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ABSTRACT: CC chemokine ligand 14, CCL14, is a human CC chemokine that is of recent interest because
of its natural ability, upon proteolytic processing of the first eight NH2-terminal residues, to bind to and
signal through the human immunodeficiency virus type-1 (HIV-1) co-receptor, CC chemokine receptor 5
(CCR5). We report X-ray crystallographic structures of both full-length CCL14 and signaling-active,
truncated CCL14 [9-74] determined at 2.23 and 1.8 Å, respectively. Although CCL14 and CCL14 [9-74]
differ in their ability to bind CCR5 for biological signaling, we find that the NH2-terminal eight amino
acids (residues 1 through 8) are completely disordered in CCL14 and both show the identical mode of the
dimeric assembly characteristic of the CC type chemokine structures. However, analytical ultracentrifugation
studies reveal that the CCL14 is stable as a dimer at a concentration as low as 100 nM, whereas CCL14
[9-74] is fully monomeric at the same concentration. By the same method, the equilibrium between
monomers of CCL14 [9-74] and higher order oligomers is estimated to be of EC1,4 ) 4.98 µM for
monomer-tetramer conversion. The relative instability of CCL14 [9-74] oligomers as compared to CCL14
is also reflected in theKd’s that are estimated by the surface plasmon resonance method to be∼9.84 and
667 nM for CCL14 and CCL14 [9-74], respectively. This∼60-fold difference in stability at a
physiologically relevant concentration can potentially account for their different signaling ability. Functional
data from the activity assays by intracellular calcium flux and inhibition of CCR5-mediated HIV-1 entry
show that only CCL14 [9-74] is fully active at these near-physiological concentrations where CCL14
[9-74] is monomeric and CCL14 is dimeric. These results together suggest that the ability of CCL14
[9-74] to monomerize can play a role for cellular activation.

Chemokines (chemotactic cytokines) are small secreted
proteins of 8-10 kDa that are widely known for their
participation in the immune and inflammatory response
systems. Their ability to recruit and activate leukocytes to
sites of injury or infection is made possible through the

activation of specific seven-transmembrane G protein-
coupled receptors (GPCR)1 (1, 2). Chemokines are generally
grouped into the following three subfamilies based on
function: “homeostatic”, “inflammatory”, and “dual func-
tion”. Homeostatic chemokines are constitutively produced
and secreted, whereas inflammatory chemokines are pro-
duced when there is a stimulus or during an infection and
they cause the migration of leukocytes to the injured or
infected site. The subfamily dual function refers to the
chemokines which have dual abilities of the first two
subfamilies (3). Structurally, these chemokines are classified
into the following four categories based on the position of
the first two cysteine residues: CC, CXC, C, and CX3C (4,
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5). Currently 28 mammalian CC chemokines have been
discovered, with 25 of these found in humans, making the
CC chemokines the largest subfamily (6). The CXC chemok-
ines platelet factor 4 (CXCL4) (7) and interleukin-8 (CXCL8)
(8-10) were the first chemokines for which a three-
dimensional structure was solved. Currently, the structures
of several chemokines have been elucidated through the
methods of both NMR and X-ray crystallography. These
studies revealed that chemokines share a common structural
scaffold consisting of three antiparallelâ-strands and a
COOH-terminalR-helix (11), but they also showed dis-
similarities in the mode of assembly into dimers among
different subfamilies. Within the same subfamily, the mode
of dimeric assembly is identical.

Due to their role in the immune response, chemokines have
been linked to the regulation of many different immunologi-
cal disorders such as asthma (12), arteriosclerosis (13), and
rheumatoid arthritis (14, 15). Pertaining further medically
is the role of certain chemokines to acquired immune
deficiency syndrome (AIDS). HIV-1 initiates infection of
target cells by fusion of both the viral and target cell
membranes. This action is mediated by the binding of the
viral envelope glycoprotein (Env) and a CD4 receptor on
human target cells. Critical to the efficient infection is the
presence of a coreceptor. The importance of the coreceptor
provided the explanation underlying HIV-1 tropism by which
certain individuals are not readily infected by the virus. In
the body two chemokine receptors, CCR5 and CXCR4, are
known as the coreceptors for effective HIV entry (16).
Macrophage-tropic (M-tropic) strains of HIV primarily utilize
CCR5 as their coreceptor for entry into cells (17-21),
whereas T cell line-tropic (TCL-tropic) strains are selective
for CXCR4 (22). The specific chemokines that have been
shown to interact with CCR5 are MIP-1R (CCL3), MIP-1â
(CCL4), MCP-2 (CCL8), and RANTES (CCL5). All of these
chemokines have been shown to inhibit HIV-1 entry into
cells (23-25). In addition, small-molecule CCR5 antagonists
such as vicriviroc (SCH-D; Schering-Plough) and maraviroc
(UK-427,857; Pfizer) have been shown to significantly
reduce viral load in HIV-1 patients, demonstrating the
therapeutic utility of targeting CCR5 as a means to treat HIV-
1/AIDS patients (26).

