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ABSTRACT: The dependence of amide proton chemical shifts on temperature is used as an indication of
the hydrogen bonding properties in a protein. The amide proton temperature coefficients of theâ-helical
antifreeze protein fromTenebrio molitorare examined to determine their hydrogen bonding state in solution.
The temperature-dependent chemical shift behavior of the amides inT. molitor antifreeze protein varies
widely throughout the protein backbone; however, very subtle effects of hydrogen bonding can be
distinguished using a plot of chemical shift deviation (CSD) versus the backbone amide chemical shift
temperature gradient (∆δ/∆T). We show that differences between the two ranks of ice-binding threonine
residues on the surface of the protein indicate that threonine residues in the left-hand rank participate in
intrastrand hydrogen bonds that stabilize the flat surface required for optimal ice binding.

The freeze avoidance strategy of many organisms has
evolved to include the use of antifreeze proteins to maintain
the liquid state of their bodily fluids at temperatures well
below the usual minima for their habitat. They do this by
keeping their body fluids in a supercooled state, that is, at a
point below the equilibrium freezing point, using some
interesting adaptations (1, 2). First, contact with potential
nucleators is minimized to prevent seeding of ice formation
at temperatures at or below the freezing point. Second, many
animals produce high levels of sugar alcohols such as
glycerol in their body fluids, which depress the freezing point
and crystallization temperatures by colligative means. Most
interestingly, some organisms also produce antifreeze pro-
teins (AFPs),1 which specifically bind ice crystals, controlling
their growth and preventing them from growing to a size
that could cause physical damage.

AFPs have been isolated from various distinct groups of
organisms, including fish (1), insects (2), plants (3, 4), and
microorganisms (5). The fish AFPs have been classified into
five types [antifreeze glycoprotein (AFGP) and AFP types
I-IV] based on primary sequence and three-dimensional
structural information (6). These proteins are all vastly

different in primary and tertiary structure, yet all are able to
bind to ice and shape its growth. Two types of AFPs
unrelated to the fish AFPs have thus far been characterized
in detail in insects, one from beetles [Tenebrio molitor(Tm)
andDendroides canadensis] and the other from the spruce
budworm (Choristoneura fumiferana). The AFPs from the
two insect groups have similar folds (â-helix), but are
unrelated at the level of primary sequence and have different
coil architectures (7-10). Despite these differences, the ice-
binding surfaces are remarkably similar, consisting of two
ranks of precisely aligned threonine residues that appear to
match the ice lattice. The insect AFPs have specific activities
10-100 times greater than those of the fish AFPs (11). This
increased thermal hysteresis activity could be due to the
ability of these proteins to bind to two different planes of
ice (8) or to an increase in the number of ice-binding residues
(12).

TmAFP is a small (8.4 kDa), highly disulfide-bonded
right-handed parallelâ-helix consisting of seven tandemly
repeated 12-amino acid loops (Figure 1). Both the solution
(9) and crystal (7) structures have been determined and have
provided complementary observations. Extensive studies of
the backbone and side chain dynamics (9, 13, 14) using NMR
indicate that the entire protein is a very rigid molecule,
including the array of threonine residues that comprise the
ice-binding face. These data support the emerging hypothesis
that it is the intimate surface-to-surface complementarity
between the AFP and crystalline ice that is key to the
molecular mechanism of antifreeze activity (15). The crystal
structure provided detailed insight into the unique hydrogen
bonding network with external water molecules that mimic
a layer of ice (7).

The NMR chemical shift of a nucleus has been recognized
for many years as a sensitive indicator of molecular
conformation, composition, and environment. In proteins,1H,
13C, and 15N chemical shifts are all used to provide
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information about the environment of a particular nucleus,
but the complexity of biomolecular systems has made a
complete understanding of the basis for protein chemical
shifts elusive. Proteins have long been noted to have a wide
dispersion of chemical shifts relative to random coil reference
data (16). In particular, chemical shifts are exquisitely
sensitive to the protein secondary structure, and the noted
trends are used to deduce preliminary structural information
(17). Both R-carbons and carbonyl13C carbons experience
a downfield shift when located inR-helices and an upfield
shift when in aâ-strand or extended conformation, while
upfield shifts inR-helical conformations and downfield shifts
for nuclei in â-strand and extended conformations are seen
for R-1H, amide1H, and amide15N chemical shifts. Gener-
ally, 1H and 13C chemical shifts are used successfully to
determine the most likely secondary structure for a protein
sequence using the chemical shift index (CSI) approach (18).
The relationship between secondary structure and the amide
1H and15N chemical shifts is typically not exploited for this
purpose since they are less well-understood and more factors
appear to be involved, making their interpretation more
difficult.

