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Glycosaminoglycan Disaccharide Alters the Dimer Dissociation Constant of the
Chemokine MIP-B'
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ABSTRACT. Chemokines are immune system proteins that recruit and activate leukocytes to sites of infection.
This recruitment is believed to involve the establishment of a chemokine concentration gradient by the
binding of chemokines to glycosaminoglycans (GAGS). In previous studies, we elucidated the GAG binding
site of the chemokine MIPALand implicated the involvement of the chemokine dimer in GAG binding
through residues across the dimer interface. In the present studies, nuclear magnetic resonance spectroscopy
was used to investigate the effect of GAG binding on MfPdimerization. Using several dimerization-
impaired variants of MIP4 (F13Y, F13L, L34W, and L34K), these studies indicate that the addition of
disaccharide to the mutants increases their dimerization affinities. For FIFPL3Y, the presence of the
disaccharide increases the chemokine dimerization affinity about 9-fold as evidenced by a decrease in the
dimer dissociation constant from 610 to G&M. Even more dramatically, the dimerization affinity of
MIP-15 L34W also increases upon addition of disaccharide, with the dimer dissociation constant decreasing
from 97 to 6.5uM. After this effect for the mutants of MIPALwas shown, similar experiments were
conducted with the CC chemokine RANTES, and it was demonstrated that the presence of disaccharide
increases its dimerization affinity by almost 7-fold. These findings provide further evidence of the
importance of the dimer in chemokine function and provide the first quantitative investigation of the role
of GAGs in the manipulation of the MIPBlquaternary structure.

Chemotactic cytokines (chemokines) are a superfamily of of HIV-1 use CCR5 as a coreceptor, making contacts with
small structurally related immune system proteins that play the chemokine receptor that are essential for entry into host
key roles in the immune and inflammatory responses, cells. As a result, MIP4, MIP-1a, and RANTES, the
primarily by recruiting and activating various types of natural ligands of CCR5, have been shown to effectively
immune system cellslj. Traditionally, chemokines have inhibit “R-5" HIV-1 infection primarily by blocking the
been divided into four subfamilies (CC, CXC, &X and receptor but also by internalization and down regulation of
C), on the basis of the positioning of conserved cysteine CCR5 consequent to chemokine receptor interaction (as
residues at their N termini, with the CC and CXC being the reviewed in ref2).

largest subfamilies. Chemokine signaling is largely mediated |n addition to their cognate receptors, chemokines interact
by the binding of these proteins to members of a subclasswith glycosaminoglycans (GAGs), anionic polysaccharides
of seven-transmembrane G-protein-coupled receptors. Folocated on the endothelial surface and the extracellular
three CC chemokines, MIPS} MIP-1a, and RANTES,  matrix. Evidence suggests that the interaction of chemokines
interaction with the CC chemokine receptor CCR5 is not with GAGs such as heparan sulfate plays an important role
only vital for chemotaxis and leukocyte activation, but also in their biological activity, likely involved in the formation
results in these proteins being inhibitory toward certain types of chemokine gradients necessary for chemotagis5j.
of HIV-1 infection. Studies have shown that “R-5 strains” |mportantly, although studies demonstrate that mutation of
- - - - residues in the GAG binding sites of several chemokines
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HL47832 and by the Robert Welch Foundation A1472. including MIP-13 still allow in vitro chemotactic activity,
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1 Abbreviations: CCR, CC chemokine receptor; DSS, 2,2-dimethyl- chemotaxis.
2-silapentane-5-sulfonic acid; GAG, glycosaminoglycan; HIV, human A variety of techniques including NMR, mutagenesis, and

immunodeficiency virus; HSQC, heteronuclear single-quantum coher- mgdeling have been used to analyze the GAG binding sites

ence; IL-8, interleukin-8 (also referred to as CXC chemokine ligand 8 -
or CXCLB8); Kg, dissociation constant; MCP-1, monocyte chemotactic of several chemokines, so that data have been gathered for

protein, CCL2; MIP, macrophage inflammatory protein (MIp-1  CC chemokines such as MIB18—10), MIP-1a (11-13),
CCL4; MIP-1a, CCL3); NMR, nuclear magnetic resonance; PF-4, RANTES (14—16), and MCP-1 6, 17) and for the CXC

platelet factor 4 (CXCL4); RANTES, regulated on activation of normal ; . _ _
T cell expressed and secreted (CCL5); SRE-4tromal cell-derived chemokines 1L-8 18), PF. 4 (9, SDF-o. (20, 21.)’ and .
factor Io. (CXCL12); 7., molecular correlation timeT,, transverse CXCL10 (22). These studies have shown that the interaction

relaxation time constant. of chemokines with GAGs is largely electrostatic in nature,
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GAGs Tighten the Dimer of Some CC Chemokines

involving positively charged residues on the protein surface
in ionic interactions with the polyanionic GAGs, with greater
affinity for the more highly sulfated GAG8).

Within the chemokine superfamily and even inside its
subclasses, differences exist in the residues involved in GAG
binding. Many of the CXC chemokines, such as IL-8, utilize
basic residues located in their C-terminahelices (8, 19),
although SDF-& makes use of basic residues in its fifst
strand R0, 21). CC chemokines such as MIBIMIP-1a,
and RANTES most commonly use basic residues in their
40’s region 8—12, 14—16). For example, the simultaneous
mutation of all three positively charged residues in this region
of MIP-15 (K45A/R46A/K48A) totally abolishes heparin-
binding ability, as judged by heparin affinity chromatography
(8). Investigating the GAG binding properties of chemokines
is complicated by the propensity of chemokines to form high-

order aggregates in the presence of GAGs. Chemokines
aggregate and sometimes precipitate in the presence of tetra-

and larger oligosaccharides (retd, 25 McCornack and
Liwang, unpublished). To overcome this obstacle, disac-
charides, although likely too short to provide the full range
of chemokine interactions, are often used to investigate
structural properties of the GA&hemokine interactiorl(,

14, 18).

