Downloaded via UNIV OF WASHINGTON on October 23, 2025 at 19:11:48 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

BIOCHEMISTRY

including biophysical chemistry & molecular biology

pubs.acs.org/biochemistry

Multivalent Display of Antifreeze Proteins by Fusion to Self-
Assembling Protein Cages Enhances Ice-Binding Activities

Sean W. Phippen,” Corey A. Stevens,” Tyler D. R. Vance,” Neil P. King,”® David Baker,""

and Peter L. Davies™®

TDepartment of Biomedical and Molecular Sciences, Queen’s University, Kingston, Ontario K7L 3N6, Canada
J:Department of Biochemistry, University of Washington, Seattle, Washington 98195, United States

Snstitute for Protein Design, University of Washington, Seattle, Washington 98195, United States

I'Howard Hughes Medical Institute, University of Washington, Seattle, Washington 98195, United States

© Supporting Information

ABSTRACT: Antifreeze proteins (AFPs) are small mono-
meric proteins that adsorb to the surface of ice to inhibit ice
crystal growth and impart freeze resistance to the organisms
producing them. Previously, monomeric AFPs have been
conjugated to the termini of branched polymers to increase
their activity through the simultaneous binding of more than
one AFP to ice. Here, we describe a superior approach to
increasing AFP activity through oligomerization that eliminates
the need for conjugation reactions with varying levels of
efficiency. A moderately active AFP from a fish and a
hyperactive AFP from an Antarctic bacterium were genetically
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fused to the C-termini of one component of the 24-subunit protein cage T33-21, resulting in protein nanoparticles that
multivalently display exactly 12 AFPs. The resulting nanoparticles exhibited freezing point depression >50-fold greater than that
seen with the same concentration of monomeric AFP and a similar increase in the level of ice-recrystallization inhibition. These
results support the anchored clathrate mechanism of binding of AFP to ice. The enhanced freezing point depression could be due
to the difficulty of overgrowing a larger AFP on the ice surface and the improved ice-recrystallization inhibition to the ability of
the nanoparticle to simultaneously bind multiple ice grains. Oligomerization of these proteins using self-assembling protein cages
will be useful in a variety of biotechnology and cryobiology applications.

Ice-binding proteins (IBPs) are typically small (3—30 kDa)
single-domain proteins capable of adsorbing to the surface of
ice."” IBPs were first found in fish and arthropods, where they
are able to inhibit ice crystal growth and convey freeze
resistance to the organism. These IBPs are commonly known as
antifreeze proteins (AFPs). Other IBPs convey freeze tolerance
to organisms, such as plants, which allows them to survive the
formation of ice in their tissues by inhibiting ice recrystalliza-
tion.”

IBPs exhibit a variety of folds, an observation that has been
attributed to their recent independent evolution in multiple
species.””* However, despite these differences in overall
structure, IBPs have in common a flat, relatively hydrophobic
face, which acts as the ice-binding site (IBS) of the protein. The
IBS has been predicted”® and shown to orient water molecules
into an ice-like lattice, which merges with the quasi-liquid layer
on ice that then freezes the IBP onto its surface. This freezing
adsorption of IBPs to ice causes a microcurvature of the crystal
surface, making it thermodynamically more difficult for water
molecules to add to the crystal.*” This binding and altering of
the ice crystal surface result in a depression of the freezing point
of the ice-containing solution, as well as a slight increase in
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melting point, a phenomenon termed thermal hysteresis
(TH)."”

IBPs are increasingly being used in biotechnology and
cryobiology.'’™"* For all of these applications, increasing the
activity of IBPs would be beneficial from a cost perspective.
Similar levels of TH and ice-recrystallization inhibition could be
achieved with lower concentrations of IBP. Also, the temper-
ature to which materials might be cooled without freezing could
be lowered.

Several factors increase IBP activity.> Both TH and ice-
recrystallization inhibition activity increase with an increase in
IBP concentration, even though adsorption of IBP to ice is
irreversible.”' "> This occurs in part because ice binding by
IBPs is a diffusion-controlled reaction, with the rate-limiting
step being the IBP coming into contact with the ice and making
a productive bonding interaction. For the latter to occur, there
should be sufficient ice-like waters on the IBS of the IBP to
merge with and freeze to the quasi-liquid layer around ice. To
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increase the number of ice-like waters, two strategies have been
employed. One is to increase the surface area of the IBS; the
other is to link together a number of IBSs that can
simultaneously bind ice. In nature, the former strategy
manifests in natural isoforms that have additional sequence
repeats that expand the surface area of the IBS.'®™'’ This
strategy has been mimicked for a f-solenoid AFP by increasing
the number of helical coils.”’

