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Antifreeze proteins (AFPs) are found in various organisms,

such as fish, insects, plants, bacteria, and fungi, to promote

survival at subzero temperatures by decreasing the freezing

point of bodily fluids.1 AFPs, which are isolated from Arctic

and Antarctic fish, comprise several structurally diverse

classes of proteins and four classes of structurally indepen-

dent proteins are identified: type I AFPs, alanine-rich α-

helical proteins of 3.3 to 4.5 kDa;2 type II AFPs, cysteine-

rich globular proteins containing five disulfide bonds;3 type

III AFPs, 6-kDa globular proteins;4 and Type IV AFPs,

glutamate- and glutamine-rich α-helical proteins.5 

The type I AFPs are alanine-rich amphiphilic α-helical

proteins found in winter flounder, yellowtail flounder,

Alaskan plaice, shorthorn sculpin, and Arctic sculpin.1,2,6,7

The winter flounder AFP isoform, HPLC6, which is the

most extensively studied AFP, contains three 11-amino acid

repeats of the sequence Thr-X2-Asx-X7, where X is generally

alanine.2 X-ray crystallographic studies revealed that the

type I AFP is completely α-helical in conformation, with the

exception of the last residue (R37), which adopts a 310-

helix.8 The hydroxyl and methyl groups of four threonine

residues, particularly of the central two residues, T13 and

T24, play key roles in the ice-binding properties of the type I

AFP.9 For example, T13S/T24S mutations of the type I AFP

caused a 90-100% loss in activity relative to wild-type AFP.9

The mutants, A17L and A21L, where the substitution lies

adjacent to the Thr-rich face, caused a significant decrement

of the thermal hysteresis activity, whereas the mutants A19L

and A20L exhibited wild-type activity.10 It was reported that

termini of the HPLC6 isoform possess greater helix-stabili-

zing ability compared to the HPLC2 isoform, leading to a

50% difference in the thermal hysteresis activity between

these two AFPs.11 These results suggested that helical

stabilization of the N and C termini is the critical component

for antifreeze activity of the type I AFP.11 It was recently

reported that flexibility of the C-terminal region causes a

loss of thermal hysteresis activity because its dynamic nature

strongly prevents binding to the ice surface.12

Here, to further understand the correlation between

the dynamic properties and function of type I AFPs, we

performed NMR hydrogen exchange experiments on the

winter flounder type I AFP (HPLC6 isoform) (Fig. 1, referr-

ed to as wt-AFP). The hydrogen exchange rate constants for

the two mutants, A17L- and A20L-AFP (Fig. 1), which

exhibit no and wild-type activities in thermal hysteresis

respectively, are also determined. Comparison of the wt-

AFP and mutant AFPs can provide valuable insights into the

thermal hysteresis mechanism of type I AFPs.

Experimental Section

The winter flounder type I AFP and its mutants, A17L-

and A20L-AFPs, were purchased from Cosmo Genetech

Inc. (Seoul, Korea) and desalted using a Sephadex G-25 gel

filtration column. Each protein sample (5 mg) was dissolved

in 500 μL of 90% H2O/10% D2O NMR buffer containing 10

mM sodium phosphate (pH 8.0) and 100 mM NaCl.

The apparent longitudinal relaxation rate constants (R1a =

1/T1a) of the type I AFP and its mutants at various temper-

atures were determined using semi-selective inversion re-

covery 1D NMR experiments. The apparent relaxation rate

constant of water (R1w) was determined using a selective

inversion recovery experiment, using a DANTE sequence

for selective water inversion. R1a and R1w were determined

using curve fitting of the inversion recovery data to the

appropriate single-exponential function. The hydrogen ex-

change rate constants (kex) of the type I AFP and its mutants

were determined using a water magnetization transfer

experiment. The intensities of each exchangeable proton

were measured with various delay times between the

selective water inversion and detection pulses at 15 °C. The

kex for the amide and side-chain protons were determined by

Figure 1. Amino acid sequence of winter flounder type I AFP
(HPLC6 form) and its α-helical wheel representation. 
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fitting the data to Eq. (1):

(1)

where I0 and I(t) are the intensities of the proton signal in the

water magnetization transfer experiments at times zero and t,

and R1a and R1w are the apparent longitudinal relaxation rate

constants for the protein proton and water, respectively. 