Originally isolated from the hemofiltrate of chronic renal
failure patients, plasmatic hemofiltrate CC chemokine 1 or
CC chemokine ligand 14 (CCL14) is a prototypical CC-type
chemokine. CCL14 is found in human plasma at high
concentrations (1.5-10 nM) and is constitutively expressed
in many different tissues (27). CCL14 utilizes CCR1, CCR3,
and CCR5 for chemotaxis and is involved in the activation
of eosinophils, monocytes, and T lymphoblasts. The full-
length CCL14 of 74 amino acids is naturally turned into a
high-affinity ligand for CCR5 through proteolytic processing
by urokinase plasminogen activator and plasmin (28). This
cleaved form, CCL14 [9-74], has been shown to block HIV
entry and replication (29, 30), whereas the CCL14 itself has
not. Likewise, the CCL14 [9-74] is able to signal by
inducing Ca2+ flux and migration of different leukocytes (29),
whereas CCL14 is not, consistent with the difference in their
CCR5 binding affinity.

In our study, we report the high-resolution crystal struc-
tures of CCL14 and CCL14 [9-74]. Combined with data
from analytical ultracentrifuge and BIAcore studies, we

demonstrate that CCL14 [9-74] can convert to a monomer
more readily than CCL14 at physiological concentrations.
In vitro assays confirm that CCL14 [9-74], not CCL14, is
able to induce calcium flux and to inhibit HIV entry at a
concentration where CCL14 [9-74] is a monomer and
CCL14 is a dimer.

MATERIALS AND METHODS

Crystallization and Data Collection.Crystals of CCL14
were grown at room temperature by hanging drop vapor
diffusion. Each drop contained equal volumes of protein
solution and reservoir solution. CCL14 crystals were grown
by mixing equal volumes (2µL each) of protein (20 mg/
mL, in 0.2 M NaCl and 10 mM MES, pH 6.0) and reservoir
solution. CCL14 crystals grew overnight in solution no. 21
from the Hampton PEG/ion screen containing 0.2 M sodium
formate and 20% (w/v) polyethylene glycol 3350 (PEG
3350). CCL14 [9-74] crystals were grown by mixing equal
volumes (2µL each) of protein (14 mg/mL, in 0.25 M NaCl
and 20 mM MES, pH 6.2) and reservoir solution. CCL14
[9-74] crystals grew after 2 days in solution no. 18 from
the Hampton screen 1 containing 0.2 M magnesium acetate
tetrahydrate, 0.1 M sodium cacodylate trihydrate, pH 6.5,
and 20% PEG 8000. For X-ray diffraction experiments,
crystals were taken directly from the droplets with a fiber
loop and flash frozen in liquid N2 with no cryoprotectant.
The diffraction data for CCL14 were collected at beamline
9.1 at the Stanford Synchrotron Radiation Laboratory, and
the CCL14 [9-74] diffraction data were collected at the
Advanced Light Source on beamline 8.2.1. X-ray data sets
were integrated and scaled using the program HKL-2000
version 0.98.692i (31). The space group of CCL14 was found
to beC2 with unit cell dimensionsa ) 94.35 Å,b ) 78.07
Å, c ) 59.64 Å,R ) 90°, â ) 121.65°, andγ ) 90°. The
space group of CCL14 [9-74] was found to beP212121 with
unit cell dimensionsa ) 56.14 Å,b ) 57.55 Å,c ) 85.44
Å, and R ) â ) γ ) 90°.

Crystal Structure Determination and Refinement.The
crystal structures of CCL14 and CCL14 [9-74] were solved
by molecular replacement with the program Phaser (32-
34) in the CCP4 program suite (35). The search model for
CCL14 was the AOP RANTES dimer (PDB code 1B3A)
(36). A rotation and translation search using the dimer of
AOP RANTES identified two dimers in the asymmetric unit,
which by 2-fold crystallographic symmetry form an oc-
tameric packing assembly. The molecular replacement search
for CCL14 [9-74] had a solution for two dimers in the
asymmetric unit, which did not generate the same octameric
assembly of full-length CCL14. The protein chain models
were built using the programs ARP/wARP version 6.1 (37,
38), O (39), and Coot version 0.2 (40, 41). The program
Refmac5 version (35, 42) was used to refine both structures.

