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Krishnakumar Rajarathnam,* Ian Clark-Lewis,® and Brian D. Sykes*+*

Protein Engineering Network of Centres of Excellence and Department of Biochemistry, University of Alberta, Edmonton,
Alberta, Canada T6G 252, and Protein Engineering Network of Centres of Excellence and Department of Biochemistry,
University of British Columbia, Vancouver, British Columbia, Canada V6T 1Z3

Received May 31, 1995%

ABSTRACT: The solution structure of a monomeric form of interleukin-8 (IL-8) has been solved using 'H
NMR spectroscopy. The chemically synthesized nonnatural analog {IL-8 (4—72) L25 NH — NCHs}
has the same activity as that of native IL-8. Thirty structures were generated using the hybrid distance
geometry and simulated annealing protocol using the program X-PLOR. The structure is well-defined
except for N-terminal residues 4—6 and C-terminal residues 67—72. The rms distribution about the average
structure for residues 7—66 is 0.38 A for the backbone atoms and 0.87 A for all heavy atoms. The
structure consists of a series of turns and loops followed by a triple-stranded S sheet and a C-terminal o
helix. The structure of the monomer is largely similar to the native dimeric IL-8 structures previously
determined by both NMR and X-ray methods. The major difference is that, in the monomeric analog,
the C-terminal residues 67—72 are disordered whereas they are helical in the two dimeric structures. The
best fit superposition of the backbone atoms of residues 7—66 of the monomer structure on the dimeric
IL-8 structures showed rms differences of 1.5 and 1.2 A respectively. The turn (residues 31—35), which
is disulfide linked to the N-terminal region, adopts a conformation in the monomer similar to that seen
in the dimeric X-ray structure (rms difference 1.4 A) and different from that seen in the dimeric NMR
structure (rms difference 2.7 A). The structural data indicate that the constraints imposed by dimerization
are not critical either for the tertiary fold or for functional activation of IL-8.

Interleukin-8 (IL-8)! is a chemotactic cytokine (chemo-
kine) that promotes the accumulation and activation of
neutrophils and has been implicated in a number of acute
and chronic inflammatory diseases (Baggiolini et al., 1994;
Miller & Krangel, 1992). It is the best studied of a family
of human neutrophil activating proteins that are characterized
by the sequence E-L-R-C-X-C near the N-terminus. The
structure and function of IL-8 have been extensively
characterized, and IL-8 serves as a prototype for this family
of proteins (Clark-Lewis et al., 1991, 1995; Rajarathnam et
al., 1994a). The structure of IL-8 has been solved by both
NMR and X-ray methods, and both techniques showed IL-8
to be a noncovalent homodimer (Clore et al., 1990; Baldwin
et al., 1991).

To address the importance of the dimeric state for receptor
binding and function, we had chemically synthesized a
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! Abbreviations: IL-8, interleukin-8; NAP-2, neutrophil-activating
peptide-2; MGSA, melanoma growth stimulatory activity; PF-4, platelet
factor-4; IP-10, y-interferon-induced protein; MIP-183, macrophage
inflammatory protein-15; RANTES, regulated upon activation, normal
T-cell expressed, and presumably secreted; NMR, nuclear magnetic
resonance; DQF-COSY, double-quantum-filtered correlated spectros-
copy; NOE, nuclear Overhauser enhancement; NOESY, nuclear Over-
hauser enhancement spectroscopy; PE-COSY, primitive exclusive
correlation spectroscopy; ROESY, rotating frame nuclear Overhauser
spectroscopy; TOCSY, total correlated spectroscopy; rms, root mean
square; SA, simulated annealing; ppm, parts per million; DSS, 2,2-
dimethyl-2-silapentane-5-sulfonic acid.
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FIGURE 1: Schematic presentation of (A) the dimer interface in
the native interleukin-8 showing the hydrogen bonding by dotted
lines and (B) the L25NMe analog in which the NH has been
chemically modified to NCH; (NH — NCHs).