The second strategy, of having more than one IBS, also
occurs in nature with a natural dimer of type III AFP from the
Antarctic eel pout (Rhigophila dearborni).”' Nishimiya et al.
assessed the activity of linear multimers of the type III AFP by
recombinantly linking monomers and dimers to form a chain
up to four AFPs long.”* These authors noted that an increase in
thermal hysteresis activity was apparent on both a molar basis
and a per domain basis. To help tease out the contributions of
size and number of ice-binding sites to TH activity, a
recombinant type III AFP dimer was synthesized from a
duplicated monomer.”® The dimer was twice as active as the
monomer, whereas genetically fusing the AFP to one that is
inactive or facing the opposite direction resulted in an only 1.2-
fold increase in activity. In another example of this strategy, a
recombinant form of the single a-helix type I AFP was
conjugated via its C-terminal end to the primary amines of
polyallylamine chains.”* The effects of AFP multimeric
conjugation have also been investigated by conjugating the
globular 7 kDa HPLCI12 isoform of type III AFP from the
ocean pout (Macrozoarces americanus) through a C-terminal
cysteine residue to a second-generation polyamidoamine
(PAMAM) dendrimer using a heterobifunctional cross-linker.””
AFPs that were conjugated to polyallylamine chains and
PAMAM dendrimers exhibited 2- and >4-fold increases in TH
activity, respectively, compared to that of the monomeric AFP.
AFPs bound to PAMAM dendrimers also exhibited 8—10-fold
stronger ice-recrystallization inhibition.

Conjugating AFPs to branched molecules such as polyamido-
amine or polyallylamine involved chemical reactions with
varying degrees of efficiency, which affected the number of
AFPs actually incorporated into the structures. The number of
type I AFDs attached to polyallylamine was not quantified,”*
while mass spectrometry revealed that 6—11 AFPs of a
maximum of 16 were connected to the PAMAM dendrimers.”’
To overcome this limitation and present more AFPs together as
one unit, we genetically fused them to the termini of self-
assembling protein subunits that form oligomers. Using this
strategy, AFPs are connected to the oligomers in a defined
stoichiometry during biosynthesis, ensuring maximal occupancy
of AFPs on the termini of the self-assembling subunits.

Protein self-assembly is employed by many proteins in nature
for specific structural or functional purposes.”*™* Existing
protein assemblies have been altered in the past by genetically
fusing additional domains in a manner that decorates their
surface, generating multimers out of normally monomeric
proteins.zg However, it has been reasoned that novel assemblies
must be generated to have protein multimers that suit the
functional needs of specific biotechnology applications.*

Designing novel protein assemblies has been a long-standing
goal in biotechnology.”" In a pioneering study 15 years ago, the
subunits of two existing oligomers were genetically fused to
generate a 12-subunit protein cage with tetrahedral point group
symmetry.”> With increases in computing power and the
development of new design methods, substantial progress has
recently been made in the computational design of novel
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protein assemblies. Using the RosettaDesign software,’” it has
been possible to design novel interaction interfaces between
existing oligomers to generate a variety of protein assemblies
such as one-component’* and two-component® nanoparticles
and two-dimensional protein arrays.*®

Here, we describe the development of a set of fusion proteins
that incorporate AFPs onto the surface of the designed
assembly T33-21, a 24-subunit protein cage with tetrahedral
symmetry.”> This structure contains two types of subunits,
designated T33-21A and T33-21B, each of which form four
homotrimers within the assembly (Figure 1A). The developed

A Subunit A Subunit A Subunit
s 1 143 1 143

B Subunit B Subunit tE?e 1] B Subunit  SfIBP
1 126 1 126138 202 1 126138 375

Figure 1. Design of self-assembling AFP multimers. (A) Surface
representation of the design model for the self-assembling protein cage
T33-21 consisting of four T33-21A trimers (light green) and four T33-
21B trimers (violet), with like trimers arranged with tetrahedral point
group symmetry. (B) Model of the type III AFP multimer, which
consists of T33-21 with type IIl AFP (gray) decorating the surface.
The compound ice-binding site of type III AFP is also shown, with the
pyramidal plane-binding segment colored orange and the primary
prism plane segment cyan. Each AFP is attached to the C-terminus of
a T33-21B subunit by a helical linker (yellow). (C) Model of the
SfIBP multimer, which consists of T33-21 decorated on the surface
with 12 SfIBPs (orange). The putative ice-binding site of the AFP is
also shown (colored teal). Included below each model are diagrams
representing the domain architecture of both subunits A and B of T33-
21, as well as the AFPs genetically fused to subunit B. Residue
numbers are indicated below the bars.

fusion proteins consist of the T33-21B subunit connected via a
helical linker to one of two AFPs. First, T33-21B was fused to
the moderately active type III AFP expressed in the ocean pout
M. americanus (Figure 1B).”” Separately, it was also fused to
SfIBP, a hyperactive AFP secreted by the Antarctic bacterium
Shewanella frigidimarina (Figure 1C).