The final crystallographicR factor and freeR factor for
CCL14 are 18.7% and 23.4%, respectively, for reflections
within 56-2.2 Å. Moreover, the final crystallographicR
factor and freeR factor for CCL14 [9-74] are 17.4% and
22.8%, respectively, for reflections within 46.9-1.8 Å. The
root mean square deviations in bond lengths and bond angles
for CCL14 are 0.021 and 1.69 Å, respectively. The root mean
square deviations in bond lengths and bond angles for CCL14
[9-74] are 0.013 and 1.24 Å, respectively. The Ramachan-
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dran plot calculated for the final CCL14 model using the
program PROCHECK (43) shows that the conformations of
96.9% of the residues are located within the most favored
regions and 3.1% of the residues are located within the
additionally allowed regions. The Ramachandran plot cal-
culated for the final CCL14 [9-74] model shows that the
conformations of 95.9% of the residues are located within
the most favored regions and 4.1% of residues are located
within the additionally allowed regions. All water molecules
have densities of 1σ or greater in the final 2Fo - Fc map.

Sedimentation Equilibrium Ultracentrifugation.All protein
samples were dialyzed in 10 mM Na2PO4 and 150 mM NaCl
at pH 7.5. Sedimentation equilibrium analytical ultracen-
trifugation experiments were performed using a Beckman
Optima XL-I analytical ultracentrifuge (Beckman, CA) at
20 °C and six-channel centerpieces. Three pairs of blanks
and protein samples at three different concentrations were
loaded at a volume of 120µL each and were centrifuged
against 130µL of the equivalent buffer blank. Centrifugation
was performed at rotor speeds and durations of 20000 rpm
for 19 h, 27500 rpm for 18 h, 35000 rpm for 17 h, 42500
rpm for 15 h, and 50000 rpm for 13 h. At each speed the
cells were scanned across their radius at 280 or 220 nm. To
confirm equilibrium, a second scan was taken 1 h later and
compared to the first scan. Since low concentrations are
required to measure an accurateKd, absorbances were
measured at 220 nm for all samples. The protein loading
concentrations used were 2.4, 3.2, and 6.4µM for all
samples.

Analysis was performed by a global nonlinear least-squares
method using the program UltraScan version 9.1 (44). For
CCL14 and CCL14 E15A, data were fitted to a one-
component ideal model, and for CCL14 [9-74] and CCL14
[9-74] E15A, the data were fitted to a monomer-dimer-
tetramer equilibrium model; 95% confidence intervals were
estimated by Monte Carlo analysis. CCL14 E15A and
CCL14 [9-74] E15A are single-point mutants replacing
Glu15 to Ala. The mutation was predicted to disrupt the
tetrameric assembly interface where Glu15 is found. The
molecular masses that were calculated from the fit indicated
the oligomeric state of the protein under the specific solution
condition. The density was calculated on the basis of the
composition of the buffer used, via the buffer calculation
module within UltraScan (44). The partial specific volume
(Vj) was calculated on the basis of its primary amino acid
sequence and the temperature (20°C).

Surface Plasmon Resonance Analysis (BIAcore).CCL14,
CCL14 [9-74], CCL14 E15A, and CCL14 [9-74] E15A
binding analyses were performed on a BIAcore 1000
instrument (BIAcore). Primary amine coupling was used to
immobilize CCL14 on a CM4 and CM5 sensor chip
(BIAcore) in flow cell 2 and to immobilize CCL14 [9-74]
(BIAcore) in flow cell 3. Flow cell 1 was used as a reference
surface. The chemokines were immobilized at a concentration
of 5 µg/mL in filtered 10 mM sodium acetate buffer at pH
5.0. The proteins were immobilized by pulsing the injection
of chemokine over the chip surface at a flow rate of 10µL/
min until the desired number of response units (500 RU)
was reached. The binding assays were performed in filtered
10 mM HEPES, pH 7.5, 150 mM NaCl, 3 mM EDTA, and
0.005% Tween 20 at a flow rate of 30µL/min for a total of
2 min. Seven different concentrations, including a zero

concentration, of each chemokine were run. Global fits to
binding curves using a 1:1 binding with the mass transfer
model and separate fits of the association (kon) and dissocia-
tion (koff) rate constants were used, both yielding similar
results. The overallKd was then calculated using the
BIAEVALUATION version 4.1 software (BIAcore).

Calcium Flux Assay.CCR5 transfected 293 T were
detached from a T-75 cell culture flask using cell dissociation
buffer, and after washing two times with HBSS buffer, cells
were resuspended at 2.5× 106 cells/mL. The cells were then
labeled with Fluo-4AM (Molecular Probes no. P-3000MP)
at a final concentration of 4µg/mL for 60 min at room
temperature in the dark. The labeled cells were washed twice
in HBSS buffer and resuspended at 2.5× 106 cells/mL. Then
150 µL of the labeled cell suspension was transferred to a
poly(D-lysine)-coated 96-well plate (Biocoat no. 359109) and
centrifuged at 500 rpm for 1 min. Various concentrations
(50 µL) of CCL14 and CCL14 mutants were added, and the
increase in intracellular calcium was determined using
FLIPR.

