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Abstract The solution conformation of rat cytokme-induced neutrophil chemoattractant (CINC/Gro), a small protein consisting of 72 amino acid 
residues with prointlammatory activities, and a member of the interleukin 8 family corresponding to a counterpart of human Gro, was investigated 
with homonuclear 2D and 3D NMR spectroscopy. At each phase of the structural analysis, the homonuclear 3D NOESY-HOHAHA and 
HOHAHA-NOESY spectra afforded valuable data, removing ambiguities intractable by conventional 2D NMR techniques. CINC/Gro exists as a 
dimer in solution and contains a triple stranded anti-parallel B-sheet and C-terminal u-helix in the monomer structure, as observed in human IL-8, 
but non-trivial differences are also observed. 
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1. Isltroduction 

CINC/Gro is a CXC chemokine belonging to the IL-8 family, 
and produced by rat renal epithelial cells and normal rat kidney 
epithelioid cell line NRK-52E [l]. The sequence homologies of 
CINC/Gro to human Gro and IL-8 are 69% and 47%, respec- 
tively. Thus, CINCIGro was concluded to be the rat equivalent 
of human Gro [2]. Gro and IL-8 exhibit essentially similar 
chemotactic properties for neutrophils, but intrinsic diversity 
of their biological activities may be regulated by specific inter- 
action with different cell surface receptors [3,4]. For example, 
Gro and IL-8 have quite different affinities to the two types of 
IL-8 receptors known as type 1 and type 2, which have 74% 
sequence identity [5]. IL-8 binds to both of the receptors with 
identical high affinity, while the affinity of Gro to the type 1 
receptor is significantly reduced [5]. 

As for the three dimensional structures of the proteins be- 
longing to the IL-8 family, PF-4 by X-ray crystallography [6] 
and human IL-8 by both NMR [7,8] and X-ray crystallography 
[9] are available. These structural studies reveal that PF-4 and 
IL-8 have similar polypeptide folds and exist as tetramer and 
dimer, respectively. Recently, the secondary structure of 
human MGSA/Gro was reported [lo]. Knowledge of the three- 
dimensional structure of CINC/Gro and structural compari- 
sons with the other members are expected to offer basic infor- 
mation in understanding the highly-specific recognition of 
chemokines by corresponding cell surface receptors in the IL-8 
family. 

In this study, homonuclear 3D NOESY-HOHAI-IA and 3D 
HOHAHA-NOESY spectra have been applied to the structural 
analysis of chemically synthesized CINC/Gro. At the sequential 
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Abbreviations: DANTE, delays alternating with nutation for tailored 
excitation; DQF-COSY, double quantum filtered correlated spectros- 
copy; FID, free induction decay; HOHAHA, homonuclear Hartman- 
Hahn spectroscopy; MLEV, Malcom Levitt; NMR, nuclear magnetic 
resonance; NOESY, nuclear Overhauser enhancement spectroscopy. 

assignments phase, identification of the secondary structural 
elements and assignments of the long-range NOES, 3D ho- 
monuclear technique played a decisive role in overcoming the 
ambiguities due to signal overlapping. 

2. Materials and methods 

CINC/Gro was synthesized chemically in the liquid phase at the 
Peptide Institute Inc. (Osaka, Japan). Lyophilized samples were dis- 
solved in 90% H,O/lO% DzO or D,O to give concentrations of 5 mM 
with 200 mM NaCl at pH 5.3 for NMR measurements. 

All 2D and 3D spectra, except when otherwise stated, were recorded 
at 313K on a JEOL GSXSOO spectrometer operating at 500 MHz in the 
phase-sensitive mode, using the methods of States [ll]. The solvent 
resonance was suppressed by selective irradiation with DANTE pulse 
during the relaxation delay. 

2D Homonuclear Hartman-Hahn spectra were recorded at 303K 
and 313K with 45 and 60 ms MLEV-17 mixing scheme [12]. The 
MLEV-17 cycle was preceded and followed by 0.5 ms trim pulse. 
NOESY spectra [13] were recorded at 303K and 313K with mixing 
times of 70 and 150 ms. 

3D NOESY-HOHAHA and HOHAHA-NOESY spectra were re- 
corded in the phase-sensitive mode as reported in the literature [ 14,151, 
except making use of the methods of States in both Fl and F2 dimen- 
sions. The mixing time of NOE was 150 ms and that of HOHAHA was 
45 ms. The experimental data consisted of 256 x 256 x 1,024 dam points 
and were zero- filled to 5 12 x 5 12 x 1,024 points. A total of 8 scans were 
collected for each increment with repetitive delays of 1 s. The each 3D 
experiment took 8 days. 

