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ABSTRACT: MIP-15 is a CC-chemokine that plays a role in inflammation and host defense mechanisms
by interacting with its specific receptor CCR5. CCR5 is a major coreceptor for macrophage-tropic human
immunodeficiency virus (HIV), and as a consequence, MpRzan inhibit HIV entry. It is therefore of
interest to understand how MIR3&nd other CCR5 ligands bind to their receptor, as such understanding
could lead to the rational design of more efficient HIV entry blockers. We have previously demonstrated
the importance of Phel3, and of basic residues of the 40’s loop, in mediating high-affinity binding of
MIP-15 to CCR5. We have now investigated further the relative contribution of other MIRedidues

in the interaction of the chemokine with CCRS5, by studying the functional consequences of point mutations
within the N-loop and the 13 turn of MIP-13, affecting the charge, size, and H-bonding properties of the
side chains. Our data suggest that, in addition to Phel3, three amino acids of the N-logp t@md 3
(Argl8, Lys19, and Arg22) interact with CCRS5 through their positive charge. We also found that Pro21
contributes to the CCRS5 binding properties of MIP-Moreover, NMR spectroscopy has revealed that
the presence of Tyr at position 15 is necessary for the proper folding of the chemokine. Our results
therefore demonstrate that the binding determinants of NlBehsist of residues arranged on one surface

of the protein, including most of the basic residues in MfR-ds well as two key hydrophobic groups.

The good correlation observed between the potency of the mutants in a functional assay and their binding
affinity strongly argues that basic residues Arg18, Lys19, and Arg22 of MIBré essential for its CCR5
binding properties, without a primary effect on CCR5 activation.

Chemokines are small secreted proteins involved in the The chemokine superfamily includes more than 40 proteins
recruitment and activation of leukocytes during the inflam- subdivided into two major (CC and CXC) and two minor
matory response and in the homing of the various immune (C and C%C) subfamilies according to the relative position
cell populations. By regulating leukocyte trafficking, they of their first two conserved cysteines. All chemokines share
play a central role in the development of inflammatory a conserved monomeric fold composed of a disordered
diseases, including rheumatoid arthritis, atherosclerosis, and\-terminus, a relatively long first loop (the so-called “N-
multiple sclerosis). For these reasons, chemokine receptors loop”), three antiparalleb-strands separated by short loops,
are considered to be attractive as candidates for therapeuti@and a C-terminadi-helix. As for all CC-chemokines, the first
intervention. Chemokines and chemokine receptors also playtwo cysteines of MIP-8 are contiguous, separating the
a central role in HIV pathogenesis: the chemokine receptors N-terminal domain from the N-loop that spans residues
CCR5 and CXCR4 are the main coreceptors allowing HIV 13—19 (Figure 1A). The N-loop is followed by the jgturn”
entry, and the chemokine MIP31among others, is able to  that includes residues 24, and precedes the figtstrand.
block cellular entry of macrophage-tropic primary HIV The functional analysis of different chemokines has led
isolates, which are responsible for disease transmission.to the general conclusion that the N-terminal domain of these
Therefore, the understanding of the complex structure proteins is necessary for triggering receptor signaling, while
function relationships of CCR5 and its ligands may help in the core domain of the molecules contains the motifs
the rational design of new and effective drugs. responsible for their tight binding to the receptogs-4).
Experimental evidence that directly supports the role of the
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Arg46

Ficure 1: (A) Three-dimensional structure of MIR31as derived
from NMR spectroscopylf), showing the residues of the N-loop.
(B) Spatial orientation of residue side chains involved in MfP-1
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the understanding of the structural features responsible for
CCRS5 binding valuable in the design of specific, CCR5-
targeted therapeutics. To more fully determine the CCR5
binding determinants of MIP#, and to precisely delineate
their role in receptor activation, we have generated M#P-1
variants bearing mutated residues within the N-loop and the
310 turn, and changed the charge, size, or H-bonding
properties of these side chains. Our study confirms the role
of Phel3 and points toward the contribution of three basic
residues (R18, K19, and K22) to the CCRS5 binding site of
MIP-13. We also found that P21, located within thg ®irn,
contributes to CCR5 binding. Moreover, we show that,
despite their obvious role in determining the affinity of the
chemokine for CCR5, none of these residues is directly
involved in the activation of the receptor.