The dependence of the chemical shift of amide proton
resonances on temperature has been known for many years

(19). The general trend is that the amide protons experience
an upfield shift upon warming, described as a negative
temperature coefficient. This effect has been rationalized as
a weakening of hydrogen bonding with increased temperature
(20). In a hydrogen-bonded backbone amide, the carbonyl
hydrogen bond partner causes a downfield shift of the amide
resonance. With the lengthening of the hydrogen bond caused
by an increased temperature, the amide proton is less
downfield shifted, resulting in a relative upfield shift.
Therefore, solvent-exposed amides will experience a more
rapid upfield shift upon warming because of the decrease in
intermolecular versus intramolecular hydrogen bonding (21).
This has led to the widely used practice of attributing
temperature gradient (∆δ/∆T) values less negative than-4
to -4.5 parts per billion/°C (ppb/°C) to the sequestration
from solvent of the amide proton. However, this appears to
be an oversimplified approach, and other factors, including
the chemical shift deviation (CSD) of the resonances from
random coil values and the degree of structuring of the
protein or peptide of interest (21), must be included in the
analysis. For example, Baxter and Williamson (22) have
shown that taking deuterium exchange data into consideration
with temperature gradients increases the reliability of deter-
mining hydrogen bonding, while Andersenet al. (21) have
demonstrated the utility of correlation plots of NH CSD
versus∆δ/∆T. Although it has been noted that hydrogen-
bonded amides in rigid proteins are usually characterized
by ∆δ/∆T values of-2.0( 1.4 ppb/°C and exposed amides
are more negative, numerous exceptions exist (21), and this
can only provide a general guideline.

We have applied this analysis to the amide protons of the
â-helical TmAFP. We have previously studied the15N
backbone dynamics of TmAFP and have shown that it is a
rigid protein that displays restricted internal motions through-
out at both 30 and 5°C (9). In the process of assigning the
15N HSQC spectrum at 5°C for the analysis of15N relaxation,
certain patterns of the temperature gradients and chemical
shifts with a decrease in temperature were observed and are
studied herein.

EXPERIMENTAL PROCEDURES

The preparation of15N-labeled TmAFP was previously
described (9). The sample was prepared for NMR spectros-
copy by dissolving the lyophilized protein in a 90% H2O/
10% D2O mixture containing 0.1 mM DSS (2,2-dimethyl-
2-silapentane-5-sulfonic acid). The final protein concentration
was approximately 0.4 mM, and the pH of the unbuffered
protein was adjusted to 5.5 with microliter aliquots of 100
mM NaOD or DCl as required. It has been previously shown
that TmAFP behaves as a monomer in solution and displays
no tendency to aggregate under the conditions that have been
used (23). A series of 1H-15N HSQC spectra for the
temperature range of 30-5 °C were collected in 5°C
decrements. The spectra were acquired under identical
conditions using a Varian Unity 600 MHz spectrometer
equipped with a 5 mmtriple-resonance probe andz-axis
pulsed field gradients. After each temperature change, the
sample was allowed to equilibrate for 45 min. Each spectrum
was correctly referenced to DSS by collecting a1H one-
dimensional spectrum at each temperature using the same
1H spectral width as for the HSQC spectrum. The spectral
width for 1H was 7000.35 Hz and for15N was 1897.89 Hz;

FIGURE 1: Amino acid sequence (A) and NMR structure (B) of
the T. molitor isoform 2-14 antifreeze protein used in this study.
The TmAFP ribbon structure (PDB entry 1L1I) is shown with
residues in the parallelâ-sheet colored blue and the eight disulfide
bonds colored red. This figure was prepared using Molscript (29)
and Raster3D (30).
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436 and 128 complex data points were acquired for1H and
15N, respectively, with a total of 64 transients collected. The
NMR data were processed and displayed using VNMR
version 5.3 software on a Sun workstation. TheF2 (1H)
dimension was multiplied by a 60°-shifted sine-bell function,
and theF1 dimension was multiplied by a 90°-shifted squared
sine-bell function before Fourier transformation.

