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Cytokine-induced neutrophil chemoattractant (CINC/Gro) is a chemotactic factor for
neutrophils in the rat and a member of the CXC chemokine family. The refined three-dimen-
sional structure of CINC/Gro was derived with the aid of heteronuclear magnetic resonance
spectroscopy and a hybrid method of distance geometry and simulated annealing. The
backbone atomic r.m.s. differences for 19 structures about the mean coordinates for
residues 7 to 70 are 0.69±0.15 A for the dimer and 0.56±0.13 A for the monomer. The N
terminal region containing an ELR sequence, an essential motif for chemotactic activity, is
disordered in solution, as in other CXC chemokines. The dimer structure consists of a
six-stranded anti-parallel (3 sheet with two C-terminal a helices on the /? sheet. The overall
dimer structure of CINC/Gro is similar to that of human MGSA, though the backbone
r.m.s.d.s between CINC/Gro and the two MGSA structures were high (1.81 and 2.34 A for the
monomer) in spite of the high sequence homology (67%). The major difference resides in the
relative position of the C-terminal a helix with respect to the 0 sheet. This results in a
difference of interhelical distances in the dimer: wider (15 A) in CINC/Gro, as in IL-8, than
in MGSA (11.7 and 10 A).
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CINC/Gro, alternatively referred to as CINC-1, is a
chemotactic factor for neutrophils that is produced in rat
renal epithelial cells and cells of the normal rat kidney
epithelial cell line NRK-52E in response to lipopolysac-
charides, tumor necrosis factor- a and interleukin 1/3 (1).
CINC/Gro is now recognized as the rat counterpart of
human MGSA/Gro, based on its high degree of sequence
homology (2). A rat counterpart of interleukin 8 has not
been found so far, while CINC homologues, CINC-2a-,
CINC-2/3, and CINC-3, have been identified (3).

The margination of neutrophils in postcapillary venules
and their migration through the vascular endothelium is a
key phenomenon in acute inflammation, in which chemotac-
tic factors for neutrophils play a major role. Among CXC
chemokines, IL-8 has been extensively studied (4).

The three-dimensional structure of human IL-8 has been
determined by NMR spectroscopy (5) and X-ray crystallo-
graphy (6). The direct structural analysis of the complex
formed with IL-8 and its receptor, however, is unrealistic,
because chemokine receptors identified as IL-8RA and IL-
8RB are G-protein coupled seven transmembrane proteins,
the structural determination of which is a demanding task
with currently available technology.

IL-8RA is a highly selective receptor for IL-8 and has

1 To whom correspondence should be addressed.
Abbreviations: MGSA, melanoma growth-stimulating activity;
HOHAHA, homonuclear Hartman-Hahn spectroscopy; NMR, nuclear
magnetic resonance; NOESY, nuclear Overhauser enhancement
spectroscopy; PF-4, platelet factor 4.

© 1998 by The Japanese Biochemical Society.

two-hundred-fold reduced affinity for MGSA, the structure
of which has also been determined by NMR by Fairbrother
et al. (lmgs.pdb) (7) and Kim et al. (lMSG.pdb) (8), while
IL-8RB has equivalent affinity for both IL-8 and MGSA (9,
10). Alternatively, an analysis using chimera receptors
consisting of the IL-8RA portion and the IL-8RB portion in
various combinations indicated that the N-terminal extra-
cellular domain of the receptors may be responsible for
their different selectivities to IL-8 and MGSA (11, 12).

Furthermore, a titration study of 15N-labeled IL-8 with
the peptide corresponding to the N-terminal extracellular
domain of IL-8RA revealed that 15N and NH chemical shift
changes were not observed in the ELR sequence, an
essential motif for biological activity (13, 14), but in the
long loop region preceding the first /? strand, indicating the
presence of a second binding region on IL-8 (15).

In an attempt to expand our understanding of the
mechanism of chemokine/chemokine receptor interaction
at the atomic level, comparative studies between the
CINC/Gro-CINC receptor system and the IL-8-IL-8 re-
ceptor system have been undertaken. 'H-NMR resonance
assignments and the preliminary three-dimensional struc-
ture of CINC/Gro, which exhibits essentially the same
overall folding as other CXC chemokines, including IL-8
and MGSA, were reported previously (16). However,
knowledge of the overall folding is not sufficient for an
understanding of the interaction of CXC chemokines and
their receptors. For IL-8 and MGSA, small differences in
their second binding region were shown to be responsible
for the receptor binding specificity (17).