monomeric IL-8 analog (L25NMe) by modifying the amide
of Leu-25 into N-methyl (Figure 1). This analog displayed
functional characteristics similar to those of the native protein
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and was shown to be a monomer by sedimentation equilib-
rium and NMR studies (Rajarathnam et al., 1994b). Two
independent studies using a variety of techniques including
sedimentation equilibrium, fluorescence anisotropy, and
microcalorimetry methods obtained monomer—dimer Ky
values for native IL-8 of ~20 uM (Burrows et al., 1994;
Paolini et al., 1994). These Ky values suggest that at
physiological concentrations (~0.1—10 nM), the dominant
species is the monomer. Thus the dimeric structure of native
IL-8 does not represent the form that binds to the receptor.
Because the monomer exists at such dilute concentrations,
the tertiary structure of the native monomer cannot be
obtained with any of the current physical methods available.
However, the L25NMe analog is monomeric at all concen-
trations tested. We have solved the structure of the mono-
meric IL-8 L25NMe analog by two-dimensional '"H NMR
spectroscopy and report herein the structural features of the
monomer and discuss the implications of its structure for
receptor binding and functional activation.

MATERIALS AND METHODS

Sample Preparation. The L25NMe (4—72) monomeric
analog” was chemically synthesized, purified, and character-
ized as discussed in detail previously (Rajarathnam et al.,
1994b; Clark-Lewis et al., 1991). The protein concentrations
for the NMR samples were ~2 mM in 20 mM sodium acetate
buffer, pH ~5.2 (uncorrected for isotope effect).

NMR Methods. All '"H NMR experiments were performed
on a Varian Unity 600 spectrometer. Resonances were
assigned from DQF-COSY (Rance et al., 1983), TOCSY
(Davis & Bax, 1985), ROESY (Bothner-By et al., 1984),
and NOESY experiments (Jeener et al.,, 1979). The data
were collected over a temperature range of 20 to 40 °C,
which greatly aided in resolving almost all of the amide
resonances. The NOESY and TOCSY were collected over
2K points, and DQF-COSY was collected over 4K points
along 1, and 256—3500 increments along t;. The quadrature
detection along the f; dimension was achieved as described
by States et al. (1982). The solvent was suppressed using
presaturation, and for NOESY and DQF-COSY experiments,
the loss of intensity of the cross peaks near the H-O signal
was minimized using the SCUBA sequence (Brown et al.,
1988). NOESY spectra were collected at 50, 100, and 150
ms mixing times for structure determinations, and the
TOCSY spectra were acquired with a mixing time of 55 ms.
A PE-COSY with a 36° mixing pulse was also collected in
H,0 (Mueller, 1987). The NOESY and TOCSY spectra
were processed using a Gaussian function with resolution
enhancement or shifted sine-bell function, and DQF-COSY
spectra were processed using a sine-bell function. In all
cases, the spectra were zero-filled to 2K x 2K points except
for the DQF-COSY spectra which were zero-filled to 8K x
1K. All spectra are referenced to the internal DSS at 0.00
ppm.

NOE-Derived Distance Restraints. NOE cross-peak in-
tensities were classified as strong, medium, or weak, corre-
sponding to upper distance restraints of 2.7, 3.5, and 5 A,
respectively, on the basis of a 150 ms NOESY spectrum.

>The IL-8 (4—72) analog missing the first three residues had a
slightly higher activity than the native IL-8 (1—72). Hence the L25NMe
analog was synthesized in the 4—=72 form.
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FIGURE 2: Summary of the number and the nature of the NOE
constraints per residue versus the amino acid number. The nature
of NOEs and the corrersponding symbols are as follows: intraresi-
due (black), sequential (open), medium-range (cross-hatched)., and
long-range NOEs (vertically hatched).