RESULTS AND DISCUSSION

The 15N HSQC spectra at six temperatures are shown in
Figure 2. As the sample is cooled to 5°C, the amides display
the typical downfield shift previously described. Upon closer
inspection, it was noted that some residues moved very little
or not at all. For example, note T28, T40, T52, and T64
near the middle of the spectrum or N29 in the bottom left
corner, which clearly shows no change in chemical shift with
temperature. Therefore, we plotted the changes in chemical
shift of the individual residues on the TmAFP protein surface
(Figure 3) to determine if an overall pattern emerged.

It is immediately obvious that the threonine residues in
both ranks on the ice-binding face of the protein experience
very little change in chemical shift as the temperature is
lowered. The behavior of nearby residues in the protein varies
much more widely and may indicate subtle conformational
changes that are occurring with changes in temperature. Some
residues such as N29 also change little, while others,
including A14, T16, and other residues adjacent to the
threonine array, do change noticeably. For example, the
cysteine residues forming the TCT motif of the ice-binding
face have much more negative temperature gradients than
the threonines they separate in the sequence.

The temperature gradients (ppb/°C) for each residue are
shown in Table 1, which displays both the CSD and∆δ/∆T

and is sorted by amino acid type. To illustrate the previous
result, the temperature gradients for the threonine and
cysteine residues in the TCT repeats of the four central loops

FIGURE 2: Plot of the15N HSQC spectra displayed as a function of temperature. The 30°C spectrum is plotted with 10 contours, and the
remaining spectra are plotted with one contour at 5°C intervals down to 5°C. The amide resonances are labeled with their assignments;
those labeled with an asterisk are the Asn and Gln side chain NHs.

FIGURE 3: Change in amide chemical shifts from 30 to 5°C mapped
on the TmAFP surface (PDB entry 1EZG). The threonine residues
on the ice-binding face are labeled. This figure was prepared with
InsightII.
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were separately averaged. For the left-hand rank of threonines
(T28, T40, T52, and T64), the average is-0.55 ppb/°C, and
for the right-hand rank of threonines (T26, T38, T50, and
T62) it is -0.71 ppb/°C. In contrast, for the cysteines
between these threonines (C27, C39, C51, and C63), which
form intraloop disulfide bonds, the average was-2.97 ppb/
°C. Only C33 has a less negative temperature gradient than
the rest of the cysteines in TmAFP; otherwise, the values
are remarkably consistent across the disulfide bond pairs.
We also observe that the temperature gradient values for the
inward-facing alanine and serine residues that line the right
and left sides of the protein core, respectively (Figure 4A),
cluster in the table and have negative values. The average
for the alanines (A24, A36, A48, and A60) is-0.98 ppb/°C
and for the serines (S30, S42, S54, and S66) is-1.45 ppb/
°C.

Using the general practice of assuming that∆δ/∆T values
less negative than-4 ppb/°C indicate NH sequestration from
solvent would suggest that all of these residues are therefore
participating in hydrogen bonds and are protected. However,
if the data are plotted in a correlation plot of amide proton
CSD versus∆δ/∆T (21), a very different conclusion is
reached. The CSD values are calculated at the lowest
temperature of the experiment asδobs - δref so that upfield

shifts relative to the random coil chemical shift are recorded
as negative CSD values. The reference random coil values
used are those of Andersenet al. (21), with the specified
correction for temperature of-7.6 ppb/°C (24) to adjust the
reference values to 5°C. As devised by Andersenet al. (21),
the plot is formatted with the NH shift deviation on thex-axis
with downfield NH resonances to the left as in an NMR
spectrum. The temperature gradient (y) axis is oriented so
that amides which experience larger upfield shifts upon
warming are at the top of the graph. Figure 4 shows the data
for TmAFP plotted in this fashion. In this plot, points
appearing toward the lower left represent downfield NHs
which do not shift rapidly; these are likely to be intra-
molecularly hydrogen bonded sites.

