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Ice nucleation protein (INP) from Gram-negative bacteria promotes the freezing of supercooled water. The
central domain of INPs with 1034-1567 residues consists of 58-81 tandem repeats with the 16-residue
consensus sequence of AxxxSXLTAGYGSTXT. This highly repetitive domain can also be represented by tan-
dem repeats of 8-residues or 48-residues. In order to elucidate the structure of the tandem repeats, NMR
measurements were made for three synthetic peptides including QTARKGSDLTTGYGSTS corresponding to
a section of the repetitive domains in Xanthomonas campestris INP. One remarkable observation is a long-
range NOE between the side chains of Tyr(i) and Ala(i-10) in the 17-residue peptide. Medium-range NOEs
between the side chains of Tyr(i) and Leu(i-4), Thr(i-3) or Thr(i-2) were also observed. These side chain-

side chain interactions can be ascribed to CH/r interaction. Structure calculation reveals that the 17-res-
idue peptide forms a circular loop incorporating the 11-residue segment ARKGSDLTTGY.

© 2008 Elsevier Inc. All rights reserved.

Heterogeneous ice nucleators promote the freezing of super-
cooled water and raise the freezing point of the water [1-5]. A
heterogeneous ice nucleator aligns water molecules on its sur-
face in an ice-like pattern; this acts as a template for crystalliza-
tion of ice [6]. Bacterial ice nucleation protein (INP) is one of the
most active nucleators. INP is located at the outer membrane of
Gram-negative epiphytic bacteria [1]. INP can catalyze ice forma-
tion at temperatures as high as 271 K [3,4]. This function of INP
is opposite to that of antifreeze proteins which inhibit ice crystal
growth [3,7].

The amino acid sequences of 10 INPs from eight species are
available [8-19]. Bacterial INPs are 1034-1567 residues long and
contain three unique domains; the non-repetitive N-terminal do-
main, the highly repetitive central domain (HRC domain), and
the non-repetitive C-terminal domain (Fig. 1A). The largest, central
domain consists of about 20 tandem repeats having a 48-residue
consensus sequence (Fig. 1B). This 48-residue sequence can be sub-
divided into three 16-residue repeats and further divided into six
8-residue repeats (Fig. 1C) [2]. Such nested periodicities of repeti-
tion are observed in all INPs.

Some models of HRC domain have been proposed. The proposed
models include helical structures with 8-, 16-, 24- or 48-residues per
turn [6,13,20-22]. In contrast, there is less experimental research on
the structure of the HRC domain. Three structural studies have been
performed by NMR and circular dichroism using synthetic or recom-
binant peptides with 24-, 46- or 96-residues which correspond to a
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section of the HRC domain in Pseudomonas syringae INP [22-24]. For
only the shortest 24-residue peptide—AGVDSSLIAGYGSTQTSGSD
SALT—was the assignment of '"H NMR resonances completed [23].
A hairpin structure at the segment LIAGY was proposed on the basis
of the nuclear Overhauser effect (NOE).

The purpose of this study is to elucidate experimentally the
structure of the HRC domain. The NMR experiment was performed
using relatively short peptides of 17- and 24-residues correspond-
ing to the HRC domain of INPs. Three peptides used here are basic,
differing from the acidic peptides in the previous studies [22,23].
The present work indicates that 17-residue peptide—
QTARKGSDLTTGYGSTS—forms a circular loop.

Material and methods

Samples. We designed three peptides.

e Pepl: Ac-Q'T2ASR*K>GOS’DALOTIOT G2y 3G 14S15T16S17_NH,.
o Pep2: Ac-D'S%SLAT ASG7YEGOS1OT Q2T 2 AR PK1G17-NH,.

° Peps: H_slG2L3R455vﬁL7T8A9G1OYl 1 G12513514L1 5[16517G18R19R20
521522L23T24—0H.