All data processing was carried out using NMR2 or NMRZ software 
on a DEC station 5000/200 computer. The shifted sine bell function was 
applied to all dimensions. Suppression of undesirable t2 ridges arising 
from the solvent resonance was achieved by linear baseline correction 
of the F2 cross section prior to Fourier transformation in tl. 

For application of the J doubling technique [16], HOHAHA and 
NOESY spectra were recorded with data points of 4K. 

The three-dimensional structures of CINc/Gro were calculated from 
the NMR constraints using the programs DIANA [17] and XPLOR 
[18]. Firstly, monomer structures were calculated from random confor- 
mations by DIANA, and then dimer structures were constructed from 
roughly-folded monomer structures by coordinate duplication, rotation 
and translation with the knowledge of intersubunit NOES. In these 
structures, violations of intersubunit NOES are about 10-15 A and no 
steric hindrance between subunits exists. By using these sets as the 
initial structures, dynamical simulated annealing calculations were per- 
formed [18]. 
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3. Results 

About 80% of the sequential assignments were achieved 
using the procedure established by Wiithrich and co-workers 
[ 19,201. The remainder of the sequential assignments were ham- 
pered or ambiguous owing to degeneracy of backbone protons. 
As for Arg* and Cys’, where NH signals were degenerated, the 
sequential connectivities were confhmed by spectra recorded at 
303K. However, degenerate chemical shifts of (r. protons were 
slightly affected by changing temperature, and hindered contin- 
uation of the sequential assignments. This type of difficulty 
can be overcome using 3D NOESY-HOHAHA spectra. An ex- 
ample is given in Fig. la. Since the aH protons of GAUGE and 
Va140 have identical chemical shifts, the cross peak for the intra- 
residue NOE between NH (Va?” and aH (Val”> coincided with 
that of the sequential NOE between NH (Val”> and aH of 
(GAUGE). 

These peaks could be resolved on the F2F3 plane, which 
intersects the Fl axis at Fl = 9.34 ppm, NH(VaF). Here, the 
intraresidue NOE of Va140 gave cross peak a on the back trans- 
fer line, because the magnetization of NH(Va140> was trans- 
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ferred according to the pathway NH(Val@) m aH(val40) 
L NH(Val““), while the sequential NOE gave cross peak b as a 
consequence of the magnetization transfer following pathway 
NH(Val”) m ccH(Glu’~ 11 NH (Glu3y. From this NOE, se- 
quential connectivity between G1u39 and Va140 was unam- 
biguously established. 

The sequential NOES which could be assigned by the 3D 
technique are as follows: Gln13-Thr14, Thr’4-Val’5, His34-Cys35, 
Glu39-Va140, Asps3-Pros4 and Ala56-Pro57. A summary of se- 
quential connectivities is given in Fig. 2 and the chemical shifts 
are reported in Table 1. 

Fig. 2 also contains information on JHNa coupling constants. 
A broad line width of CINC/Gro hampered accurate measure- 
ments of J,, from DQF-COSY spectra (most of the coupling 
constants directly measured from DQF-COSY spectra were 
more than 10 Hz even in the residues involved in the C-terminal 
a-helix part). Thus, the J doubling method proposed by Free- 
man et al. was employed. 

On the basis of the characteristic short and medium range 
NOE patterns, secondary structural elements given in Fig. 2 
were identified. 
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Fig. 1. (a) F2F3 plane of 3D-NOESY-HOHAHA through amide proton of X~l~(9.34 ppm). (b) An example of unambiguous assignment of 
intersubunit NOE between uH(S25) and aH(M29). F2F3 plane of 3D NOESY-HOHAHA through Fl = 5.29 ppm (left) and the related region of 
2D NOESY spectrum (right) of CINC/Gro are shown. 
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Table 1 
Proton resonance assignment of CINCYGro at 40 “C at pH 5.3. 