B MATERIALS AND METHODS

Design of the AFP-Containing T33-21 Multimers. The
models of four two-component protein cages (T32-28, T33-15,
T33-21, and T33-29) were examined in PyMOL”’ to find a
design containing outward-facing C-termini that could be easily
targeted for the genetic fusion of an AFP. Protein cage T33-21
was chosen to present the AFPs on its surface, as subunit B of
this design has such an outward-facing C-terminus and the
pET-29b expression vector encoding this design contains a
single Xhol site immediately downstream of the gene for this
subunit. Genes encoding subunits A and B of T33-21 are found
on the same pET-29b vector and are flanked by upstream Ndel
sites, while only the gene encoding the T33-21B subunit is
flanked by a downstream Xhol site (Figure SIA). To join AFPs
to the C-terminus of the T33-21B subunit, synthetic genes
encoding the AFPs (GeneArt) were flanked on both sides by

DOI: 10.1021/acs.biochem.6b00864
Biochemistry 2016, 55, 6811—-6820


http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.6b00864/suppl_file/bi6b00864_si_001.pdf
http://dx.doi.org/10.1021/acs.biochem.6b00864

Biochemistry

Xhol sites (Figure S1B). One gene encoded the sequence of the
fully active HPLCI2 isoform of type III AFP from M.
americanus [Protein Data Bank (PDB) entry 1HG7], which
has the C-terminal residues YPPA replaced by YAA.” The
other gene contained the sequence for SfIBP from .
frigidimarina (GenBank entry LRDC00000000). Each gene
also encoded an N-terminal helical linker with the sequence
AEAAAKEAAAKA, to extend the AFP away from the C-
terminus of the T33-21B subunit and reduce the likelihood of
steric interference with self-assembly. A model of the type III
multimer (Figure 1) was generated in PyMOL* using the
design model for T33-21% and the crystal structure of type III
AFP.*” A model of the SfIBP multimer was made in a similar
fashion, using the design model for T33-21 and a model for
SfIBP generated using the Phyre2 server.*'

Cloning. AFP-encoding genes were ligated into the two-
component pET-29b expression vector encoding the T33-21
subunits. Briefly, 1 ug of the vector was digested with Xhol and
then with shrimp alkaline phosphatase (SAP). The cut and
dephosphorylated vector was combined with the AFP gene
insert in a 3:1 molar ratio and ligated using T4 DNA ligase. The
ligated DNA was transformed into DHSa competent cells and
plated on agar plates containing kanamycin (100 pg/mL). The
purified expression vector from positive clones was digested
with a restriction endonuclease (Asel for the type Ill-containing
construct, Apol for the SfIBP-containing construct) to check
the orientation of the insert, and vectors displaying the
appropriate banding pattern on an agarose gel were sent for
authentication by sequencing.

Expression and Purification. Both AFP-containing
constructs were expressed in Escherichia coli BL21 (DE3)
cells as described previously.*” Briefly, BL21 cells containing
the appropriate expression vector were added to Luria-Bertani
broth containing kanamycin (100 yg/mL) and incubated at 37
°C until an ODyg, of 0.5 was reached. The BL21 cells were then
incubated at 23 °C until the ODg, increased to 1.0. At this
point, the culture was induced with 1 mM isopropyl f-b-1-
thiogalactopyranoside and incubated at 23 °C overnight.
Constructs were also purified as described previously,”® which
included the centrifugation of induced BL21 cells at 4000 rpm
for 30 min using a Beckman Coulter JS 4.2 rotor. Pelleted cells
were resuspended in a lysis buffer containing 50 mM Tris-HCl
(pH 8.0), 250 mM NaCl, 5 mM imidazole, 1 mM
phenylmethanesulfonyl fluoride (PMSF), and 10 mM fp-
mercaptoethanol and lysed by sonication using a Fisher
Scientific Sonic Dismembrator (model 5000). Bacterial lysates
were centrifuged at 16000 rpm for 30 min using a Beckman
Coulter JA 25.5 rotor, and the AFP-decorated cages were
recovered from the lysate supernatant by Ni**-nitrilotriacetate
chromatography. The eluate totalling approximately 20 mL was
concentrated using centrifugal filters with a molecular weight
cutoft of 10 kDa to a volume of approximately S mL, and the
cages were further purified using a HiLoad 16/60 Superdex 200
prep grade size-exclusion column (Amersham), which was
equilibrated with a running buffer containing 25 mM Tris-HCI
(pH 8.0), 150 mM NaCl, and 10 mM p-mercaptoethanol.
Fractions containing the assembled AFP multimers were
pooled and concentrated using centrifugal filters. Protein
concentrations were measured by absorbance at 280 nm
using molar extinction coefficients calculated from the protein
parameters using the ExPASy ProtParam online tool.

Ice Crystal Morphology and Thermal Hysteresis
Measurements. TH of the assembled structures was
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. . 25
measured as previously described.*”* Briefly, samples were

suspended in oil droplets and cooled on a Clifton nanoliter
stage using a model 3040 temperature controller (Newport).
The temperature was decreased below the melting point by
0.01 °C every 0.4 s for the SfIBP-containing constructs and by
0.005 °C every 0.4 s for the type Ill-containing constructs and
the negative controls. Protein samples were dissolved in 25 mM
Tris-HCl (pH 8.0), 150 mM NaCl, and 10 mM p-
mercaptoethanol. Ice crystal images and videos were captured
using a Panasonic WV-BL200 digital camera, with videos
recorded at a rate of 30 frames/s.