The cutoff line at which∆δ/∆T ) -2.11- (CSD× 2.41)
corresponds to that which displays the lowest false positive
rate between exchange-protected and exposed amide protons
(21). With Figure 4A, we re-examine the results for the
previously discussed threonine, cysteine, serine, and alanine
residues of the central four loops. First is the TCT ice-binding
motif, for which there is little change in the chemical shift
of the threonines over the 25°C temperature range that was
measured. An interesting observation regarding the CSD for
these threonines is noted; although both ranks of threonine
have similar values of∆δ/∆T, they experience different
directions in chemical shift relative to the random coil values.
The threonines in the left rank (T28, T40, T52, and T64)
have an average CSD of 0.25 ppm downfield and are well
within the area of the plot corresponding to a high level of
potential hydrogen bond formation as marked by the leftmost
blue points. However, the threonines in the right-hand rank
(T26, T38, T50, and T62) experience an average upfield shift
of -0.84 ppm relative to random coil values, putting them
on the edge of the designated line and marked as the right-
hand blue points, which is a region of the plot where
conclusions regarding the hydrogen-bonding state of these
residues cannot necessarily be made. This is supported by
observation of the hydrogen bonding pattern in the crystal
structure using the program VADAR for structural analysis
(25). In the crystal structure, only the threonine residues in
the left-hand rank have their amide protons participating in
hydrogen bonds with the carbonyl of the cysteine residue in
the strand above. The threonines in the right-hand rank do
not make the equivalent hydrogen bonds with their amide
proton. This may allow for more rigid placement of the left-
rank threonine side chains for interaction with ice. This result
is reminiscent of observations made of the two threonine
ranks of spruce budworm AFP, where it was proposed that
the sequence-conserved right rank bound ice first (26).

The cysteine residues between these two ranks of threonine
do not appear to be hydrogen bonded; though they have a
-2.97 ppb/°C temperature gradient, they also tend to cluster
around a CSD value of approximately-0.2 ppm as
designated by the red circles. The amides of the serine
residues have values quite close to the random coil values;
therefore, the CSD is small, and with the-1.45 ppb/°C ∆δ/
∆T value as shown by the light blue triangles in the plot,
they also appear to be participating in intramolecular
hydrogen bonds. In the TmAFP crystal structure (7), the
amide protons of the internal serines form intraloop hydrogen
bonds to stabilize the tightγ-turns in each loop. The alanine
residues, on the other hand, which have an amide∆δ/∆T

Table 1: NH Shift Deviations and Temperature Gradients for
TmAFP

residue
NH CSD

(ppm)
NH ∆δ/∆T
(ppb/°C) residue

NH CSD
(ppm)

NH ∆δ/∆T
(ppb/°C)

A6 0.07 -4.80 K71 1.38 -4.16
A14 0.24 -6.72 N20 -1.85 -1.52
A24 -1.58 -1.00 N23 0.53 -4.68
A36 -1.41 -1.24 N29 0.63 -0.12
A48 -1.55 -0.68 N37 0.99 -3.88
A60 -1.38 -1.00 N46 -0.56 -2.20
A72 -1.04 -2.76 N53 0.80 -2.28
A74 -0.61 -1.80 N61 0.27 -2.40
C8 0.16 -4.08 N68 -0.36 -10.64
C11 -0.54 -1.68 N77 -0.62 -3.40
C15 0.30 -3.44 Q31 -0.86 -1.08
C18 -0.27 -1.56 Q49 0.59 -2.72
C21 -0.03 -2.56 S10 -0.08 -5.28
C27 -0.23 -3.00 S30 -0.14 -1.40
C33 -0.67 -0.48 S42 -0.31 -1.52
C39 -0.23 -2.84 S54 0.01 -1.40
C45 -0.91 -2.40 S66 0.17 -1.48
C51 0.09 -2.76 S78 -0.42 -8.04
C57 -1.06 -2.68 S79 -0.19 -1.40
C63 0.72 -3.28 T3 -0.60 -4.76
C69 -0.26 -3.04 T9 0.53 0.64
C75 0.52 -7.88 T12 -0.22 -2.76
C81 -0.30 -9.92 T16 1.02 -3.52
D7 -0.27 -6.36 T26 -0.52 -1.24
D44 -0.28 -1.96 T28 0.20 -0.40
D56 -0.27 -2.48 T38 -1.04 -0.20
D65 0.37 -1.40 T40 0.35 -0.60
E59 0.30 -1.72 T43 -0.16 -4.08
F58 -1.84 -0.64 T47 0.95 -4.64
G4 -0.16 -5.12 T50 -1.04 -0.20
G5 -0.51 -8.44 T52 0.28 -0.84
G13 -1.01 -1.68 T62 -0.76 -1.20
G17 -0.18 -0.20 T64 0.16 -0.36
G19 0.02 -2.24 T67 -0.28 -2.68
G41 0.26 -0.40 T73 -0.13 -0.92
G80 0.47 -4.64 T76 0.53 -1.76
G83 0.34 -7.12 V25 -0.07 -3.48
H32 -1.02 1.72 V34 -1.07 -3.16
K35 0.49 -6.24 Y70 -1.65 -1.00
K55 -0.34 -1.32
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value of -0.98 ppb/°C, are shifted very far upfield, ap-
proximately -1.5 ppm from the random coil values and
designated by the green squares. This large upfield shift of
the alanine residues may be explained by their surrounding
environment, which places them in thei + 3 position in a
constrainedâ-turn. This position requires very restrictive
local backbone dihedral angles and puts the amide proton
in the shielding region of the turn amide plane. In this
position, the amide proton may be shielded from hydrogen
bonding interactions with solvent yet still lack a strong
intramolecular hydrogen bond (27). Accordingly, from Figure
4A, they appear not to participate in intramolecular hydrogen
bonds. A similar observation for a serine with a temperature
gradient of approximately-1.5 ppb/°C and a strong upfield
shift in a non-hydrogen-bonded amide was made in ubiquitin
(28). In the crystal structure of TmAFP, the alanine-
containing channel also contains five internal water mol-
ecules spaced regularly between the loops (7). These internal
waters form hydrogen bonds to three residues each, including
the alanine amide proton. Hydrogen bonding to internal water