EXPERIMENTAL PROCEDURES

Production and Purification of MIP42 Variants. Muta-
tions in MIP-13 were produced using the Quikchange
procedure (Stratagene, La Jolla, CA) in a variant of pET32-
Xa/LIC (Novagen, Madison, WI). All mutations were
confirmed through DNA sequencing. These MIPvhriants
were produced in bacteria and purified as previously
described ). Briefly, the proteins were expressed in BL21-
(DE3) cells transformed with a variant of the pET32LICXa
vector in which the thioredoxin fusion partner has been
removed, leaving a smaller fusion tag. The cells were then
resuspended in 500 mM NacCl, 20 mM Tris (pH 8), and 10
mM benzamidine and French pressed twice at 16 000 psi.
Under these conditions, most MIB-Yariants are found in
the insoluble portion of the suspension. After centrifugation
for 1 h at1200@, the pellet was resuspended in 10 mL of
5—7 M guanidinium, 50 mM Tris (pH 8), 50 mM NacCl, 2
mM EDTA, and 10 mMg-mercaptoethanol. The solution
was centrifuged briefly to remove insoluble matter and then
was refolded by adding it slowly to 100 mL of 50 mM Tris
(pH 8), 50 mM NaCl, 2 mM EDTA, and 5 m\8-mercap-
toethanol. The diluted protein solution was allowed to remain
at room temperature for 2 h, and then was dialyzed & 4
in 20 mM Tris (pH 8) to remove guanidine. After dialysis,
precipitated matter was removed by centrifugation, trifluo-
roacetic acid was added to 0.1%, and the solution was
purified on a C4 reversed phase chromatography column,
and lyophilized. To remove the fusion tag, the protein powder
was solubilized in 20 mM sodium phosphate (pH 2.5) the
volume was increased to40 mL in 20 mM Tris (pH 8), 50

binding to CCRS; residues in purple and in red have been shown mM NaCl, and 2 mM CaGl Factor Xa (Novagen) was used

here or in a previous studg)to be important to CCR5 binding.

The residue in yellow (Phe24) was postulated by its orientation to
be involved in CCR5 binding, but studies of Phe24Ala showed wild-

type function.

to effect cleavage, and the mature MIB-fariants were

purified a final time over a C4 reversed phase column.
Samples were lyophilized, and for NMR, the dry powder
was dissolved in a 20 mM sodium phosphate buffer (pH 2.5)

(4—7). Recently, we have demonstrated the major role of containing 0.02% NahN(Sigma).

the aromatic side chain of MIP81s Phel3 in CCR5 binding
(3, 8), but the role of other residues of MIFZ’s N-loop is
largely unexplored. Also, the N-loop is not the only region

NMR SpectroscopyNMR spectra were measured at 25
°C on a Varian Inova 500 or Varian Inova 600 spectrometer,
equipped with an xyz gradient penta probe (500) or an xyz

involved in chemokine receptor binding, and we have shown gradient triple-resonance probe (608IN-HSQC spectra
recently that R46 and K48, residues located in the so-calledwere measured with 512* points in thE dimension, and

“40’s loop”, constitute an important determinant involved
in CCR5 binding 9).

Unlike other CCR5-binding proteins, MIP31lis unique
in having little or no function on other receptors, making

128* points in the!™N dimension. Typically, a 6000 Hz
sweep width (500 MHz) or a 8000 Hz sweep width (600
MHz) was used fofH, while a 1600 Hz sweep width was
used for'>N. The spectra were referenced relative to DSS.
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CCR5-Expressing Cell Line®z CHO-K1 cell line ex-
pressing an apoaequorin variant targeted to mitochorti)a (
under control of the SR promoter (1), and selected on the
basis of its luminescent response to ionomycin A (100 nM)
and ATP (10uM), has been described previous2). A
construct encoding wild-type CCRS5 in the pEFIN3 bicistronic

Bondue et al.