Ice-Recrystallization Inhibition Assays. Ice-recrystalliza-
tion inhibition assays were performed on the AFP-containing
assemblies and T33-21 by the “splat” method as previously
described.”” Protein samples were dissolved in 25 mM Tris-
HCl (pH 8.0), 150 mM NaCl, 0.01 mg/mL bovine serum
albumin, and 10 mM S-mercaptoethanol. Images of “splats”
(ice wafers) were captured using a Nikon D3000 camera after
incubation in 2,2,4-trimethylpentane at —6 °C for 18 h.

FIPA Analysis. FIPA (fluorescence-based ice plane affinity)
analysis was conducted as described by Basu et al* Briefly, 3
mg of protein in Tris-HCI buffer was exchanged into 1 mL of
50 mM HEPES (pH 8.5), 150 mM NaCl, and 10 mM f-
mercaptoethanol and labeled with 6-[fluorescein-5(6)-carbox-
amido] hexanoic acid (0.3 mg). The labeled protein was
separated from the free label using a Sephadex G-25 M
desalting column. The labeled protein was then added to 25—
30 mL of a cooled (4 °C) buffer containing 25 mM Tris-HCl
(pH 8.0), 150 mM NaCl, and 10 mM p-mercaptoethanol, with
an ice hemisphere mounted on a coldfinger cooled to —5 °C
immersed in the solution. For the 6-[fluorescein-5(6)-
carboxamido] hexanoic acid negative control (Figure SE), 0.3
mg of the label was added directly to this solution. The ice
hemisphere was submerged and grown in the buffer for 2—3 h
and then photographed at 4 °C under 470 nm illumination
using a Nikon D3000 camera with a 515 nm emission filter.
The ice binding pattern of AFP multimers was compared to
those of their corresponding monomeric AFPs (Table S1), the
SfIBP monomer, and nfeAFPS, a fully active QAE1 isoform of
type III AFP expressed in the Japanese eelpout Zoarces
elongatus.**

B RESULTS

AFP Multimers Self-Assemble. To generate AFP multi-
mers using the subunits of the self-assembling protein cage
T33-21 (Figure 1), synthetic genes encoding both the
moderately active type III AFP from M. americanus and the
hyperactive SfIBP from S. frigidimarina were cloned into the
expression vector encoding T33-21. This strategy connected
AFPs via their N-termini to the C-termini of the protein cage B
subunits by a 12-residue helical linker to decorate the surface of
the assembly with 12 AFPs. Both AFP-containing designs were
successfully expressed in E. coli. After nickel affinity
chromatography, the AFP-decorated cages were purified to
homogeneity by size-exclusion chromatography. The two AFP
multimers generated elution profiles that were distinct from
that of T33-21 alone (Figure 2). T33-21 (391 kDa) elutes from
the Superdex 200 column as one major peak, with an elution
volume of 69.3 mL (Figure 2A). This assembly elutes just after
ferritin (elution volume of 67.1 mL), a protein standard with a
slightly higher molecular weight (440 kDa). In contrast, three
peaks were observed during elution of the type III AFP
multimer from the size-exclusion column (Figure 2B). The first
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Figure 2. SDS—PAGE and size-exclusion chromatography of AFP
multimers. Superdex 200 size-exclusion elution profiles were generated
for (A) T33-21, (B) the type III AFP multimer, and (C) the SfIBP
multimer. Black arrows represent the elution volumes of protein
standards (i) blue dextran (2000 kDa, 46.3 mL), (ii) ferritin (400 kDa,
67.1 mL), (iii) albumin (67 kDa, 83.3 mL), and (iv) ribonuclease
(13.7 kDa, 101.9 mL). Black bars represent fractions pooled and
concentrated for additional experiments. (D) SDS—PAGE analysis of
S pug samples of T33-21 and the AFP multimers: lane 1, molecular
weight markers; lane 2, T33-21; lane 3, type III AFP multimer; lane 4,
SfIBP multimer.

peak eluted earlier (65.5 mL) than T33-21 and the ferritin
standard with an apparent molecular weight of 502 kDa.
Sodium dodecyl sulfate—polyacrylamide gel electrophoresis
(SDS—PAGE) revealed that this peak contains the same A
subunit (19.3 kDa) as the T33-21 control and that the B
subunit (14.3 kDa) has shifted from an apparent molecular
weight of 14.3 to 22.5 kDa, consistent with the addition of an
8.2 kDa domain (Table 1). The staining intensity of the two
constituent bands is consistent with a 1:1 stoichiometry (Figure
2D). These findings led to the conclusion that the largest peak
in the Figure 2B profile contains the assembled type III
multimer with a calculated molecular weight of 502 kDa
compared to an apparent molecular weight of 502 kDa (Table
2).

