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from substrate-enzyme interactions to stabilize the catalytic 
transition state (Jencks, 1975). It is our hope that these and 
other mechanistic studies of PPI will provide the basis for the 
rational design of therapeutically useful inhibitors of this im- 
portant enzyme. 
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ABSTRACT: The solution structure of the interleukin 8 (IL-8) dimer has been solved by nuclear magnetic 
resonance (NMR) spectroscopy and hybrid distance geometry-dynamical simulated annealing calculations. 
The structure determination is based on a total of 1880 experimental distance restraints (of which 82 are 
intersubunit) and 362 torsion angle restraints (comprising 4, $, and x1 torsion angles). A total of 30 simulated 
annealing structures were calculated, and the atomic rms distribution about the mean coordinate positions 
(excluding residues 1-5 of each subunit) is 0.41 f 0.08 A for the backbone atoms and 0.90 f 0.08 A for 
all atoms. The three-dimensional solution structure of the IL-8 dimer reveals a structural motif in which 
two symmetry-related antiparallel a-helices, approximately 24 A long and separated by about 14 A, lie on 
top of a six-stranded antiparallel @-sheet platform derived from two three-stranded Greek keys, one from 
each monomer unit. The general architecture is similar to that of the (rl/(r2 domains of the human class 
I histocompatibility antigen HLA-A2. It is suggested that the two a-helices form the binding site for the 
cellular receptor and that the specificity of IL-8, as well as that of a number of related proteins involved 
in cell-specific chemotaxis, mediation of cell growth, and the inflammatory response, is achieved by the distinct 
distribution of charged and polar residues a t  the surface of the helices. 

Communicat ion between different cells of the immune 
system is achieved in part by a complex cascade of interacting 
proteins known as cytokines. The subject of the present study 
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is the cytokine interleukin 8 (IL-8)' [for a review, see Mat- 
sushima and Oppenheim (1989)], also known variously as 

I Abbreviations: IL-8, interleukin 8; MCAF, monocyte chemotactic 
and activating factor; PF4, platelet factor 4; GRO, growth-related gene 
product; MGSA, melanoma growth stimulating activity; YIP- 10, y-in- 
terferon-induced protein; @TG, @-thromboglobulin; 9E3, chicken Rous 
sarcoma virus inducible protein; MHC, major histocompatibility com- 
plex; NOE, nuclear Overhauser effect; NOESY, two-dimensional nuclear 
Overhauser enhancement spectroscopy; PE-COSY, primitive exclusive 
two-dimensional correlated spectroscopy; SA, simulated annealing. 
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FIGURE 1: Three stereoviews showing best-fit superpositions of the backbone (N, C", C) atoms of the 30 SA structures. The molecule is viewed 
down the C2 symmetry axis in (A), which is located in the center of the 8-sheet. The views in (B) and (C) are rotations about the C, axis 
which lies parallel to the plane of the paper. 
neutrophil activation factor or protein (Walz et al., 1987), 
monocyte-derived neutrophil chemotactic factor (Yoshimura 
et al., 1987), and T-cell chemotactic factor (Larsen et al., 
1989). IL-8 is a dimeric protein (Clore et al., 1989) composed 
of two identical subunits, each of M, -8000, which is released 
from several cell types, including monocytes, fibroblasts, en- 
dothelial cells, and keratinocytes, in response to an inflam- 
matory stimulus. A range of in vitro and in vivo studies have 
shown that IL-8 possesses two major activities. The first is 
the selective capacity to attract neutrophils, basophils, and 
T-cells but not monocytes; the second involves neutrophil 
activation. 

Sequence comparisons have revealed that IL-8 belongs to 
a superfamily of proteins involved in cell-specific chemotaxis, 
mediation of cell growth, and the inflammatory response. 
These include, among others, PF4, GRO/MGSA, TIP-10, 
P G ,  9E3, RANTES, MCAF, and Act 2. All these proteins 
have four cysteine residues at approximately the same location 
in the amino acid sequence and have sequence homologies 
ranging from 20 to 35% for amino acid identity and up to 80% 
if conservative changes are taken into consideration, suggesting 
that they all have similar three-dimensional structures. 