The hydrogen exchange rates were analyzed assuming an

EX2 condition (kcl << kint) to understand relative proton

accessibility or protection factor.13 The hydrogen exchange

reaction can be described by Eqn. 2:

N-HClosed   N-NOpen  N-H
*
Exchanged (2)

where kop, kcl, and kint are rate constants for opening, closing,

and intrinsic exchange. For a stable protein structure under

mild condition, such as no denaturant and not high

temperature, the exchange rate can be expressed as kex =

Kop·kint (Kop = kop/kcl) at EX2 limit.14 Under this condition,

the fast equilibrium between open and closed states

describes the extent of proton accessibility by the solvent

and thus the protection factor (inverse of equilibrium

constant, P = 1/Kop) reveals how well the proton is protected

from solvent water.13 The relative protection factor, Prelative

(= Pmut/Pwt), is determined from the exchange rate constants

of the wt-AFP (kex
wt) and mutant AFPs (kex

mut) using the

following equation: Prelative = Pmut/Pwt = Kop
wt/Kop

mut = kex
wt/

kex
mut. 

Results and Discussion

Hydrogen exchange properties of the amide and side-chain

protons were measured to probe differences in hydrogen

bond strength between the winter flounder type I AFP

(HPLC6 isoform) and its two mutants, A17L- and A20L-

AFP. The partial assignment of the amide and side-chain

resonances of wt-AFP was previously reported.12,15 The two

mutant AFPs were assigned by comparison of their NOESY

and TOCSY spectra with the spectra for wt-AFP. The

HPLC6 isoform of the winter flounder type I AFP is an Ala-

rich protein (23 alanines in 37 amino acids, see Fig. 1(a));

most amide signals display a cluster in the range of 7.5 to 8.5

ppm (Fig. 2). Thus, only amide signals for S4 and N16/N27

are resolved in the amide proton spectra (Fig. 2). In addition,

the signal for R37-Hη and two Hδ2 amide signals for the

N16/N27 side-chains are also resolved in the amide proton

spectra (Fig. 2).

The hydrogen exchange rate constants (kex) of the amide

and side-chain protons were determined by using water

magnetization transfer method at 15 °C. The R1a values were

determined for the exchangeable protons of three AFPs by

inversion recovery experiments with various delay times

between selective inversion and detection pulses. The inver-

sion recovery relaxation data for all protons of these three

AFPs fit well to single exponentials. Figure 3 shows relative

peak intensities for various protons in the water magneti-

zation transfer spectra as a function of delay time between

the selective water inversion and detection pulses for wt-

AFP at 15 °C. Certain proton signals of the type I AFPs

show large differences in peak intensities as a function of

delay time after water inversion (Fig. 3). For example, the

R37-Hη proton of the wt-AFP is rapidly exchanged and

shows negative peak intensities at delay time ≥ 50 ms (Fig.

3D), whereas the side-chain resonances (Hδ21 and Hδ22) of

the N16/N27 residues, which are the most slowly exchang-

ing protons, exhibit positive peak intensities up to 100 ms

(Fig. 3(c)). To avoid interference arising from NOEs with

water, the intensity data with delay times less than 100 ms
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Figure 2. Temperature-dependent amide proton spectra of (a) wt-, (b) A17L-, and (c) A20L-AFPs. The experimental temperatures are
shown on the left of spectra. 
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were used to determine kex by fitting to Eq. (1). The kex

values for certain protons studied here in the wt-AFP at 15

°C are given in Table 1. In wt-AFP, the amide protons of the

S4 and N16/N27 residues have kex of 9.2 ± 1.7 s−1 and 3.9 ±

0.8 s−1, respectively, at 15 °C. As expected, relatively rapid

exchange is observed for the Hη side-chain proton on the C-

terminal R37 residue at 15 °C (kex = 51.4 ± 3.3 s−1).

