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ABSTRACT: Antifreeze proteins (AFPs) protect many types of organisms from damage caused by freezing.
They do this by binding to the ice surface, which causes inhibition of ice crystal growth. However, the
molecular mechanism of ice binding leading to growth inhibition is not well understood. In this paper,
we present the solution structure and backbone NMR relaxation data of the antifreeze protein from the
yellow mealworm beetleTenebrio molitor(TmAFP) to study the dynamics in the context of structure.
The full 15N relaxation analysis was completed at two magnetic field strengths, 500 and 600 MHz, as
well as at two temperatures, 30 and 5°C, to measure the dynamic changes that occur in the protein
backbone at different temperatures. TmAFP is a small, highly disulfide-bonded, right-handed parallel
â-helix consisting of seven tandemly repeated 12-amino acid loops. The backbone relaxation data displays
a periodic pattern, which reflects both the 12-amino acid structural repeat and the highly anisotropic
nature of the protein. Analysis of the15N relaxation parameters shows that TmAFP is a well-defined,
rigid structure, and the extracted parameters show that there is similar restricted internal mobility throughout
the protein backbone at both temperatures studied. We conclude that the hydrophobic, rigid binding site
may reduce the entropic penalty for the binding of the protein to ice. Theâ-helical fold of the protein
provides this rigidity, as it does not appear to be a consequence of cooling toward a physiologically
relevant temperature.

Various organisms, including many marine fishes (1),
insects (2), and plants (3, 4), use antifreeze proteins (AFPs),1

also known as thermal hysteresis proteins, as a freeze
avoidance strategy. For example, the yellow mealworm beetle
Tenebrio molitorand the spruce budworm (Choristoneura
fumiferana) produce AFP in their hemolymph to survive
overwintering in the larval stage (5, 6). Since their discovery
in fish and insects more than 30 years ago (7, 8), the
biophysical properties of these proteins have inspired wide-
spread interest. Their protective effect stems from their ability
to bind to ice and thereby inhibit ice crystal growth. This
interaction at the ice surface leads to a lowering of the non-

equilibrium freezing point below the melting point, termed
thermal hysteresis (for reviews, see refs9 and10).

Even though it is well accepted that AFPs bind to ice and
inhibit its growth, the actual mechanism of this binding is
not well understood. In the past decade, the structures of
numerous AFPs belonging to five different types have been
solved, and none of these have any sequence or structural
similarity to each other. In fish, type I AFP from winter
flounder (11) is a single, longR-helix; type II AFP from
sea raven has a homologous fold to the carbohydrate-
recognition domain of Ca2+-dependent lectin family of
proteins (12); the eel pout type III AFP is a smallâ-sheet
protein with a unique fold (13, 14); while a model of a four-
helix bundle structure for type IV AFP from the longhorn
sculpin has been made based on its high degree of sequence
homology with the exchangeable apolipoproteins (15). More
recently, the structures of twoâ-helical insect AFPs (Tene-
brio molitor, TmAFP, and spruce budworm, sbwAFP) were
solved (16, 17). These insect AFPs are much more potent
than their fish counterparts. For type I, type III, and sbwAFP
(and by analogy, TmAFP) putative ice-binding faces have
been proposed based on mutation studies (17-23). The only
feature these possible sites appear to have in common is that
they are quite flat surfaces, and, in the case of type I and
the insect AFPs, they have evenly spaced ranks of threonine
that appear to match the ice lattice (16, 24). For sbwAFP
and TmAFP, the increased thermal hysteresis activity
displayed by these proteins could be due to these proteins
binding to two different planes of ice (17), a suggestion that
has been made for the type III antifreeze protein as well (14).
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Although structure often leads to insight into protein
function, in this case, structures alone have not allowed
elucidation of a molecular mechanism for antifreeze protein
binding to ice. In attempts to understand this interaction more
fully, we have moved to study protein dynamics in the
context of structure. Protein dynamics studies have become
an important tool in understanding the processes underlying
molecular recognition and the relationship of structure and
function. Using heteronuclear, multidimensional NMR spec-
troscopy it is possible to study the dynamics of individual
nuclei in proteins in a site-specific manner. In particular,
measurement of NMR relaxation of backbone amide15N
nuclei provides detailed information regarding backbone
motions of the protein (25). In many cases of protein-ligand
complexes, it is the flexibility of the protein and the ligand,
as well as the flexibility of the binding interface that
determine the affinity of the interaction (26). In this case,
the ligand in question is ice, and the interface cannot be fixed
in solution, so we must use alternate methods to probe this
binding interaction. Recently, Graether et al. (27) have shown
that type I AFP remains structured and behaves predictably
until the solution freezes at-3 °C. Similar experiments with
TmAFP (Daley et al., unpublished) show that this AFP also
does not denature under supercooling conditions and suggests
that the native folded state is the active form. This is in
contrast to the conformation and dynamics study of an
antifreeze glycoprotein that appears to contain no permanent
secondary structure and is active in its extended form (28).
To our knowledge, these are the only dynamics studies on
antifreeze and related proteins. It seems clear from this
comparison that antifreeze proteins and glycoproteins have
fundamentally different modes of action, and the latter will
not be discussed further.

In this paper, we present the solution structure of theT.
molitor antifreeze protein, along with its backbone NMR
relaxation data. This is the first extensive study of backbone
dynamics of any antifreeze protein. We have completed full
15N relaxation analysis at two temperatures, 30 and 5°C, to
determine the type of dynamic changes that occur in the
backbone conformation of TmAFP as the temperature is
lowered toward its physiologically active level.