Upper limits for nonstereospecifically assigned methyl and
methylene protons were corrected appropriately (Wiithrich
et al., 1983). In addition, 0.5 A was added to the upper
boundaries to correct for higher intensities for distances
involving methyl protons (Clore et al., 1987).

Torsion Restraints and Stereospecific Assignments. Back-
bone ¢ angles were calculated from the coupling constants
measured from the DQF-COSY spectrum using the method
of Kim and Prestagard (1989). Stereospecific assignments
and y, restraints were obtained from the analysis of the /g
coupling constants and the relative intensities of the NOEs
from the NH and the C*H to the C’H protons on the basis
of the NOESY spectrum at 50 ms and the ROESY spectrum
at 30 ms. In the latter stage of the refinement, the methyl
groups of Val-27. -41, -58, and -61 and Leu-43, -49, and
-51 could be stereospecifically assigned on the basis of
intraresidue NOEs (Basus. 1989; Powers et al., 1993).

Hvdrogen Bond Restraints. The potential candidates for
hydrogen bonding were initially identified on the basis of
observing slow exchanging amide protons in a COSY
spectrum recorded within 12 h of dissolving the protein in
"H,0. For each hydrogen bond. two distance restraints were
used (rvp-o. 1.8—2.3 A, and rv—o, 2.4-33 A). The
hydrogen-bonding restraints were used only after an initial
set of structures had been calculated. Only the amide protons
which satisfied distance and angular restraints with hydrogen
bond acceptors were used in the structure calculations
(Wagner et al., 1987).

Structure Calculations. Structures were calculated by the
hybrid distance geometry—dynamical simulated annealing
method (Nilges et al., 1988) using the program X-PLOR
(Briinger, 1992). A total of 903 NOE distance restraints (331
intraresidue, 249 sequential, 118 medium-range, and 205
long-range NOEs) were used. The distribution of the NOEs
along the amino acid sequence is shown in Figure 2. In
addition, 61 dihedral restraints (40 ¢ and 21 ;) and 24
hydrogen-bonding restraints (from 12 hydrogen bonds) were
used in the final structure calculations. The initial structures
were generated with NOE restraints alone, and in subsequent
structure calculations, the dihedral and hydrogen bond
restraints were included. The simulated annealing calcula-
tions were carried out using the standard force-field param-
eter set (parallhdg.pro) and topology file (topallhdg.pro) in
X-PLOR version 3.1,
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FIGURE 3: Plots of the 'H NMR chemical shift differences of the
(A) C®H and (B) NH resonances between the native dimeric IL-8
and the monomeric L25NMe analog versus the residue number.
Some of the C*H and amide protons which show large differences
between the two proteins are labeled. A positve chemical shift
difference implies a larger chemical shift in the native dimer.

RESULTS AND DISCUSSION

Chemical Shift Analysis. A complete list of the 'H NMR
chemical shifts of the monomeric IL-8 (L25NMe) analog is
given in the supporting information. The assignments were
accomplished using standard two-dimensional NMR tech-
niques (Wiithrich, 1986). Scalar connectivities were identi-
fied from the TOCSY and DQF-COSY spectra, and through-
space connectivities were identified from the NOESY
spectra. The chemical shifts of the spin systems were fairly
well dispersed, and in case of overlap, the chemical shifts
could be resolved by collecting the TOCSY and the NOESY
data at different temperatures (20—40 °C). A number of
protons with large upfield and downfield chemical shifts are
seen in both the dimer and the monomer including the amide
protons of GIn-8, Lys-20, Lys-15, Phe-17, and Val-58 and
the C®H of Pro-16, Cys-50, and Val-58. The observation
that these shifts are essentially the same in the monomeric
L25NMe analog suggests similar secondary and tertiary
structural environments for these residues. Figure 3 shows
the difference between the monomeric and dimeric proteins
in the chemical shifts of the C*H and the amide protons.
C°H shifts are sensitive indicators of secondary and tertiary
structure (Wishart et al., 1991). The largest perturbation in
chemical shifts was observed for residues at the dimer
interface: residues 24—29 constituting the first 3 strand and
residues 65—69 at the C-terminal a helix (Figure 3A). No
simple correlation exists between amide proton chemical
shifts and structure. It has been suggested that, in addition
to secondary and tertiary structures, they are also sensitive
to factors such as hydrogen-bonding, nearest neighbor, or
sequence effects and solvent exposure which may be related
to the dynamics of the protein (Wishart et al., 1991; Pardi
et al., 1983). Indeed, it is seen that, in addition to significant
changes in chemical shifts for protons at the dimer interface
(Figure 3B), large chemical shift differences are also
observed for other protons, suggesting significant changes
in dynamic properties between the proteins.
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Table 1: Structural Statistics and Atomic rms Differences of the
Interleukin-8 Monomer®