Structural studies of unliganded chemokines show that
many form tight dimers, including the CC chemokines MIP-
18, MIP-1a, and RANTES, each forming dimers under
acidic conditions and higher order aggregates at near neutral
pH (26—30). Figure 1A shows the residues of wild type MIP-
15 that we have shown to be involved in binding heparin
disaccharides mapped onto the dimeric structure of the
chemokine 10, 26). It has been unclear if the chemokine
dimer has any physiological significance, because studies
demonstrated that monomeric variants of M|P&hd other
chemokines efficiently bind and activate their cognate
receptors in vitro §1—33). However, recently it has been
reported that both the ability to form dimers and to interact
with GAGs were necessary for in vivo activity for some
chemokines, including MIP#, RANTES, and MCP-16).
Although the chemokine dimer does not appear to be
involved in the receptor function, it is possible that the dimer
may instead be an important mediator of GAG binding. Our
previous studies suggested this might be the case, because
it was found that residues Met3, Gly4, and Ser5 are involved
in the binding of disaccharide to dimeric MIRB-hcross the
dimer interface (Figure 1A), possibly completing the GAG
binding pocket. In accordance with this, the data also showed
that dimeric MIP-J binds disaccharide with higher affinity
than does a monomeric MIP3lvariant (L0).

To investigate the interrelationship of GAG binding and
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Ficure 1: Wild type MIP-15. (A) Ribbon diagram of the homo-
dimer of the CC chemokine MIPBPDB accession number Lhum
(26)]. Large blue spheres represent the backbone amide nitrogen
atoms of several residues of wild type MIB-known to be
important for dimerization31) and that are mutated in the present
study. Small green and purple spheres represent residues reported
to be affected upon disaccharide bindiri)( where the green
spheres represent residues from the light green subunit and the
urple spheres, the light purple subunit. The!>N HSQC spectra

chemokine quaternary structure, the present study usedfor (B) 0.01 mM MIP-13 wild type in the absence of heparin
mutagenesis techniqgues and NMR methodologies to deter-disaccharide and (C) 0.01 mM MIRwild type in the presence

mine the possible role of GAGs in the dimerization of the
chemokine MIP-E. Because of the tight dimer dissociation
constant of wild type MIP-2 [dimer Kq = 0.73uM, in the
presence of 150 mM NaCBQ)], it was not feasible to use
this protein in quantitative NMR studies, which rely upon
the direct visualization of resonances from both the dimeric

and monomeric forms. Therefore, we studied several mutants;

of MIP-13 having weakened dimerization affinities and
showed that in each case, where a dilkgiwas measured,

of 0.5 mM heparin disaccharide I-P. The resonances from select
residues that display both dimer and monomer peaks are enclosed
in purple boxes and green dashed ovals, respecti2ély3d, 42).

The upper left inserts in B and C show the one-dimensional traces
in theH dimension for the dimer and monomer resonances of the
Ala52 residue. Likewise, the lower right inserts show the one-
dimensional traces in tHéd dimension for the dimer and monomer
resonances of the Alal7 residue. In these inserts, arrows are used
o indicate the peak positions for either Ala52 or Alal7, with purple
arrows for the dimer resonances and green arrows for the monomer
resonances.
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the presence of heparin disaccharide tightens the chemokindollowed by purification using C4 reversed-phase chroma-
dimer by greater than 6-fold. Furthermore, this effect is also tography and lyophilization. The fusion tags were then

seen in the wild type CC chemokine RANTES.

EXPERIMENTAL PROCEDURES

Materials. The disulfated heparin disaccharide I-P (2-
aminocarboxyethyl-2-deoxy-®-(2-O-sulfo-3-p-gluco-4-
enepyranosyluronic acid)-8-sulfo-b-glucosamine, trisodi-
um salt) was obtained from both CalbiochehMovabiochem
Corp. (La Jolla, CA) and SigmaAldrich Co. (St. Louis,
MO) and used without further purificatio®®NH4Cl and?H,0
were purchased from Spectra Gases Inc. (Columbia, MD)
and Martek Biosciences Corp. (Columbia, MD), respectively.

The recombinant proteases, factor Xa and enterokinase, wer

obtained from Novagen (Madison, WI).

Stock solutions of heparin disaccharide I-P (20 mM) were
prepared by dissolving the purchased aliquots in eith€r H

proteolytically cleaved using either recombinant factor Xa
for the MIP-13 variants or recombinant enterokinase for
MIP-1a and RANTES. The cleaved proteins were then
purified using C4 reversed-phase chromatography and lyo-
philized. NMR samples were prepared by dissolving lyoph-
ilized protein in a standard buffer of 20 mM sodium
phosphate (pH 2.8) containing 10%4,0 and 0.02% sodium
azide. Protein concentrations were determined by measuring
the absorbance at 280 nm and using extinction coefficients
calculated with tools on the ExPASy web serve@b)( The
extinction coefficients are as follows: wild type MI31
MIP-15 F13L, MIP-13 L34K, MIP-15 P8I, MIP-13 P8V,

%nd RANTES, 12 330 cnt M~%; MIP-13 F13Y, 13610

cm ML MIP-15 L34W and MIP-B F13W, 18 020 cmt
M~% and MIP-Ir, 9770 cmt M. Mass spectral analysis
was performed on the purified RANTES andréz ratio of

or 2H,O and kept frozen until use. The concentration of each 7860 was found, which was in good agreement with the

I-P stock solution was determined based on the amount

expected molecular weight of 7947 g/mol for the uniformly

specified by the commercial suppliers. Each respective isy_apeled protein.
commercial source was contacted as to the magnitude of - anawtical UltracentrifugationSedimentation equilibrium

possible error in the quantity purchased; the error in
disaccharide I-P obtained from Calbiocheiovabiochem
Corp. was+1.0%, and the amount provided by Sigma
Aldrich Co. may exceed the specified quantity by a maxi-
mum of 20%.

experiments were performed on a Beckman XL-A analytical
ultracentrifuge equipped with absorbance optics. Data were
collected at 26 500, 37 400, 45 900, 53 000, and 60 000 rpm
at 25°C for samples of MIP-2 F13Y in 20 mM sodium
phosphate at pH 2.8. Centrifugation experiments were

The plasmids containing the sequences coding for the monitored at 280 nm on samples having protein concentra-

mature forms of rhesus macaque MI&-dnd RANTES were
obtained by isolation from cell stocks received from the NIH

tions of 18, 31, and 42M. Data editing and analysis were
performed using UltraScan version 6.35).