EXPERIMENTAL PROCEDURES

Sample Preparation.The expression and purification of
both unlabeled and15N-labeled TmAFP was as previously
described (29). The 15N-TmAFP sample was prepared for
NMR spectroscopy by dissolving lyophilized protein in 90%
H2O/10% D2O containing 0.1 mM DSS (2,2-dimethylsila-
pentane-5-sulfonic acid). The final protein concentration was
approximately 0.4 mM, and the pH was adjusted to 5.5 with
microliter aliquots of 100 mM NaOD or DCl as required.
The unlabeled TmAFP sample was prepared by dissolving
the lyophilized protein in either 90% H2O/10% D2O or 100%
D2O as required. The final protein concentration was
approximately 1 mM, with the pH adjusted to 5.5 and 0.1
mM DSS added.

Assignment.NMR spectra for1H and15N chemical shift
assignment were acquired using a Varian Unity 600 MHz
spectrometer equipped with a 5-mm triple resonance probe
andz-axis pulsed field gradients. All spectra for assignment
were collected at 30°C. The spectral widths for1HN and
15N were 7000.35 and 1897.89 Hz, respectively. Experiments

used for assignment were15N-HSQC with 448 (HN) and 128
(15N) real data points acquired with a total of 256 transients
per t1 increment,15N-edited TOCSY with 420 (HN), 116
(H), and 30 (15N) real data points acquired with a total of
36 transients per increment, HNHA with 448 (HN), 52 (H),
and 52 (15N) real data points acquired with a total of 40
transients per increment, and HNHB with 512 (HN), 96 (H),
and 30 (15N) real data points acquired with a total of 32
transients per increment. Sequential assignments were made
using an15N-edited NOESY acquired on a Varian INOVA
800 MHz spectrometer equipped with a 5-mm triple reso-
nance probe andx, y, andz-axis pulsed field gradients. The
spectral widths for1HN, 1H, and15N were 10000, 8200, and
2188.4 Hz, respectively. The numbers of real data points
acquired were 640 (HN), 172 (H), and 32 (15N) with a total
of 16 transients per increment. The mixing time was 100
ms. Following sequential assignment, the two proline
residues were assigned from theδCHs using a natural
abundance13C-HSQC experiment with 448 (1H) and 306
(13C) real data points acquired with a total of 352 transients
per increment. The lysine and glutamine side chains were
then fully assigned using 2D TOCSY and NOESY experi-
ments with 2048 (1H) and 256 (1H) real data points with a
total of 64 transients per increment. The three previous
experiments were collected at 600 MHz (spectral widths were
7000.35 Hz for1H and 2000 Hz for13C) on the unlabeled
TmAFP sample in D2O. Spectra were processed with
NMRPipe (30) and analyzed using NMRView (31) programs.

Due to the repetitive sequence and structure of TmAFP,
shown in Figure 1, the chemical shift assignment procedure
used was atypical. Many residues are in similar environments
in the protein and discrimination of chemical shifts was
difficult. This was further complicated by the fact that NOEs
between residues 12 amino acids apart in sequence were in
many cases stronger than the sequential connections, which
was misleading in the process of NOE assignment. These
realizations were made once we analyzed the crystal structure
of TmAFP (16). Using the PDB coordinates (prior to
publication, 1EZG), we measured distances from the back-
bone amide proton to other protons in the protein and
concluded that interloop distances were less than the
sequential distances, since the secondary structure consists
only of extended strands and turns. By thus correlating the
interproton distances from the crystal structure with the NOE
cross-peak intensities, a structure-specific sequential assign-

FIGURE 1: Amino acid sequence of theT. molitor AFP isoform
used in this study. The repetitiveness of the sequence is highlighted
by use of red for Cys, blue for Thr, light blue for Ser, and green
for Ala. The underlined residues correspond to the regions of the
protein that involveâ-sheet secondary structure.
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ment of TmAFP was completed, with full1H and 15N
chemical shift assignments made. The crystal structure itself
was not directly used in the assignment process.

Structure Calculations.An ensemble of 50 TmAFP
structures was generated from 672 distance restraints and
98 dihedral angle restraints using the simulated annealing
program CNS version 1.0 (Crystallography & NMR System,
32). Interproton distance restraints were obtained from the
15N-edited NOESY with additional side chain NOE restraints
obtained from the high-resolution homonuclear two-dimen-
sional 1H-1H NOESY experiment. Theψ dihedral angle
restraints were obtained from an analysis of the3JHN-HA

coupling constants measured in the 3D HNHA experiment
(33). The ψ dihedral angle restraints were determined by
analysis ofdNR/dRN ratios; however, these were incorporated
with typically large bounds (( 100°) and only in the regions
of well-defined structure after initial structure calculations
using NOE distance restraints (34). All structure calculations
included the eight disulfide bonds, which were previously
determined to have the following connectivities: Cys2-
Cys11, Cys8-Cys18, Cys15-Cys21, Cys27-Cys33, Cys39-
Cys45, Cys51-Cys57, Cys63-Cys69, Cys75-Cys81 (29). The
disulfide bonds were restrained to a distance of 2.02( 0.1
Å. No distance violations greater than 0.5 Å or dihedral angle
violations greater than 5° were found. PROCHECK_NMR
(35) was used to analyze the quality of the structures and
VADAR (36) was used to assign secondary structure. Figures
3, 4, and 5 were generated using MOLSCRIPT (37) and
Raster3D (38).