Pep1 corresponds to the amino acid residues 440-456 and 680-696 in Xantho-
monas campestri XC_0519/XCC0507 [18,19]. Pep2 corresponds to 429-445 in
XC_0519/XCC0507 [18,19] and 455-471, 647-663, 695-711, 743-759, 791-807,
887-903, and 935-951 in inaX [17]. Pep3 corresponds to 873-896 and 1098-
1121 iniceE [13,14], 826-849 in inaU [16], and 1114-1137 in inaA [15]. These pep-
tides were purchased from SIGMA Genosys Japan K.K. (Ishikari, Japan). All peptides
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Fig. 1. Structural organization of ice nucleation protein (INP)—XCC0507 and
XC_0519—from X. campestris pv. campestris. The amino acid sequences of XCC0507
and XC_0519 are completely identical and are 1333-residues long. (A) Three
characteristic domains of INP. The three domains consist of non-repetitive
N-terminal domain (“N-domain”), highly repetitive central domain (“HRC domain”),
and non-repetitive C-terminal domain (“C-domain”). The HRC domain is 1090-
residues long, while the N- and C-terminal domains are 177- and 68-residues
long, respectively. (B) The amino acid sequence of XCC0507/XC_0519. The HRC
domain indicates sequence alignment based on 48-residue repeat that occurs
twenty times. Red and green corresponds to Pep1l and blue and green corre-
sponds to Pep2, showing that green is the overlapping sequence of Pep1 and
Pep2. (C) The schematic view of three nested repeats for the HRC domain (in B).
The consensus sequences of 8-, 16- and 48-residue repeats are presented. Bold
uppercase letters indicates more than 80% occurrence of a given residue in a
certain position and normal uppercase letters indicate 70-80% occurrence. Bold
lowercase letters with parentheses indicate 50-70% occurrence, and normal lo-
wercase letters indicate 25-50% occurrence in one of residues in parentheses and
then more than 80% in all the residues. “X” indicates any amino acid. (For int-
erpretation of color mentioned in this figure the reader is referred to the web
version of the article.)

were chemically synthesized using solid-phase Fmoc chemistry on an Applied Bio-
systems Japan Ltd. Pioneer peptide synthesizer. Synthetic peptides were purified by
reverse-phase HPLC using a TSKgel ODS-80Ts column (Tosoh Coop. Japan). The NMR
samples of Pep1 and Pep2 contain 3 mM of the peptides dissolved in 90%/10% H,0/
D,0 (pH 4.4) with DSS as an internal reference (0.0 ppm), while that of Pep3 con-
tains 6 mM of the peptide dissolved in 90%/10% H,0/D,0 50 mM acetate buffer
(pH 4.0) with TSP as an internal reference (0.0 ppm). All of these three NMR samples
contain 0.5 mM NaNs.

NMR measurements. All NMR spectra were measured on JEOL ALPHA 500 spec-
trometers. Sequence specific assignments of proton resonances were obtained by
TOCSY [25] (mixing time = 100 ms), ROESY [26] (mixing time = 150 ms), and DQF-
COSY [27] experiments at 278 K (Supplementary Table 1). The 2D NMR spectra
were measured in the phase-sensitive mode using TPPI-State for quadrature detec-
tion in f;. Water signal was suppressed by presaturation or WATERGATE method in
TOCSY and NOESY [28], and by coherence selection with pulsed field gradients in
DQF-COSY experiments. Temperature coefficients of chemical shifts of amide pro-
ton resonances (—AJAT) were estimated from TOCSY spectra (4096 x 512) at 278
and 293 K or 303 K. The 3Jynp, coupling constants were derived from the absorptive
and dispersive components of f, active splittings of DQF-COSY spectra at 278 K[29].

Structure calculation. For Pep1, 56 unambiguously assigned NOE correlations
were used to calculate structure (Supplementary Table 2). The NOE correlations
were derived from ROESY spectra in 278 K with a mixing time of 150 ms. The
NOE cross-peaks were classified as strong (<2.8 A), medium (<3.3A), weak
(<5.0A), and very weak (<6.0 A). The pseudo-atom corrections were applied to
the protons that were not stereo-specifically assigned [30]. For the NOE correlations
involving methyl groups, an additional 0.5 A was added to the upper distance limit
to account for the higher apparent intensity of methyl resonances [31]. The ¢ dihe-
dral angle of T2 in Pep1 was restricted to the range of —160 to —80°, since the 3Jinti
was larger than 8.0 Hz.