AIDS Research and Reference Reagent Program, Division' NMR SpectroscopyAll NMR spectra were acquired at

of AIDS, National Institute of Allergy and Infectious
Diseases. For both MIPeland RANTES, the chemokine
gene was located in thépnl —BanH| site of pET32a vector
(Novagen, Madison, WI). The rhesus macaque MéRg&ne

25°C on either a 500 or 600 MHz Varian Inova spectrometer
and then processed and analyzed using NMRR3@egnd
PIPP (@38), respectively. Chemical shifts were referenced
relative to DSS 39). For wild type MIP-33, *H-'5N HSQC

was sequenced and found to code an amino acid sequencgpectra were measured on the 600 MHz spectrometer with
identical to that of its respective human sequence (accessiomys0* points in the'H (t,) dimension and 128* points in the

number AAC03539), with an additional N-terminal Phe-Ser.

15N dimension {;), wheren* representsy complex points.

Likewise, the amino acid sequence of the mature rhesusThe i and 5N spectral widths in these experiments were

macaque RANTES gene was identical to the amino acid 7200.720 and 1800.018 Hz, respectively. For all other
sequence of human RANTES used for structure determina-proteins, H-15N HSQC spectra were acquired on the 500

tion [PDB accession number 1rt27)].

Protein Preparation.Wild type MIP-13 and its dimer-
impaired variants F13Y, F13L, F13W, L34W, L34K, P8I,
and P8V were expressed using a modified pET32LIC vector
(Novagen, Madison, WI) lacking the thioredoxin portion of

the fusion tag. Construction of the vector constructs contain-

ing the F13W, L34W, L34K, P8I, and P8V mutants of MIP-

MHz spectrometer with 512t) x 128*(;) points and
spectral widths of 6000.6 HZH) and 1500.015 HZz{N).

All data were processed with 98hifted squared sine-bell
apodization in bothy andt, followed by zero filling to final
digital resolutions of 4.7 Hz/poinHy) and 5.3 Hz/pointk,)

for the data measured on the 600 MHz spectrometer and
3.9 Hz/point E,) and 3.9 Hz/pointk,) for the data measured

18 was achieved by standard thermocycling polymerase on the 500 MHz spectrometer. To confirm the resonance
reaction procedures as was reported earlier for the constructsissignments of RANTES, an HNHA experimedd) was

of the MIP-16 mutants F13Y and F13L3(). Sequencing of
the genes to confirm the mutations was carried out using
standard methods.

For protein expression, the modified pET32LIC vectors
containing the genes for the MIF3 Inutants and the pET32a
vectors containing the MIPel and RANTES genes were
transformed into competent BL21(DE3) cells (Novagen,
Madison, WI).1>N-labeled proteins were expressed and then
purified from inclusion bodies by a procedure modified from
that reported previously3@). In the adapted purification
procedure, the refolded proteins were dialyzed against 2
2 L of 20 mM Tris at pH 8.0 containing 50 mM NacCl,

measured on a 1.5 mM RANTES sample and used in
conjunction with the published chemical shift assignments
(27, 30).

Addition of Disaccharides to MIPALVariants and RANTES.
To initially ascertain the effect that the presence of disac-
charide had upon the monomeatimer equilibrium of MIP-
13, *H-1N HSQC spectra were measured on dilute samples
of wild type MIP-15 (0.010 mM) in the absence of heparin
disaccharide and in the presence of 0.5 mM disaccharide
I-P. Qualitatively, the relative intensities of select monomer
and dimer resonances of the protein were monitored so as
to judge the amount of each species in solution. Similarly,
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heparin disaccharide I-P (from O to as much as 3 molar equiv) O4a = (0.5[C){(2C, + 0.5K,) — ((2C, + 0.5K,)* —
was added to the dimer-impaired MIB-Variants F13Y, ° 0 °

F13L, F13W, L34W, and L34K. Using a 20 mM stock 4(CHY4 (2b)
solution, increasing amounts of disaccharide I-P were added

to samples of 0.190.25 mM 1*N-labeled mutant protein;  Although the total protein concentratiad,, can be measured
IH-15N HSQC spectra were acquired for each addition; and directly using an absorbance at 280 nm, the separate
the relative intensities of monomer and dimer resonancesconcentrations of monomer and dimer cannot. Instead, the
were monitored. Finally, heparin disaccharide I-P (from 0 relative intensities of monomer and dimer resonances in an

to 2 molar equiv) was added to RANTES (0.059 mi#: NMR spectrum (here, th&H-**N HSQC spectrum) can be
15N HSQC spectra were acquired; and the relative amountsused in the determination @y. The observed intensities of
of monomeric and dimeric RANTES were monitored. the monomerlg,) and dimer [y) resonances are proportional

Quantitation of the Change in Dimerization Affinity of the to the fractional population of polypeptide subunits contrib-
MIP-13 Variants and RANTESTo quantify the effect of uting to each state. In other words, is proportional to
disaccharide on the dimég of MIP-153, dilution experiments  [M}/C, (= Or) andlg, to 2[D]/C, (= Bq). In the calculation
were conducted in the absence of heparin and in the presencef ©q using the intensities of NMR resonances, the difference
of a constant, saturating amount of heparin disaccharide I-Pin molecular correlation timerf) between the monomer and
for the dimer-impaired mutants MIP81F13Y and MIP-B dimer must be considered. For a Lorentzian peak at
L34W. In the absence of disaccharidd;*>N HSQC spectra resonance, the signal intensity is proportional to the trans-
were acquired for the F13Y variant at various dilutions from verse relaxation time constaft and the line width at half-
1.5 to 0.059 mM protein. In the presence of 1 mM heightis given asfT,) in hertz @41). Because of its larger
disaccharide I-P, spectra of MIFBIF13Y were measured  size, the dimeric species has a largerthan that of the
at dilutions from 0.43 to 0.018 mM protein. For the L34W monomeric species. BecauEsgitself is proportional tofc) *
variant,'H-"N HSQC spectra were acquired at dilutions from (41), a largerz; corresponds to a shorték value for the
0.47 to 0.040 mM in the absence of disaccharide and from dimer, a broader line width for the dimer, and an apparent
0.26 to 0.019 mM in the presence of 0.5 mM disaccharide decrease iy, when compared tdy, for equal amounts of
I-P. For wild type RANTES, dilution experiments were polypeptide subunits. Therefore, the relative intensity of a
conducted from 1.2 to 0.025 mM protein in the absence of dimer resonance was multiplied by the ratiQime/c monomer
disaccharide. In the presence of 0.5 mM heparin disaccharideto meaningfully comparéys andl,». When the difference in
I-P, spectra of 0.018 and 0.040 mM RANTES were 7. is compensated foyq is related tolq as follows, where
measured. In aliH-15N HSQC experiments, signal averaging ld.correctediS the corrected intensity of the dimer resonance
was drastically increased for the more dilute samples such

that the signal-to-noise ratio of the less-populated quaternary O4 = lg correctellld.corrected™ m) (3)
form was 2:1 or greater, resulting in data of sufficient quality
for analysis. In the dilution experiments of the MIPSlvariants F13Y