In this report, the three-dimensional structure of CINC/
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Solution Structure of CINC/Gro 63

Gro has been refined using heteronuclear multi-dimension-
al NMR techniques and a structural comparison of IL-8 and
MGSA is presented.

MATERIALS AND METHODS

Expression and purification of recombinant CINC/Gro
from Escherichia coli were carried out as described else-
where with the following modifications (18): after having
been harvested, cells were ultrasonicated and centrifuged
at 10,000 rpm, and the supernatant was applied to a CM
Sepharose column equilibrated with 50 mM Tris-HCl at pH
7.5. CINC/Gro was eluted with the same buffer containing
500 mM NaCl in a stepwise manner. After dialysis and
freeze-drying, HPLC analysis was performed. Uniform
15N/13C labeling was carried out by growing the cells in
minimal medium with 15NH4C1 and 13C-glucose as the sole
nitrogen and carbon sources, respectively. About 2 mg
protein was obtained per 1 liter culture. A fractional r e -
labeled CINC/Gro was obtained using minimal medium in
which the sole carbon source was 10% 13C-glucose and 90%
isotopically normal glucose.

Samples were lyophilized and dissolved in 100% D2O or
90% H2O-10% D2O and the pH was adjusted to 5.3. The
concentration of the protein was 2 mM for heteronuclear
experiments and 5 mM for homonuclear experiments.

NMR measurements were carried out using JEOL GSX-
500 and A500 spectrometers. Homonuclear 2D and 3D
NMR experiments were performed as described previously
(16). E.COSY spectra were acquired with 256x2,048
complex data points and zero-filled to 1,028x8,192 data
points for measurement of coupling constants (19). 'H-15N
HSQC and HMQC-J spectra were obtained with a spectral
width of 2,500 Hz in F,(N) and 7,000 Hz in F2(H) (20, 21).

3D constant-time HNCO, HNCA, and HN(CO)CA spec-
tra were acquired using a triple resonance 'H/15N/13C
probe (22). The 'H,15N carriers were placed at the water
frequency and 118 ppm, respectively. The 13C carrier was
placed at 180 ppm for HNCO and 50 ppm for HNCA and
HN(CO)CA. The acquired data matrix was 32 (*,)x64
(4)X512 (k) complex data points with spectral widths of
2,500, 2,500, and 7,000 Hz in the F^^N), F2(

13C), and
F3('H) dimensions, respectively.

3D HCCH-TOCSY spectra were recorded using a DIPSI-
3 sequence in which 13C pulses were applied with a 10 kHz
RF field for isotropic mixing using a TH probe (23). Mixing
times of HCCH-TOCSY were 10 and 20 ms. The 'H carrier
was placed at 2.9 ppm and the 13C carrier was placed at 42
ppm. The acquired data matrix was 96 (d)x32 (fe)x512
(4) complex data points and was zero-filled to 128x64x
512 data points. Spectral widths were 7,000, 2,500, and
7,000Hz in the F.CH), F2(

13C), and F3('H) dimensions,
respectively.

Interproton distance restraints were derived from NOEs
assigned in the 2D NOESY (24), 3D HOHAHA-NOESY
(16), and 3D HMQC-NOESY (25) spectra.

2D 12C/13C doubly half filtered NOESY spectra were
recorded (26) using 1 : 1 mixtures of 13C-labeled and non-
labeled CINC/Gro.

Hydrogen bonds were assigned from the hydrogen/
deuterium exchange experiments and NOE connectivities.
An amide proton which was observed in HOHAHA spectra
recorded 2 h after the sample was dissolved in D2O at 313

K, was considered a possible hydrogen bond donor.
One- and two-dimensional spectra were processed using

NMR1 and NMR2 software on a DEC station 5000/200
computer, respectively, while all 3D spectra were process-
ed using Felix software. 2D spectra were apotized with a
shifted sine bell function and zero-filled to 2 K X 2 K points
in both dimensions.