The structure calculations were performed with standard protocols for hybrid
distance geometry-dynamic simulated annealing method (dg_sa.inp) as imple-
mented in the program CNS 1.1 [32]. In order to perform the calculation of the solu-
tion structure for this peptide that has the N-terminal acetyl and C-terminal amide
capping groups, the standard topology, parameter and linkage files were modified.
Initially, two hundred substructures were calculated by distance geometry. These
structures were then subjected to restrained molecular dynamics in Cartesian coor-
dinate space. The molecular dynamics were run for 3 ps at a temperature of 2000 K
with a time step of 3 fs, followed by cooling to 0 K in 25 K steps with 60 fs at each
temperature. During the cooling stage, the force constant on the van der Waals
repulsion term was varied from 0.003 to 4 kcal mol~! A~*. Finally, restrained energy
minimization with the conjugate gradient method was performed. This stage con-
sisted of 2000 steps. The force constants on the dihedral angle restraints were
200 kcal mol~' rad=? during molecular dynamics and 400 kcal mol~! rad—2 during
energy minimization. The force constant on NOE restraints was 50 kcal mol~! A—2
throughout all calculations. Fifteen structures with lower energies out of 200 calcu-
lated structures were selected as final structures. Analysis and evaluation of calcu-
lated structures were performed by MOLMOL [33] and PROCHECK [34].

Results
NMR resonance assignments

The identification of individual amino acid residues was com-
pleted unambiguously by TOCSY and DQF-COSY experiments for
Pep1. H* of Gly and HP of Ser were distinguished by DQF-COSY.
Two sets of spin networks in TOCSY spectrum were observed for
D8. The spin network with low-field shifted D® NH resonance is
reasonably assigned to be the major species because of their larger
intensity of the cross-peaks. The sequential assignments were
completed unambiguously by ROESY experiment which observes
intraresidue NOEs and sequential NOEs between H%(i) and
NH(i+1). Only the sequential NOE H°(i)-NH(i+1) was not
observed between T'® and S'7, while NOE HP(i)-NH(i + 1) was
observed. Similarly, for Pep2 and Pep3, the identification of
individual amino acid residues and their sequential assignments
were completed unambiguously. The NMR data are given in Sup-
plementary Table 1 and in the BioMagRes data bank (Accession
Code 15639, 15640, and 15641).

Medium- and long-range NOE
For all of the three peptides, medium- and long-range NOE were

observed between tyrosine aromatic ring and methyl protons of
sequentially non-neighboring residues. For Pep1, Y'>H® show
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Fig. 2. The expansion of the ROESY spectra showing the cross-peaks between the methyl protons and aromatic protons. (A) Pep1l (Ac-Q'T?A’R*K°GSS’DSLOT!OT!!-
G12Y13G14515T16517_NH2). (B) pepz (AC_D1SZs3L4T5A5G7Y8GQS1OT11Q12T13A14R151(16G17_NH2). (c) Pep3 (H_51G2L3R4ssvﬁL7T8A9G10Y11G12513514L15116517G18R19R20521s22L23T24_
OH).In A, T indicates T2, T'°, T'!, and/or T'S. In B, A" indicates A® and/or A'*. In C, (L/I) H®" indicates L’H®, L'>H?, and/or I'H" for the resonance with 0.84 ppm, and plus L>H®

for the resonance at 0.90 ppm in f; dimension.

Pep1: QTARKGSDLTTGYGSTS
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Fig. 3. Summary of medium- or long-range NOE connectivities associated with
tyrosine residues. Red letters indicate the residues which are determined unam-
biguously to be the NOE connected partners of tyrosine residues (green). Blue let-
ters indicate the residues which are not identified unambiguously but assumed to
be the most plausible on the basis of their amino acid sequence. For Pep1, T'® as
well as T'! is sequentially near to Y'?, therefore, these two Thr are shown in blue.
The residues within pentapeptide segment L(T/I)(A/T)GY are indicated in bold italic.
The NOE connectivities for INP24 were described by Tsuda et al. [23]. (For interp-
retation of color mentioned in this figure the reader is referred to the web version of
the article.)

