
forms of the membrane-bound receptors 
that can bind lieand in a wav similar to - 
that of their membrane-bound counter- 
parts. As a result, these receptors play an 
important role in the regulation of normal 
receptor activity and autoimmune disease 
(1 1 ) .  Elevated serum concentrations of a . , 

soluble Fas were found in over one-half of 
~a t i en t s  with SLE. and soluble Fas is 
capable of inhibiting Fas-mediated apop- 
tosis in vitro and altering lymphocyte 
development and proliferation in response 
to self antigen in vivo. These findings 
suggest a critical role for this molecule in 
autoimmune diseases. Therapies such as 
plasmapheresis that may remove soluble 
Fas from sera of SLE patients may restore 
normal apoptosis and reduce autoimmune 
disease (1 2). Also, in light of the fact that 
Fas-mediated apoptosis has been implicat- 
ed in lymphocyte apoptosis in HIV infec- 
tion (3), it is of great importance to 
investigate a role for FasATM in immuno- 
deficiencies and whether blockade of Fas- 
mediated apoptosis in vivo, with the use of 
recombinant FasATM molecules, is of 
clinical use in such disease conditions. 
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High-Resolution Solution Structure of the P 
Chemokine hMIP- 1 P by Multidimensional NMR 

Patricia J. Lodi, Daniel S. Garrett, John Kuszewski, 
Monica L.-S. Tsang, James A. Weatherbee, Warren J. Leonard-, 

Angela M. Gronenborn,* G. Marius Clore* 
The three-dimensional structure of a member of the p subfamily of chemokines, human 
macrophage inflammatory protein-1 p (hMIP-1 p), has been determined with the use of 
solution multidimensional heteronuclear magnetic resonance spectroscopy. Human MIP- 
1 p is a symmetric homodimer with a relative molecular mass of -16 kilodaltons. The 
structure of the hMIP-1 p monomer is similar to that of the related a chemokine interleukin-8 
(IL-8). However, the quaternary structures of the two proteins are entirely distinct, and the 
dimer interface is formed by a completely different set of residues. Whereas the IL-8 dimer 
is globular, the hMIP-1p dimer is elongated and cylindrical. This provides a rational 
explanation for the absence of cross-binding and reactivity between the a and p chemokine 
subfamilies. Calculation of the solvation free energies of dimerization sugggsts that the 
formation and stabilization of the two different types of dimers arise from the burial of 
hydrophobic residues. 

Human  macrophage idammatory protein- 
1B. also known as Act-2. is a member of the 
p'chemokine (chemotactic cytokine) subfam- 
ily of proteins (1, 2). These proteins, as well 
as the related a chemokines, comprise a 
polypeptide chain of -8 to 10 kD and contain 
four cysteine residues at near-identical posi- 
tions. The distinctioq between the a and P 

chemokine subfamilies was initially based on 
whether the first two cysteine residues are 
separated by one residue (a) or are adjacent 
(P). This division also extends to chromo- 
somal location (chromosomes 4 and 17 for the 
a and p chemokines, respectively) and func- 
tion. Thus, whereas the a chemokines (for 
example, IL-8) are potent chemoattractants 
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and activators o f  neutrophils but n o t  mono- 
cytes, the p chemokines exhibit chemoattrac- 
tant ~ o t e n t i a l  for monocytes and lymphocytes 
but no t  for neutrophils (2, 3). Members with- 
in each subfamily exhibit 25 t o  70% sequence 
identity, whereas the amino acid identity 
between members o f  the  two  subfamilies 
ranges f rom 20 t o  40% (2, 3). Here, we 
present the determinat ion o f  the  three- 
dimensional structure o f  hMIP-1P  in solu- 
t i on  using heteronuclear magnetic reso- 
nance (NMR) spectroscopy. 