In the case of a simple monomedimer equilibriumM and L34W and for those of wild type RANTES, the
+ M < D, the fractional population of the total polypeptide intensities of nondegenerate monomky) (and dimer [4)
subunits in the dimer sta®y and the dimeKy are related ~ HSQC resonances for select residues (see the Results for

as the residues used) were monitored at each point in the
dilution series both in the absence and presence of disac-
Ky = [M][M]}/[D] = (C, — C0®d)2/(0.5C0®d) (1) charide I-P. Because the MIYariants and RANTES have

essentially the same molecular mass, the correctiopnfof
whereG, is the total concentration of polypeptide subunits the difference ir; of the dimer as compared to the monomer
(Co = [M] + 2[D]), [M] is the concentration of monomer, Was accomplished using the publishedvalues for MIP-
and D] is the concentration of dimer. Rearrangement of this 15; to our knowledge, no values have been published for

equation give@d in terms OfCO as RANTES. Values Ofl'c reported pl’eviOUS|y for the mono-
meric MIP-13 F13A variant (5.52 ns) and the dimeric wild
04 = (0.5C,){(2C, + 0.5K,) — ((2C, + O'5Kd)2 _ type MIP-15 (8.07 ns) were use4p). For each dilution

series,©4 was plotted versu€, and the data were fit to eq
4CH)"Y3 (2a)  2b using KaleidaGraph 3.5 (Synergy Software, Reading, PA)
to yield a dimerKq for each of the select residues investi-
This equation was found to adequately fit the data at lower gated. The individuaKy values were then averaged to report
protein concentrations. However, for the proteins MJP-1 an overall dimerKy value for each protein either in the
F13Y and L34W in the absence of disaccharide, the fits were absence or presence of heparin disaccharide I-P. Error in
increasingly poor at higher protein concentration because of®4 for each data point was estimated from the signal-to-
the presence of protein aggregation that manifested asnoise ratio of the corresponding NMR spectrum and was used
incorrect reporting o®q. To account for this, an additional  to weight the curve fitting 43). Because of the relatively
variable () was used in the fitting equation (eq 2b). To be tight RANTES dimer in the presence of heparin disaccharide
consistant, alKq values reported were fit with this equation, I-P, only two concentration points were measured (0.018 and
although the variable. was essentially 1.0 for L34W inthe  0.040 mM RANTES, both in the presence of 0.5 mM I-P)
presence of disaccharide and for RANTES. The highest rather than a full dilution curve. Approximate dint€yvalues
values determined were £2.5 for amide residues of F13Y  were then estimated from the data at each of these RANTES
in the absence of disaccharide. concentrations in the following manner. First, from the NMR
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data,®4 values were calculated for each of the select residuesthis concentration with sufficient signal-to-noise to calculate

(H23, K25, T30, and S64) using eq 3. Th&gvalues were
then input into eq 1, obtaining a dim&y value for each

a dimer Ky is not feasible. Qualitatively, the relative
intensities of the dimer and monomer resonances in this

residue at each concentration. Finally, the individual residue spectrum of wild type MIP-# suggests a dimeKqy of

Kg values at each RANTES concentration point were

approximately 5«M in the absence of any NaCl. As expected

averaged. Although not as accurate as a full curve, this for a hydrophobic dimer interface, this is significantly weaker
method was employed because the very dilute concentrationghan that determined previously in the presence of Nagl (
needed to define a full binding curve were not amenable to Upon addition of disaccharide, the monomer peaks are no

NMR.

As a control for the effect that ionic strength changes
occurring with disaccharide addition have upon M|f-1
dimerization affinity, NaCl was added to a 0.26 mM MIP-

longer observable above the noise of the spectrum (Figure
1C) suggesting that the addition of heparin disaccharide
significantly alters the equilibrium, favoring the dimer.

To more accurately quantify the effect of the binding of

18 F13Y sample at 0, 4, and 10 molar equiv (0, 1.0, and 2.6 disaccharide I-P upon MIPAldimerization, mutants of the
mM) and the resulting HSQC spectra were measured. Thechemokine with weakened dimer affinities were designed

average dimeKy of MIP-15 F13Y at each salt concentration

so that entire dilution curves could be obtained at protein

was calculated using the single point method described aboveconcentrations amenable to NMR studies. These mutations

for RANTES in the presence of disaccharide I-P.

RESULTS

Analytical Ultracentrifugation.To quantify the effect of
heparin disaccharide on the dimerization of MIB-&nalyti-

were made at different locations on the protein, each distal
from the heparin binding site (Figure 1A). As our previous
studies have shown, point mutations of MIB-&t the
residues Pro8, Phel3, and Leu34 result in folded variants
whose affinities for dimerization are weakened to varying
degrees 1). In addition to the MIP-g F13Y and F13L

cal ultracentrifugation was attempted on the dimer-impaired ,,tants reported earlie8Y), the following mutants of MIP-

MIP-1p variant F13Y. This technique generally requires the
presence of salt (0-10.2 M) in the buffer to suppress
thermodynamic nonideality arising from chargeharge
repulsion between soluted4 45). However, these levels

15 were constructed and investigated: F13W, P8I, P8V,
L34W, and L34K. ThéH-5N HSQC spectra of each of these
proteins (0.19-0.25 mM) indicated that all were folded (data
not shown). Whereas the F13W, P8V, and P8I mutants were

of salt abolish the ability of the chemokine to bind heparin ,,rely monomeric at the concentrations investigated (data
disaccharides (data not shown). Analytical ultracentrifugation not shown), the F13Y, F13L, L34W, and L34K variants
was attempted in the absence of salt, resulting in nonideal gypibited both monomer and dimer resonances, characteristic
curves that could not be fit. Therefore, these experiments o g equilibrium between the quaternary species. Our

were discontinued in favor of NMR methods.