molecules is likely not as stable as intramolecular hydrogen
bonding to other atoms in the protein, since they could be
labile, allowing rearrangement of the hydrogen bonding
network. This may contribute to the behavior of these
alanines in the temperature coefficient and CSD correlation
plot.

This is in contrast to the behavior of the terminal residues
of TmAFP (Figure 4B) which have CSD values that vary
widely and display very negative temperature coefficients.
These residues are clearly not participating in hydrogen
bonds. Unlike in the core of the protein where both the
disulfide bonds and the extensive hydrogen bonding network
stabilize the protein, in the termini it appears the disulfide
bonds alone are holding the protein intact and some terminal
fraying is apparent.

CONCLUSIONS

Overall, a significant portion of the residues in TmAFP
appear to be intramolecularly hydrogen bonded. This result

FIGURE 4: Plots of amide CSD vs∆δ/∆T for the NHs in TmAFP. The cutoff line corresponds to the relation∆δ/∆T ) -2.11- (CSD×
2.41) as in ref21. The data points are colored as described below and discussed in the text. In panel A, the TmAFP structure (PDB entry
1EZG) is shown with the ice-binding threonines displayed in ball-and-stick representation and colored blue. The eight disulfide bonds are
colored red, and the inward-facing serine and alanine residues that line the inside of the coil are also displayed in ball-and-stick representation
and colored light blue and green, respectively. Note the change in amino acid residue numbering in this paper relative to the PDB 1EZG
coordinates. In this paper, the N-terminal Met used to initiate translation inE. coli was numbered 0 to keep the sequence numbering
consistent with the native protein (see Figure 1A and ref9). In panel B, the N-terminal data points and side chains (T3, G4, G5, A6, D7,
C8, S10, and A14) are colored turquoise and the C-terminal residues (N68, A72, C75, N77, S78, G80, and G83) are colored magenta.
TmAFP coil figures were prepared using Molscript (29) and Raster3D (30).
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is in agreement with expectations for the parallelâ-sheet
structure, which contains numerous interstrand hydrogen
bonds. Several interesting deviations were noted, particularly
at the termini of the protein and for the alanine residues in
the protein core. Both the N- and C-termini of the TmAFP
lack the hydrogen bonding network involved in stabilizing
the rest of the protein. The results for the internal alanine
residues may be explained by the unique environment of the
alanines in this highly constrained structure as well as by
the participation of internal water molecules in the hydrogen
bonding network. The chemical shift differences between
the two ranks of threonine residues allow for the discrimina-
tion of hydrogen bonding properties using the plot of CSD
versus∆δ/∆T. The left-hand rank of threonine residues on
the ice-binding face forms intramolecular, interloop hydrogen
bonds to help stabilize the flat surface and contributes to
the rigidity and surface complementarity required for optimal
ice binding.
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