NOE connectivities with A>HP, L°H® and T'H” where T" indicates T'°
and/or T!! (Fig. 2A). For Pep2, Y8H® and Y®H* show NOE connectiv-
ities with A'HP and T°H", where A" indicates A® and/or A'* (Fig. 2B).
For Pep3, Y''H® and Y''H® show NOE connectivities with TEH?,
A°HP, and (L/I)'H®", where (L/I)’H®" indicates L’H®, L'>H®, and/
or I'®H" for the resonance with 0.84 ppm, and plus L*H® for the res-
onance at 0.90 ppm in f; dimension (Fig. 2C). These NOE connectiv-
ities for each peptide are summarized in Fig. 3.

Calculated structure

The structure calculation was performed for Pep1, as noted. The
superimposed backbones of these 15 structures are shown in
Fig. 4A. Most of all ¢, y dihedral angles (93.8%) lie in the allowed
regions of Ramachandran map (Supplementary Table 2). The
resulting structure gives a circular loop. The pairwise RMSD for
the overall backbones is 3.57A, while the central part,
APRAKOGES'DELOTOT!G!2Y!3 has smaller RMSD (2.16 A) (Fig. 4B
and Supplementary Table 2). The side chains of A3 L° and Y'3
are located at the inside of the circular loop (Fig. 4B). This circular
loop comprises a turn-like structure at the segment L>T!°T'1G12y!3,
For 8 of the 15 structures the distance between the C* atoms of L°
and G'? is less than 7 A, which gives the criterion for identification
of B-turn [35].

R .;\\'
Ao \D: Y
ARV

Fig. 4. Calculated structure of Pepl (Ac-Q'T?A’R*K°GSS’DSLOT!OT!!-
G'2Y3G'S'5T'6517_NH,). (A) Superimposed fifteen backbone structures; (B) mean
structure. In B, Backbone chain is represented by the ribbon. Green ribbon shows
the pentapetide segment L°T!°T''G'2Y'® forming a turn-like structure within the
circular loop. The other portion of the circular, A*’R*K°G®S’D®, is shown by blue
ribbon. The both terminal region, Q'T? and G'*S'>T65'7, are shown in white ribbon.
Red indicates the side chains of A3, L°, and Y. (For interpretation of color menti-
oned in this figure the reader is referred to the web version of the article.)

The far-UV CD spectra for Pep1 did not indicate the presence of
regular secondary structures (data not shown), suggesting that this
circular loop is flexible.

Discussion

The HRC domain in INP is characterized by three nested repeats
having the 48-residue high-fidelity, the 16-residue medium-fidel-
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ity, and 8-residue low-fidelity, as noted. As shown in Fig. 1C, the
consensus sequence of the 16-residue repeats in the HRC domain
of X. campestris XC_0519/XCC0507 may be represented by
AxxxSXL(ti)AGYGSTXT in which, for comparison, its “phasing” (that
is, what residue corresponds to the beginning of a repeating unit)
was changed.

Turn-like structure of the segment L(ti)AGY

Pep1 includes LTTGY, while both Pep2 and Pep3 include LTAGY.
The segment LTTGY in Pep1 adopts a B-turn-like structure, which
is mainly due to NOE between Y(i) and L(i —4), T(i—3) or
T(i — 2). In Pep2 and Pep3 NOE were observed between Y(i) and
L(i — 4), and moreover between Y(i) and T(i — 3) or A(i — 2) with
ambiguity. Thus, as well as the segment LTTGY in Pep1, the seg-
ment LTAGY in both peptides adopts presumably a turn-like struc-
ture. Similarly, the NMR experiment has been performed for the
peptide of AGVDSSLIAGYGSTQTSGSDSALT (INP24), corresponding
to the section within the HRC domain of P. syringae INP. The anal-
ysis suggested that the segment LIAGYG adopted a hairpin loop,
which mainly results from NOE between Y(i) and L(i — 4), I(i — 3)
or A(i — 2) [23]. It can be concluded that L(T/I)(A/T)GY in the HRC
domain adopt a turn-like structure similar to g-turn.