DYNAMICS

NMR Spectroscopy.NMR spectra were acquired using
Varian INOVA 500 MHz and Unity 600 MHz spectrometers
equipped with 5-mm triple resonance probes andz-axis
pulsed field gradients.15N-T1, -T2, and {1H}-15N NOE
experiments were carried out at 500 and 600 MHz at both
30 and 5°C using sensitivity-enhanced gradient HSQC pulse
sequences developed by Farrow et al. (39). For measurement
of 15N-T1 relaxation times at 30°C, delays of 11.1, 55.5,
122.1, 199.8, 277.5, 388.5, 499.5, 666, 888, and 1110 ms
were used at 500 MHz and delays of 11.1, 55.5, 122.1, 199.8,
277.5, 388.5, 499.5, 666, 888, and 999 ms were used at 600
MHz. At 5 °C, delays of 11.1, 55.5, 122.1, 199.8, 277.5,
388.5, 499.5, 610.5, 721.5, 832.5, 888, and 999 ms were
used at 500 MHz and delays of 11.1, 55.5, 122.1, 199.8,
277.5, 388.5, 499.5, 610.5, 777, and 999 ms were used at
600 MHz. For measurement of15N-T2 relaxation times at
both 30 and 5°C, delays of 16.61, 33.22, 49.83, 66.44, 83.05,
99.66, 116.27, 132.88, 149.49, and 166.1 ms were used at
500 MHz. Delays of 16.544, 33.088, 49.632, 66.176, 82.72,
99.264, 115.808, 132.352, 148.896, and 165.44 ms were used
at 600 MHz. To obtain equilibrium, a 1.0 s delay between
repetitions of the pulse sequence for15N-T1 measurements
was employed, while the delay for obtaining equilibrium
during the measurement of15N-T2 was 2.5 s.{1H}-15N
steady-state NOEs were measured from two HSQC spectra
acquired with (NOE experiment) and without (noNOE
experiment) proton saturation prior to the first15N excitation
pulse. Proton saturation at both 500 and 600 MHz was
achieved using a train of 120° proton pulses with 5 ms pulse
intervals for a total 3.5 s of saturation. Relaxation delays of

2 ms (NOE experiment) or 5 ms (noNOE experiment)
between repetitions of the pulse sequence were used. The
spectral widths for1H and15N were 5500.172 and 1670.007
Hz at 500 MHz and 7000.35 and 2000 Hz at 600 MHz,
respectively. The number of real data points acquired for
1H and15N, respectively, were 352 and 96 (30°C) or 128 (5
°C) at 500 MHz and 436 and 96 (30°C) or 128 (5°C) at
600 MHz. A total of 32 or 64 transients pert1 increment
were collected for15N-T1 and -T2 at 30°C, while 48 or 52
transients were collected at 5°C. At 500 MHz, 112 (30°C)
or 92 (5°C) transients were accumulated for measurement
of {1H}-15N NOE, while at 600 MHz, 96 transients were
collected at both 30 and 5°C.

NMR Data Processing.All NMR data were processed
with the NMRPipe software (30). Enhanced sensitivity data
were processed using the ranceY.M macro. The F1 (15N)
dimension was extended by 32 complex points using linear
prediction before zero filling. The F2 (1H) dimension was
multiplied by a 60°-shifted sine-bell function and the F1

dimension was multiplied by a 75°-shifted squared sine-bell
function before Fourier transformation. The F1 and F2

dimensions were baseline corrected by polynomial subtrac-
tion in the frequency domain. At 5°C, an additional window
function was employed. The NMRView program (31) was
used for peak picking of all{1H-15N}-HSQC spectra. The
values of the peak intensities for the15N-T1 and -T2

measurements were fit to single-exponential, two-parameter
decay curves using the xcrvfit program (software available
at: http://www.pence.ca/ftp). Error in the15N-T1 and -T2

measurements was obtained from non-linear least-squares
fits of the peak intensities to two-parameter exponential
decays. Error in the{1H}-15N NOE values was calculated
from baseplane noise values in15N-HSQC spectra acquired
with and without proton saturation.

15N-Relaxation Data Analysis.In general, the dipolar
interaction between the15N nucleus and its attached proton
and chemical shift anisotropy of the15N nucleus are the main
contributions to the backbone amideT1 and T2 relaxation
times and the15N-NOE enhancement (40). The theoretical
expressions describing15N-T1, -T2, and{1H}-15N steady-state
NOE relaxation parameters are given here as linear combina-
tions of the appropriate spectral density functions:

whereD ) (µ0/4π)2(γH
2γN

2p2/4rNH
6) andC ) ∆2ωN

2/3, ωH

andωN are the Larmor frequencies of1H and 15N, respec-
tively, γH is the magnetogyric ratio of1H (2.68 × 108 rad
s-1 T-1), γN is the magnetogyric ratio of15N (-2.71× 107

rad s-1 T-1), µ0 is the permeability constant of free space
(4π × 10-7 kg m s-2 A-2), p is Planck’s constant divided
by 2π (1.05 × 10-34 J s), rNH is the nitrogen-proton

1
T1

) D[J(ωH - ωN) + 3J(ωN) + 6J(ωH + ωN)] +

C[J(ωN)] (1)

1
T2

) D
2

[4J(0) + J(ωH - ωN) + 3J(ωN) + 6J(ωH) +

6J(ωH + ωN)] + (1/6)C[3J(ωN) + 4J(0)] (2)

NOE ) 1 + (γH/γN)D[6J(ωH + ωN) - J(ωH - ωN)]T1

(3)
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internuclear distance (1.02 Å), and∆ is the difference
between the parallel and perpendicular components of the
15N chemical shift tensor (-160 ppm). The spectral density
function is represented with the Lipari-Szabo model-free
formalism (41, 42), using a generalized order parameterS2,
which describes the degree of spatial restriction of each
backbone amide HN-N bond vector. With the assumption
of isotropic tumbling of the molecule, a single, overall
rotational correlation time for the protein, and an associated
internal correlation time, the spectral density function is
defined as:

whereτ-1 ) τm
-1 + τe

-1, with τm being the correlation time
for overall molecular tumbling andτe the correlation time
for internal motion. The relaxation data for each residue is
then fit to a motional model describing the overall molecular
tumbling of the protein, including one or two types of internal
motions of various time-scales. For computational reasons,
the basic motional model is separated into five specific
models, as previously described (39). These models are tested
iteratively starting with the simplest model, and subsequently
the more complex models, until the proposed model describes
the measured relaxation rates within 95% confidence limits.
Model 1 uses a form of the function in eq 4, including the
parametersS2, describing the amplitude of the spatial
restriction for each backbone amide vector varying from 0
(no spatial restriction) to 1 (complete spatial restriction), and
τm. In model 1, it is assumed thatτe is fixed at zero and
does not contribute to relaxation. Model 2 includesS2, τm,
and τe, and it is assumed that the internal motions corre-
sponding toτe are within the picosecond time-scale (0<
τe < τm) and contribute to the relaxation. Model 3 is a
modification of model 1, which includes a parameter (Rex,
in s-1) to describe the contribution of microsecond to
millisecond time-scale internal motions to 1/T2. Model 4 is
model 2 modified to include theRex parameter. Model 5
invokes internal motion occurring on two time-scales (43,
44). It includes an order parameter (S2

f) for picosecond time-
scale internal motions, an order parameter (S2

s) for nano-
second time-scale internal motions that are faster thanτm

but slower thanτe, and a correlation time (τs) for nanosecond
time-scale internal motions. The correlation timeτe, for
picosecond time-scale internal motions, is assumed not to
contribute to the relaxation (as in model 1). The extended
model spectral density function is given in eq 5:

whereS2 ) S2
fS2

s andτ′s ) τsτm/(τs + τm). To determine the
most appropriate model to describe each residue, the
parameters for each spectral density function are adjusted
to minimize the followingø2 function:

where the subscripts c and e indicate calculated and
experimental values, respectively, andσ is the error of the
individual relaxation parameters used.

In the case of rigid body anisotropic reorientation, the
spectral density function has been fully detailed elsewhere
(45, 46), for example, in eqs 3 and 4 in the paper by Tjandra
et al. (46). The six parameters (Dxx, Dyy, Dzz, θ, φ, andψ)
describing the orientation and amplitude of the principal
components of the diffusion tensor in the molecular frame
are optimized. The diffusion parameters are then extracted
by minimizing the error function:

whereσ is the uncertainty in the experimentalR2/R1 ratio.
The summation is performed over all residues defined as
rigid using the following equations as proposed by Tjandra
et al. (46, 47):

where theT1 and T2 averages are taken over residues that
have not been excluded because of a low NOE (eq 8a). SD
is the standard deviation of the function calculated for these
residues.

For the diffusion tensor and internal mobility analysis, the
Cartesian coordinates of TmAFP were taken from the crystal
structure. The fit of the components and orientation of the
diffusion tensor is performed using an in-house written
program (48) and visualized with the program TENSOR2
(49). The relaxation parameters are analyzed with respect
to isotropic, axially symmetric, and fully asymmetric rota-
tional tumbling models using TENSOR2. The significance
of the improved fit of each model is tested to ensure that
the reduction inø2 is not due only to the introduction of
additional parameters into the each subsequently more
complex model.

The global isotropic correlation time has been optimized
using those residues that do not display obvious signs of
relaxation active mobility, using the exclusion criteria
detailed in eqs 8a and 8b above. With the assumption of
negligible internal mobility and exchange, theT1/T2 ratios
of these residues should be dependent only on the overall
reorientation of the molecule.

With the orientation and the components of the diffusion
tensor optimized using the selected vectors, the internal
mobility, shown here for the case of axially symmetric
rotational diffusion, is characterized using the spectral density
function extended to include fast internal motions:

with τ′j ) τjτs/(τj + τs), τ1
-1 ) 6D⊥, τ2

-1 ) 5D⊥ + D||,
τ3

-1 ) 2D⊥ + 4D||, A1 ) (3cos2θ - 1)2/4, A2 ) 3sin2θ cos2θ,
A3 ) (3/4)sin4θ, whereθ is the angle between the NH bond
vector and the unique axis of the principal frame of the

ø2 ) ∑
n

{[(R2
meas/R1

meas) - (R2
calc/R1

calc)]n/σn}
2 (7)

NOE < NOE - 1.5 SD (8a)

〈T2〉 - T2,n

〈T2〉
-

〈T1〉 - T1,n

〈T1〉
> 1.5 SD (8b)

J(ω) )
2

5
S2

f∑
j)1

3

Aj{ S2
sτj

1 + (ωτj)
2

+
(1 - S2

s)τ′j

1 + (ωτ′j)
2} (9)

J(ω) ) 2
5[ S2τm

(1 + ω2τ2
m)

+
(1 - S2)τ

(1 + ω2τ2)] (4)

J(ω) ) 2
5[ S2τm

(1 + ω2τ2
m)

+
(S2

f - S2)τ′s
(1 + ω2τ′2s)] (5)

ø2 )
(T1c - T1e)

2

σ2
T1

+
(T2c - T2e)

2

σ2
T2

+
(NOEc + NOEe)

2

σ2
NOE

(6)
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diffusion tensor. This is analogous to the isotropic Lipari-
Szabo formalism, as the fast internal motion (τj , (6D)-1)
is assumed to be independent of the overall rotational
tumbling. The statistical tests performed to determine the
significance of the derived models use the same criteria for
model selection as in the isotropic case described above.