Elution of the SfIBP multimer from the Superdex 200
column also revealed three distinct peaks (Figure 2C). As was
observed for the type III multimer, only the first peak at 60.4
mL (apparent molecular weight of 710 kDa) eluted earlier than
that of T33-21 and that of the type III AFP-decorated cage. It

6814

Table 1. Observed Molecular Weights of T33-21 and AFP
Multimer Subunits Predicted Using SDS—PAGE

expected MW observed MW  percent error

design subunit (kDa) (kDa) (%)

T33-21 A 19.3 158.3 21

B 14.3 11.5 19

type III A 193 153 21
T33-21

B 22.5 20.7 8

SfIBP A 19.3 18.3 21
T33-21

B 39.9 419 S

Table 2. Observed Molecular Weights of Assembled AFP
Multimers Predicted Using Size-Exclusion Chromatography

expected MW observed MW percent error
design (kDa) (kDa) (%)
T33-21 391 342 13
type III multimer 502 502 0
SfIBP multimer 710 841 18

contained both subunits necessary to form the multimer with
the A subunit unchanged and the B subunit shifted from an
apparent molecular weight of 14.3 to 39.9 kDa, consistent with
the addition of a 25.6 kDa domain. The assembled SfIBP
multimer was calculated to have a molecular weight of 841 kDa,
compared to the apparent molecular weight of 710 kDa.
Fractions containing the assembled AFP multimers were
pooled, as indicated by the bars under the peaks in panels B
and C of Figure 2 and concentrated for use in subsequent
experiments.

AFP Multimers Have Enhanced Antifreeze Activity.
The activity of AFPs connected by a scaffold can be evaluated
in two ways: either on the basis of the concentration of the AFP
multimer as a unit or on the basis of the concentration of the
AFP domains as if they were free in solution.”” The TH
activities of the type III AFP and SfIBP multimers were
compared to those of both the monomeric AFPs and T33-21
(Figure 3). T33-21 had no ability to depress the freezing point
of the solution (x = 0.01 °C; n = 3), with TH values
indistinguishable from that of the $200 running buffer negative
control (* = 0.01 °C; n = 3). The TH activity for 25 uM
monomeric type III AFP (Figure 3A) was interpolated from an
activity curve for the wild-type form of the protein,” to give a
value of 0.1 °C. A 2.1 uM solution of the type III AFP multimer
is equivalent to a 25 uM solution of the AFP-containing B
subunit if the multimers were to completely dissociate. Its TH
activity (% = 0.33 °C; n = 3) at this concentration (2.1 uM) was
3 times larger than the value for 25 M monomeric type III
AFP. TH values for the monomeric SfIBP were also previously
measured as a function of protein concentration, and the
activity at 25 uM was interpolated from the existing data to be
1.25 °C. The SfIBP multimer at 2.1 M is equivalent to 25 yM
SfIBP-containing B subunit and exhibited 2.5-fold greater TH
activity (* = 3.15 °C; n = 6) compared to that of monomeric
SfIBP at the same molar concentration.

When TH activities were compared on the basis of the
multimer concentration of 2.1 uM, the monomeric type III
AFP at this concentration had a TH value that was barely
detectable (X = 0.02 °C; n = 3). The TH activity of monomeric
SfIBP at a concentration of 2.1 yM (X = 0.12 °C; n = 3)
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Figure 3. Thermal hysteresis activity of AFP multimers and
monomeric AFPs. (A) TH activity was compared on a “per-AFP”
basis by measuring the activity for solutions containing 25 uM AFP-
containing B subunit of the AFP multimers and T33-21, and the same
concentration of the monomeric AFPs. (B) TH activity was also
compared on a “per-particle” molar basis by calculating the
concentration of the assembled AFP multimer, which has a 1:12
stoichiometry compared to the B subunit. TH measurements of AFP
multimers and monomeric AFPs were taken at a concentration of 2.1
uM. The TH activities exhibited by the type III multimer (red circles)
and monomeric type III AFP (blue diamonds) were further compared
across a range of concentrations on (C) a “per-AFP” basis and (D) a
“per-particle” basis. Finally, the TH activities of the SfIBP multimer
(green triangles) and monomer (orange squares) were compared
across a range of concentrations on (E) a “per-AFP” basis and (F) a
“per-particle” basis. Error bars indicate the standard deviation of the
mean for each TH measurement.

exhibited 26-fold less activity than the SfIBP multimer (Figure
3B).

To examine the concentration dependence of the enhanced
TH activity observed for AFP multimers, we measured activity
for the type III multimer across a concentration range of 0—150
UM of the AFP-containing B subunit (Figure 3C). The activity
curve of the type III multimer resembled a rectangular
hyperbola, approaching a plateau around 0.7 °C at concen-
trations of >100 M. When compared on a “per-AFP” basis, the
activity of the type III multimer was at least 2-fold greater than
that of the monomer across all concentrations. When compared
on a “per-particle” basis (Figure 3D), the difference is much
more striking; over the particle concentration range of 0—13
uM, the activity of the type III multimer was at least 10-fold
greater than that of the monomer, with the greatest increase
(25-fold) occurring at 4 uM.