As N I P - 1 P  aggregates at pH values 
above 3.5, a l l  NMR experiments were carried 
under conditions ( p H  2.5) where N I P - 1 P  
exists as a discrete and stable dirner w i t h  a 
molecular mass o f  15.6 kD (4). Because o f  the 
complexity o f  the system, the structure deter- 
minat ion was carried out o n  uniformly isoto- 
pically labeled protein (5) and involved the 
application o f  double and triple resonance 
NMR spectroscopy (6). T h e  structural statis- 
tics for the final ensemble o f  35 simulated 
annealing structures (7-9) are summarized in 
Tables 1 and 2, and stereo views of best-fit 
superpositions, illustrating both  the backbone 
for the complete dimer and ordered side 
chains for a single subunit, are shown in Fig. 
1. With the exception o f  residues 1 to  3, 
which are partially disordered, the structure i s  
exceptionally well defined bo th  at the mono- 
mer and dimer levels (Table 2). 

Within each subunit, the main  secondary 
structure elements comprise a triple-stranded 
antiparallel P sheet (residues 26 t o  31, 39 to  
44, and 48 to  52) arranged in a Greek key, o n  
top o f  which lies a n  a hel ix (residues 57 t o  68) 
(Figs. 1B and 2A). The  NH2-terminus com- 
prises a n  irregular strand and a series o f  non- 
classical turns that form a long loop extending 
from residues 12 t o  20. This is followed by  a 
four-residue helical turn (residues 21 to  24), 
which leads i n to  strand P l  . The  two disulfide 
bridges have a left-handed spiral conforma- 
tion. There are two tightly bound water mol-  
ecules that serve t o  bridge hydrogen bonds: 
one between the backbone amide o f  Cys12 
and the backbone carbonyls o f  Gln37 and 
Pro3', thereby orienting the NH2-terminus 
w i th  regard t o  strand P2, and the second 
between the backbone amide o f  Gln3' and 
the backbone carbonyl and side chain Sy  
atom o f  Cys3j, thereby stabilizing the loop 
between strands p l  and P2. The  positioning 
o f  the hel ix w i t h  regard t o  the underlying P 
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sheet is determined by  numerous hydrophobic 
interactions (Fig. 1B). In addition t o  the 
regular backbone hydrogen bonding w i th in  
the secondary structure elements, there are 
three hydrogen bonding interactions involv-  
ing  side chains that are o f  interest: namely, 
between the Oy of  W1 and the backbone 
amide o f  Ala39, between the O y  (H) atoms o f  
Thr44 and Ser4'; and between the aromatic 

r ing o f  Tyr15 and the carboxylate o f  Asps3. 
The  structure o f  the N I P - 1  P monomer is 

very similar t o  that o f  IL-8 (10, 1 1). The  Ca 
atoms o f  59 residues can be superimposed w i t h  
a root-mean-square (rms) ddference o f  1.6 A 
(Fig. 2). T h e  sequence identity w i th in  this 
region is 20%. Buried residues that are impor- 
tant for maintaining the structure o f  the 
monomer are either the same or substituted 

Table 1. Structural statistics. Thenotation of the NMR structures is as follows: SA are the final 35 
simulated annealing structures; SA is the mean structure obtained by averaging the coordinates of 
the individual SA structures best-fitted to each other (excluding residues 1 to 3 of both subunits); 
and (SA)r is the restrained minimized mean structure obtained by restrained regularization of the 
mean structure W. The number of terms for the various restraints is given in parentheses and 
applies to the entire dimer. 

Structural statistics < S A r  (%) r 

Rms deviations from experimental distance restraints (A)* 
All (3264) 0.026 + 0,001 0.030 

Intrasubunit 
Interresidue sequential (li - jl = 1) (670) 0.034 k 0.001 0.039 
Interresidue short range (1 c li - jl I 5) (462) 0.025 k 0.002 0.032 
Interresidue long range ( I i  - jl r 5) (860) 0.026 + 0.002 0.031 
lntraresidue (908)* 0.019 * 0.002 0.021 
Bound water (28)t$ 0.023 ? 0.003 0.025 
H bond (92)$ 0.040 * 0.012 0.037 