Interestingly, the Hδ21 and Hδ22 side-chain protons of the

N16 and N27 residues all exhibit exchange with solvent

water (kex < 2 s−1) (Table 1).

The kex values for certain protons were used to compare

the effects of the A-to-L mutation at a specific site on

hydrogen bond stabilities. In A17L-AFP, in which the Ala

residue at postion 17 is changed to Leu, peak intensities of

the N16/N27 amide protons exhibit larger dependence on

the delay time after selective water inversion compared to

the wt-AFP (Fig. 3(b)). This leads to a 1.5 - 2-fold larger kex

values of the N16/N27 amide signals than the corresponding

protons in the wt-AFP protein (Table 1). The hydrogen

exchange data demonstrate that the Leu side-chain at position

17 of A17L-AFP may interfere with hydrogen-bonding

interaction of the amide proton of the neighboring N16

residue with the A20 carbonyl group when compared to the

corresponding position 17 methyl group of wt-AFP. In addi-

tion, the relative protection factors (Prelative = 0.8 and 0.5) for

the N16/N27 amide protons indicate that these amide

protons are well protected from solvent water in the wt-AFP.

However, this solvent protection is affected by the A-to-L

substitution at position 17 of the A17L-AFP. Similarly, the

Hδ22 side-chain signals of the N16/N27 residues showed

larger dependence on delay time after water inversion com-

pared to wt-AFP (Fig. 3(c)), leading to approximately 2-fold

greater kex values for the N16/N27 Hδ22 side-chain protons

in the A17L-AFP (Table 1).

The most striking result is that the kex value (15.1 ± 3.3 s−1)

of the S4 amide proton is 2-fold larger than that of wt-AFP

(Fig. 3(a) and Table 1), even though the S4 amide proton is

located much farther from the L17 position in the α-helical

structure (Fig. 1). In the A17L-AFP, the Hη side-chain

proton on the C-terminal R37 residue exchanged too rapidly

with solvent to be observed in the NMR spectra at ≥ 15 °C

(Fig. 2(b)), indicating that this A-to-L substitution at position

17 also severely affects hydrogen exchange of the R37-Hη

proton. 

Hydrogen exchange experiments were also performed for

A20L-AFP, where Ala residue at postion 20 is changed to

Leu. In contrast to A17L-AFP, the A-to-L substitution at

position 20 does not affect the kex values of the N16/N27

amide protons (Fig. 3(b) and Table 1). This result indicates

that the Leu side-chain at position 20 of A20L-AFP did not

affect hydrogen-bonding interaction between the N16 amide

proton and the L20 carbonyl group in contrast to A17L-AFP.

In addition, there is no signficant effect of this substitution

on hydrogen exchange for the S4 amide proton or N16/N27

side-chain protons (Fig. 3(a) and 3(c) and Table 1). The A-

to-L substitution at position 20 caused only a little effect on

exchange of the C-terminal R37 side-chain proton with

solvent water (Fig. 3(d)), where the kex value of the R37-Hη

proton is approximately 2-fold larger for the A20L-AFP

than the wt-AFP (Table 1).

The winter flounder type I AFP, 37-residue protein, con-

tains three 11-amino acid repeats of the sequence Thr-X2-

Asx-X7.
2,7 Four Thr residues, which are spaced at 11-residue

intervals, play key roles in the ice-binding properties of the

type I AFP, in which their linearly aligned hydroxyl groups

directly interact with the specific plane of ice crystals.9 The

mutants A17L and A21L, where the substitution lies ad-

jacent to the Thr-rich face, caused a significant decrement of

thermal hysteresis activity.10 NMR dynamics study of the

wild-type and two inactive mutant AFPs, A17L and T13S/

T24S, suggested that the α-helical structures of these three

AFPs in solution are maintained at temperatures within the

Figure 3. Relative peak height [I(t)/I0] in the water magnetization
transfer spectra for the (a) S4 and (b) N16/N27 amide protons and
the (c) N16/N27-Hδ22 and (d) R37-Hη side-chains of the wt- (red
circle), A17L- (black square), and A20L-AFPs (blue triangle) as a
function of delay time at 15 °C. The solid lines indicate the best
fitting data using Eq. (1).