Recently, we presented the sequential assignment of the 'H 
NMR spectrum of IL-8 and the delineation of elements of 
regular secondary structure (Clore et al., 1989). To gain a 
better understanding of the molecular basis of IL-8 activity, 
as well as of the factors contributing to different activities of 
the various related proteins, we have extended our previous 
work to the determination of the full  three-dimensional 
structure of IL-8 in solution at high resolution by means of 

NMR and hybrid distance geometry-dynamical simulated 
annealing calculations. 

EXPERIMENTAL PROCEDURES 
Recombinant IL-8 was expressed and purified as described 

by Furuta et al. (1989), and samples for NMR contained - 1.8 
mM protein in either 99.996% D20 or 90% H20/10% D20 
at pH 5.2. All spectra were recorded at 600 MHz on a Bruker 
AM600 spectrometer at 40 OC, and examples of the quality 
of the raw data are given in Clore et al. (1989). 

NOEs were identified in 150-ms NOESY (Jeener et al., 
1979) spectra and classified on the basis of 50- and 75-ms 
NOESY spectra into strong, medium, weak, and very weak, 
corresponding to interproton distance restraints of 1.8-2.7 A, 
1.8-3.3 A (1.8-3.5 8, for distances involving N H  protons), 
2.3-5.0 A, and 2.8-6.0 h;, respectively. Upper limits for 
distances involving methyl protons or nonstereospecifically 
assigned methylene protons were corrected appropriately for 
center averaging (Wiithrich et al., 1983). In addition, 0.5 8, 
was added to the upper limits for distances involving methyl 
protons (Clore et al., 1987). 

Stereospecific assignments and 4, $, and xi torsion angle 
restrains were derived from 3JHNa and 3JM coupling constants 
(measured from PE-COSY spectra; Mueller, 1987) and in- 
traresidue and sequential NOEs involving the NH, CaH, and 
CBH protons by means of a conformational grid search with 
the program STEREOSEARCH (Nilges et al., 1990). The min- 
imum ranges employed for the 4, $, and x1 torsion angles were 
f30°, f50°, and f20°,  respectively (Kraulis et al., 1989). 

Structures were computed by the hybrid distance geome- 
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Table I:  Structural Statistics and Atomic rms Differences a 

- (A) Structural Statistics 
(SA) (SA)r 

RMS deviations from exptl distance restraints (A)b  
all (1880) 0.031 f 0.002 0.029 
intrasubunit 

0.019 f 0.002 0.020 
interresidue long range (l i  - J l  > 5) (370) 0.027 f 0.003 0.026 
intraresidue (540) 0.044 f 0.002 0.042 
H-bond (104)c 0.031 f 0.003 0.028 

interproton (70) 0.022 f 0.008 0.014 

0.203 f 0.040 0.21 1 

interresidue short range (li - jl < 5) (784) 

intersubunit 

H-bond (12)c 0.004 f 0.006 0.000 
RMS deviations from exptl dihedral restraints (deg) (362)b 

FEpl (kcalmol-l)d 38 f 4 37 
EL-, (kcalmol-l)c -542 f 12 -474 

FNoE (kcal-mol-l)d 53 f 5 48 
F,,, (kcalmol-')d 0.94 f 0.36 0.98 
Fay,,, (kcalmol-')d 0.15 f 0.04 424 

deviations from idealized geometry 
bonds (A) (2392) 0.006 f 0 0.01 1 
angles (deg) (4362) 2.016 f 0.002 2.458 
impropers (deg) (882) 0.504 f 0.010 0.485 

(B) Atomic rms Differences (Excluding Residues 1-5) (A) 
backbone atoms all atoms backbone atoms all atoms 

- monomer - dimer 
(SA)  vs SA 0.41 f 0.08 0.90 f 0.08 (SA,) vs SA, 0.34 f 0.06 0.86 f 0.07 
(SA)r vs SA 0.19 0.44 
(SA) vs ( S A ) r  0.46 f 0.07 1.00 f 0.08 