Intersubunit 
lnterproton (228) 0.024 + 0.005 0.01 8 
H bond (16)$ 0.046 + 0.01 5 0.043 

Rms deviation from the cross-validated experimental 0.074 * 0.02 
distance test sets (A)$ 

Rms deviations from 3JH,, coupling constants (Hz) (102)* 0.54 + 0.02 0.52 
Rms deviations from experimental dihedral restraints 0.55 + 0.03 0.47 

(degrees) (220)* 
Deviations from idealized covalent geometry(( 

Bonds (A) (21 70) 0.005 + 0.000 0.005 
Angles (degrees) (3900) 0.739 + 0.009 0.774 
lmpropers (degrees) (1 150) 0.41 8 * 0.036 0.478 

EL-, (kcal mol- ')I -592 r 16 -572 

'None of the structures exhibits distance violations greater than 0.3 A, dihedral angle violations greater than Y, 
or 3J,Na coupling constant violations greater than 2 Hz. Furthermore, there are no systematic interproton distance 
violations between 0.1 and 0.3 A among the ensemble of calculated structures, and the average number of 3JHNa 
coupling constant violations between 1 and 2 Hz is 5.5 + 1.8. In addition, all the +,$ backbone torsion angles Ile 
within the allowed regions of the Ramachandran plot. The 3JHN, coupling constants included directly in the 
refinement comprised only those that could be measured from the 3D HNHA experiment to an accuracy of 0.5 Hz 
or better. Thus, couplings associated with resonances that exhibit overlap of their 15N and NH chemical shifts were 
not included. The torsion angle restraints comprise 122 +, 10 $, 80 x,, and 8 x2 angles with minimum ranges of 
+loo, 250", +20", and t20°, respectively The narrow range for some of the + restraints was made possible by 
the availability of highly accurate 3JHN, coupling constant data. In all cases the anguiar standard deviations of the 
torsion angles for the ensemble of 35 SA structures were much smaller than the ranges used for the corresponding 
torsion angle restraints. Only structurally useful intraresidue NOEs are included in the interproton distance 
restraints. Thus, NOEs between protons separated by two bonds or between nonstereospecifically assigned 
protons separated by three bonds are not incorporated in the restraints. The values of the interproton distance, 
torsion angle, and 3JHNa restraints energy terms are 67.8 t 4.2, 4.03 + 0.5, and 29.7 + 2.0 kcal moi-I, 
respectively, using force constants of 30 kcal mol-' 200 kcal mol-' rad-" and 1 kcal mol-I H z 4  
respectively. tThe distance restraints involving the four bound water molecules (two per subunit) comprise 
four interproton distance restraints between backbone amide protons and water protons and 24 distance 
restraints relating to hydrogen bonds. The latter comprise the water-bridging hydrogen bonds from Cysq2(NH) to 
Gin3'(0) and P r0~~(0 ) ,  and from Ser36(NH) to C ~ S ~ ~ ( S ~ )  and C y ~ ~ ~ ( 0 ) .  $For each backbone hydrogen bond 
there are two distance restraints: rNH-, (1.7 to 2.5 A) and rN-, (2.3 to 3.5 A). These hydrogen bonding restraints 
account for the slowly exchanging amide protons and were included only in the final stages of 
refinement. $Simulated annealing with complete cross-validation (24) was carried out on the final set of 35 SA 
structures. For each simulated annealing run with cross-validation, the data set was randomly partitioned into a 
test set comprising -10% of the data and a reference set. Only the latter is included in the target function that is 
minimized. The test set for each SA structure was therefore different, and the value of the average rms deviation 
for all the test sets is quoted. The average number of distance violations greater than 0.5 A in the test sets was 
1.3 2 0.9. The low average values of the rms deviations and violations for the test sets indicate the high degree 
to which each distance can be predicted by the remaining ones. The atomic rms distribution about the mean 
coordinate positions remains essentiaily unchanged upon complete cross-validation, and there is no significant 
shift in the atomlc coordinates-that is, the difference between the mean coordinate positions before and after 
complete cross-validation is smaller than the rms distribution of the lndividuai structures about their mean 
coordinate positions. These results indicate the high degree of compieteness of the experimental data and 
provide a reliable indication of the high accuracy of the structures (24) JJThe improper torsion restraints serve 
to malntain planarity and chirality. FE,-, IS the Lennard-Jones van der Waals energy calculated with the 
CHARMM (25) empirical energy function and is not included in the target function for simulated annealing or 
restrained minimization 
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Table 2. Atomic rms differences. The notation of the structures is the same is expected, given the large number of experimental NMR restraints- 
as that in Table 1. In addition to the low atomic rms differences, the namely, an average of 26 per residue (26). The restrained minimized 
angular rms deviations for the backbone 4 and JI torsion angles of mean structure for the monomer, which would be obtained by restrained 
residues 4 to 69, and for the X ,  angles of the 47 residues per subunit that regularization of the mean monomer structure calculated by averaging the 
do not exhibit rotamer averaging, are also very low, with values of 1.4 + coordinates of the 35 SA structures best-fied to only a single subunit, 
2.0", 2.4 + 2.90, and 2.0 * 2.4", respectively. This high degree of precision was not computed (blank spaces). 