Role of the N-Loop of MIPA (Residues 1319). The
analysis of mutants by NMR spectroscopy revealed that
Tyrl5 plays an important role in maintaining the tertiary
structure of MIP-B, as substitution with an alanine resulted
in an unfolded protein refractory to all refolding attempts
(data not shown). For this reason, this variant was not tested

vector was further transfected using Fugene 6 (Boehringerfurther in binding and functional assays.

Mannheim) in this apoaequorin-expressing cell line. Fol-
lowing selection with 40@g/mL G418 (Life Technologies)
for 14 days, the population of mixed cell clones was used in
binding and functional studies. CHO-K1 cells were cultured
in HAM’s F12 medium supplemented with 10% fetal calf
serum (Life Technologies), 100 units/mL penicillin, and 100
ug/mL streptomycin (Life Technologies).

Binding AssaysCHO-K1 cells expressing wild-type CCR5
were collected from plates with €aand Mg*-free PBS
supplemented with 5 mM EDTA, gently pelleted for 2 min
at 100@, and resuspended in binding buffer [50 mM Hepes
(pH 7.4), 1 mM CaGl, 5 mM MgChL, and 0.5% BSA].
Competition binding assays were performed in Minisorb
tubes (Nunc), using 0.08 nM!*PIIMIP-15 (Amersham-

Replacing Serl4 with an alanine, a valine, or a threonine
resulted in a shift in the position of the Phel3 resonance
in N-HSQC spectra of these variants, although there
appears to be little further alteration of the MIB-&truc-
ture (Figure 2B). Two of these variants, S14A and S14V,
additionally showed changes in the Ser33 resonance, which
is across the dimer interface from Serl4. The replacement
of Thrl6 with an alanine resulted in more peak modifications
than for any other folded N-loop mutant except Phel3,
including changes to adjacent residues T15 and Alal7, as
well as chemical shift changes in more distal residues such
as Phel3, Val25, and Ala52 (Figure 2C). Substitution of
Alal7, Argl8, or Lys19 did not alter the structure of the
molecule, as evidenced by very little chemical shift change

Pharmacia Biotech, 2000 Ci/mmol) as a tracer, variable compared to the wild-type protein (Figure 2D and data not

concentrations of MIP{1 or its mutants, and 40 000 cells
in a final volume of 0.1 mL. The level of total binding was

shown).
As previously shown, Phel3 appeared as a major site

measured in the absence of competitor, and the level ofinvolved in the binding of MIP-£ to CCR5 (Figure 3A);
nonspecific binding was measured with a 100-fold excess replacing Phel3 with alanine resulted in a purely monomeric
of unlabeled ligand. Samples were incubated for 90 min at protein with a dramatic loss of affinity for CCR5. Table 1
27 °C, and then the bound tracer was separated by filtration summarizes the I£§ values obtained for each mutant in a

through GF/B filters presoaked in 1% BSA. Filters were

CCRS5 binding assay, using wild-type MI-ABs a tracer.