RESULTS

Solution Structure of TmAFP.The recombinant TmAFP
used in this study consists of 85 residues, with the N-terminal
Met used to initiate translation inE. coli numbered 0. In
this way, sequence numbering remains consistent with the
native protein. The extreme regularity of the sequence and
structure as well as the abundance of small amino acid side
chains (Figure 1) made it very difficult to assign the1H and
15N chemical shifts of this protein. Despite this, almost
complete1H and 15N NMR chemical shift assignments of
TmAFP were obtained using the structure-specific assign-
ment procedure discussed in the experimental procedures.
Backbone amide protons were unambiguously assigned for
79 out of the 83 non-proline residues at both 30°C (Figure
2) and 5°C (not shown). Resonances for the N-terminal
Met0, Gln1, and Cys2, as well as the C-terminal His84 were
not observed. As can be seen in the1H-15N HSQC spectrum
in Figure 2, the resonances are generally well-dispersed, and
the spectra are of high resolution. In addition, complete
assignment of all side chains resonances was accomplished,
with the exception of the four residues mentioned above
which were not observed, and the side chain amide groups

of three asparagines and the three glutamines that could not
be unambiguously distinguished.

Restraints for 672 interproton distances (148 long-range,
(|i - j| g 5); 40 medium-range, (2e |i - j| e 4); 202
sequential (|i - j| ) 1) and 282 intraresidue (i ) j) and 98
φ and ψ dihedral angles were derived as described in the
experimental procedures. An ensemble of structures was
generated using these restraints (Figure 3). The statistics for
this ensemble are summarized in Table 1. Overall, the
calculated structures exhibit good covalent geometry and
agree well with the experimental data. The single structure

FIGURE 2: 1H-15N HSQC spectrum of TmAFP at 30°C, showing the complete backbone amide assignments and the wide chemical shift
dispersion.

Table 1: Structural Statistics for the Ensemble of 20 Refined
Structures of TmAFP

ensemble
selected
structure

rmsd from NOE distances (Å) (672) 0.022( 0.001 0.021
rmsd from dihedral angle restraints

(degrees) (98)
0.37( 0.11 0.396

rmsd from idealized covalent geometry
bonds (Å) 0.0025( 0.0002 0.0022
angles (degrees) 0.37( 0.01 0.35
impropers (degrees) 0.23( 0.02 0.22

Cartesian coordinate rmsd (Å)
backbone atoms (N, CR, C) 0.8( 0.1 0.6
all heavy atoms 1.1( 0.1 1.0

Ramachandran plot analysis
residues in most favored regions 53.3% 52.8%
residues in additionally allowed regions 45.2% 47.2%
residues in disallowed regions 1.5% 0%

Antifreeze Protein Dynamics Biochemistry, Vol. 41, No. 17, 20025519



closest to the mean of the ensemble was selected for
illustrative purposes and the following discussion.

TmAFP is a right-handed parallelâ-helix consisting of
seven repetitive 12-amino acid loops (Figure 4). The con-
sensus sequence for these repeated loops is xTCTxSxxCxxA,
as described previously (50) and shown in Figure 1. The
overall shape of the protein is a flattened cylinder ap-
proximately 32 Å long, with a 14× 8 Å pseudo-rectangular
cross section. The structure is constrained by a series of

intraloop disulfide bonds running through the middle of the
helix core. All 16 cysteines in TmAFP are involved in these
disulfide bridges. Six of the eight disulfide bonds are spaced
6 residues apart and are aligned in the center of each loop,
except the N-terminal one (Figure 4). In the N-terminal
region, the other two disulfide bonds (Cys2-Cys11 and Cys8-
Cys18) do not conform to this regular pattern; however, the
N-terminal loop formation is not disrupted. The structure is
further stabilized by a network of hydrogen bonds whose
existence is supported by the observation of long-lived amide
proton resonances in the two-dimensional TOCSY spectrum
in D2O. These hydrogen bonds are present in theâ- and
γ-turns of the individual helical loops, as well as in the
stacking of adjacent loops (16). This is due to the extremely
similar backbone conformations of each loop of the helix.

Due to the tightness of thisâ-helix, with only 12 residues
per loop, TmAFP has essentially no hydrophobic core and
certainly no room inside the helix for long side chains. In
addition to the disulfide-bonded cysteines that bisect each
loop, the only other residues that fit inside the core are the
conserved alanine and serine residues that line the right and
left-hand sides of the protein, respectively, for the view in
Figure 4C. All the rest of the side chains, including the
relatively few hydrophobic ones, project out into solution.

Each loop of the helix, except the N- and C-terminal ones,
contributes a 3-4 residueâ-strand to the sheet that is formed
along one side of the protein. This sheet contains the array
of threonine residues from the TCT motif that is the putative
ice-binding face. The rest of the loop consists of extended
coil structure as well asâ- andγ-turns. The entire protein
constitutes a well-defined structure, with rms distributions
about the mean coordinate positions of 0.8( 0.1 Å for
backbone atoms and 1.1( 0.1 Å for all heavy atoms from
residues 13-81. The N-terminal 12 residues are poorly
defined due to the smaller number of NOE restraints in this
region.

This structure agrees very well with that previously
determined by X-ray crystallography (16) (Figure 5). The
rmsd between the representative solution structure and the
X-ray structure is 1.3 Å for backbone atoms and 2.0 Å for

FIGURE 3: The tertiary structure ofT. molitor antifreeze protein.
Shown is the CR trace of the superimposition (using residues
13-81) of the main chain atoms from the 20 lowest energy
NMR-derived structures of TmAFP (PDB code 1L1I).

FIGURE 4: Ribbon representation of the TmAFP structure closest to the mean. Theâ-sheets, shown in green, are located at residues 14-16,
25-28, 37-40, 49-52, and 61-64. Disulfide bonds, shown in red, are located across each loop and between loops 1 and 2 at the N-terminus.
(B) is rotated 90° to the left to emphasize the relative flatness of the proposed ice-binding face and (C) shows the view down the helix axis.
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all heavy atoms of the six well-defined loops as described
above. The main difference is again in the N-terminal region,
which is loosely defined in the solution structure. When the
four C-terminal loops (residues 37-81) are used for super-
imposition, the rmsd between the two structures for the six
well-defined loops drops to 1.1 Å for the backbone atoms;
however, when the three N-terminal loops (from residues
10-37) are superimposed, the backbone rmsd is increased
to 1.6 Å.