Atomic rms differences (excluding residues 1 to 3) (A) 

Comparison Dimer Monomer 

Backbone All atoms All ordered Backbone All atoms All ordered 
atoms atoms* atoms atoms* 

<SA> versus 0.30 + 0.09 0.71 * 0.08 0.45 * 0.09 0.20 * 0.05 0.65 + 0.06 0.38 + 0.06 
<*> versus (SA)r 0.33 + 0.12 0.79 + 0.09 0.49 + 0.10 
(SA)r versus SA 0.10 0.38 0.19 

'The atoms included comprise all N, Ccr.'C. 0, and CB atoms of residues 4 to 69, the complete side chains of residues Pro7, hoe, ThP, Cysll. Cys12, Phe13. Ser14, Tyr15. 
Thrls, Leuz0, Proz1, PheZ4, Valz5. V@, T e ,  T e ,  ThP1, W. L e P ,  Cys35, VaI4O, Va141, Phe2, ThP, Vals0. Cys51. Trp58. Vals, TyP.  Vals3, TyP. Leuss. Leusa, and the 
side chains of k g q 8  up to C8. Lyslg up to CE, up to Cy, Asp7 up to Cy, GIu3O up to C8, Glna7 up to Cy. GlnU up to Cy. L y e  up to CE. kg46 up to C8, GIuSB up to 
C8, Glusl up to C8, Apsas up to Cy, and Gluw up to C8. 

Flg. 1. Stereo views showing best-fit superpositions of the (A) backbone atoms and (B) ordered 
side chains of the 35 simulated annealing structures of hMIP-1 p. The hMIP-1 p dimer is shown in (A) 
with one subunit in blue, the other in red, and the tightly bound water molecules in yellow; a single 
subunit of hMIP-1 p is displayed in (B) with the backbone in blue, the side chains in red, the disulfide 
bridges in yellow, and the bound water molecules in green. The numbers indicate residue numbers 
along the sequence and are located close to the Ca positions. 

comerwtively. Surface residues necessary for 
dimer formation and receptor binding, how- 
ever, vary substantially between the two sub- 
families of chemohs.  

There are four significant sauctural differ- 
ences between hMIP-1p and IL-8 at the 
monomer level. First, the confinmation ofthe 
first disulfide bndge is a nght-handed hook in 
IL-8 as opposed to a left-handed spiral in 
hMIP-l p. This is associated with the inser- 
tion in IL-8 of a residue between the first two 
cysteines and of two residues in the turn 
connecting p strands 1 and 2 (Fig. 2B). 
Second, the helix extends five residues finher 
at the COOH-terminus in IL-8 compared to 
hMIP-lp. Third, the conformation of the 
turn connecting strands 82 and p3 differs 
around residues 46 and 47. Finally, the direc- 
tion of the NH2-terminal residues preceding 
the first cysteine is completely &nt. The 
latter three differences at the monomer level 
are related to the different quaternary struc- 
tures of the two proteins. 