The three-dimensional structure of CINC/Gro was
determined using the programs DIANA (27) and XPLOR
(28) as described previously (16). The monomer structures
were constructed from random conformations by DIANA,
then dimer structures were constructed using intersubunit
NOEs by coordinate duplication, rotation and translation.
From these dimer structures, dynamical simulated an-
nealing calculations were performed according to the
protocol of Clore et al. (5). For maintaining symmetry
between the subunits, non-crystallographic symmetry was
used throughout the simulated annealing calculation with a
force constant of 300 kcal/mol.

The pKa values of Hisl9 and His34 were obtained from
the chemical shifts of C2 protons in the pH titration
experiments in D2O. The pKas (H2O) were calibrated as
pKa (H2O)=pKa (D2O)-0.2 (29). The distance of closest
approach for the two a -helix axes was calculated using the
method of Chothia et al. (30).

RESULTS AND DISCUSSION

Spectral Assignments and Structural Refinement—Based
on the 'H assignments previously reported (16), the se-
quential assignments of the backbone (and the side chain)
amide nitrogens other than Pro were directly obtained from
the 'H-15N HSQC spectrum. Sequential assignment of
backbone 13C resonances was performed using the HNCO,
HNCA, HN(CO)CA spectra. An example of the 'H-13C
slices at 127 ppm (!5N) in the HNCA spectrum is shown in
Fig. 1. Ten intraresidual cross signals were observed on this
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Fig. 1. An example of the F2-F3 slicing of the HNCA spectrum
at 127 ppm (I5N). Those cross signals with one residue name are
intraresidual and those with two sequential residue names are
interresidual signals.
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64 H. Hanzawa et al.

slice and, for V28, A50, K27, L12, and K72, interresidual
signals were also observed and sequential connectivity
from L26 to V28 was identified only from this slice. Side
chain 13C, 'H assignments were made using HCCH-COSY
and HCCH-TOCSY spectra.

The stereospecific assignments of 14 fi methylene proton
pairs out of 28 non-equivalent /3 methylenes were made
based upon 3Jaf coupling constants and intraresidual and
sequential NOEs observed in the NOESY spectrum with a
mixing time of 70 ms. Most of the 3Jap coupling constants
were derived from the E.COSY spectrum, while some of
those with broad line widths were semi-quantitatively
evaluated by comparing the intensities of cross peaks
between the amide and 0 protons in the 3D-TOCSY-HMQC
spectrum (31). Stereospecific assignment of methyl reso-
nances of Leu was performed according to the method
described by Senn et al. using fractionally 13C-labeled
CINC/Gro (32).

The NOEs were classified according to their intensities as
strong, medium, weak, and very weak. Upper limits of the
distance constraints for weak and very weak NOEs were 5
and 6 A, respectively. For intra and sequential NOEs, 2.7
and 3.5 A were used as the upper limits of strong and
medium NOEs, while the upper bounds of strong and
medium NOEs were 3 and 4 A for other NOEs (i.e. \i—j\>
1), respectively.

Intersubunit NOEs which had been indirectly assigned
by elimination were directly confirmed by double-half filter
experiments using 1 : 1 mixtures of 13C-labeled and non-
labeled CINC/Gro (26). Figure 2a shows an example of an
F1:12C filtered/F2:13C filtered NOESY spectrum. Among
the aYL-aH NOEs characteristic of the anti-paralel /3 sheet
structure which appeared in the corresponding region of the
NOESY (Fig. 2b), the NOE between o-H of Ser25 and <*H
of Met29 was identified as inter-subunit NOE. At the final
round of refinement, weak NOEs which could not be

explained as intrasubunit NOEs were assigned as inter-
subunit NOEs.

A set of 720 interproton constraints per monomer and 29
intersubunit NOEs were obtained. Intrasubunit distance
constraints involve 190 intraresidue NOEs and 203 sequen-
tial (\i-j\ = l), 132 short-range (\i-j\^5), and 195 long-
range (\i—j\>5) interresidue NOEs. Information on 20
hydrogen bonds and 63 dihedral angle constraints per
monomer was also used.