The SfIBP multimer exhibited even more potent TH activity.
Its curve also resembled a rectangular hyperbola approaching a
plateau around 3.1 °C at B subunit concentrations of >25 yM.
When compared to the monomer on a “per-AFP” basis (Figure
3E), the SfIBP multimer showed activity at least 2-fold greater
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than that of the monomer across a concentration range of 0—75
UM. When compared on a “per-particle” basis (Figure 3F), the
multimer exhibited an at least 7-fold increase in TH activity
across the concentration range of 0—6.25 uM, with the greatest
increase (>50-fold) occurring at S uM, the lowest concen-
tration measured.

Multimerization of Type Il AFP Alters the Ice Crystal
“Burst” Pattern. Single ice crystals formed and observed in
solutions containing T33-21 and the AFP multimers during TH
measurements provide important clues about the activity of the
engineered antifreeze constructs, as do the “burst” patterns of
ice crystals bound by the AFP multimers when the AFP-
depressed freezing points are surpassed (Figure 4). No faceting

Figure 4. Ice crystal shaping and burst patterns. Ice crystal shaping was
observed during TH measurements for (A) Superdex 200 running
buffer, (B) 2.1 uM T33-21, (C) 2.1 uM type III AFP multimer, and
(D) 1.6 uM SfIBP multimer. Ice crystal bursts below the AFP-
depressed freezing point were also observed for crystals bound by (E)
the type III AFP multimer (2.1 uM) and (F) the SfIBP multimer (1.6
uM). The direction of the c-axis of the ice crystal is indicated by the
black arrows. The black scale bars represent a distance of 10 um.

was observed on ice crystals immersed in the Superdex 200
running buffer (Figure 4A) or in the solution containing T33-
21 (Figure 4B). Instead, ice crystals exhibited the standard
disklike morphology normally observed in solutions lacking
AFDPs.

The type III multimer shaped ice crystals into hexagonal
bipyramids, with the c-axis of the ice crystal passing through the
two apices (Figure 4C). This is the same morphology observed
for ice crystals bound by monomeric type III AFP.***’ The
SfIBP multimer shaped ice into crystals with a hexagonal
morphology (Figure 4D) similar to that observed previously for
certain hyperactive AFPs.*®

Once the freezing point was surpassed, ice crystals bound by
the type III AFP and SfIBP multimers “burst” normal to the c-
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axis of the crystal (panels E and F of Figure 4, respectively). Ice
crystal growth perpendicular to the c-axis is characteristic of
hyperactive AFPs that bind the basal plane of ice in addition to
prism and/or pyramidal planes, and the fractal burst pattern is
commonly seen with these more active AFPs as a result of
greater supercooling of the AFP-containing solution. However,
ice crystals bound by type III AFPs normally burst parallel to
the c-axis when the freezing point is reached.*® To investigate
the basis for this change in behavior, we set out to determine
the planes of ice to which the AFP multimers bound.

The Ice Binding Pattern of Type Ill AFP Is Altered by
Multimerization. To determine if the oligomerization of type
III AFP and SfIBP altered their binding to ice, the AFP
multimers were fluorescently labeled and studied using FIPA
analysis (Figure S). The type IIl AFP QAEI1 isoform used for

Figure 5. Ice plane affinity of AFP multimers and monomeric AFPs.
FIPA results are shown for (A) monomeric type III AFP, (B) the type
111 multimer, (C) monomeric SfIBP, (D) the SfIBP multimer, (E) the
6-[fluorescein-5(6)-carboxamido] hexanoic acid negative control, and
(F) the T33-21 negative control. All protein samples were labeled with
6-[fluorescein-5(6)-carboxamido] hexanoic acid except for monomeric
type III AFP, which was labeled with Pacific Blue dye. The white scale
bars represent a distance of 1 cm. In each result, the c-axis runs
perpendicular to the plane of the image.

these experiments binds to both the primary prism and a
pyramidal plane of ice."® These planes of ice are sited on the
perimeter of the ice hemisphere when the c-axis of the ice
crystal is perpendicular to the plane of the page. The binding of
nfeAFP8, also a fully active QAE] isoform of type III AFP, to
these planes after labeling with Pacific Blue results in
fluorescence along the perimeter of the ice hemisphere and
none on the basal plane of the crystal (Figure SA).*" When the
type III multimer was labeled and incubated with the crystal
hemisphere, there was binding to the primary prism planes and
not to the basal plane, which was expected (Figure SB).
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However, the labeled type III multimer did not appear to bind
well to the pyramidal planes of ice in comparison to the pattern
produced by monomeric type III AFP (Figure SA), which is
why the fluorescent illumination in Figure 5B is confined to the
equator of the hemisphere.