Residue NH CaH CBH Others 

Al 
P2 
v3 
A4 
N.5 
E6 
Ll 

:; 

QlO 
Cl1 
L12 

413 
T14 
v15 
Al6 
G17 
118 
H19 
F20 
K21 
N22 
123 

424 
S25 
L26 
K27 
V28 
M29 
P30 
P31 
G32 
P33 
H34 
c35 
T36 

437 
T38 
E39 
v40 
141 
A42 
T43 
L44 
K45 
N46 
G47 
R48 
E49 
A50 
c51 
L52 
D53 
P54 
E55 
A56 
P57 
M58 
v59 

%Y 
162 
V63 

2: 
M66 
L67 
K68 
G69 
v70 
P71 
K72 

8.21 
8.34 
8.29 
8.34 
8.16 
8.26 
8.23 

11.15 
9.55 
8.61 
7.16 
8.34 
8.56 
8.42 
7.93 
7.40 
8.43 

8.34 
1.39 
7.48 
9.52 
7.42 
8.90 
9.02 
9.43 
9.41 

8.47 

8.45 
7.41 
8.39 
7.55 
8.57 
8.72 
9.35 
9.23 
9.72 
8.92 
9.33 
8.37 
7.75 
8.19 
7.61 
8.29 
9.18 
8.94 
8.93 
8.65 

8.00 
7.77 

8.61 
7.37 
7.58 
7.85 
8.03 
8.11 
7.94 
8.05 
8.19 
7.90 
1.66 
7.96 
7.99 

4.43 
4.61 
4.16 
4.34 
4.12 
4.36 
4.34 
4.83 
4.69 
4.27 
4.96 
4.36 
4.71 
4.72 
4.57 
4.60 

3.96 3.96 
4.27 
4.89 
4.02 
4.09 
4.95 
3.89 
4.43 
4.85 
5.17 
5.50 
4.85 
5.30 
4.98 
4.48 

4.13 4.44 
4.23 
4.89 
4.93 
4.42 
4.86 
4.58 
4.97 
4.99 
4.71 
5.23 
4.82 
5.17 
4.03 
4.68 

3.65 4.33 
4.43 
5.39 
4.76 
4.48 
4.99 
4.84 

4.24 
4.69 
4.50 
4.30 
3.57 
3.84 
4.08 
3.75 
3.53 
3.99 
3.98 
4.26 
4.19 
4.30 

4.03 4.57 
4.48 
4.49 

7.78 4.20 

1.58 
1.94 2.36 

2.12 
1.43 

2.83 2.83 
1.98 2.10 
1.66 1.66 
1.62 1.83 
3.92 2.74 
2.13 2.13 
3.26 2.86 
1.71 1.71 
2.07 2.21 

4.11 
2.21 
1.51 

1.77 
3.41 3.21 
3.32 3.22 
1.94 1.91 
2.85 3.26 

1.73 
1.94 1.74 
4.12 3.89 
1.61 1.61 
1.92 1.78 

2.06 
2.21 2.27 
2.30 2.30 
2.01 2.07 

1.48 2.27 
3.33 3.11 
3.06 3.02 

4.63 
2.03 2.25 

4.01 
2.13 1.97 

2.28 
1.73 
0.87 
4.13 

2.20 2.20 
1.88 2.00 
3.32 2.87 

1.94 1.94 
1.95 1.85 

1.27 
3.96 3.13 
1.47 1.47 
2.98 2.68 

2.03 2.29 
1.71 

1.85 1.85 
2.15 2.34 

2.52 
2.20 2.20 
1.91 1.99 

2.13 
2.16 

2.19 2.19 
1.78 1.66 
2.37 2.31 
1.85 1.85 
1.86 1.94 

2.16 
2.31 

1.88 1.88 

y 2.08 6 3.66 3.77 
y 1.01 1.01 

6NH 6.85 7.55 
y 2.31 2.31 
y 1.53 6 0.93 0.82 
y 2.09 6 3.22 

y 2.45 2.45 E NH 6.74 1.53 

y 1.71 60.99 0.91 
y 2.36 2.36 E NH 6.75 7.73 
y 1.08 
y 1.03 0.99 

yCH2 1.27 1.13yCH3 0.7760.74 
6 7.34 E 8.35 
6 7.18 E 7.33 c 7.25 
y 1.43 1.43 S 1.70 1.70 E 3.02 
SNH 7.03 7.83 
y CH2 0.72 0.72 y CH3 0.72 6 0.62 
y 2.27 2.27 E NH 6.85 7.41 

y 1.45 6 0.92 0.75 
y 1.33 1.33 6 1.53 ~2.99 
y 0.88 0.88 
y 2.65 2.65 
y 1.96 1.96 S 3.66 4.12 
y 1.85 1.85 6 3.56 4.19 