Dimer-Impaired MIP-B Mutants.To study the effect of
disaccharide binding upon the dimerization of the CC
chemokine MIP-#, a strategy combining mutagenesis and
structural analysis usingH-*>N HSQC NMR experiments
was pursued. In th#H-15N HSQC experiment, each directly
bonded N-H pair in the protein gives rise to a resonance,

the position of which is sensitive to changes in the environ-

previous results indicated that purely monomeric variants
such as MIP- P8A and the truncation mutant MIP(9) do

not show a tendency to dimerize in the presence of
disaccharide X0). Similarly, in the present study, the

quaternary state of purely monomeric F13W mutant was
found to be unaffected by the addition of disaccharide I-P.
Therefore, this mutant and the purely monomeric P8l and
P8V variants were not studied further. To probe the effect

ment about those nuclei. As a result, the spectrum is highly that heparin disaccharide binding has on the dimerization
sensitive to changes in secondary, tertiary, and quaternaryaffinity of the dimer-impaired MIP-A variants, experiments
structure and also provides evidence that a protein is foldedon mutants of MIP-# at residue positions Phe13 and Leu34

upon mutation. Because tAE->N HSQC spectra for both
dimeric and monomeric MIPALvariants have been sequen-

were then investigated in turn.
Effect of Disaccharide Binding on the Dimerization of the

tially assigned and have been shown to exhibit characteristicPhe13 Mutants.To ascertain whether the presence of
resonance patterns resulting from their different quaternary disaccharide would alter the dimerization of the Phel3

structures?6, 34, 42), this experiment allows for a relatively

variants of MIP-B, increasing amounts of heparin disac-

quick assessment of the effect of the point mutation upon charide I-P were added to the F13Y and F13L variants. Parts

the dimerization of MIP-£.

Ideally, a study to determine the effect of heparin upon
dimerization affinity of MIP-J3 would involve investigation
of the wild type protein. An accurate estimate of the dimer
Kg of a protein by NMR requires a series of spectra at
different protein concentrations each providing information
on the amounts of both dimer and monomer in solution. At
dilute NMR conditions (0.01 mM) requiring significant signal

A and B of Figure 2 show a part of the two-dimensional
IH-15N HSQC spectrum containing the monomer and dimer
resonances of Ala52 for the F13Y variant in the absence
and presence of disaccharide, respectively. To the right of
each spectrum is a one-dimensional trace through each
resonance along thel dimension. In this F13Y variant (0.24
mM), the traces clearly show that the intensity of the dimer
resonance is approximately one-half that of the monomer in

averaging (2 days), weak resonances for both dimer (enclosedhe absence of disaccharide (Figure 2A). Upon addition of
in purple squares) and monomer (green dashed ovals) aralisaccharide (0.75 mM) to the protein, the intensity of the

observable in théH-N HSQC spectrum of wild type MIP-
15 (Figure 1B), characteristic of an equilibrium between the

dimer resonance is seen to be significantly greater than that
of the monomer (Figure 2B). Analogous results were

quaternary species with slow exchange on the NMR time observed for the F13L variant (data not shown). These results
scale. However, measuring a series of such spectra at arounéhdicate that, like the wild type protein, for the dimer-
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Ficure 2: Addition of heparin disaccharide I-P to MIFZF13Y.

In the left-hand panels, the Ala52 region of thd-1°N HSQC
spectra for (A) 0.24 mM MIP-2 F13Y in the absence of
disaccharide and (B) 0.24 mM MIPB1IF13Y in the presence of
0.75 mM disaccharide I-P is shown. In the right-hand panels, one-
dimensional traces in th#H dimension for these resonances are
shown, where an arrow is used to indicate the corresponding peak
position.
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impaired MIP-33 mutants at the Phe13 position, the presence
of disaccharide causes a shift in the monondimer 0
equilibrium favoring dimerization.

To quantify the increased dimerization affinity of MIP-
1B F13Y in the presence of heparin disaccharide I-P, dilution Figure 3: Plots of the fractional population of MIPB1F13Y
experiments were conducted on the protein both in the polypeptide subunits in the dimeric state as a function of the total
sbsence of heparin and in the presence of a constanteCSRIEIEN B WS 1S 0SS 8 o e st
satu_ratlng amoun_t of dlsacchande_. In th_e_ absence of dlﬁc’ac'gor r’esi&ues Ala52 (Ag), Ser32 (B), and Arg22 (C)pare shown. After
charide, changes in the resonance intensities of select residue§mR intensity information obtained in serial dilution experiments
having easily identifiable, resolved dimer and monomer is calculated, the fractional population of polypeptide subunits in
resonances in théH-"N HSQC spectra were monitored the dimeric stateédq (given by eq 3) is plotted versus the total
curing the dition of the proten fom 15 to 0.059 mM. _BONpebide concentsiod, o= Ssamise using e sbsomance
These were the backbone amide resonances of C12, Al?constanth. The noise level of %acﬁ ¥4$chspectrum is used to
R22, V25, T31, S32, C35, R46, S47, K48, V50, and A52 cajculate the error iy at each corresponding data point. The
and the side chain amide resonances of Q37. Characteristigesulting error values are shown in the figures and are used in the
of a dissociation event with slow exchange between the weighting of each point in the curve fit.
different quaternary forms on the NMR time scale, the
dimeric species predominated at the higher concentrations,1). Because the effects of exchange and disaccharide binding
whereas the more dilute concentrations favored the monomerUpon signal intensity were unknown, the average diker
Parts A-C of Figure 3 ¢, ®) show the curves obtained for ~Wwas then recalculated with the elimination of the data from
residues Ala52, Ser32, and Arg22 in the serial dilution of the side chain of Q37 and the data from residues known to
the F13Y variant in the absence of disaccharide. The be directly involved in GAG binding (V25, R22, R46, S47,
fractional population of total subunits in the dimer stag, K48, and V50) 8, 10). With this smaller subset of residues,
was plotted versus the total polypeptide concentratiy, the average dimeiy was determined not to change
and subsequently fit using eq 2b. Similar curves were also significantly and to be 61& 130 «M. Not unexpectedly,
plotted and fit for the other residues mentioned previously. this value differs from that determined previously for this
As described in Experimental Procedures, the high concen-mutant in the presence of 150 mM Na®l[= 43 uM (31)]
trations of MIP-3 F13Y that were necessary to complete because the MIPALdimer has been shown to be strongly
this curve required an additional fitting parameter to account affected by solution conditions34).
for possible aggregation that resulted in erro@n In the Similar dilution experiments were conducted on the F13Y
worst case (MIP-& F13Y in the absence of disaccharide), mutant in the presence of heparin disaccharide I-P in which
this parameter was found to range from-1125. The dimer the concentration of I-P remained constant as the protein was
Kq obtained by averaging the values calculated for each of diluted. On the basis of our previous resuli) 1 mM
the individual residues was found to be 58@40uM (Table heparin disaccharide I-P was used in these experiments to