DYNAMIC RESULTS
15N-T1, -T2, and NOE Data.The backbone dynamics of

TmAFP have been studied at two temperatures, 30 and 5
°C. At 30 °C, 73 residues at 500 MHz and 75 residues at
600 MHz were used for the relaxation analysis, due to{1H-
15N}-HSQC spectral overlap. At 5°C, 72 residues at 500
MHz and 73 residues at 600 MHz were used.

The values of15N-T1, -T2, and{1H}-15N NOE as a function
of residue number are shown for 30°C in Figure 6 and for
5 °C in Figure 7. The profiles of15N-T1, -T2, and{1H}-15N
NOE values for the two resonance frequencies display similar
patterns as a function of residue number. The regular periodic
pattern of theT1, T2, and T1/T2 values is obvious, corre-
sponding to the 12-amino acid repeat sequence and loop
structure. For proteins withτm g 5 ns (i.e., in the slow
tumbling limit), 15N-T1 values are largely dependent on the
rates of motion occurring at the15N Larmor frequency, and

therefore exhibit characteristic magnetic field strength de-
pendence (Figure 6). At 30°C the T1

500 is 381 ( 22 ms

FIGURE 5: NMR and X-ray crystallographic structures of TmAFP.
Shown are superimposed backbone traces of TmAFP solution (blue)
and crystal (red) structures. The superimposition is for residues 13-
81 with an rmsd of 1.35 Å. The view is the same as in Figure 4A.

FIGURE 6: Plots of (A) 15N-T1, (B) 15N-T2, (C) {1H}-15N NOE,
and (D)T1/T2 ratios at 30°C with individual error bars plotted for
500 (b) and 600 (0) MHz. AverageT1/T2 ratios calculated for
residues with negligible internal motion (NOE> 0.6 (500 MHz)
or NOE > 0.65 (600 MHz) were 2.36( 0.21 for T1

500/T2
500 (b)

and 2.84( 0.29 for T1
600/T2

600 (0). A schematic diagram of
secondary structure is drawn above the panel with arrows depicting
theâ-strands. The residues in structured regions are:â1 (14-16),
â2 (25-28), â3 (37-40), â4 (49-52), andâ5 (61-64).

FIGURE 7: Plots of (A) 15N-T1, (B) 15N-T2, (C) {1H}-15N NOE,
and (D)T1/T2 ratios at 5°C with individual error bars plotted for
500 (b) and 600 (0) MHz. AverageT1/T2 ratios calculated for
residues with negligible internal motion (NOE> 0.6 (500 MHz)
or NOE > 0.65 (600 MHz) were 5.46( 0.72 for T1

500/T2
500 (b)

and 7.75( 1.18 forT1
600/T2

600 (0).
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with an average error of 7 ms, andT1
600 is 445 ( 27 ms

with an average error of 7 ms for all residues. The magnetic
field strength dependence becomes more obvious at 5°C
(Figure 7) where theT1

500 is 542( 39 ms with an average
error of 14 ms, andT1

600 is 695( 59 ms with an average
error of 14 ms over all residues.15N-T2 values in the slow
tumbling limit are largely determined by the zero frequency
value of the spectral density,J(0), and are therefore expected
to be similar at the different magnetic field strengths, as long
as there are no chemical or conformational exchange
contributions toT2. At 30 °C, the averageT2

500 is 162( 14
ms with an average error of 3 ms, andT2

600 is 156( 16 ms
with an average error of 2 ms. At 5°C these values drop as
expected due to slower tumbling and the averageT2

500 is
101 ( 10 ms with an average error of 2 ms, andT2

600 is
92 ( 10 ms with an average error of 2 ms over all residues.
{1H}-15N NOE measurements are particularly sensitive to
fast internal motions on the picosecond time scale (0<
τe < τm), and again a similar pattern is observed at the two
magnetic field strengths as a function of residue number. At
30 °C, the average NOE500 is 0.65( 0.07 with an average
error of 0.06 and NOE600 is 0.74 ( 0.05 with an average
error of 0.04 for all residues. At 5°C, the pattern holds and
NOE500 is 0.75 ( 0.08 with an average error of 0.10 and
NOE600 is 0.80( 0.06 with an average error of 0.06 over
all residues.

Rotational Diffusion Anisotropy and OVerall Correlation
Time.To calculate the globalτm, the first step is to remove
residues with NOE values below a certain threshold. This is
done because the NOE is sensitive to internal dynamics on
the picosecond-nanosecond time-scale, and those residues
with motions that are faster thanτm on this time-scale must
be eliminated prior to the calculation. An NOE cutoff value
of 0.6 was used at 500 MHz and an NOE value of 0.65 was
used at 600 MHz. A total of 56 out of 73 residues (30°C)
and 68 out of 72 residues (5°C) from the 500 MHz data
and 70 out of 75 residues (30°C) and 70 out of 73 residues
(5 °C) from the 600 MHz data set were selected by the NOE
criteria for use in the globalτm calculation. Residues that
were removed from the data sets were typically from the N-
and C-terminal regions of the protein.

Those residues that did not have theirT1/T2 ratios excluded
due to the NOE criteria described above were used to
estimate the globalτm. Residues with aT1/T2 ratio above or
below one standard deviation of the mean for all residues
were also removed. The relaxation parameters for each
magnetic field strength were analyzed individually. At 30
°C, the averageT1/T2 ratios of the selected residues are
2.36 ( 0.21 and 2.84( 0.29 at 500 and 600 MHz,
respectively, while at 5°C theT1/T2 ratios are 5.46( 0.72
and 7.75( 1.18 at 500 and 600 MHz. A total of 42 residues
(30 °C) or 41 residues (5°C) were used to calculate the
global τm at 500 MHz, while a total of 53 residues (30°C)
or 48 residues (5°C) were used at 600 MHz.τm was
calculated on a per residue basis using the spectral density
model 2 (eq 4) for isotropic rotational diffusion and the
results were averaged to give the globalτm. Globalτm values
of 4.2 ns (500 MHz) and 4.0 ns (600 MHz) were obtained
at 30°C. At 5 °C, a globalτm of 7.7 ns was obtained at 500
MHz and 7.9 ns at 600 MHz.