The quaternary structures of hMIP-1p and 
IG8 are completely &ent (Fig. 3). When 
one subunit of hMIP-1s is superimposed on 
one subunit of I N ,  the Ca atomic rms 
displacement between the second subunit of 
hA4IF'-l p and the second subunit of IL8 is 34 
A (Fig. 3D). Difhent quaternary structures 
for essentially identical monomer units are 
clearly very rare occurrences and to our 
knowledge have been observed in cases with 
s-t sequence identity (that is, greater 
than 15 to 20%) on only two previous occa- 
sions (12). 

The IL-8 dimer is globular in shape with 
dimensions of 40 by 42 by 32 A (Fig. 3C), 
whereas the hMIP-1s dimer is elongated and 

linchicalwithdimensionsof56by30by26 X (Fig. 3, A and B). In the case of IL8, the 
C2 axis is located between the CaH protons 
o f w 6  andw inthemiddleofsaand~l 
(equivalent to residue 29 of hMIP-1 p) . This 
results in a structure with a six-stranded anti- 

SCIENCE . VOL. 263 * 25 MARCH 1994 



Flg. 2. (A) Best-M superposition of the backbone atoms and dimlfide bridges of a single subunit 
of hMIP-1 p (red with disulfides in green) and IL-8 (blue with diiulfides in yellow). (B) Sequence 
alignment of hMIP-lp and 1L-8 based on the structure alignment shown in (A) together with the 
location of the seoonday structure elements (20). The sequences that are structurally a l i  in (A) 
with a Ca atomic rms difference of 1.6 A are boxed: residues that are identical between hMIP-10 
and IL-8 are shaded; the dashed lines indicate deletions in one sequence relative to the other; 6 
filled-in squares above or below the sequence represent residues in each monomer with a surface 
accessibility of <20% of that in an isdated Gly-XGly extended tripeptide (where X is any amino 
acid); and the open squares represent residues that are buried upon diirization and have a 
surface accessibility of 4'0% in the dimer. When both an open square and a filled-in square are 
shown, the surface accessibitity of that particular residue is not only 420% in the rncmmer, but its 

surface accessibility is also decreased by more than a factor of 7 in the dimer. The filled-in and open circles indicate the residues of subunit A that 
interact with those of subunit B, respectively, and vice versa: the stars indicate the location of the C, symmetry exis for each dimer. The designation 
ht, ind i ies  a short helical turn. The superposition in (A) was canied out with the program 0 (21) and displayed with the program VlSP (a. Data for 
the NMR structure of 11-8 are taken from (10). 

parallel 8 sheet, on top of which lie two 2B). Pro2, Glf, w, Asp6, Pro7, and Pros of and Asp6 also interact with Thr16'; Pro7 with 
anaparallel a helices separated by - 14 A (10, the NH2-terminus of each subunit are in van Val4'' in strand 82'; and Prd with &lo' and 
1 1). In addition, the COOH-terminal end of der Waals contact with residues 46' to 51' Cys12' in strand PO', TyP' and W1' in 
the helix of each subunit interacts with the comprising the turn between strands 82' and strand PI', and Val'"' in strand 82'. Finally, 
underlymg sheet of the other subunit (Fig. 83' and strand 83' of the other subunit. S e l  ThP interacts with Phe"', and Phe13 with 
3C). In contrast. in the case of NIP-10 the 
c2.axis is located between the CclH prbtons 
of &lo and Alal'"; the two helices are 46 A 
apart, located on opposite faces of the mole- 
cule and oriented approximately orthogonal 
to each other; strands 81 and 81' are -30 A 
apart and located on the exterior of the 
protein, and the dimer interface is formed by 
the NH2-terminus (residues 2 to 13), the loop 
connecting strands 81 and 82 (Led4 and 
Cys'5), and the loop connecting strands 82 
and83 aswellas strand83 (residues46 to51) 
(Figs. 2B and 3, A and B). A comparison of 
the residues involved in the dimer i n d c e s  
of NIP-18 and IL-8 is provided in Fig. 
2B, and a detailed view of the interactions 
at the dimer interface of hMIP-18 is 
shown in Fig. 4. 