"The notation of the structures if as follows: (SA) are the 30 final dynamical simulated annealing structures; SA is the mean structure obtained 
by averaging the coordinates of the 30 individual SA dimer structures best fitted to each other (excluding the N-terminal residues 1-5 of both 
subunits); (=)r is the restrained minimized mean structure obtained by restrained minimization of SA; (SA,) are the coordinates of the S A  
structures for one subunit only; SA, is the mean structure for a single subunit obtained by averaging the coordinates of one subunit of the 30 S A  
structures best fitted to residues 6-72 of a single subunit. The number of terms for the various restraints is given in parentheses. The simulated 
annealing protocol is identical with that described by Nilges et al. (1988) with the exception of minor differences involving the use of dihedral angle 
restraints for 4, +, and x ,  and a symmetry restraint. bNone of the structures exhibited distance violations greater than 0.3 A or dihedral angle 
violations greater than 3". CFor each backbone hydrogen bond there are two restraints: r N H 4 ,  1.7-2.3 A; rN4, 2.4-3.3 A. Although these were 
identified on the basis of a qualitative interpretation of the NOE and N H  exchange data, they were only included as restraints after they could be 
unambiguously assigned following the initial structure calculations. dThe values of the square-well NOE and torsion angle potentials [cf. eqs 2 and 
3 in Clore et al. (1986)] are calculated with force constants of 50 kcal.mol-'vf-* and 200 kcalmol-1.rad-2, respectively. Esym is an effective harmonic 
potential used to maintain symmetry between the two subunits (Briinger, 1988) with a force constant set to 300 kcal.mol-l.A-* throughout the 
simulated annealing calculations. The atomic rms difference between the two subunits for the individual SA structures is less than 0.0008 A for all 
atoms, while that for the restrained minimized mean structure ( S ) r  is 0.049 A for all atoms and 0.001 A for the backbone atoms. The value of the 
quartic van der Waals repulsion term [cf eq. 5 in Nilges et al. (1988)] is calculated with a force constant of 4 kcalmol-'.A4 with the hard-sphere van 
der Waals radii set to 0.8 times the standard values used in the CHARMM empirical energy function. eEL-J is the Lennard-Jones van der Waals energy 
calculated with the CHARMM (Brooks et al., 1983) empirical energy function. It is not included into the target function for simulated annealing. 

try-dynamical simulated annealing method of Nilges et al. 
(1988) with a few minor modifications, making use of the 
programs DISGEO (Havel, 1986) and XPLOR (Brunger, 1988). 
An iterative approach to the structure determination was 
employed by carrying out a series of calculations with more 
and more restraints incorporated at each successive stage 
(Kraulis et al., 1989). This is particularly valuable for the 
identification of intersubunit NOES involving side chains. As 
an example, consider the following NOEs between Ala-69- 
(CBH,) and Thr-37(CY2H3), Phe-65(CM) and Ile-28(CaH), 
and Leu-25(@2H) and Val-27(CeH). The distances in the 
initial low-resolution structures between these protons were - 18, - 15, and -8 A, respectively, within each monomer, 
while the corresponding values for the intersubunit distances 
were all less than 4 A. Given that NOEs, in the absence of 
extensive spin diffusion, are only observed for interproton 
distance separations less than 5 A, it is evident that the ob- 
served NOEs between these three pairs of protons must arise 
from intersubunit contacts. Proceeding in this manner, the 
assignment of intersubunit NOEs was relatively straightfor- 
ward. 

The total number of experimental restraints used in the final 
calculations was 2242 for the dimer. These comprised a total 
of 1694 interproton distance, 104 hydrogen bonding, and 362 

torsion angle restraints (involving 136 4, 122 I), and 104 x, 
angles) for the two subunits combined and 70 interproton 
distance and 12 hydrogen bonding restraints between the 
subunits. Stereospecific assignments were obtained for 38 of 
the 55 @-methylene groups per monomer and for the a- 
methylene groups of both glycine residues. The latter, as well 
as four of the @-methylene stereospecific assignments, could 
only be obtained after the initial rounds of calculations. 