Total Concentration, C, (uM)
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Table 1: DimerKq for the MIP-15 Proteins and Wild Type
RANTES in the Absence and Presence of Heparin Disaccharide |-P

dimerKgabsence dimerKgypresence

protein of disaccharide I-P  of disaccharide I-P
MIP-15 F13Y 580+ 140uMP 57 + 22 uMP
610+ 130uM°® 66 + 24 uM¢
MIP-15 L34W 95+ 19 uMP 6.8+ 2.0uMP
97 + 18 uM¢© 6.5+ 1.5uM°¢
wild type RANTES 344 12 uMP 4.2+ 1.4uMbd
5.0+ 1.2Mbd

aError shown for all of the average dimKg values represent one
standard deviation of the individual residigvalues used to calculate
the averagéy values reported? Values were calculated by averaging
the individual dissociation constants found for each of the residues
monitored. For MIP-£ F13Y, the residues used were C12, A17, R22,
V25, T31, S32, C35, Q37, R46, S47, K48, V50, and A52. For MpP-1
L34W, the residues used were A17, R22, V25, Y29, T31, S32, Q37,
S47, K48, V50, and A52. For RANTES, the residues used were H23,
K25, T30, and S64¢ Values were determined using a smaller subset
of data where (1) the side chain data for residue Q37 were removed
because the effect of exchange was unknown and (2) the data for
resonances involved in the disaccharide-binding site (V25, R22, R46,
S47, K48, and V50) were removed because the effect of GAG binding
on resonance intensity was unknowmiverage approximate dimédy
was determined at two concentration points rather than a complete
dilution curve by first using eq 3 to calcula@, for each residue, then
inputting the®y values into eq 1 to calculate a dimky for each
residue, and finally averaging the individu&l values. The upper value
was calculated for a 0.018 mM RANTES sample and the lower, for a
0.040 mM RANTES sample, each in the presence of 0.5 mM
disaccharide I-P.

ensure saturation with disaccharide. PartsG\of Figure 3
(- - -, ¥) show the curves obtained for residues Ala52, Ser32,
and Arg22 in the serial dilution of MIPALF13Y in the

presence of 1 mM disaccharide. Just as in the absence of
disaccharide, curves were also obtained for the backbone

amide resonances of C12, A17, V25, T31, C35, R46, S47,

K48, and V50 and the side chain amide resonances of Q37.

The curves obtained from these data were seen to fit well
and yielded an average dimi€g of 57 &+ 22 uM. As above,

the average dimeky was recalculated with the elimination
of the data from the side chain of Q37 and the data from
residues known to be directly involved in GAG binding
(V25, R22, R46, S47, K48, and V5038,(10). With this
smaller set of data, the average dinkgr(66 + 24 uM) did

not change significantly from the larger set of data and was
still approximately 9-fold tighter than the protein in the
absence of disaccharide (Table 1).

As a control for the effect of increasing ionic strength with
the addition of the polyanionic disaccharides in our dilution
studies, MIP-B F13Y (0.26 mM) was titrated with increasing
amounts of NaCl (data not shown). Whether using the large

dimer dimer

A&~ monomer
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Ficure 4: Addition of heparin disaccharide I-P to MIFZ134W.
One-dimensional traces in tAEl dimension of théH-15N HSQC
spectra through both the dimer and monomer resonances of the
Ala52 residue of MIP-8 L34W (0.24 mM) are shown in the
absence of heparin (A) and in the presence of 0.75 mM heparin
disaccharide I-P (B). The arrows indicate the peak position for
Ala52. (C—E) Plots of the®4 versusC, for the dilution series of
L34W in the absence of disaccharide,(®) and in the presence

set of residues or the smaller subset (described above), thedf disaccharide I-P (- - -y) for residues Ala52, Thr31, and Arg22,

average dimeKy of MIP-15 F13Y was found to tighten only
about 25% with the addition of up to 2.6 mM NacCl, which
represents approximately the maximum number of negative
ions found in the dilution series. This increase in dimerization
affinity was judged to be insubstantial because not only was
it on the order of the error seen for the average diiker
values of MIP-B F13Y (Table 1), but it was also much less
than the nearly 9-fold difference in the average dirkgr
seen when adding heparin disaccharide I-P.

Effect of Disaccharide Binding on the Dimerization of the
Leu34 MutantsAfter a marked increase in the dimerization
affinity of the MIP-15 F13Y mutant in the presence of

respectively. The data are fit to eq 2b, yielding a dimer dissociation
constantKy. The noise level of each HSQC spectrum is used to
calculate the error ir®y at each corresponding data point. The
resulting error values are shown in the figures and are used in the
weighting of each point in the curve fit.