(A) Structural Statistics

{SA) (SA)X
rms deviation from exptl distance 0.044 £+ 0.001 0.044
restraints (A) (913)
rms deviation from expt! dihedral 031 £0.11 0.30
restraints (deg) (61)
deviations from ideal geometry
bonds (A) 0.0046 £ 0.0001 0.0047
angles (deg) 0.71 £0.01 0.71
improper (deg) 0.51 £0.01 0.52

(B) Atomic rms Differences (Residues 7—66) (A)
backbone atoms heavy atoms

(SA) vs SA 0.38 £0.08 0.87 = 0.06
{SA) vs (SA), 0.51+£0.10 1.07 £ 0.08
SA vs (SA), 0.35 0.61

7 The notations are as follows: (SA) are the 30 final simulated
annealing structures; SA is the mean structure obtained by averaging
the coordinates of the 30 individual structures (residues 7—66); (SA);
is the restrained minimized average structure obtained by restrained
minimization of SA.

Structural Statistics of the Monomeric IL-8 (L25NMe).
The statistics of the 30 final simulated annealing (SA)
structures are shown in Table 1, and the superimposition of
the individual structures on the average structure is shown
in Figure 4. Most of the protein is well-defined except for
residues 4—6 and 67—72. The quality of the generated
structures was tested using the programs PROCHECK
(Laskowski et al., 1993) and VADAR (Wishart et al., 1994)
for various criteria such as the stereochemistry, hydrogen
bonds, the region of occupancy in the Ramachandran plot,
van der Waals contacts, buried charged residues, number of
buried residues, and packing defects. All 30 structures met
the criteria that is expected of a high-resolution structure.

All 30 SA structures and the energy-minimized average
structure displayed good covalent geometry (Table 1) and
minimal NMR constraint violations. None of the 30 SA
structures had NOE violations greater than 0.5 A and dihedral
angle violations greater than 5°. There were a total of five
nonsystematic NOE violations greater than 0.3 A and two
dibedral angle violations greater than 3°. The rms distribu-
tion for residues 7—66 between all 30 structures and the
average structure is 0.38 A for the backbone atoms and 0.87
A for the heavy atoms (Figure 5 A,B). The precision of the
torsion angles is assessed in terms of the order parameter S
(Hyberts et al., 1992; Pallaghy et al., 1993). The angular
order parameter is a statistical parameter such that when the
value of an angle is identical for all members of a family of
structures, the value of § = 1, and for a completely undefined
angle, the value of S = 0. Typically, $ values of 1.00, 0.99,
0.98, and 0.90 correspond to angular standard deviations of
0°, 8°, 18°, and 26° respectively (Hyberts et al., 1992;
Pallaghy et al., 1993). The order parameter for the ¢ and ¢
torsion angles for the majority of the residues in the
structured region (residues 7—66) is >0.93, indicating that
the backbone of the structures is well-defined (Figure 5C,D)
with the exception of residues Cys-7 and Gln-8. The order
parameter of Cys-7 for ¢ and of GIn-8 for y is 0.8.
Examination of the structures showed that the backbone of
these residues adopts two distinct conformations: a major
conformation (27 structures) and a minor conformation (3
structures). This implies that this part of the protein either
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FIGURE 4. Stereoview showing the best fit superposition of the backbone (N, C%, C) atoms of the 30 simulated annealing structures. All
residues (4—72) are shown though the superposition was carried out for residues 7—66.
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FIGURE 5: Atomic rms distribution of the 30 individual simulated annealing structures about the average structure best fitted for residues
7—66 for the backbone atoms (A) and all heavy atoms (B). Also shown are the angular order parameter (S) for ¢ (C), the angular order
parameter (S) for i (D), the angular order parameter (S) for y; (E), and fractional solvent-accessible area (F).