RESULTS AND DISCUSSION 
Converged Structures. A total of 30 final simulated an- 

nealing (SA) structures were computed. The structural sta- 
tistics are given in Table I, and superpositions of the N,  C", 
and C backbone atoms are shown in Figure 1. Residues 1-5 
of both subunits are poorly defined, as no sequential NOEs 
were observed for the first three residues and only (i, i + 1) 
sequential NOEs were observed from residue 3 to residue 6. 
The remainder of the structure, however, is exceptionally well 
determined with an overall atomic rms difference (excluding 
residues 1-5) between the individual dimer SA structures and 
the mean coordinate positions of 0.41 f 0.08 A for the 
backbone atoms and 0.90 f 0.08 A for all atoms (Figure 2A). 
The average angular rms difference for the 4 and J ,  torsion 
angles is 8.7 f 5.9", and the backbone torsion angles for all 



1692 Biochemistry, Vol. 29, No. 7, 1990 Accelerated Publications 

the x conformations beyond the C@ positions are poorly de- 
fined. The majority of these side chains comprise Lys and Arg 
residues. In contrast, most of the internal side chains have 
atomic rms distributions about the mean coordinate positions 
of 50.5 A. 

Description of the IL-8 Structure. Three views of the overall 
polypeptide fold are shown in Figure 1. The approximate 
overall dimensions of the IL-8 dimer (excluding side chains) 
are 30 A long, 26 A wide, and 18 A deep in the view shown 
in Figure 1A. The structure essentially consists of two anti- 
parallel a-helices lying on top of a six-stranded antiparallel 
P-sheet. The surface under the 0-sheet is concave and except 
for Ile-28 and Ile-40 is composed entirely of hydrophilic and 
charged residues. The two symmetry-related helices are -24 
A long and separated by a center to center distance of -14 
A. The angle (-172') between the long axes of the two 
helices is slightly less than 180° due to the right-handed twist 
of the P-sheet below (defined in terms of the twist of the 
peptide plane as viewed along the direction of a strand), and 
in particular of strand 1 of one subunit and strand 1' of the 
other. 

The overall structure of the IL-8 dimer is similar to that 
of the AB dimer in the recently determined 3 A resolution 
crystal structure of the PF4 tetramer (St. Charles et al., 1989); 
in particular, the arrangement of the P-sheet and a-helices is 
essentially identical. A detailed comparison between IL-8 and 
PF4 is not possible at  the present time, since the coordinates 
of the PF4 structure have not yet been deposited in the 
Brookhaven Protein Data Bank and the structure has only been 
refined to an R factor of 28% (St. Charles et al., 1989). It 
is clear, however, that there are several noticeable structural 
differences between IL-8 and PF4, even at the level of the 
detailed secondary structure (Clore et al., 1989). 

The topology and hydrogen-bonding pattern determined for 
IL-8 are depicted schematically in Figure 4. Within each 
subunit, the main secondary structure elements comprise a long 
C-terminal helix extending from residue 56 to residue 72 and 
a triple-stranded antiparallel 0-sheet arranged in a Greek key, 
in which strand 1 (residues 23-30) is hydrogen bonded to 
strand 2 (residues 36-43), which in turn is hydrogen bonded 
to strand 3 (residues 48-51). The disulfide bridge between 
Cys-7 and Cys-34 is right-handed, while that between Cys-9 
and Cys-50 is left-handed. At the N-terminus a series of 
nonclassical turns at residues Gln-8/Cys-9, Ile- 1 O/Lys- 1 1 ,  and 
Ser-14 make up a long loop extending from Gln-8 to His-18. 
This is followed by a single 3- 10 helical turn formed by residues 
19-22, which leads into strand 1. Strands 1 and 2 are con- 
nected by a rather unusual turn or loop with a kink at Ser-30 
and Ala-35 and two hydrogen bonds between the backbone 
amides of Gly-3 1 and Cys-34 and the carbonyl oxygen atoms 
of Cys-34 and Gly-31, respectively. The glycine at position 
31 is either conserved or substituted conservatively by a serine 
in all members of the IL-8 family of proteins. A search of 
a database of high-resolution X-ray structures using the al- 
gorithm of Jones and Thirup (1986) revealed that the back- 
bone atoms of residues 30-35 of IL-8 can be superimposed 
with an atomic rms difference of less than 0.5 A on residues 
56-61 of Chromatium high-potential iron protein and residues 
96-101 of bovine trypsin. The conformation of the turn 
(residues 43-47) connecting strands 2 and 3 is also rather 
unusual and falls into the classification of a 3:5 type I turn 
with a GI @-bulge (Sibanda & Thornton, 1985). In this 
regard, the backbone polypeptide chain of residues 42-48 can 
be superimposed within 0.5 A on residues 78-84 of penicil- 
lopepsin, residues 24-30 of ovomucoid third domain, residues 
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FIGURE 2: (A) Atomic rms distribution of the 30 individual SA 
structures about the mean structure SA, together with the variation 
in surface accessibility as a function of residue number (excluding 
residues 1-5). The filled-in circles represent the average values a t  
each residue and the bars the standard deviations in these values. (B) 
Ramachandran $J,$ plot for the 30 SA structures (excluding residues 
1-5). In both (A) and (B)  the values are averaged over the two 
subunits. 