y 2.05 2.05 6 3.63 3.78 
6 7.28 E 8.52 

y 1.32 
y 2.37 2.44 
y 1.16 
y 2.57 
~0.91 0.84 
y 1.14 1.51 y CH3 0.81 6CH3 0.83 

y 1.27 
y 1.77 SO.81 
y 1.42 S 1.79 E 2.41 
SNH 6.56 7.36 

y 1.66 1.66 63.25 
y 2.35 2.24 

y 1.56 SO.80 

y 2.15 2.15 64.18 4.34 
y 2.46 

~2.15 2.15 64.11 4.19 
y 2.12 
y 1.19 0.87 
y 2.39 2.52 6.10 7.60 

y 2.03 1.24 y CH3 0.95 6 0.88 
y 0.99 0.89 
y 2.41 2.53 6.78 7.35 
y 1.40 6 1.36 1.16 E 2.59 
y 2.57 3.02 E CH3 1.83 
y 1.93 S 0.89 0.84 
y 1.53 1.53 6 1.69 1.69 E 3.04 

y 1.05 1.00 
Y 2.03 2.09 6 3.75 3.91 
; 1.48 1.48 6 1.76 1.76 E 3.06 
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Fig. 2. Amino acid sequence of CINC/Gro and summary of the sequential connectivities used for establishing the sequence-specific ‘H-NMR 
assignments. J,.,“,= coupling constants are classified as follows: J < 6 Hz (0); 6 Hz 5 J < 8 Hz (0); 8 Hz 5 J (0). 

Fig. lc exhibits the aH-aH region of a 2D NOESY spectrum 
recorded in D,O. Based upon the strong aH-aH NOES appear- 
ing in this region, p-strand l( Se?5-Pro30), 2 (Thr38-m3), and 
3 (Arg4*Cys5’) could be arranged in a triple stranded anti- 
parallel p-sheet. 

To identify the b-sheet structures, detection of the array of 
strong aH-aH NOES is one of the essential requirements. How- 
ever, the assignment of a strong NOE observed between aH of 
Met*’ and any aH proton at 4.80 ppm was ambiguous in the 
2D NOESY spectrum recorded in D20, because there were 
three residues with aH protons resonating at 4.80 ppm. Ho- 
monuclear 3D NOESY-HOHAHA spectroscopy was useful in 
differentiating these. 

Fig. lb shows the F2F3 plane of 3D NOESY-HOHAHA 
which intersects the Fl axis at 5.29 ppm, aH(Met*‘). A strong 
signal was observed at F2 = 4.80 ppm, as a consequence of the 
magnetization transfer, ccH(Met9 m aH(F2 = 4.80 ppm)- 
L NH(F3 = 7.88 ppm). Since it was Seti that possessed the NH 
proton at 7.88 ppm among those residues with aH protons at 
4.80 ppm, this NOE could be uniquely assigned to the NOE 
between aH(Met2p and aH(Se?5). 

Taking into account the fact that Seti’ and Met*’ are both 
involved in/I strand 1, which forms the antiparallel p-sheet with 
strand 2, as evidenced by the backbone NOES, the strong NOE 
between aH(Met*‘) and aH(Se?) should be assigned to intersub- 
unit NOE to reconcile with the above mentioned B-sheet struc- 
ture. Other NOES such as NH(Leu26)-NH(Va128) and NH- 
(Leu26)-uH(Met2~ were also interpreted as intersubunit NOES. 

During identification of the B-sheet topology, special care 
had to be taken to assign the NOES involving the protons which 
might be present along the dimer interface, because there was 
no a priori evidence that CINC/Gro exists as a dimer. Thus it 
was very important to assign NOES without depending on the 
assumed /?-sheet arrangement. 

The homonuclear 3D technique was also applied to assign- 

ments of the long range NOES. Fig. 3 shows the FlF2 plane 
of 3D HOHAHA-NOESY spectrum, which intersects the F3 
axis at F3 = 7.39 ppm, EH of Phezo. The signal d on the NOE 
line shows that NOE was observed between EH of Phezo and 
one of the protons resonating at 4.25 ppm. Since the set of 
chemical shifts obtained from the HOHAHA transfer from 
signal d clearly shows that this spin system is Met”, d could be 
assigned to a long range NOE between &H(PheT and 
aH(Met@). In the same manner, other long range NOES from 
&H(Phe20) to aH$I-I(Ile6*) and /?H,yH,&I(Ly#‘) were easily 
assigned. 