is relatively more mobile or is less defined due to chemical
shift degeneracy and/or lack of NOEs. It is very likely that
the conformational heterogeneity is due to the latter as the
minor conformation adopts ¢ and y angles which fall in the
disallowed region of the Ramachandran plot. Figure 6 shows
the Ramachandran plot of the backbone torsion angles of
the well-defined region (residues 7—66) of the 30 individual
SA structures and the energy-minimized average structure.
It is seen that all of the torsion angles (except two of Gln-8)
in all 30 structures fall in the “allowed” region.

The majority of the side chains, especially of the residues
in the structured regions of the protein, are well-defined and
are shown in Figure 7. Figure 5E shows that the side chains
of most of the residues have order parameters (S) close to 1.
Lower § values are observed for charged residues such as
Arg (26, 60), Lys (11, 15, 23, 54), Asp (45), and Glu (24,
29, 63). These charged residues tend to be located on the

surface of the protein as indicated by the calculated fractional
accessible surface area (ASA) (Figure 5F) (Lee & Richards,
1974). Side chains of residues Lys-23, Asp-24, Arg-26, and
Glu-29 are part of the first S strand which constitutes the
dimer interface in the native IL-8. Glu-38 also exhibits a
lower S value, suggesting that it is disordered but it is
significantly buried in all of the structures (ASA < 0.2).
Solution Structure of Monomeric IL-8 (L25NMe). The
structure of the L25NMe monomer consists of a series of
turns and loops at the N-terminus followed by three £ strands
and a C-terminal o helix (Figure 8). The first S strand
(residues 22—29) is connected by a type III turn to the second
B strand (residues 38—42) which is connected by a type I
turn to the third 3 strand (47—52). The third strand leads
into the helix (56—66) via a type III turn. There are four
cysteines, all of which are involved in disulfide bond
formation: Cys-7 forms a disulfide with Cys-34, which is
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FIGURE 6: Ramachandran plot of the ¢, 3 angles for residues 7—66
of (A) 30 simulated annealing structures and (B) the minimized
average structure of the L25NMe IL-8 monomer. Glycines are
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most favored; a, b, 1, and p are the additional allowed: and ~a,
~b, ~I, and ~p are the generously allowed. The plot is generated
using the program PROCHECK (Laskowski et al., 1993).

part of the turn linking the first and second f strands and
Cys-9 forms a disulfide bond with Cys-50 of the third f3
strand. Residues 4—6 and 67—72 are unstructured. The
secondary and tertiary structural elements of the monomeric
L25NMe analog are largely similar to that of the NMR and
X-ray structures of the dimeric IL-8 (Figure 9). Superim-
position of the backbone atoms of the monomeric structure
on the dimeric NMR and X-ray structures for residues 7—66
gives an rms difference of 1.2 A for the X-ray structure and
1.5 A for the NMR structure. Comparison of the dihedral
angles (¢, ) for residues 7—66 showed no significant
differences between the monomeric and dimeric structures.
However, the differences are more pronounced between the
monomeric and the dimeric NMR structure than the dimeric
X-ray structure. Similarly, the side-chain y; values were
largely the same between the structures and, if different, were
confined to surface residues that were mostly undefined in
the individual SA structures. Also, the fractional ASAs of
the monomeric and the dimeric structures were similar except
for the residues at the dimer interface. In the monomer, the
residues of the first 5 strand, which normally constitute the
dimer interface, retain their i structure as evident by their
strong i, i+1 NOEs and the long-range NOEs with residues
of the second f# strand. One of the more significant
differences between the monomer and the dimer structures
is observed at the C-terminal helix. In the dimer, the helix
extends all the way up to the second last residue (Asn-71),