Table 1. Exchange rate constants (kex, s
−1) and relative protection

factors (Prel) of the wt-, A17L-, and A20L-AFPs at 15 oC

Imino
Wt-AFP A17L-AFP A20L-AFP

kex Prel kex Prel kex Prel

S4

amide
9.2±1.7 1 15.1±3.3 0.6 11.1±1.0 0.8

N16/N27

amide
3.9±0.8 1

5.0±2.7

8.1±2.3

0.8

0.5

3.8±0.7

4.4±0.3

1.0

0.9

N16/N27

Hδ21
0.6±0.6 1

1.6±0.6

1.0±1.1

0.4

0.6
0.9±0.7 0.7

N16/N27

Hδ22

1.5±0.3

1.6±0.7
1

2.8±1.1

3.8±1.6

0.5

0.4
1.9±0.5 0.8

R37 Hη 51.4±3.3 1 n.a.
a

< 0.2 105.7±7.2 0.5

a

Not available.
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thermal hysteresis gap.16

Here, we first found that the inactive mutant A17L-AFP

displays unique feature in hydrogen exchange, in contrast to

wild-type AFP or the active mutant A20L-AFP. It was

reported that the flexibility of the C-terminal region causes a

loss of thermal hysteresis activity because its dynamic nature

strongly prevents binding to the ice surface.12 These results

were strongly correlated with our finding that the R37-Hη

protons, located at the C-terminals of wt- and A20L-AFPs,

have much smaller kex values than that of the A17L-AFP at

15 °C (Table 1). In addition, the amide proton of the S4

residue, which is close to the N-terminal in type I AFPs, also

shows similar hydrogen exchange behavior (Fig. 3). Thus,

our study conclusively demonstrates the previous suggestion

that the helical stabilization of N- and C-termini is the

critical component for antifreeze activity of the type I AFP.

Previous X-ray crystallographic studies demonstrated that

the type I AFP exhibits anti-parallel dimeric conformation

via the intermolecular hydrophobic interaction between Ala-

rich faces with Thr γ-methyl groups.8 Based on this structure,

AFPs could form the oligomeric conformation via continu-

ous α-helical structure in solution. The relatively higher

molecular weights of AFPs in solution can explain severe

line-broadening of the 1D spectra of wt- and A17L-AFPs

(Fig. 2). However, the A20L-AFP has relatively lower mole-

cular weight compared to other two AFPs because the A-to-

L mutation at position 20 interferes with formation of higher-

order oligomeric conformation. Thus, the 1D spectra of the

A20L-AFP looks more sharpening than those of other two

AFPs (Fig. 2). This result indicates that the alanine residue at

position 20 in the AFP locates on the dimerization surface.

The A-to-L mutation at position 20 had no effects on the

hydrogen exchange of the certain protons of type I AFP.

However, in contrast to A20L-AFP, the A-to-L substitution

at position 17 severely affected the kex values of certain

protons in AFP. These results indicate that the bulky group

of Leu residue at position 17 in the A17L-AFP causes the

conformational flexibility and then increases the hydrogen

exchange rates of certain protons. However, the bulky group

of Leu residue at position 20 did not affect the confor-

mational flexibility. Because of the dynamic nature of the

A17L-AFP, this AFP weakly bind to ice crystal compared to

the wt- and A20L-AFPs. This weak binding of A17L-AFP

cannot prevent growth of the ice crystal, so that the A17L-

AFP has no thermal hysteresis effects in contrast of other

two AFPs.

In summary, our study shows that wt-AFP and the active

mutant A20L-AFP, exhibit relatively slow exchange of certain

exchangeable protons compared to the inactive mutant A17L-

AFP. Based on this hydrogen exchange study, we suggest

that A17L-AFP, compared to wt- and A20L-AFPs, exhibit

unique feature in hydrogen exchange with solvent water.

The dynamic property of the type I AFP may be a key feature

necessary to achieve wild-type thermal hysteresis activity.
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