Finally, a set of 613 interproton constraints per monomer 
and 22 intersubunit NOES were obtained. The distance con- 
straints consist of 132 intraresidue NOES and 197 sequential 
(Ii-j 1 = l), 119 short-range (1 c Ii-j15 5) and 165 long- 
range (5 < Ii-j 1) interresidue NOES. Information on 25 Hy- 
drogen bonds and 40 4 angle constraints per monomer was 
used. 

The cross peak intensity was quantified based on counting 
of the evenly-spaced contour levels. Observed NOE data were 
classified into four distance ranges, 1.8-2.7 A, 2.5-3.5 A, 3.0- 
5.0 A, and 4.0-6.0 A, corresponding to strong, medium,weak 
and very weak. 

In the final stage, 500 monomer structures were calculated 
by DIANA and 50 structures with smallest target function 
values were accepted. After dimerization and simulated anneal- 
ing calculations, 20 dimer structures which properly satisfied 
the constraints, were accepted. In these structures, the distance 
and torsion angle violations were smaller than 0.3 A and 10”. 

Since only sequential NOES were observed from Ala’ to Glu6 
and Pro” to Lys7*, these regions are considered to be disor- 
dered in solution. From Leu’ to Val” RMSDs about the mean 
coordinate are 0.94 f 0.22 A for backbone atoms and 
1.33 + 0.17 A for all non-hydrogen atoms. 

Fig. 4 shows the stereopair of the best fit superposition of the 
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Fig. 3. Application of 3D HOHAHA-NOESY to the assignments of long range NOES. F2F3 plane of 3D HOHAHA-NOESY through Fl = 7.39 
ppm, EH of Phe”. 

backbone atoms for the 20 converged dimer structures. The 
CINC/Gro monomer consists of a three-stranded antipararell 
B-sheet and a C-terminal a-helix. In the dimer, the three- 
stranded B-sheets face each other to form a six-stranded 
p-sheet. 

4. DiscnssLon 

In the present study, the preliminary three-dimensional 
structure of CINC/Gro was determined using 2D and homonu- 
clear 3D NMR. 3D homonuclear spectra were found to be 
especially useful for analyzing overlapping a protons, process- 
ing sequential assignments, secondary structure identification 
and assigning long-range NOES. In this study, unambiguous 
NOE assignments independent of the assumed topology were 
essential to conclude the existence of the dimer structure. 

The secondary structural elements of CINC/gro and their 
relative positions are very similar to those in human IL-S The 
arrangement of the dimeric units is identical to those found in 
human IL-8 and Platelet factor 4 [6,8]. However, differences 
associated with the secondary structure-breaking properties of 
Pro residues were detected. The C-terminal a-helix was short- 
ened due to the substitution of two Pro residues at 57 and 71. 
Furthermore, the Pro residues at 30 and 3 1 caused the /I strands 
1 and 2 to shorten, and the loop between them (Pro3*-Gln3’) 
to lengthen, compared with the corresponding structures of 
human IL-8(31-35). 

This long loop region from Pro3’ to Th2* was not well de- 
fined, partly because of the increased flexibility. The existence 
of the Pro30-Pro3’-X-Pro33 sequence resulted in reduced hydro- 
gen bonding with the adjacent chain. 

The other long loop region from Leu” to Ilez3, has many 

Fig. 4. Stereopair of the superpositions of the 20 converged structures of CINUGro. The backbone atoms are shown for the Leu’-Val”. 



212 

hydrophobic contacts with side chains of the a-helix. Side- 
chain-sidechain NOES were observed between Ile18, PheZO and 
Ilez3, and residues of the a-helix. These hydrophobic contacts 
are thought to play an important role in determining the rela- 
tive position of the a-helix. 

In the CXC-type chemokines, the essential amino acids for 
neutrophil activation are considered to be the Glu-Leu-Arg 
sequence in the N-terminal region [21,22]. It is thought that 
these residues are essential for binding to the receptor on neu- 
trophil. In CINC/Gro, Glu6 has no long-range NOES and Leu7 
has only a few NOES with C2 of Hi?. Thus, no rigid conforma- 
tion was determined, as in the case of human IL-8, and the 
Glu-Leu-Arg region is considered to be flexible like human 
IL-8. 

For a more detailed comparison, with special interest in the 
effects of reduced hydrogen bonding along the dimer interface 
and truncated C-terminal a-helix on the dynamical aspects of 
protein structure, the high-resolution structure of CINC/Gro 
is needed. To achieve this, we have prepared isotope-labeled 
CINCYGro and analysis is in progress. 
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