The hMIP-18 dimer is stabilized by both 
hydrogen bondmg and hydrophobic interac- 
tions (Fig. 4). There are elght intersubunit 
backbone hydrogen bonds. Four of the hydro- 
gen bonds make up a small antiparallel 8 
sheet centered around the C2 axis, which 

residues 9 to 11 and 9' to 11' r w  and w'). In addition, Asp6(NH) 
donates a hydrogen bond to Gw9'(0), Flg. 3. Schematic ribbon drawings of the hMIP-lp dimer (A and B), the 11-8 dimer (C), and a 
whereas Asp6(0) accepts a hydrogen bond superposition of the hMIP-1p and 11-8 dimers (D) (20). In (A), (B), and (C), one subunit is shown in 
from Cy$l'~). In the case o f ~ ~ 8  there are blue and the other in red; in (D), the hMIP-1 p subunits are shown in red and orange, whereas the 
only six b d n e  hydrogen bonds between IL-8 subunit is shown in light blue and blue, with the red subunit of hMIP-1 p superimposed on the 

the two subunits Despite the ex- light blue subunit of 11-8 with the same alignment as in Fig. 2. The view of hMIP-lp in (D) is very 
similar to that in (A). Also shown in (B) are side chains within the cleft of hMIP-lp that may be tended nature of he Mp-18 dimer7 there is involved in receptor binding; side chains shown in green are either the same or substituted 

an extensive network of conservatively in hMIP-lp, hMIP-la, RANTES, and MCAF (or MCP-I), whereas side chains shown 
tiom between the two subunits, and eight in orange are the same or similar in hMIP-la and RANTES but different in hMIP-1p or MCAF (or 
residues per subunit (the same number as in MCP-1). The ribbon diagrams were made with the program RIBBONS (23). Data for the NMR 
IL8) become buried upon dimerization (Fig. structure of 11-8 are taken from (10). 
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Leu34' and C ~ S ~ ~ ' ,  in the loop connecting 
strands p1' and 82'. 

Apart from backbone hydrogen bonding, 
all the interactions that stabilize the dimer in 
hMIP-1s are hydrophobic in ~ t u r e ,  a& all 
but one, consisting of a potential single salt 
bridge, are hydrophobic in IL-8 (1 0, 1 1). 
Dimerization of hMIP-1p monomers to the 
hMIP-1p and IL-8-type h e r s  yields solva- 
tion free energy of dimerization (SFED) (1 3) 
values of - 12.5 and -3.3 kcal mol-', respec- 
tively, so that the hMIP-lf3-type dimer is 
favored by -9.2 kcal mol-' over the IL& 
type dimer. In contrast, dimerization of IL-8 
monomers to the hMIP-1s- and IL&type 
dimers yields SFED values of -4.6 and -7.0 
kcal mol-', respectively, so that the IL& 
type dimer is favored by - 2.4 kcal mol-' over 
the hMIP- 1- h e r .  These calculations 
support the proposition that the driving force 
for the formation and stabilization of the two 
different types of dimers lies in the burial of 
hydrophobic residues. 

Examination of the structure-based se- 
quence aligtunent of hMIP-lp and IL-8 (Fig. 
2B) yields a possible explanation for this 
phenomenon. First, IL-8 has an extra four 
residues at the COOH-terminus that permit 
extension of the helix onto the adjacent 
subunit, helping to form the IL-8 dimer. In 
hMIP-1 p, on the other hand, the helix can- 
not extend beyond the boundaries of its own 
subunit. Second, in the IL-8 dirner the resi- 
dues that point upward between the cleft 
(Leu2' and Valz7) and auoss the center of the 