non-glycine residues lie in the allowed region of a Rama- 
chandran 4,$ plot (Figure 2B). The majority of side-chain 
positions are also well-defined (Figures 2A and 3). Eighteen 
side chains, however, have atomic rms distributions about the 
mean coordinate positions larger than 1 A. All of these are 
highly solvent accessible, and in the case of eight of them 
(Lys-1 1, Lys-15, Glu-38, Glu-48, Lys-54, Asn-56, Arg-60, and 
Glu-63), the 3Jaa coupling constants (3Jaa, - 3Jag3 - 6-7 Hz) 
are indicative of multiple x1 side-chain conformations. With 
the exception of Arg-6 and Arg-26, the remaining ill-defined 
side chains are located at the surface of the C-terminal a-helix. 
The x, torsion angles of these residues are well defined but 
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FIGURE 3: Stereoviews showing best-fit superpositions of all atoms (excluding protons) of 15 SA structures for two selected segments of the 
protein. 

216-222 of bovine liver rhodanese, and residues 6-12 of 
plastocyanin. All of these structures have either a glycine or 
an asparagine at position 4 of the turn. The equivalent residue 
in IL-8 is Gly-46, which is conserved in PF4, P-TG, GRO/ 
MGSA, and TIP- 10 and subsituted conservatively by either 
an asparagine or a serine in the other members of the family. 
Strand 3 leads into the helix via a type I turn from residues 
52-55 which is stabilized by two hydrogen bonds: a backbone 
NH(Glu-55)-CO(Asp-52) hydrogen bond and a hydrogen 
bond between the backbone amide of Lys-54 and the car- 
boxylate side-chain group of Asp-52. The segment of residues 
51-57 can be superimposed within 0.5 A on residues 212-218 
of penicillopepsin and residues 42-48 of reduced cytochrome 
c2* 

The two histidine residues at positions 18 and 33 are highly 
unusual in so far that they have extremely low pKa values of 
3.7 and 4.9, respectively. The pKa values for the majority of 
histidines reported to date have ranged between 5.5 and 7.5, 
with free histidine having a pK, of -6.5 (Jardetzky & Rob- 
erts, 1981). These findings can be rationalized in structural 
terms, since NH-N hydrogen bonds between a backbone 
amide proton and an imidazole ring nitrogen are observed for 
both histidines (Figure 3A). In the case of His-18 there is 
a hydrogen bond between the amide proton of Lys-20 and the 

N61 imidazole atom, while for His-33 the hydrogen bond is 
between the backbone amide proton of Gln-8 and the N'1 
imidazole atom. The latter is unusual, as it represents the 
minor tautomeric form of free histidine. In addition, both the 
hydrogen bonds account for the very low field shifts of the N H  
protons of Gln-8 and Lys-20, which resonate at  11.94 and 
11.53 ppm, respectively. This strong deshielding of the N H  
nucleus is caused by a downfield ring current shift due to the 
fact that the N H  proton lies directly in the plane of the im- 
idazole ring, possibly supplemented by an electric field effect 
from the polarizable imidazole ring. These two interactions 
may play an important role in stabilizing parts of the structure. 
In the case of His- 18, the hydrogen-bonding interaction serves 
to stabilize the turn from residues 19-22, while in the case of 
His-33 it helps to maintain the spatial proximity between the 
3 1-34 turn and residues 7 and 9 at the N-terminus. The latter 
may facilitate the formation of the disulfide bridge between 
Cys-7 and Cys-34 during protein folding. It is also interesting 
to note that His-33 is conserved in PF4, PTG, and GRO/ 
MGSA. 