Monomer structures were constructed using DIANA
(27) with the REDAC option (33). After several rounds of
calculations, 50 monomer structures with the smallest
target functions were accepted. The initial dimer struc-
tures constructed as described previously were refined by
simulated annealing calculations. Nineteen structures

TABLE I. Structural statistics of 19 converged structures.
R.m.s. deviation from experimental distance restraints (A)

NOE (720) 0.0265±0.007
R.m.s. deviation from experimental dihedral restraints (')

tf,*'(63) 0.407 + 0.044
Deviations from idealized covalent geometry

Bonds (A) 0.009 ±0.001
Angles O 2.77 ±0.03
Impropers (') 0.31+0.02

Energies (kcal-mol"1)
FS0E 55.6 ±2.84
FCDIH 0.013±0.003
Fscs 0.17 + 0.04
Frepei 35.0+1.6
Fbond 32.6 ± 2 . 2
Fang 454.9±9.8
Flmp 8.2 ±1.0

Atomic r.m.s. differences (A) to mean structure
Backbone (N, Ca, C) All heavy atoms

Dimer 0.69 + 0.15 1.09±0.11
Monomer 0.56 + 0.11 1.00±0.10

F2(ppm)

= 5.2 -

'H R(ppm)

Fig. 2. (a) aH-aH region of 2D 12C/13C doubly filtered NOESY spectrum of CINC/Gro. Protein concentration was 1 mM. (b) The same
region of the 'H-'H NOESY spectrum. Inter- and intra-subunit NOEs were differentiated by comparison of the two spectra. In both spectra,
the mixing time of 150 ms was employed.
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Solution Structure of CINC/Gro 65

satisfying the experimental constraints were accepted. The
structural statistics of the 19 structures of CINC/Gro are
summarized in Table I. There were no interproton distance
constraints violated by more than 0.5 A, nor torsional angle
constraints by more than 5°.

Atomic r.m.s. differences for the 19 dimer structures
about the mean coordinates were 0.69±0.15A for the
backbone atoms and 1.09±0.1lA for all heavy atoms
between Leu7 and Val70. For monomers, r.m.s. differences
are 0.56±0.11 A for the backbone and 1.00±0.10 A for all
heavy atoms.

The atomic r.m.s. deviations for backbone and heavy
atoms and angular order parameters for <j>, cp, and #1
torsion angles are plotted in Fig. 3. The angular order
parameter S is a statistical parameter defining the preci-
sion of the torsion angle, where S = 1 indicates a uniformly
defined angle and S — 0 a completely randomized angle
(34). Order parameters for both 4> and cp were more than
0.9 in all but three regions, including the N-terminal, the
C-terminal, and the loop between 30 and 38, which had a
well-defined backbone structure.

Effect of Refinement by Heteronuclear Experiment—
Isotope labeling and heteronuclear experiments increased
the total constraints from 696 to 823 per monomer. Those
newly added constraints are 58 intraresidual NOEs, 49
interresidual NOEs, and 14 angle constraints. Intersubunit
NOEs were increased from 22 to 29. Due to those increased
constraints, r.m.s. differences of the accepted structures
between Leu7 and Val70 were decreased from 0.94 to 0.69
A for backbone atoms and from 1.33 to 1.09 A for all non
hydrogen atoms. Figure 4a shows the three-residual r.m.s.
differences of non hydrogen atoms before and after refine-
ment, and Fig. 4b also shows the distribution of constraints
per residue, in which newly added ones are indicated as
open columns. The resolution of the structural segments of
12-14, 21-23, 33-36, 57-59 was improved; in each of
them, about 10 constraints were newly added. The ELR
motif and N-terminal long loop region have been assumed
to be responsible for the receptor binding. Although the
number of constraints was increased due to stereospecific
assignment of Leu7 and His34, the ELR motif was not
refined further. In the putative second binding region
including the N-terminal loop, the number of constraints
for the C-terminal a helix was increased. Since this a helix
has a contact with the N terminal long loop region, the
relative position of the a helix to the loop region was well
refined, as shown in Fig. 5, in spite of the fact that the three
residual r.m.s.d. were not significantly changed in this
region.