From the observation of the periodic pattern of the raw
dynamic data, anisotropy in the rotational tumbling of

TmAFP is postulated. The crystal structure of TmAFP was
used to calculate the normalized lengths of the principal axes
of the inertia tensor, and the ratio was 1.00:0.52:0.45. Thus,
anisotropy in the tumbling is indeed expected. The rotational
diffusion anisotropy was examined for all residues not
affected by large-amplitude fast picosecond and slower
millisecond time-scale motions, in a manner similar to the
procedure described by Pawley et al. (51). The relaxation
parametersT1, T2, and NOE were analyzed with respect to
isotropic, axially symmetric, and fully asymmetric rotational
tumbling models using a grid search to find the minimum
in the squared difference measured and calculatedT1/T2 ratios
using an in-house written program (48). All residues for
which relaxation data was available were considered for the
anisotropic rotational tumbling analysis, unless they were
shown to be subject to significant internal motions, as
determined by the filtering method above. The rotational
tumbling of TmAFP is best characterized using the axially
symmetric model withD||/D⊥ = 1.45 at 30°C andD||/D⊥ =
1.65 at 5°C for both magnetic field strengths (Table 2). A
statisticalF-test, shown in Table 2, validated the inclusion
of additional parameters in the axially symmetric rotational
diffusion model, while the fully asymmetric model was over-
parametrized (52). For the axially symmetric model, the
probability that the improvement in fit by the inclusion of
additional parameters occurred by chance is 0 at 5°C for
both magnetic fields, and 3.2× 10-11 (500 MHz) or 2.2×
10-13 (600 MHz) at 30°C. The axially symmetric rotational
diffusion tensor was found to be prolate in shape (D||/D⊥ >
1).

The orientation of the diffusion tensor with respect to the
molecular structure of TmAFP is shown in Figure 8.Dz (or
D||), the unique axis of the rotational diffusion tensor, is
parallel to the long axis of theâ-helix. The orientation of
the amide bond vectors of the backbone varies depending
on which of the 12 positions in the loop it occupies. As will
be expanded upon in the next section, this analysis was
carried out to prevent the misinterpretation of relaxation
parameters by the assumption of isotropic rotational diffusion
in the internal mobility (model-free) analysis.

Model-Free Analysis and Internal Mobility.The Lipari-
Szabo model-free approach (41, 42) is widely used to
interpret backbone amide15N relaxation parameters. The
experimental15N-T1, -T2, and {1H}-15N NOE relaxation
parameters were fit to spectral density models 1-5. The
spectral density parameters from each data set (500 and 600
MHz, at both 30 and 5°C) were optimized individually
(Figure 9) to allow assessment of the consistency between
magnetic field strengths. This is possible to do since the
motions that give rise to NMR relaxation are not dependent
on magnetic field strengths, except for a slight alignment at
higher magnetic field strengths (53).

The S2 values obtained agree very well between the two
magnetic field strengths, as expected. At 30°C, the average
S2 values for the whole protein backbone are 0.87 at 500
MHz and 0.88 at 600 MHz (Figure 9A). TheseS2 values
are typical of well-defined secondary structure in proteins.
At 5 °C, the averageS2 values are almost identical, 0.88 at
500 MHz and 0.89 at 600 MHz (Figure 9B). Only some
residues in the N-terminal loop and the very C-terminal
residues display any motion of varying amplitudes and rates.
For TmAFP, both theâ-sheet and extended loop regions of
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the protein are highly structured.
All of the model-free analysis was performed accounting

for rotational diffusion anisotropy (eq 9), as the failure to
include this will lead to misidentification ofτe and/orRex

terms as genuine slow motions and conformational exchange
(46). As well, S2 values calculated assuming isotropic
rotational diffusion are also affected and appear artificially
lowered, implying the molecule is more flexible and under-
goes more internal motion than is actually occurring. For
TmAFP, as shown in Figure 8,Dz (D||) is parallel to the
long axis of theâ-helix. Around each loop of the helix, the
orientations of the N-NH bond vector in each of the 12
positions vary from parallel to the helical axis to nearly
perpendicular. These different orientations with respect to
the unique axis of the diffusion tensor are what give rise to
the periodic pattern displayed by the experimental relaxation
data.

DISCUSSION

The study of protein backbone dynamics provides detailed
and site-specific information about the conformational

changes that can occur upon ligand binding. Nuclear
magnetic resonance spectroscopy is sensitive to a wide range
of motions of various time scales, and is particularly
applicable to this type of dynamic study. For TmAFP, the
proposed ice-binding region is the array of threonine residues
that form the parallelâ-sheet on one face of the protein (16).
The parameters extracted from these15N NMR relaxation
studies show that TmAFP has similar restricted internal
mobility throughout the protein backbone, at both temper-
atures studied. Therefore, both the ice-binding and opposite
faces of TmAFP are formed by well-defined and rigid
structural elements and the overall backbone dynamics are
not affected as TmAFP approaches its physiologically
relevant temperature.