The orientation of the helix relative to the triple-stranded 
6-sheet within each monomer is stabilized by a number of 
hydrophobic interactions (Figure 3). The six-membered ring 
of Trp-57 is perfectly stacked on top of the ring of Pro-16 
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FIGURE 4: Schematic representation of the overall topology and 
hydrogen-bonding pattern in IL-8 deduced from analysis of the SA 
structures. All the residues of one subunit and residues 23'-29' of 
the second are shown. The diad axis lies between the C" atom positions 
of Arg-26 of the two subunits. Hydrogen bonds are indicated by 
dashed lines, and residue numbers are indicated at  the C" atom 
positions. 

(Figure 3A), accounting for the unusually high field shifted 
CaH resonance of Pro- 16 which resonates at 1.63 ppm, as well 
as for the upfield shifts of the CBH and CYH resonances. 
Trp-57 is also in  close contact with Tyr-13, Phe-17, and 
Leu-5 1. Additionally, Phe-65 is in van der Waals contact with 
Pro-19, Ile-22, and Leu-25, Val-58 with Ile-39 and Leu-51, 
Val-61 with Pro-19, and Val-62 with Ile-22. 

The dimer interface is principally stabilized by an anti- 
parallel @-sheet with six hydrogen bonds between strand 1 from 
one subunit and strand 1' of the second (Figure 4). In addition, 
there are a number of other stabilizing forces involving side 
chains. There are hydrophobic contacts between Phe-65 of 
the C-terminal helix of one subunit and the methyl groups of 
Val-27 and the y-methylene group of Glu-29 of the second 
and between Ala-69 of one subunit and Val-27 and Thr-37 
of the second (Figure 3B). There is also an electrostatic 
interaction between the two helices involving Gln-59 of one 
subunit and Glu-70 of the other. These interactions further 
serve to maintain the orientation of the C-terminal helices, with 
respect both to each other and to the @-sheet below. The upper 
surface of the @-sheet that is in contact with one face of the 
a-helices is entirely hydrophobic, and there are hydrophobic 
interactions between residues of strand 1 from the two subunits, 
in particular between Leu-25 of one subunit and Val-27 of the 
other. Finally, there is an electrostatic interaction on the 
bottom of the @-sheet between Glu-24 of one subunit and 
Arg-26 of the other. It should be noted that these electrostatic 
interactions are not artifacts of the calculations as no elec- 
trostatic terms are used. 

Relationship of Structure to Function. We have shown that 
the structure of IL-8 dimer consists of a six-stranded anti- 
parallel @-pleated sheet that is spanned by the two long sym- 
metry-related a-helices at the carboxy terminus of the two 
subunits. These helices are positioned at an angle of about 
+60° with respect to the orientation of the @-strands in the 
sheet and are separated by - 14 A (center to center). This 
architecture is closely related to the fold of the a l / a 2  domains 
of the class I MHC antigen HLA-A2 determined by X-ray 
crystallography (Bjorkman et al., 1987), where the sheet is 
formed by eight @-strands, four from each domain, with two 
helices separated by - 18 running across them at an angle 
of about -45O. [Further, the fold of the a l / a 2  domains has 
been used to model the structure of the a1 /@l intermolecular 
dimer of the class I1 MHC molecules (Brown et al., 1988).] 
Thus the same kind of general architecture is achieved with 
two different kinds of @-pleated sheets in which the strands 
run almost orthogonal to each other. In the case of HLA-A2, 
the @-sheet is formed by strands arising from two domains of 
a single subunit (Le., a pseudodimer), while in the case of IL-8 
and putatively the class I1 MHC molecules it is formed by 
strands originating from two separate subunits (i.e., an in- 
termolecular dimer). 