Description of the Three-Dimensional Structure of
CINC/Gro—The best-fit superposition of backbone atoms
on the mean coordinates is shown in Fig. 6. The overall
folding of CINC/Gro is similar to those of IL-8, MGSA and
PF-4 and the previous structure of CINC/Gro. The three-
dimensional structure of CINC/Gro is briefly described
below. The monomer consists of a three-stranded antipar-
allel fS sheet and a C-terminal a helix. The /3 strands are
formed from Gln24 to Met29 (£1), from Thr38 to Leu44
032), and from Arg48 to Leu52 (/?3). In the dimer, the /3ls
face each other to form a six-stranded /? sheet on which two
a helices from each subunit lie in an anti-parallel fashion.

The NH2-terminal region is constrained by two disulfide
linkages between Cys9 and Cys35, and Cysll and Cys51.

The region preceding Cys9, including the ELR motif, is not
well defined, while several weak NOEs from Leu7 and Arg8
to His34, o-H and tfCH3 of Leu7 to C2H of His34 and NH of
Arg8 to /?CH2 of His34 roughly restrict the spatial relation
of the ELR motif to the rest of the well-defined part. Only
sequential NOEs were observed for the residues preceding
Glu6.

A long loop region from Cysll to Ile23 (colored blue in
Fig. 6) is divided into two segments, one from Cysll to
Ilel8 and the other from Ilel8 to Ile23, which are separate-
ly stabilized by hydrophobic interaction. As shown in Fig. 5,
Ilel8 and Phe20 form a hydrophobic cluster with Ile62,
Lys65, and Met66, the residues belonging to the a helix.
Fractional solvent accessibilities of Ilel8, Phe20, Ile23,
Ile62, and Met66 are below 0.3.

131 and y32 are connected by a long loop from Pro30 to
Thr38. This loop was not well defined in CINC/Gro. Since
the 'H resonances of Pro residues at 30, 31, and 33 were
weak and broad (data not shown), this loop may be flexible
in solution.

/?1 is shorter than the equivalent /3 strands in MGSA and
IL-8, due to the Pro residues at 30 and 31. Since the amide
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Fig. 3. Residue-based atomic r.m.s. differences of the 19 indi-
vidual simulated annealing structures for backbone atoms (a)
and for all heavy atoms (b), and angular order parameters for
$ (c)> <l> (d), *1 (e)- Order parameters of x 1 f° r Gly and Ala were set
blank. The amino acid sequence of CINC/Gro is also shown in (e).
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66 H. Hanzawa et al.

Fig. 4. (a) The comparison of three residual r.m.s. differences of CINC/Gro before (triangles) and after (circles) refinement by
heteronuclear experiments. Three residual r.m.s. differences were calculated using all heavy atoms after the superpositions were made for
the corresponding three residues, (b) The distribution of the constraints per residue along the sequence. The open region of the bars
corresponds to the newly added constraints in the present calculations.

proton of the corresponding residue in MGSA and IL-8 can
participate in the intersubunit hydrogen bonding, the
number of intersubunit hydrogen bonds in the /? strand
interface is reduced from 6 in IL-8 and MGSA, to 4 in
CINC/Gro. This is one of the main factors causing the
weaker subunit association in CINC/Gro, compared to IL-8
(35).

To identify the contact surface involved in the dimer
formation, the fractional solvent accessibilities were calcu-
lated in both monomer and dimer states of CINC/Gro. If
the conformation of the monomeric CINC/Gro does not
change significantly in both states as was assumed previ-
ously (35), Fig. 7 suggests the contact area to involve the
residues of strand /SI, Thr38, Pro54, and the residues of the
C-terminal a helix, especially Met66, Leu67, and Val70.
There are ten residues whose solvent accessibility de-
creases more than 20% on dimer formation. Six of those ten
residues are hydrophobic amino acids such as Pro, Leu, and
Val. The only charged residue seen in the dimer interface is
Lys27, which faces Lys27 of the other monomer causing
electrostatic repulsion. Hydrophobic interaction rather
than electrostatic interaction contributes to the subunit
association as well as the intersubunit hydrogen bonding in
the /3l strand (35).

