by Smallwood et al.30,31 Briefly,
protein samples in a buffer (20 mM Tris-HCl, pH 7.6)
containing 45% sucrose were sandwiched between two
coverslips, and the edges were sealed with grease. Samples
were cooled to, and held at, −50 °C for 2 min on a Linkam
MDBCS 196 temperature-controlled cold stage (Linkam
Scientific Instruments). The temperature was then elevated to
−6 °C and held for 2 h. During this time, images were recorded
every minute (QImaging EXi Aqua bio-imaging microscopy
camera).
Splat Cooling IRI Assay. Splat cooling assays were

performed as previously described by Tomczak et al.32 Briefly,

a 10 μL aliquot of sample in 150 mM NaCl containing 10 mM
Tris-HCl (pH 7.5) was dropped from ∼1 m onto a polished
metal block precooled to −78 °C by solid carbon dioxide. The
resulting splat (ice wafer) was transferred to a cooling bath of
2,2,4-trimethylpentane maintained at −6 °C for 16 h. The ice
wafers were photographed with a Canon EDOS 50S camera
between two crossed polarizers to determine changes in ice
crystal grain size.

Heat Denaturation. Samples (0.5 mL) in 1.5 mL
Eppendorf tubes were heated in boiling water for 30 min and
then rapidly cooled by transfer to wet ice.

Modeling of Dendrimer Fully Loaded with Type III
AFP. G2 PAMAM dendrimer, SM(PEG)2 cross-linker, and
cross-linker-modified dendrimer molecules were built using
PyMOL (Schrödinger, 2010). A topology file of the cross-
linker-modified dendrimer molecule was generated using
SwissParam. Paired with Gromacs, the topology file was used
to construct an energy-minimized version of the cross-linker-
modified dendrimer. To the energy-minimized structure were
bonded multiple copies of type III AFP (PDB ID: 1HG7); no
further energy minimization was done.

Predicted Dendrimer-Linked Type III Mass and
Concentration. The predicted mass of a dendrimer linked
to eight AFP molecules was calculated based on the assumption
that the G2-PAMAM dendimer (3.256 kDa) was fully modified
with 16 cross-linkers (0.31 kDa each). Then the mass of eight
type III AFPs (8 × 8.132 kDa) was added to the cross-linker-
modified dendrimer’s mass (8.216 kDa). The observed mass
was determined using a Sciex DE Pro MALDI-TOF. The
DLTIII sample was desalted using C4 zip tips and ionized by
sinapinic acid matrix. The molarity of a DLTIII solution was
calculated based on the amount of protein determined from
amino acid analysis and the mean molecular weight of eight
type III AFPs linked to the dendrimer (73.4 kDa).
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■ ABBREVIATIONS

AFP, antifreeze protein; G2-PAMAM, second-generation
polyamidoamine; TH, thermal hysteresis; IRI, ice recrystalliza-
tion inhibition; NHS, N-hydroxysuccinimide; PEG, poly-
(ethylene glycol); DLTIII, dendrimer-linked type III antifreeze
protein; IBS, ice-binding site
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