Biochemistry, Vol. 34, No. 40, 1995 12987

whereas in the monomer, the helix as evident by the strong
NH,NH,. and i, i+3 NOEs extends only up to Leu-66, with
the remaining residues being disordered. For residues 67—
72. only sequential NOEs were observed and no long- or
medium-range NOEs were evident. These observations are
also consistent with the C*H shifts, which suggest a random
coil structure (Wishart et al., 1991).

Residue to residue backbone rms difference between the
monomeric and dimeric structures is shown in Figure 10. It
is seen that the monomer is more similar to the dimeric X-ray
structure (Baldwin et al., 1991) than to the NMR structure
(Clore et al., 1990). The major differences are in turn
residues 31—35 and the N-terminal residues 4—6, which are
disulfide-linked to one another via Cys-7 and Cys-34. The
rms difference between the monomeric and the dimeric NMR
structures without the turn residues (31—35) is 1.3 A, a value
similar to that seen between the monomer and the X-ray
structure. The rms difference between the two dimeric
structures for residues 31—35 is 2.7 A and was attributed to
the differential interaction of the His-33 and also of the Glu-
29 side-chain atoms in the two structures (Clore & Gronen-
born, 1991). In the X-ray structure, His-33 N donates a
hydrogen bond to the backbone carbonyl of Glu-29 whereas
in the NMR structure it accepts a hydrogen bond from the
GIn-8 NH. Also, in the X-ray structure, there is an
electrostatic interaction between Glu-4 and Lys-23" across
the dimer interface, whereas in the NMR structure, there is
an electrostatic interaction between Glu-29 and Lys-23’
across the dimer interface. In the monomer, the His-33 side
chain adopts an orientation similar to that in the X-ray
structure and is in hydrogen-bonding distance from the
carbonyl of Glu-29. The chemical shifts of the residues in
the 31—35 turn and the N-terminal residues 7—9, which
include the C-X-C motif, are similar to that seen in the
dimeric NMR structure. This includes GIn-8 NH (~11.8
ppm) and Cys-34 NH (~6.8 ppm), which show large
downfield and upfield chemical shifts, respectively. The
downfield shift of the GIn-8 NH was attributed to the
hydrogen bonding to the His-33 N** in the dimer structure
(Clore et al., 1990). However, this amide proton is downfield
shifted in an analog lacking His-33 (H33A), suggesting other
structural features are responsible (Rajarathnam et al., 1994b).
A similarly downfield-shifted GIn-8 and an upfield-shifted
Cys-34 are also observed in MGSA/Gro-a (Kim et al., 1994),
and as in the case of IL-8, mutation of the residue
corresponding to His-33 had no effect on the GlIn-8 chemical
shift (Kim et al., 1994). NMR studies of truncation and
substitution analogs of the N-terminus and the 31—35 turn
had shown that the turn region is mobile and the disulfide
bond to the N-terminus modulates its mobility. We had
suggested that the structural differences between the NMR
and the X-ray structures are of little functional relevance and
are a consequence of the methods used (Rajarathnam et al.,
1994a). Hence, the observation that the monomer structure
for the 31—35 turn is similar to that in the X-ray structure is
consistent with our previous observations and suggests that
this part of the protein can undergo significant segmental
motion. Comparison of the structures of IL-8 and MGSA
also showed significant differences in the turn region (Kim
et al., 1994; Fairbrother et al., 1994). Dynamic studies using
13C and "N nuclei in the monomer should provide a more
quantitative assessment of the differences, if any, for this
part of the protein. Residues 4—6 are disordered in the 1L-8
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FIGURE 7: Stereoview showing the best fit superposition of the side-chain atoms for selected residues in the 30 SA structures of the

L25NMe IL-8 monomer.