Comparison with Other CXC Chemokines—For compari-
son, the backbone atomic r.m.s. differences between the
mean coordinates of CINC/Gro and the structures of IL-8
(5), MGSA (6, 7), and PF-4 (36) were calculated. For
MGSA, three-dimensional structures were presented by
two groups independently (PDB code: lmgs.pdb and
lMSG.pdb). The pairwise r.m.s.d.s were calculated for
residues 8 to 14 and 19 to 69 according to the method of

Fairbrother et al. due to a single amino acid insertion in
IL-8 (7). In spite of the high sequence homology, r.m.s.d.
values between MGSA and CINC/Gro were high; 1.81 and
2.34 A for the monomer and 2.50 and 2.51 A for the dimer
(lmgs.pdb and lMSG.pdb, respectively). The smallest
r.m.s.d. (1.45 A for the monomer) was calculated between
CINC/Gro and PF-4 (sequence homology 39%), which has
no chemotactic activities for neutrophils. A value of 1.77 A
for the monomer was obtained between CINC/Gro and IL-8
(sequence homology 47%). Chothia and Lesk elucidated the
relationship between sequence identity and r.m.s.d. in
homologous proteins, showing that about a 1 A r.m.s.d.
could be attained between proteins with a sequence identity
of about 70% (37). The observed r.m.s.d. between CINC/
Gro and human MGSA was much larger than expected from
the sequence identity. The best fit superposition of the
monomer of CINC/Gro and MGSAs is shown in Fig. 8.

Figure 9 shows residue-based r.m.s. differences between
CINC/Gro and MGSA. Comparisons were performed using
two MGSA solution structures solved independently. In the
C-terminal a helix, r.m.s.d. values increase towards the
C-terminal, showing deviation of the relative position of
the a helix with respect to the /? sheet. This tendency is
discernible for both independently solved MGSA struc-
tures. Other major differences between CINC/Gro and
MGSA are in the N-terminal loop region and the 30-38
loop. Glyl7 shows high r.m.s.d. values for both MGSA
structures, and Leul2 and Lys21 show high values between
CINC/Gro and lMSG.pdb. As shown in Fig. 9, these loop
regions take different conformations even between the two
MGSA structures. An explanation for this could be that the
two structures were solved at slightly different pH values
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Solution Structure of CINC/Gro 67

Fig. 5. Stereoview showing
best fit superposition of CINC/
Gro before (upper) and after
(lower) the refinement using
the constraints set given by the
present study. Residual range is
from 18 to 23 and from 62 to 66.

N

'\e"rr-
Fig. 6. Stereoview showing best fit superposition of the backbone atoms of the 19 simulated annealing structures for residues 1 to
72. The N-terminal region (1 to 23) except for the ELR motif is shown in blue, the ELR motif (6 to 8) in brown, residues 24 to 52 containing
yS sheets in green and the C-terminal region (52 to 70) containing a helices in purple.

(pH 5.1 and 5.5). The conformation of this loop could be
easily affected by solvent conditions. In CINC/Gro, a weak
NOE was observed between /? methyl protons of Alal6 and
the amide proton of Ilel8. This NOE could not be explained
by the extended conformation observed in MGSA, causing
the large r.m.s. difference at Glyl7. As shown in Fig. 9, the
position of the a helix with respect to the /? sheet is shifted
along the helix axis.

As noted previously in IL-8, the distance between helices
in the structure determined by NMR spectroscopy is wider
(15 A) than that in the structure determined by X ray
crystallography (11 A). The corresponding distances in
MGSA are narrow (11.7 and 10 A) in the structures
determined by NMR. On the other hand, the NMR-deter-

mined structure of CINC/Gro has a wide interhelical
distance (15 A), like IL-8. In CINC/Gro, interhelical NOE
was observed between Leu67 SCH3 and the £-amide of
Gln60, whereas the corresponding NOE was observed
between Leu67 tfCH3 and Lys60 aU in MGSA. Since the
distance between Leu67 <?CH3 and Lys60 <*H is too far
(~7.5 A in the current CINC/Gro structure) to give a
long-range NOE, the variation of interhelical distances
certainly results in the differences of such interhelical
NOEs.