disaccharide was seen and quantified, similar experiments
were conducted on MIPALvariants mutated at the Leu34
residue position, specifically L34W and L34K. As with the
Phel3 mutants, heparin disaccharide I-P was added to L34W
and L34K to qualitatively determine whether disaccharide
affects the dimerization affinity of these mutants. Parts A
and B of Figure 4 show the traces through the monomer
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and dimer resonances of the section of the!>N HSQC (0.57-0.062 mM) suggested behavior indicative of a mono-
spectrum for the Ala52 residue of the L34W variant in the mer—dimer equilibrium in slow exchange on the NMR time
absence and presence of disaccharide I-P, respectively. Irscale, which was expected based on previously published
the absence of disaccharide I-P, the spectrum at 0.24 mMstudies 27). For RANTES, assignments of the dimer residues
protein shows both dimer and monomer resonances (Figurewere based on the published chemical shi2 80) and on
4A). With the addition of disaccharide I-P to a final an HNHA NMR experiment measured for confirmation. New
concentration of 0.75 mM, the monomer resonance is no resonances that appeared at low concentration were presumed
longer visible above the noise of the experiment (Figure 4B). to arise from the monomeric species. This assumption is
Similar results were observed for the L34K variant (data not supported by the consistently good quality curves obtained
shown). As was the case for wild type MIB-and its Phel3  in the subsequent dilution studies.
mutants, these results indicate that the presence of disac- To ascertain whether the presence of disaccharide would
charide causes an increase in the dimerization affinity of the alter the dimerization affinity of RANTES, heparin disac-
Leu34 mutants of the CC chemokine. charide I-P was added to the protein. As had been observed
To quantify the increased dimerization affinity suggested for the wild type and the Phel3 and Leu34 variants of MIP-
by these experiments, serial dilution studies were conducted1p, these preliminary experiments with RANTES suggested
on the MIP-J3 L34W variant both in the absence and a shift in the monomerdimer equilibrium toward dimer-
presence of heparin disaccharide I-P. The L34W variant wasization in the presence of disaccharide (data not shown). After
chosen for these experiments over the L34K mutant becausehis is observed, a series 8H-'>N HSQC spectra was
it was unclear whether a positively charged Lys residue at acquired on RANTES at various dilutions from 1.2 to 0.025
position 34 [although not located in the disaccharide binding mM protein to determine the diméy of RANTES in the
site (LO)] would alter the sugar binding affinity. Therefore, absence of disaccharide I-P. The relative intensities of select
for MIP-13 L34W, changes in the monomer and dimer pairs of easily identifiable, resolved monomer and dimer
resonance intensities of select residues intthé N HSQC resonances were monitored throughout this serial dilution,
spectra were monitored during the dilution of the protein namely, H23, K25, T30, and S64. As with the MIB-1
from 0.47 to 0.040 mM. Dilution experiments were also variants®qvalues were plotted versi@, for these residues
conducted in the presence of 0.5 mM heparin disaccharidein RANTES and the data were fit to eq 2b. Parts B of
I-P on MIP-15 L34W from 0.26 to 0.019 mM protein. Parts  Figure 5 show the curves obtained for each of the residues.
C—E of Figure 4 show the plots obtained for residues Ala52, The dimerKy values found for the separate residues were
Thr31, and Arg22 of MIP-£ L34W when plotting®q versus then averaged, yielding an overall dinterof 34 + 12 uM
C, in the absence <, ®) and presence (---¥) of (Table 1). This average dimdty was found to be largely
disaccharide I-P. For this protein, data and correspondingconsistent to those reported previously at the higher tem-
curves were obtained for the backbone amide resonances operature of 35C, in which theKy of RANTES was shown
Al7, R22, V25, Y29, T31, S32, S47, K48, V50, and A52 to vary with pH from 35 to 10xM (27). Because, in general,
and the side chain amide resonances of Q37. The data setif is not feasible to obtain high-quali§H-1>N HSQC data
were fit using eq 2b, yielding average dimi€ys values of at concentrations lower than about 0.020 mM, a full curve
95+ 19 uM in the absence of I-P and 68 2.0uM in the was not possible for RANTES in the presence of heparin
presence of I-P. As for the F13Y variant, the average valuesdisaccharide I-P. To estimate the increase in dimerization
for MIP-13 L34W were recalculated with the elimination alffinity suggested by the preliminary disaccharide experi-
of the data from the side chain of Q37 and the data from ments with RANTES!H-N HSQC spectra were acquired
residues known to be directly involved in GAG binding on samples of 0.018 and 0.040 mM RANTES in the presence
(V25, R22, S47, K48, and V508(10) and found to be 97  of 0.5 mM disaccharide |-P. For each of these protein
+ 18 uM (without I-P) and 6.5+ 1.5uM (with I-P). Even concentrations, an approximate dinkgrvalue was obtained
more substantial than for MIPSIF13Y, these results show in the following manner. First, the intensities of the monomer
that the disaccharide increases the dimerization affinity of and dimer peaks for various residues (H23, K25, T30, and
MIP-13 L34W nearly 15-fold. S64) were used in eq 3 to calculateGy value for each
Other CCR5-Binding ChemokineBecause our findings  residue. Thes®q values were in turn used in eq 1 to estimate
indicated that the presence of disaccharide alters the dimera dimerKq value in the presence of I-P for each residue.
dissociation equilibrium of MIP4, studies were then After the values calculated for each of the selected residues
conducted to determine whether a similar effect could be were averaged at 0.018 mM RANTES, an approximate dimer
generalized to the other CCR5-binding, anti-HIV CC chemo- Kq of 4.2 uM was determined with a standard deviation of
kines MIP-I and RANTES. To ascertain whether the types 1.4 uM (Table 1). This was in close agreement with the
of experiments conducted for MIFBBmight be used for MIP-  averageKq value determined at 0.040 mM RANTES of 5.0
la. and RANTES, preliminary dilution experiments were #M having a standard deviation of 12M (Table 1).
conducted on each protein. In the case of MtB-the protein Together, these findings suggest that the dimerization affinity
was diluted from 0.15 to 0.010 mM antH->N HSQC of RANTES in the presence of disaccharide is over 6-fold
spectra were acquired at each concentration (data not shown)ighter than in the absence of disaccharide.
Because there was no doubling, shifting, or appearance/
disappearance of resonances, the spectra indicated that undQlSCUSSlOI\I
the conditions used, the quaternary state of MéP-dmained While several studies have shown that monomeric variants
unchanged. Therefore, the NMR dilution experiments de- of CC and CXC chemokines can bind chemokine receptors
scribed above could not be used with MIR-Dn the other ~ (31—33), recent results suggest a role for the chemokine
hand, the preliminary dilution experiments on RANTES dimer in biological function that is related to the binding by
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FicURe 5: Plots of the fractional population of RANTES polypep-
tide subunits in the dimeric state as a function of the total
concentration of subunits. Data for residues His23 (A), Lys25 (B),
Thr30 (C), and Ser64 (D) are shown. The data are fit to eq 2b,
yielding a dimer dissociation constaKy. The noise level of each
HSQC spectrum is used to calculate the error@g at each

McCornack et al.