The views of the IL-8 structure presented in Figure 1 clearly 
demonstrate the prominent positioning of the two a-helices 
which sit on top of the rather flat @-sheet domain, with hy- 
drophobic amino acid side chains forming the central features 
in the a / @  interface. Indeed, this a-helix represents an almost 
idealized amphiphilic helix, with hydrophobic residues on the 
interior face and hydrophilic residues on the solvent-exposed 
face. The hydrophobic residues oriented toward the @-sheet 
are Val-58, Val-61, Val-62, and Phe-65 with the latter forming 
the central anchor of the helix. Leu-66 is located between the 
two helices while Trp-57 is involved in a stabilizing interaction 
between the loop around Pro-16 and the other side of the helix. 
The charged or polar amino acids that are solvent exposed are 
Asn-56, Gln-59, Arg-60, Glu-63, Lys-64, Lys-67, Glu-70, and 
Asn-7 1. The distribution of the different amino acids around 
the helix is illustrated in a helical wheel representation in 
Figure 5 .  In addition to the sequence of IL-8, a variety of 
sequences of related proteins have been included in this figure, 
with the alignment based on the assumption that the structure 
following Cys-50, as well as the phase of the helix, is similar 
in all the proteins. Although there is only structural data for 
two members of this family, namely, IL-8 and PF4 (St. 
Charles et al., 1989), it is evident from this illustration that, 
in all likelihood, the whole protein family contains the same 
structural feature at this position in the sequence. All the 
sequences exhibit amphiphilic properties of a potential a-helix 
with strong conservation of hydrophobic residues for those 
positions that are found at the a /@ interface in IL-8 and PF4. 

In light of the structural similarities between the a l / a 2  
domains of HLA-A2 and IL-8, it is tempting to speculate on 
the functional role of the long helix in IL-8. In HLA-A2 the 
antigen recognition site and T-cell receptor interaction is be- 
lieved to reside in the region between and comprising two 
approximately antiparallel a-helices (Bjorkman et al., 1987). 
While the a1 and a2 domains of HLA-A2 are not identical, 
they are similar, and the two helices are related by a pseudo- 
diad. In the case of IL-8, the two subunits are identical, and 
the two a-helices are located symmetrically about the diad axis. 
It therefore may well be that the two long a-helices in IL-8 
and the other related proteins serve as a major interaction site 
with the respective receptor. This hypothesis is particularly 
attractive as a C-terminal tridecapeptide of PF4 comprising 
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FIGURE 5 :  (A) Stereoview showing a best-fit superposition of all atoms (excluding protons) of the 30 SA structures for the helical residues 
(56-72) of both subunits, The view of the helices is the same as that in Figure 1B. (B) Helical wheel representation of the C-terminal helix 
together with its sequence in IL-8 and its putative sequence in some related proteins. The hydrophobic and hydrophilic faces are separated 
by a dashed line, The polar and charged surface residues are encircled, while the hydrophobic residues that interact with the p-sheet are encircled 
and shaded. 

residues 56-68 (numbering of IL-8) has both chemotactic 
(Deuell et al., 1981) and immunoregulatory (Zucker et al., 
1989) activity. Specific recognition would then be achieved 
primarily through the different combinations of polar and 
charged residues on the outside of the helix which would have 
their counterparts on the surface of the cellular receptor. In 
particular, the residues that are likely to be important are 
located at positions 59, 60, 63, 64, and 67. In this regard it 
is interesting to note that GRO/MGSA binds to the same 
receptor on human neutrophils as IL-8; concomitantly, IL-8 
shows significant melanoma stimulating activity (Matushima 
& Oppenheim, 1989). Examination of Figure 5 reveals that 
the only changes in any of these residues are conservative 
(Arg-60 -+ Lys and Glu-63 - Gln), preserve functional 
groups, and do not cause any charge reversal. In contrast, PF4 
does not bind to the IL-8 receptor, which may possibly be 
accounted for by an alteration in charge at positions 63 (Glu 
-+ Lys) and 67 (Lys - Asp). Similarly, the single charge 
inversion at position 60 (Arg - Asp), coupled with the re- 
placement of the NfH3+ functional group of Lys-64 by the 
imidazole ring of a histidine, may account for the differential 
chemotactic specificity of MCAF and IL-8, the former for 
monocytes and the latter for neutrophils, basophils, and T-cells. 
Finally, we note that the distinct distribution and pattern of 
charged residues at the surface of the two symmetry-related 
helices form an ideal template for the design of potential IL-8 
inhibitors which would act by binding to the shallow groove 
between the two helices, thereby preventing the interaction 
of IL-8 with its cellular receptor. 