counted in g-scintillation counter. Binding parameters were Despite the change in the Phel3 position observed in NMR
determined with Prism software (GraphPad Software) using spectroscopy following substitutions of Ser14, lengthening
nonlinear regression applied to a one-site competition model.the side chain (S14T) or removing the H-bonding capability
Functional AssaysThe functional response of CCR5- (S14V) of this amino acid did not affect the ability of the
expressing cells to chemokines was analyzed by measuringnolecule to bind CCR5 (Figure 3A and Table 1). The
the luminescence of aequorin as described previously substitution of Thr16 with Ala, and of Alal7 with Val or
(12—14). Cells were collected from plates with €aand Ser, did not affect the CCR5 binding properties of MIP-1
Mg?*-free DMEM supplemented with 5 mM EDTA, pelleted (Figure 3A and Table 1).
for 2 min at 100@, resuspended in DMEM at a density of The replacement of Argl8 with alanine resulted in a
5 x 10 cells/mL, and incubated f& h in thedark in the moderate loss of affinity for CCR5 (meansf®f 0.86 nM
presence of aM coelenterazine H (Molecular Probes). Cells compared to a value of 0.37 nM for the wild-type protein)
were diluted 5-fold before being used. Agonists in&0of (Figure 3A and Table 1). Substitution of Argl8 with a
DMEM were added to 5@L of a cell suspension (50 000 glutamine resulted in a similar reduction in affinity g®f
cells), and luminescence was measured for 30 s in a Berthold1.15 nM). This effect was more dramatic when the positive
luminometer. charge of the side chain was replaced with the negative
charge of a glutamic acid (meandgf®f 7.76 nM). On the
RESULTS other hand, the conservation of the positive charge in the
To assess the contribution of the size, charge, and R18K mutant allowed it to keep an affinity similar to that
H-bonding properties of each amino acid side chain within of wild-type MIP-15 (mean IG, of 0.45 nM). These results
the N-loop and & turn of MIP-13, we engineered the strongly suggested that residue 18 interacts with CCR5
following point mutants of the chemokine: S14A, S14V, through the positive charge of its side chain.
S14T, Y15A, T16A, A17S, A17V, R18A, R18K, R18Q, Similarly, changing the positive charge of Lys19 to a
R18E, K19E, K19A, and R22E. Taking into account the negatively charged glutamic acid resulted in a significant
three-dimensional structure of MIR3X15), we considered  loss of affinity for CCR5 (IG of 3.25 nM) (Figure 3A and
that residues pointing in the same direction as Arg46, Lys48, Table 1). A milder reduction in affinity was observed when
and Phel3, three residues involved in CCR5 bindB)@), Lys19 was mutated to alanine g&of 0.78 nM).
might contribute to binding as well. We therefore mutated  To investigate the role of MIPAL N-loop residues in
P21 and F24 also, which fulfill this criterion (Figure 1B). CCR5 activation, we tested the ability of the mutants to
These MIP-B mutants were expressed in BL21(DE3) cells, trigger intracellular calcium release in a cell line coexpressing
refolded, and purified as described above. After characteriza-CCR5 and apoaequorin, as previously descrid&jl (Muta-
tion of their tertiary structure by NMR spectroscopy, all tions of amino acids 14, 16, and 17, which did not impair
mutants were studied for their ability to bind CCR5, and to the affinity for CCR5 in a binding assay, did not affect the
trigger calcium release in CCR5-expressing cells. functional response of CCR5 to these mutant chemokines
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Ficure 2: HSQC spectra of wild-type MIPAL(A) and mutants S14V (B), T16A (C), R18E (D), P21A (E), and R22E (F) in 20 mM
sodium phosphate buffer. The circles highlight the positions of the peaks corresponding to residues shown to be important in CCR5 binding
in wild-type MIP-13, including Phel3 (red circle) and Arg18, Lys19, Arg22, Arg46, and Lys48 (purple circles). Empty circles indicate that
the mutation has resulted in an alteration in the environment of the residue, leading to a peak shift.

(Figure 3B and Table 1). In addition, the reduction of potency showed no major change in the structure of the protein, even
for the Arg18 and Lys19 mutants observed in the functional though minor changes in the chemical shift of adjacent
assay was well correlated to the reduction in affinity observed residues as well as of more distal positions were observed
in the binding assay, demonstrating that these residues ar€Figure 2F). The mutation F24A shows essentially no
primarily involved in CCR5 binding, but not directly in its  chemical shift changes in residues-118, with some peak
activation (Figure 3B and Table 1). shifting observed in residues close in sequence to Phe24.
Role of the &% Turn of MIP-13 (Residues 2624). There are also significant shifts in resonances 3@, likely
Structurally, mutation of proline 21 to alanine affected amino due to the close contact of these amino acids with Phe24 in
acids 18-25 in the ™N-HSQC spectrum (Figure 2E), the structure of the protein (data not shown).
indicating local changes in the structure of the protein with  Functionally, a severe decrease in CCR5 binding affinity
this mutation. The NMR spectrum of the R22E mutant was observed when the positive charge of Arg22 was
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Ficure 3: Characterization of the binding and functional properties of N-loop mutants of [IPA) Competition binding curves were
determined on a CHO-K1 cell line expressing CCRS5, using 0.08 BMWIP-1 as a tracer. The data were normalized for nonspecific
binding (0%) and maximal specific binding in the absence of a competitor (100%). The results were analyzed with GraphPad PRISM
software using a single-site model. All points were run in triplicate (error bars represent the standard error of the mean), and the presented
data set is representative of two independent experiments. (B) Functionatrdepense curves obtained on CHO-K1 cells coexpressing
apoaequorin and CCR5. The luminescent signal resulting from the intracellular calcium release induced BynMitarts was recorded