On the other hand, the idea that the monomer form binds
to its receptor has been accepted on the basis of several
lines of evidence, although there is a possibility that IL-8
forms a dimer at the IL-8 receptor site. Ultracentrifugation
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Fig. 7. Plots of fractional solvent-ac-
cessible surface area for dimer and
monomer CINC/Gro. Calculations for the
average structure were performed using a
probe radius of 1.4 A as a function of
residual number. Fractional values were
obtained by dividing by those of the
extended conformation (<j> = 180°, î  = 0°) of
CINC/Gro.

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47 49 51 53 55 57 59 61 63 65 67 69 71

Fig. 8. Comparison of the monomer structures of CINC/Gro and MGSA. Best-fit superposition of the average structures of CINC/Gro
(purple) and two human MGSA structures (green for lMSG.pdb and yellow for lmgs.pdb)was calculated based on the backbone atoms of
residues 9-68. The average structure for lmgs.pdb was calculated from 25 simulated annealing structures.

studies revealed that the monomer form is dominant at
physiological concentrations in most CXC chemokines,
including CINC/Gro (35, 38, 39). The monomeric form of
IL-8 was directly shown to be the active entity (40).
However, the comparison of interhelical distances among
CXC chemokines in the dimeric states is still an effective
means of evaluating the physicochemical properties of the
individual chemokines, as well as the quality of the deter-
mined structure.

In human CXC chemokines, N-terminal ELR residues
have been recognized to be essential for receptor binding.
CINC/Gro also has an ELR motif, and deletion of the N-
terminal 6 residues (from Val to Glu) of CINC/Gro reduced
the chemotactic activity to one-tenth (41). Thus, the ELR

motif is also responsible for binding to rat neutrophil
receptor. The orientation of the ELR motif is not well
defined in CINC/Gro, like other chemokines, though the
presence of NOEs between Leu7 dCH3 and C2H of His34
suggested that Leu7 sidechains do not protrude outward
but are in contact with the protein core. The necessity of the
scaffold of ELR for receptor binding is partly supported by
the fact that N-terminal small peptides with an ELR
sequence did not show chemotactic activity. The loop from
30 to 38 as the probable scaffold of ELR shows high r.m.s.d.
values between CINC/Gro. This is not surprising, because
significant conformational differences of the corresponding
loop were also observed between NMR and X-ray struc-
tures of IL-8. This loop may be in multiple conformational
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Solution Structure of CINC/Gro 69
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Fig. 9. Plot of residue-based r.m.s. differences of backbone
atoms between CINC/gro and human MGSA when superposition
is optimized using residues 9 to 68.

states. Since the change of His34 to Ala did not affect the
activity in IL-8, His34 itself is not essential for the activity.
In the loop region (Leul2-Lys21), which was assumed to be
involved in the second binding region to the receptor, the
sidechains of Hisl9 and Lys21 are exposed to the solvent,
as are the corresponding residues in IL-8. Based upon the
fact that the N-terminal fragment peptide of CINC/Gro
receptor affected the 'H and 15N chemical shifts of the
residues from Vall5 to Hisl9 in HSQC experiments (data
will be published elsewhere), these exposed basic residues
are expected to be responsible for the interaction with the
rather acidic N-terminal extracellular region of the CINC/
Gro receptor. The his residue at this position is conserved
in CXC chemokine in humans. The replacement of His 19 of
human MGSA by Ala reduced the chemotactic activity for
neutrophils (7). Interestingly, in CINC 2-a and CINC 2-/3,
which are homologues of CINC/Gro (a rat counterpart of
hMGSA), and have chemotactic activity for neutrophils,
His at position 19 is replaced with Asp. It is not known
whether CINC/Gro and CINC 2-a and CINC 2-/? share the
same receptor on neutrophil. The observation that the pKa

value of Hisl9 is 5.8, which is significantly higher than that
of MGSA (5.2), indicates that His 19 would be placed in a
rather different environment. It is probable that such
differences are associated with the selectivity of the chemo-
kines to the specific receptors.

Supporting Information Available: 'H, 13C, and 15N
chemical shift assignments of CINC/Gro at 40°C, pH 5.3.
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