cleft (Leu66) formed by the two helices are 
hydrophobic. In contrast, the equivalent 
three residues in hMIP-1 p are polar fly?', 
Glum, and Glu'j7, respectively). The wncen- 
tration of four partially buried negative 
charges in very close proximity provided 
by Glu30 and Gld7  of each subunit would, 
on the basis of simple electrostatic consid- 
erations, disfavor the formation by hMIP- 
1 s  of an IL-&type dimer. Third, the 
presence of three proline residues renders 
the NHz-terminus of hMIP-1s predomi- 
nantly hydrophobic, whereas this region is 
mainly polar in IL-8. Thus, the formation 
of the N I P - 1 s  dimer permits burial of 
these hydrophobic residues. 

These differences can be extended to the 
other a and p chemokines (2). In general, 
the p chemokines have fewer residues at the 
COOH-terminus than the a chemokines. 
The sequences NHz-terminal to the first cys- 
teine residue are always more hydrophobic in 
themembenofthepsubfamilythanthosein 
the a subfamily. Finally, residues that corre- 
spond to Leuz5, ValZ7, and L e ~ ~ ~ . i n  IL-8, 
which are cmcial in the stabilization of the 
I N  dimer, are always hydrophobic in the a 
subfamily and polar in the p subfamily. This 
suggests that the hMP-lp and IL8 dimer 
structures are most likely preserved in the p 
and a su-es, respectively. In this lght, 
it is likely that the proposed dimeric structure 
of the f3 chemokine MCAF (or MCP-I), 
which we modeled on the basis of the IL8 
dimer, is incorrect (14). This only serves to 

Fig. 4. Stereo view of the dimer interface of hMIP-1 p. The backbone and side chains of one subunit 
are shown in blue and purple, respectively, whereas those of the second subunit are shown in red 
and green, respectively; the disulfide bridges of the second subunit are shown in yellow. The model 
was generated with the program VlSP (22). 

emphasize the importance of direct experi- 
mental structure determination, particularly 
in the case of multimeric systems. 

At pH values above 3.5, hMIP- 1 p aggre- 
gates to form small helical fibrils visible in the 
electron micmape (15). These may be of 
functional relevance with regard to its role in 
the induction of T cell adhesion (1 6). The 
pH and salt dependence of this phenomenon 
suggests an electrostatic basis involving the 
deprotonation of Asp or Glu residues. An 
electrostatic potential map of NIP- Ip  re- 
veals a clear partitioning of positive and neg- 
ative charge. In the view shown in Fig. 3B, 
the latter extends from the bottom right- 
hand side of the blue subunit to the under- 
side of the molecule, and the former com- 
prises the front surface of the red subunit and 
the top right-hand side of the blue one. This 
would easily permit the well-defined associ- 
ation of the positively charged surface of one 
molecule with the negatively charged surface 
of another. 

The receptors for a and p chemokines fail 
to show any cm-binding or reactivity be- 
tween the two subfhilies (2, 3, 17, 18). 
Although the quaternary structure for any 
receptor-bound chemokine is presently un- 
known, the different dimeric structures for the 
a and p chemokines provide an attractive 
explanation for this observation. We p t u -  
late that the large concave surface visible in 
Fig. 3B, which runs at an angle of approxi- 
mately 60" to the long axis of the dimer, is 
involved in receptor binding of the p 
chemokines. There are two residues on the 
concave surface of the dimer that are identical 
in hMIP-1 p, MCP-1 (or MCAF), hMIP-la, 
and RANTES (Tr?" and Sel33. Further- 
more, Pro8, AlalO, AspZ7, and Gld7 are 
either the same or substituted conservatively, 
and we suggest that they play an important 
role in binding specificity. Of the four p 
chemokines, only hMIP-la and RANTES 
induce a strong calcium flux in the cloned 
receptor (1 7). This activity may be associated 
with the four residues (shown in orange in 
Fig. 3B) in the cleft that are preserved in 
hMIP-la and RANTES but are different in 
hMIP- 1 p and MCAF (or MCP- 1). 
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