This observed backbone rigidity of the ligand binding site
is a recurring theme in several recent publications (54, 55),
in contrast to observations that ligand binding is often related
to increased active site flexibility (56). In other recent studies,
the heteronuclear NMR spin relaxation data has been
interpreted in terms of its contributions to protein entropy
and heat capacity (57). In the case of TmAFP, the ligand it

Table 2: Rotational Diffusion Parameters by Isotropic, Axially Symmetric, and Asymmetric Models at 500 and 600 MHz and Two
Temperatures (30 and 5°C) for TmAFPa

model/field/temp τm
b (ns) D||/D⊥

c Dx/Dy θd φd æd Ee Ev
f Fx

g

isotropich

500 (30°C) 4.2 1 1 709.4 11.4
600 (30°C) 4.0 1 1 2274.4 35.5
500 (5°C) 7.7 1 1 1442.2 22.9
600 (5°C) 7.9 1 1 2584.1 38.6
ax. symh

500 (30°C) 3.9 1.43 1 61.2 -133.6 292.1 4.9 28.1
600 (30°C) 3.8 1.50 1 62.8 -130.8 813.8 13.3 36.5
500 (5°C) 7.1 1.65 1 60.2 -120.6 194.9 3.2 128.0
600 (5°C) 7.3 1.64 1 58.5 -121.0 474.3 7.4 94.9
asymh

500 (30°C) 4.0 1.38 0.87 62.2 -132.1 -24.2 282.1 4.9 1.0
600 (30°C) 3.8 1.51 0.94 62.4 -131.7 -112.9 808.4 13.7 0.2
500 (5°C) 7.1 1.67 0.94 60.7 -121.3 -44.4 193.1 3.3 0.3
600 (5°C) 7.3 1.64 0.99 58.4 -121.0 0.1 474.1 7.6 0.01

a Values were calculated using the crystal structure of TmAFP (PDB entry 1EZG).b τm ) 1/6D. c D||/D⊥ ) 2Dz/(Dx + Dy). d Euler angles describing
the orientation of the components of the diffusion tensors,Dz(θ andφ) andDx,y(æ). e Error functionE ) ∑N(T1,e/T2,e - T1,c/T2,c)2/σ2

T1/T2, whereN
is the number of residues used in the fit.f Reduced error functionEv ) E/(N - m), whereN andm are the number of residues and variables used
in the fit, respectively.g Fx ) (Em - Em+x)/xEv,m+x, whereE andEv are defined above andx is the number of additional variables in the fit. Larger
Fx values justify the use of additional variables (48). h For the isotropic, axially symmetric, and fully asymmetric anisotropic analyses, 63 (30°C)
and 64 (5°C) residues at 500 MHz and 65 (30°C) and 68 (5°C) residues at 600 MHz were used.

FIGURE 8: Rotational diffusion tensor of TmAFP. The best fit rotational diffusion tensor of TmAFP is shown superimposed on the TmAFP
structure closest to the mean. The tensor is visualized as a three-dimensional ellipsoid with its axes marked. The orientation of the molecule
in (A) is the same as in Figure 4B, while (B) shows the view down the helix axis from the position in (A).
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binds is ice, which has an extremely regular spacing of its
repetitive elements. If lattice matching to this array is to
occur, it follows that the binding site in question would be
rigid to ensure the correct positioning of the required protein
constituents in close proximity. For TmAFP, we propose that
the hydrophobic, rigid binding site reduces the entropic
penalty for the free energy of binding the protein to ice.

An examination of the structure of TmAFP suggests that
a â-helix provides an ideal scaffold to produce the required
rigidity of the ice-binding site. Although parallelâ-helix
structures have been discovered in bacteria and fungi,
including other right-handedâ-helices such as pectate lyase
(58), rhamnogalacturonase A (59), and the P22 tailspike
protein (60), and the left-handedâ-helix domain of N-
acetylglucosamine acyltransferase (61), all these proteins are
much larger and less strictly regular than TmAFP. They
typically contain 22 to 27 residues perâ-helical loop, and
all have normal hydrophobic cores. Since no dynamic studies
on these largerâ-helices have been undertaken, we cannot
state whether theseâ-helices will also demonstrate a similar
degree of rigidity, although it is certainly a distinct possibility.
Nonetheless, the compact size and shape of the TmAFP
â-helix as compared to otherâ-helical structures, coupled
with the extensive disulfide- and hydrogen-bonding, struc-
tures the helical loops to such a high degree that even the
lack of a hydrophobic core does not affect its stability. It is
interesting to note that another insect AFP, that of spruce
budworm, has utilized aâ-helical structure with a triangular
architecture as a scaffold for antifreeze activity (17), while
â-helical structures have also been postulated for the leucine-
rich carrot AFP (3) and recently characterized ryegrass AFP
(62). However, aâ-helical AFP structure has not yet been
seen in fishes.

In conclusion, we have determined that the entire TmAFP
molecule is a highly structured and rigid protein. This rigidity
appears to be inherent in theâ-helical structure and does
not appear to be a consequence of the lowering of the
solution temperature toward physiologically active temper-
atures. From this observation, we suggest that theâ-helix
structure is an ideal scaffold for antifreeze protein activity
and the key element to its success is its repetitive structure
and associated rigidity, which allows it to match the solid
ice crystal lattice as it binds. Given the wide variety of
observed AFP structures in fish, it would be informative to
study backbone dynamics of these AFPs to compare their
proposed ice-binding face dynamics. As well, since it is clear
that side chains play very important roles in binding
interfaces, a detailed look at their dynamic behavior will be
the next logical step in the attempt to elucidate the molecular
mechanism of antifreeze protein binding to ice.
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FIGURE 9: Plots of (A) order parameters (S2) at 30°C, (B) S2 at 5 °C, and (C)∆S2 ) S2(30 °C) - S2(5 °C) for 500 (b) and 600 (0) MHz
data.
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SUPPORTING INFORMATION AVAILABLE

Supporting Information available includes the15N and1H
chemical shift assignments for the backbone and side-chains
of TmAFP. This material is available free of charge via the
Internet at http://pubs.acs.org.
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