ization. For example, several chemokines have been reported
to oligomerize in the presence of GAG24]. The CXC
chemokine IL-8 has been reported to bind more tightly to
GAGs at lower protein concentrations, leading those authors
to conclude that the IL-8 monomer binds GAGs more tightly
than the dimer 46). However, both isothermal titration
calorimetry and heparin affinity chromatography with mon-
omeric variants of IL-8 show weaker binding to GAGs than
the wild type dimer 23, 47). The stoichiometry of GAG
binding in the work of Kuschert and co-worker23]
suggested the possibility of dimerization of the IL-8 variant
upon GAG binding, but previous studies by these authors
indicated the monomeric variant did not dimerize in the
presence of GAGs2¢). For CC chemokines, chromatogra-
phy on both MIP-B and MIP-Ix has shown that the dimeric
form of each binds GAGs more tightly than monomeric
variants 8, 13), although earlier work concluded that the
oligomerization state of MIP-d did not affect GAG binding
(48). Finally, surface plasmon resonance of a monomeric
variant of RANTES reveals complex kinetics consistent with
dimerization of the chemokine upon GAG bindingg).

Our results show that MIPALdoes clearly dimerize more
tightly in the presence of heparin disaccharide, supporting
our earlier observation that the GAG binding site for this
chemokine is composed of residues from both subunits of
the chemokine dimerl(Q). A variety of data support the
assertion that the acidic conditions used in our NMR
experiments are likely to accurately portray events occurring
in the physiological pH range. Our previous work showed
that both the wild type protein under acidic conditions and
a nonaggregating variant at pH 6 have the same GAG binding
pocket (0). More importantly, mutations to the NMR-
revealed GAG binding site of MIPALwere shown to have
the predicted loss of activity in vivd]. Our present results
also demonstrate that the dimerization observed in the
presence of GAGs is spectroscopically identical to that of
the dimeric form of MIP-B found in past structural studies
(26). This finding confirms the relevance of the dimer
interface found in general for CC chemokines and suggests
the likelihood that GAG mediated oligomerization has the
chemokine dimer as its basic unit.

The quantitative work reported here was carried out using
dimer-impaired variants of MIPAL because under most
NMR-amenable conditions the dimeric form of the wild type

corresponding data point. The resulting error values are shown inprotein greatly predominates; therefore, monomeric reso-

the figures and are used in the weighting of each point in the curve

fit.

nances are not visible in NMR spectra. For our experiments,
the MIP-15 dimer was weakened by mutation at two separate

chemokines of glycosaminoglycans. Indeed, it has beenresidues, Phel3 and Leu34, both distal from each other in

shown that both the ability to interact with GAGs and the
ability to form dimers are important for the in vivo function
of several chemokines, including MIF31(6). Previously,
we delineated the GAG binding site on the chemokine MIP-
15 and showed the participation of several N-terminal
residues across the dimer interface in forming the GAG
binding pocket. In addition, we showed that the GAG binding
affinity for the wild type MIP-33 dimer is higher than for
monomeric variantsl). This led to our current hypothesis
that GAG binding increases the dimer affinity of MIp-1

A quantitation of change in dimer affinity upon GAG binding

the monomer (@—Ca distance= 14 A) and distant from
the GAG binding site (distance to R4&C- 21 A, Figure
1A). Mutation at each location produced folded MIB-1
variants, having spectra showing peaks from both the dimeric
and monomeric forms. Each of these MIBariants shows

a greater than 9-fold tighter dimer in the presence of the
heparin disaccharide I-P (Figure 3 and Figure 4; Table 1).
In addition, under conditions where wild type RANTES,
another CC chemokine, is observed as a mixture of dimer
and monomer, this protein also reveals significantly tighter
dimerization in the presence of disaccharide (Figure 5 and

has not been carried out for any chemokine, although othersTable 1). These results suggest that the GAG binding site
have investigated several aspects of chemokine oligomer-of RANTES may also encompass residues from both subunits
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of the dimer, consistent with NMR data obtained by possibly in various oligomeric forms, to the leukocyte surface
Proudfoot and co-workerslL4). prior to receptor binding. A ternary GA&chemokine-

It is possible that our results with disaccharides may receptor complex is less likely because GAGs have been
underestimate a much larger effect on dimerization and shown to compete with receptors for CC chemokine binding
quaternary structure that would be mediated by the longer (8, 15, 52). Therefore, chemokine concentration gradients
sugars found in vivo. The optimal polysaccharide length for may arise because of the local release of higher levels of
binding to MIP-33 is not known, but work with similar ~ chemokine from cell surface GAGs, which have “stored”
chemokines suggests longer saccharides bind more tightlythe chemokines as oligomers. It is unknown whether the
(23). Although our studies indicate that disaccharides bind chemokine receptor is able to bind various quaternary forms
in a site that includes both subunits of the chemokine dimer of the chemokine, but monomeric variants of chemokines
and promote dimerization, the small size of the disaccharide are fully functional on chemokine receptol{33), sug-
may not allow for the full range of interactions seen for larger gesting that dimeric and oligomeric chemokines may dis-
sugars. Longer polysaccharides cause visible aggregation irsociate into monomers prior to binding the receptor.
MIP-13 and other proteins, precluding their use in many
types of experiments. However, longer sugars may be moreCONCLUSION
likely to cause dimerization and functional oligomerization
of chemokines by interacting with multiple chemokines or
by simultaneously binding both GAG binding pockets of the
dimer.

One unexplained aspect of our work is the apparent
inability of fully monomeric MIP-}3 variants to dimerize in
the presence of disaccharides. Both the truncation mutan

The present results show that the dimers of MfPahd
RANTES are tightened considerably upon binding heparin
disaccharide, which is used here as a proxy for cell surface
sugars. This provides insight into the specific role played
by protein quaternary structure in the biological function of
t;:hemokines. In addition, the data lend quantitative evidence
. . 0 a model of chemotaxis in which the chemokine concentra-
MIP(9) and the MIP-§ P8A variant are fully monomeric tion gradients used to mediate leukocyte movement are due

(32) and show no NMR resonances consistent with a dimer : : :
) . . . manipulation of chemokin rnary str r AGs.
in the presence or absence of a variety of GAG dlsaccharldesto anipulation of chemokine quaternary structure by GAGs

(10). These results are consistent with work on monomeric AckNOWLEDGMENT
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