in a luminometer. The results were analyzed by nonlinear regression using GraphPad PRISM software. The data were normalized to basal
luminescence (0%) and the maximal luminescence signal resulting from ATP stimulation (100%). All points were run in triplicate (error
bars represent the standard error of the mean). The displayed curves represent a typical experiment of two performed independently.

replaced with a negative one (Figure 4A and Table 1). DISCUSSION

Indeed, the R22E mutant displayed and®Gf 5.99 nM, as A number of studies have identified residues in chemok-
compared to a value of 0.37 nM for wild-type MIB-1The ines involved in their interaction with receptors, but the
replacement of Pro21 with alanine resulted in a 4-fold molecular details of how chemokines bind to their receptors
decrease in CCRS binding affinity (§0f 1.42 nM) (Figure  and trigger the conformational change resulting in their
4A and Table 1), whereas no significant change was observedactivation remains largely unknown. A two-site model has
when Phe24 was replaced with alanine (Figure 4A and Tablepeen proposed2( 16), defining grossly the chemokire

1). As was found for the MIP/AN-loop mutants, the ability =~ chemokine receptor interaction, and is generally consistent
of 310 turn mutants to activate CCR5 in a functional assay with most experimental data. This model postulates that the
was well correlated with the affinity parameters determined core domain of the chemokine establishes first a high-affinity
in the binding assay (Figure 4B and Table 1). interaction with the extracellular domains of the receptor,
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Table 1: Binding and Functional Parameters Characterizing the residue at the same position has been shown to play a central

Interaction of MIP-B Analogues with CCRS role in the binding of other CC-chemokines to their respective
pICso + SEM PEGo+ SEM receptor§4—6). This aromatic residue is not shared by C.XC.—

MIP-13 9.43% 0.08 8.64L 0.08 c_hemokln_e_s and may therefo_re represent_a common binding
S14A 046+ 0.04 8.28+ 014 site, specific for CC-chemokines, that might contribute to
S14V 9.21+0.19 8.50+ 0.0 the promiscuous binding of these ligands to CC-chemokine
S14T1 9.20+ 0.0€ 8.38+ 0.08 receptors. Despite the major role of Phe13 in MfPeinding
TieA 9.34+ 015 8.32+0.02 to CCR5, alterations in the local environment of this residue
A17S 9.38+ 0.09 8.29+ 0.00° '
A17V 9.35+ 0.1F 8.35+ 0.07° did not appear to be detrimental to the binding properties of
R18A 9.06+ 0.1F 7.99+0.18 the chemokine. Indeed, mutations of Serl4 induced a
Eigg %‘%iit 8'8§ g'ggi g'iz significant change in the chemical shift for the backboie H
R18E 811+ 0.1% 750+ 0.23 of the critical adjoining F13, as demonstrated by NMR, but
K19E 8.49+ 0.1 7.89+ 0.1# this local change in MIP{ structure did not affect the ability
g%iﬁ 98-}31; 8-85’ g-ggi gﬁd’ of the chemokine to bind and activate CCR5.
R22E 8.22+ 0.1F 7.83+ 0.02 Besides Phel3, basic residues of the N-loop also appeared
F24A 9.37+0.13 8.46+0.08 to be critical for MIP-B binding to CCR5. We have

2The plGy value for each mutant was obtained in a competitive previously shown that the charged residues R46 an K48,
binding assay, using a CCR5-expressing CHO-K1 cell line, and located in the 40’s |00p of M|Pﬂ p|ay an important role