N-terminus

FIGURE 8: Schematic diagram showing the restrained minimized
average structure of the L25NMe IL-8 monomer. The figure was
created using the program MOLSCRIPT (Kraulis, 1991).
monomer, as they are in the NMR dimeric structure.
However, the observation that the average orientation of these
residues in the monomer is similar to that seen in the dimeric
X-ray structure and different from that in the NMR dimeric
structure is most likely due to the differential orientation of
the 31—35 trn.

A number of dimeric proteins lose their tertiary structure
upon dissociation (Bowie & Sauer, 1989; Grant et al., 1992;
Neet & Timm, 1994). In the case of IL-8, its structure is
largely retained, although there is some “loosening” of the
structure which can be attributed to the loss of quaternary
interactions. In addition to the C-terminal residues 67—72
becoming disordered, the hydrogen-exchange rate of the
labile amide protons are considerably faster (Rajarathnam
et al., 1994b). The exchange rate of the amide protons is a
good indication of the stability of the secondary and tertiary
structures such as the a-helix and f-sheet. Though the
secondary and tertiary structural characteristics are retained
in the monomer, faster exchange kinetics suggest greater
mobility and/or flexibility which may have relevance for
receptor binding and functional activation. This is suggested
by an experiment in which an IL-8 analog was covalently
linked across the dimer interface by two disulfide bonds
(K23C and G31C). This analog was completely inactive (I.
Clark-Lewis, B. Dewald, and M. Baggiolini, unpublished
results), and this loss of activity could be directly attributed

to the loss of flexibility. The observation that the monomer
structure is largely similar to the IL-8 dimer structures
(Baldwin et al., 1991; Clore et al., 1990) and to the tertiary
structure of the other C-X-C family of proteins such as
MGSA/Gro-a (Kim et al., 1994; Fairbrother et al., 1994),
NAP-2 (Malkowski et al., 1995), and PF-4 (Zhang et al.,
1994) and to those of the C-C family of proteins such as
MIP-15 (Lodi et al., 1994) and RANTES (Skelton et al.,
1995) suggests that the global fold and stability are dictated
by the two disulfide bonds (Cys-7 and Cys-34; Cys-9 and
Cys-50). These disulfides have been shown to be essential,
and pairwise substitution of corresponding cysteines results
in loss of activity and also loss of tertiary structure (Clark-
Lewis et al., 1991).

Structure and Function. All available data to date indicate
that the active species of [L-8 is a monomer. The measured
Ky value of ~20 uM suggests that, at normal functional
concentrations (~0.1—10 nM), the dominant species is the
monomer (Burrows et al., 1994; Paolini et al., 1994).
Sedimentation equilibrium studies indicate that MGSA/Gro-a
and NAP-2, which belong to the IL-8 family, have similar
or lower Ky values (~20—100 M) (Rajarathnam et al.,
unpublished results), reiterating that the active species for
these proteins is the monomer.

Functional studies showed that the most crucial residues
for activity are the N-terminal residues Glu-4, Leu-5, and
Arg-6 (“"ELR” motif). Mutation or deletion of these residues
results in a large decrease in binding and function (Hébert
etal., 1991; Clark-Lewis et al., 1991). In addition, residues
10—22 and 31—34 were also shown to be essential (Clark-
Lewis et al., 1994). However, isolated peptides correspond-
ing to these regions were completely inactive. This suggests
that the core of the protein acts as a scaffold from which the
flexible N-terminal residues (4—6) and the other residues
are suspended in a way which facilitates receptor binding
and neutrophil activation. Of the two receptors identified
for neutrophils, one (IL-8R2) binds IL-8, NAP-2, and MGSA
with equal affinity and the other (IL-8R1) binds IL-8 with
high affinity and NAP-2 and MGSA with low affinity (Moser
et al., 1991: Lee et al., 1992). In addition, a nonspecific
receptor for Duffy antigen which binds both CXC and CC
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FIGURE 9: Stereoview showing the best fit superposition of the minimized average monomeric NMR (black) and the dimeric NMR (red)