SUPPLEMENTARY MATERIAL AVAILABLE 
The coordinates of the 30 SA structures of the IL-8 dimer, 

as well as those of the restrained minimized mean structure 

- 
(SA)r, together with the complete list of experimental re- 
straints have been deposited in the Brookhaven Protein Data 
Bank. 
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Methane Monooxygenase Catalyzed Oxygenation of 1,l -Dimethylcyclopropane. 
Evidence for Radical and Carbocationic Intermediates? 
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ABSTRACT: Methane monooxygenase catalyzes the oxygenation of 1,l -dimethylcyclopropane in the presence 
of O2 and NADH to  (1-methylcyclopropy1)methanol (81%), 3-methyl-3-buten-1-01 (6%), and l-methyl- 
cyclobutanol (1 3%). Oxygenation by I8O2 using the purified enzyme proceeds with incorporation of l8O 
into the products. Inasmuch as methane monooxygenase catalyzes the insertion of 0 from O2 into a 
carbon-hydrogen bond of alkanes, (1 -methylcyclopropyl)methanol appears to be a conventional oxygenation 
product. 3-Methyl-3-buten-1-01 is a rearrangement product that can be rationalized on the basis that 
enzymatic oxygenation of 1,l -dimethylcyclopropane proceeds via the (1-methylcyclopropy1)carbinyl radical, 
which is expected to undergo rearrangement with ring opening to the homoallylic 3-methyl-3-buten- 1-yl 
radical in competition with conventional oxygenation. Oxygenation of the latter radical gives 3-methyl- 
3-buten- 1-01, 1 -Methylcyclobutanol is a ring-expansion product, whose formation is best explained on the 
basis that the 1 -methylcyclobutyl tertiary carbocation is an oxygenation intermediate. This cation would 
result from rearrangements of carbocations derived by one-electron oxidation of either radical intermediate. 
The fact that both 3-methyl-3-buten- 1-01 and 1-methylcyclobutanol are produced suggests that the oxygenation 
mechanism involves both radical and carbocationic intermediates. Radicals and carbocations can both be 
intermediates if they are connected by an electron-transfer step. A reasonable reaction sequence is one in 
which the cofactor (poxo)diiron reacts with O2 and two electrons to generate a hydrogen atom abstracting 
species and an oxidizing agent. The hydrogen-abstracting species might be the enzymic radical or another 
species generated by the iron complex and 02. Oxygenation then could proceed by abstraction of a hydrogen 
atom from the substrate to form a radical, followed by electron transfer from the radical to the oxidizing 
species to form a carbocation. The carbocation would be quenched by oxygen associated with the oxygenation 
cofactor to generate the product. 

M e t h a n e  monooxygenase catalyzes the oxygenation of 
methane in methanotrophic bacteria according to eq 1 The 

lowing three proteins: (a) An oxygenase designated as com- 
ponent A that contains a (p-oxo)diiron complex and an organic 

H+ + CH, + NADH + o2 - CH,-OH +-H20 + NAD+ ,, , 
iadical. The oxygenase has an overall k, of 220006 and 
comprises three subunits of M ,  54000, 42 000, and 17 000. "' 

enzymes from Methylococcus capsulatus (Bath) and Me- 
thylosinus trichosporium (OB3b) are complexes of the fol- 

respectively, with two copies of each subunit and two (p -  
oxo)diiron complexes in each enzyme particle. (b) A flavo- 

' Abbreviations: NAD+, oxidized nicotinamide adenine dinucleotide; 
NADH, reduced nicotinamide adenine dinucleotide; MOPS, 34N-  
morpho1ino)propanesulfonic acid; NMR, nuclear magnetic resonance; 
GC, gas chromatography; GC-MS, gas chromatographic mass spec- 
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