12 - i i . . . . .
[*4IMIP-1f as a tracer. The p&E values (protein concentration  in hinding @). Here, we show that the three basic residues
generating 50% of the maximal response) were obtained in a functional

assay in which the luminescence of CCR5- and apoaequorin-expressing(Rls' K19, and R22), located in the N'IOOP a_n@ &irn,

cells is monitored in response to the stimulation by the M#RLitants. are important as well. Moreover, the substitution of these
_T*:je Vall(JjeS represent the mr']eﬂﬂ SEM rel'SU_ltin%_ from at least two g residues with various amino acids indicated that the interac-
independent experiments. The statistical significance as compared toy; ; ; ; ; - ;

that of wild-type MIP-J3 was calculated with the Student’'gest.® Not Otl(;n.WIt$hCCR5 “kelly mVOIV?Sbthe.Ir pog(ljtlvely charged Slfde
significant.p < 0.05.9p < 0.01.°p < 0.001. chain. Thus, two clusters of basic residues appear so far to

be involved in the contact between MIB-and CCR5: one
followed by an interaction between the N-terminal domain N the 40's loop (R46 and K48) and the other in the N-loop
of the chemokine and the transmembrane segments of thét"d 3oturn (R18, K19, and R22). The role of basic residues
receptor, resulting in its activation. In an effort to evaluate N other closely related CC-chemokines has also been
the role of the N-loop and the;@turn of MIP-18 in CCR5 |nvest|gateq. Frqm these re_sults, it appears t.hat. some con-
binding and activation, we generated mutants affecting the Served basic resujues contribute to receptor bmdmg in most
charge, size, and H-bonding capabilities of the amino acid @nalyzed chemokines, whereas other basic residues appear
side chains of many residues in this region, and tested themt© be specific for a given chemokind<7, 9, 17-19). It
in binding and functional assays. For each of the mutants, S€€ms likely that the conserved basic residues would interact
gross modifications in their tertiary structure were first With conserved negatively charged residues within the
assessed by NMR. Mutation at Tyrl5 was unique in having receptors. Candidate regions for such interactions might
a detrimental effect on the structure of MIP;As the Y15A include the clusters of acidic residues, consistently present
variant resisted attempts to refold the protein. Therefore, in the amino-terminal domain of CC-chemokine receptors
mutations at this position were not studied further. (12). Some of the tyrosines of these motifs have been shown
Significance of the N-Loop and;l3Turn in MIP-13 to be sulfated, increasing the overall negative charge of this
Binding to CCR5To support the importance of the N-loop amino-terminal domain20). When the role of the aromatic
of MIP-18 in receptor binding, we have previously demon- residue Phel3, located in the N-loop, is considered, the
strated the critical role of Phel3 in CCR5 binding, and the results presented here suggest that the binding surface of
involvement of the aromatic nature of the residue side chain MIP-15 can be seen as a hydrophobic pocket surrounded
by extensive mutations at this positioB, 8). An aromatic by multiple charged basic residues (Figure 1B).
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Ficure 4: Characterization of the binding and functional properties;pf&n mutants of MIP-8. (A) Competition binding curves were
determined and analyzed as described in the legend of Figure 3. All points were run in duplicate (error bars represent the standard error of
the mean), and the presented data set is representative of two independent experiments. (B) Functioeapdose curves were obtained

and analyzed as described in the legend of Figure 3. All points were run in duplicate (error bars represent the standard error of the mean).
The displayed curves represent a typical experiment of two performed independently.
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= MIP-1B constitution of the binding site of CCR5. The combination
ggm of an aromatic amino acid (Phel3), and a number of
+ S14T positively charged amino acids (including Argl8, Lys19,
* T16A Arg22, Arg46, and Lys48), seems to constitute points of tight
+ A17S T . ?
A7V binding to the receptor. In accordance with the two-site
Hg a g::ﬁ model of chemokinereceptor interaction, none of these
S . R18Q residues (all located outside the N-terminal domain) con-
. E}gg tributes to CCR5 activation. This work delineates important
o K19A residues involved in CCR5 binding by MIR3land has
v ;g;g implications for the design of tight-binding therapeutics.
o X F24A
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