and X-ray (green) structures.
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Fiaure 10: Best fit superposition using residues 7—66 for the
backbone atoms between (A) the L25NMe monomer and X-ray
dimer, (B) the L25NMe monomer and NMR dimer, and (C) the
NMR dimer and X-ray dimer.

chemokines with fairly high affinity has been identified
(Horuk et al., 1993). As the monomer is the functional unit,
the knowledge of the structure of the monomer is critical in
our understanding of IL-8 structure—function relationship.

The core of the monomer structure is essentially the same
as the dimeric NMR and X-ray structures. Interestingly, the
[ strand which forms the dimer interface in the dimeric
structure retains its structure in the monomer. The introduc-
tion of the bulky methyl group. though disrupting the dimer
formation, has minimal effect on the secondary and tertiary
structure interactions within the monomer. The functionally
critical “ELR” motif is disordered as observed in the dimeric
NMR structure. The structure of the monomer for residues

10—22, which has been shown to be critical for function
(Clark-Lewis et al., 1994), is largely the same as in the
dimeric NMR and X-ray structures. Comparison of the
MGSA and IL-8 structures has shown subtle but distinct
differences in the regions considered critical for function,
i.e., the “ELR" motif, the 31 —35 turn, and the loops between
residues 12 and 23 (Kim et al., 1994 Fairbrother et al., 1994).
It has been proposed that the “ELR™ motif constitutes the
primary binding site on the receptor and the 12—23 region
constitutes the secondary binding site and is responsible for
receptor specificity (Clark-Lewis et al., 1995; Fairbrother et
al., 1994). Glu-38 is unusual as it is buried in all of the 30
structures and in the average structure of the L25NMe
monomer. Though the side chain is disordered, the car-
boxylate group is pointed in the direction of the N-terminal
residues in all of the structures. A similar orientation for
this residue is observed in both the NMR and the X-ray
dimeric structures. This residue is conserved among all
known C-X-C chemokines except PF-4 in which it is
conservatively substituted with a Gln. This suggests that
this residue may have a functional role in its ability to interact
with the N-terminus, and future substitution studies should
confirm whether this is the case.

The loss of structure for residues 67—72 in the monomer
can be directly attributed to the disruption of the dimeric
structure. In the dimer, the C-terminal helix runs across the
dimer interface and is stabilized by interactions across the
dimer interface. The structure of MGSA, which has been
solved by NMR spectroscopy. has a tertiary and quaternary
structure similar to that of IL-8 (Kim et al., 1994; Fairbrother
et al., 1994). However. the dimer interface is weaker as
inferred by the hydrogen-exchange and sedimentation equi-
librium studies (Kim et al., 1994), which is also reflected in
the last four residues of the C-terminal helix being unstruc-
tured. The observation that the C-terminal residues 67—72
are unstructured in the IL-8 monomer is of no relevance to
neutrophil activation as the truncated IL.-8 analog 4—66 has
shown activity similar to that of the native protein (Clark-
Lewis et al., 1991). However, the flexible C-terminus may
have a role in vivo as it is the cell-surface-bound IL-8 which
binds to the neutrophil receptors (Rot, 1992a). It has been
proposed (Rot, 1992b). and there is experimental evidence
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which suggests, that the C-terminal helix binds to heparin
and heparin sulfate on the cell surface (Webb et al., 1993)
and hence may have relevance in the dynamics of the IL-8
binding in vivo.
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SUPPORTING INFORMATION AVAILABLE

One table containing the 'H NMR chemical shifts of the
monomeric L25NMe interleukin-8 (2 pages). Ordering
information is given on any current masthead page.
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