Monomeric SfIBP bound to the entire ice hemisphere during
FIPA analysis (Figure SC), due to the ability of this hyperactive
AFP to bind to the basal plane of ice as well as prism and
pyramidal planes. We observed the same promiscuous binding
with the SfIBP multimer (Figure SD), indicating that
multimerization did not qualitatively change the ability of this
AFP to bind these multiple planes of ice.

T33-21 was also labeled and subject to FIPA analysis, during
which we observed only background levels of fluorescence on
the ice hemisphere (Figure SF), similar to the case for the 6-
[fluorescein-5(6)-carboxamido] hexanoic acid negative control
(Figure SE). We conclude that T33-21 is unable to bind to ice
without the addition AFPs to its surface, which is consistent
with the lack of TH activity measured with the undecorated
cage.

AFP Multimers Exhibit Enhanced Ice-Recrystallization
Inhibition. “Splat” assays were performed using serial dilutions
of both the type III multimer and the SfIBP multimer (Figure
6). Images of the ice grains formed during overnight incubation
were then compared to those generated in the presence of the
corresponding monomeric forms of the AFPs. The concen-
trations of AFP multimers were compared on a “per-particle”
molar basis, which has been used previously for this assay.”
The type III multimer and monomeric type III AFP were
analyzed at concentrations ranging from 1.4 to 1400 nM using
10-fold dilutions (Figure 6A). At the highest AFP monomer
concentration tested (1400 nM), individual ice grains could not
be distinguished, while the recrystallization inhibition activity
was lost at 140 nM and in all subsequent dilutions of the
protein. This result was indicated by clearly distinguishable ice
grains that increased in size with each dilution of the AFP.
When the same concentrations of the type III multimer were
analyzed, individual ice grains were not distinguishable until a
concentration of 14 nM was reached, indicating that the
multimer exhibits an at least 10-fold increase in IRI activity. In
fact, the crystal grain size at 1.4 nM multimer was closest in size
to that of the 140 nM monomer sample, suggesting that the IRI
activity of the multimer was between 10- and 100-fold better
than that of the monomer.

The SfIBP multimer and the corresponding monomeric
protein were initially analyzed over a wide concentration range
of 0.01—100 nM, using 10-fold dilutions of the protein (not
shown). Once an approximate activity end point was measured,
additional splat assays were performed in the concentration
range from 0.23 to 3.6 nM using 2-fold dilutions of the protein
(Figure 6B). When SfIBP was analyzed, individual ice grains
could be distinguished at 1.8 nM, with ice grains increasing in
size in all subsequent dilutions. Ice grains could be
distinguished for the SfIBP multimer only at a concentration
of 0.45 nM, indicating that the multimer has a 4-fold increase in
IRI activity.

B DISCUSSION

Substantial progress has been made in the design of novel
. ; 30

protein assemblies over the past 15 years.” One recent advance

in this area has been the use of the RosettaDesign software to

computationally design novel interaction interfaces on the

surface of existing oligomers to drive their self-assembly. This
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Type Il

Type Il
Multimer

SfIBP

SAIBP
Multimer

Figure 6. Effects of AFP multimerization on ice-recrystallization inhibition activity. Splat cooling assays were used to evaluate the IRI activity of AFP
multimers compared to their monomeric counterparts at various concentrations. (A) The type III AFP multimer and monomeric type III AFP were
measured using 1:10 dilutions over a concentration range of 1.4—1400 nM. (B) The SfIBP multimer and monomeric SfIBP were measured using
1:2 dilutions over a concentration range of 0.23—3.6 nM. White scale bars represent a distance of 1 mm.

was first accomplished for assemblies containing one subunit
type®* and was then extended to two-component assemblies
with greater control over the assembly of subunits.”> Several
potential applications of these self-assembling protein cages
have been proposed, including drug delivery, vaccine design,
and custom-designed molecular machines.”**> Here we present
an application of these protein cages for use in biotechnology,
by exploiting their characteristic self-assembly to generate
multimeric antifreeze protein nanomaterials.

The strategy of genetically fusing monomeric proteins to
protein cages has frequently been employed in the past using
natural protein assemblies.””*’ Our work with T33-21 has
further demonstrated the benefits of fusing monomeric proteins
to the surface of protein cages to enhance ligand binding, in this
case to ice. By genetically fusing AFPs to one component of this
assembly, we have generated a homogeneous set of AFP
multimers, each bearing 12 AFPs on its surface, whereas
bioconjugation of type III AFP to the PAMAM dendrimers
resulted in a heterogeneous mixture with incomplete occupancy
of surface attachment points.”

We attribute the several-fold increase in TH activity of both
AFP cages to the combined effects of increasing the size of the
ice-binding particle and the number of AFPs that can
simultaneously engage with the ice surface.”” The latter
component of the TH increase could result from improved
binding to ice. Having additional ice-binding sites available to
simultaneously engage ice is a way to increase the number of
anchored clathrate waters available for this binding mecha-
nism.” It will be interesting to determine the extent to which
TH can be increased by increasing the size of the cage and the
surface AFP density. To date, a multimerization strategy of
assembling more than two AFP subunits together has not been
seen in nature, although many natural AFPs seem to benefit
from having longer isoforms (including chains of AFP
domains) mixed with shorter ones."”*"*"™>® It is possible
that lower diffusion rates and tissue permeability issues work
against larger constructs in a natural setting.