The segments of LTTGY, LTAGY or LIAGY correspond to L(ti)AGY
in the consensus sequence of the 16-residue repeats (Fig. 1C). All of
the conservative pentapeptide segments forms probably the turn-
like structure in the HRC domain.

Circular loop of the segment AxxxSXL(ti)AGY

The most significant result is that the segment
APRKOGES'DELOTIOT'G!2Y!3 in Pep1 forms a circular loop struc-
ture which is mainly due to the interaction between A3 and Y'3;
A(i — 10) and Y(i). However, such an interaction was not observed
in Pep2 and Pep3 from the following reasons. Pep2 lacks an amino
acid corresponding to the A(i — 10). In Pep3, S' corresponding to
the A(i — 10) is located on the N-terminus. Thus S! appears to be
very mobile. INP24 include the segment A'G*V3D?S>SCL7IBA°
G'°Y"! corresponding to AR*K>GSS’D3LT!°T'G!2Y!? in Pep1. Be-
cause HP chemical shifts of A' and A® were consistent [23], NOE
connectivities observed are identified not only between A° and
Y'! and but also between A'and Y'!. Thus, a circular loop seen in
Pep1 may be formed in the segment A'G?V3D*S°SSL7IBASG10Y1!,

The above observations indicate that the interactions between
tyrosine aromatic ring and methyl groups of the Ala, Leu, and/or
Thr are crucial for the formation of the circular loop in Pep1. Aro-
matic ring such as Tyr, Phe, and Trp frequently participates in weak
interactions involving aromatic-aromatic interaction [36-39], cat-
ion-n interaction [40,41] and amino-aromatic interactions [42].
In addition, there is CH/= interaction [43]. CH/r interaction occurs
between hydrogens attached to carbon (-CH) as a donor and =
electron of aromatic ring as an acceptor [43]; this contributes sig-
nificantly to the stability of protein structure [44]. Consequently, it
can be concluded that the CH/r interaction contributes to the sta-
bility of the circular loop structure.

A plausible p-helix structure of HRC domain in INP

It is instructive to compare the 16-residue repeats in INP with
Pep1. Three residues A3, L°, and Y'3, in Pep1 (Q'T?A3R*K°G®S’D?
LoTIOT!IG12Y13G14S15T15517) are important for the formation of
the circular loop, because their three side chains interact with each
other and are located in the inside of the loop structure (Fig. 4B).
The consensus sequence of the 16-residue repeats in the HRC do-
main may be represented by AxxxSxL(ti)AGYGSTXT (Fig. 1C). Thus,
A3, 1° and Y3 in Pep1 correspond to Ala at position 1, Leu at posi-

tion 7 and Tyr at position 11 in the 16-residue consensus sequence,
respectively.

Spruce budworm antifreeze protein (AFP) contains six tandem
repeats of STxTxxxazxxxxaxx where “T” is Thr, “a” is Ile or Tyr,
“S” is Ser or Thr, “x" is any amino acid and “z” is deletion. It is
significant to compare this 15-/16-residue repeat with the 16-
residue repeats, STXTAxxxSxL(ti)AGYG, in the HRC domain
(Fig. 1C). These two consensus sequences are the same in the
four N-terminal sequences, STxT. This AFP adopts B-helix that
is composed of the repetition of the helical loop unit, each of
which includes one or three B-strands of the STXT motif [45].
These patterns of amino acid sequence and the present NMR re-
sults suggest that the HRC domain may adopt a B-helix consist-
ing of 16-residues per turn [22].

Implications of the circular loop for ice-nucleation activity

The STxT motifs in AFP form a flat face of parallel B-sheets
[46,47]. On this face, Thr's form two parallel arrays that match
the ice lattice and are crucial for the antifreeze activity [48]. The
HRC domain can interact with ice through the STXT face. The AFP
B-helix structure is stabilized by the disulfide bridges. In contrast,
the circular loop observed is formed by weak interactions such as
the CH/r interaction. The INP B-helix is presumably less stable than
the AFP B-helix. This difference may influence the ice nucleation
activity of INP and the antifreeze activity of AFP.
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