It could be argued that the same properties that enhance TH
are at work to increase the IRI efficiency. However, we have
previously suggested that AFP multimers might have an

6817

additional effect on multicrystalline ice by spanning the
interstitial space to simultaneously bind and stabilize
neighboring ice crystals.”” Having AFP moieties pointing in
many directions could facilitate these linkages. Also, it should
be noted that ice recrystallization proceeds because large ice
crystals grow at the expense of smaller ones. In addition to
preventing water from joining a crystal (freezing point
depression), AFPs also inhibit water from leaving an ice crystal
(melting hysteresis).”* Thus, AFP multimers bridging two ice
crystals might simultaneously prevent the larger one from
growing and the smaller one from shrinking.

Ice crystals in the presence of the type III multimer burst
normal to the c-axis of the crystal (Figure 4E), while those
bound by monomeric type IIl AFP burst parallel to this axis.*
FIPA analysis showed that the multimer does not bind to the
basal plane. Therefore, this behavior might reflect screening of
the crystal tips by the large multimers binding near the apices of
the hexagonal ice bipyramids, rather than binding to the basal
plane at the tips. A similar effect was seen in microfluidic
experiments when type III AFP-bound ice crystals turned
within the chamber so that their tips were in direct contact with
the polydimethylsiloxane (PDMS) surfaces and were unable to
add water to the basal plane. In this situation, the crystal also
“bursts” along the a-axes.” The type III multimer also exhibited
a different binding pattern on the ice hemisphere during FIPA
analysis compared to that of the monomer. The fluorescently
labeled type III multimer was strongly bound to the periphery
of the ice hemisphere but appeared to leave the pyramidal
planes unbound. When type III AFP was analyzed using FIPA,
it bound to both the primary prism and pyramidal planes of ice
and left only the basal plane (perpendicular to the c-axis)
unbound.™ Type IIT AFP has a compound ice-binding site with
one part binding to the primary prism plane of ice and the
adjacent section on a slightly different AFP surface that binds
the pyramidal plane. This discrepancy in the FIPA patterns
might point to a restriction in the planes of ice that type III
AFP is able to bind as a multimer compared to the monomer.
Thus, the pyramidal ice-binding surface might be somewhat
occluded in the multimer.
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It was also interesting to note that, while the oligomerization
of type IIT AFP led to a 10—100-fold increase in IRI activity, an
only 4-fold increase was observed for that of SfIBP (Figure 6).
This discrepancy may be due to a suboptimal orientation of the
IBS for SfIBP relative to the protein cage to which it was
genetically fused. The N-terminus of type III AFP is on the
opposite side of the protein from its IBS and extends normal to
the IBS surface.”” Conversely, the Phyre2 model of SfIBP
shows that its N-terminus projects parallel to the IBS, possibly
making the IBS orientation on the surface of T33-21
suboptimal for binding ice. Here it might be helpful to have
a crystal or SAXS structure for the SfIBP to assess this
situation. A crystal structure has been determined for the T33-
21 cage alone.” In the absence of this information, it may be
necessary to explore different fusion protein linkers, such as
flexible linkers, that might allow the IBS to swing outward and
more effectively bind to the surface of ice.

By analyzing the type III and SfIBP multimers using SDS—
PAGE, we showed that each B subunit of the purified AFP
multimers was connected to an AFP. Because of the design of
T33-21, this means that 12 of the 24 subunits were bound to an
AFP. It might be possible to attach an AFP to each of the A
subunits, too, if steric clashes are not a problem. This would
connect 24 AFPs on the surface of this assembly to attain even
greater levels of TH and IRI activity for the AFP multimers.
Having two distinct C-termini would also introduce the
possibility of genetically fusing two different AFPs to the
subunits of T33-21. Combinations of different AFPs, such as
those that are moderately active with those that are hyperactive,
could be incorporated into the same assembly in a defined
stoichiometry.

B CONCLUSIONS

In summary, computationally designed self-assembling protein
cages have proven to be a viable scaffold for the oligomerization
of monomeric proteins. Using two different AFPs, we showed
that multimerization using this strategy generated homoge-
neous AFP multimers of two different types. Furthermore, we
found that oligomerization in this fashion led to an increase in
TH and IRI activity relative to the same concentration of the
corresponding AFP monomers. New protein assemblies are
continuously being designed, and we plan to explore these as
potential scaffolds for IBP oligomerization. Furthermore, we
envision that additional proteins may also benefit from this
technology, in the event that binding to their substrate is a
diffusion-controlled reaction. The fusion of these proteins to
designed protein cages could lead to additional applications in
biotechnology and nanoscience as well as in other fields.
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