HIV InfectiVity Assay.PBMCs were isolated from buffy
coats from HIV-seronegative donors. Cells were stimulated
with anti-CD3 antibody and IL-2 for 48 h followed by
depletion of CD8+ T cells. Then, 150000 cells were seeded
per well in 96-well flat-bottom plates. Cells were preincu-
bated with CCL14 protein in triplicate at a range of
concentrations up to 1600 nM. After 2 h preincubation, cells
were infected with luciferase HIV pseudotyped with the
CCR5 tropic JRFL envelope protein that is capable of a
single round of viral entry and infection (45). Following

Table 1: Data Collection and Model Refinement Statistics

CCL14 CCL14 [9-74]

space group C2 P212121

unit cell parameters
a (Å) 94.3 56.1
b (Å) 78.1 57.6
c (Å) 59.6 85.4
â (deg) 121.7 90.0

data collection statistics
beamline 9.1 SSRL 8.2.1 ALS
wavelength (Å) 1.000 1.000
resolution range (Å) 50-2.23

(2.31-2.23)
50-1.82

(1.89-1.82)
observed reflections 74369 203161
unique reflections 17814 25453
redundancy 4.2 (4.2)b 8.0 (7.3)b

Rmerge(%) 3.9 (10.0)b 5.4 (17.0)b

meanI/σ(I) 30.98 (14.3)b 35.32 (11.2)b

completeness (%) 98.9 (99.2)b 99.6 (96.3)b

refinement statistics
Rcryst(%) 18.7 17.35
Rfree(%)a 23.4 22.786
averageB factor (Å2) 37.739 14.096
root mean square deviation

bond lengths (Å) 0.021 0.013
bond angles (Å) 1.685 1.243

no. of atoms, total 2314 2467
protein 2130 2102
water 184 365

no. of missing residues 40 9
Ramachandran plot (%)

most favored 96.9 95.9
additional allowed 3.1 4.1
generously allowed 0.0 0.0

a Calculated from 5% of data not used in refinement.b Numbers in
parentheses correspond to highest resolution shell (Å).
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48 h of incubation, cells were lysed and assayed for luciferase
activity in a luminometer. The percent entry is calculated
for each dose tested by the following formula: [(level of
luciferase activity observed in the absence of CCL14 protein)/
(level of luciferase observed in the presence of CCL14
protein)] × 100. The level of inhibition is plotted against
concentration, and an IC50 (amount of protein required to
block 50% entry) and IC90 (amount of protein required to
block 90% entry) are calculated.

RESULTS

Structures of CCL14 and CCL14 [9-74]. The structures
of CCL14 and CCL14 [9-74] have been solved by molecular
replacement using the program Phaser (32-34) at a resolu-
tion of 2.2 Å for CCL14 in space groupC2 and 1.8 Å for
CCL14 [9-74] in space groupP212121 (Table 1). The

monomeric subunits of these structures are characterized by
the general CC chemokine fold, consisting of a three-stranded
antiparallelâ-sheet in a Greek key motif, connected by loops
and followed by a C-terminalR-helix (Figure 1A). These
structures also contain some common chemokine features
such as an NH2-terminal â-strand (âNterm), from Ser14 to
Cys17, followed by a shortR310 helix, from Arg27 to Arg29,
which directly precedes the firstâ-strand of the three-
stranded antiparallelâ-sheet. The threeâ-strands that create
the antiparallelâ-sheet are comprised of residues Ile30-Glu35

(â1), Ile45-Thr49 (â2), and Gly52-Thr57 (â3). The C-terminal
R-helix is formed by residues Lys62-Met71 (Figure 1A). Two
disulfide bridges are formed between the following four
cysteine residues: Cys16-Cys40 and Cys17-Cys56. These two
disulfide bridges link the NH2-terminal region withâ3 and
with the hairpin loop betweenâ1 and â2, stabilizing the

FIGURE 1: Secondary structure of the CCL14 monomer and dimer. (A) The CCL14 monomer shows similarities to the conserved CC-type
chemokine fold characterized by three antiparallelâ-sheets followed by a C-terminalR-helix, whereâ-strands are illustrated in blue and
green, helices are shown in yellow and pink, and cysteines which form the two disulfide bonds are shown in yellow. (B) The dimer
interface is composed of amino acid contacts between the NH2-terminal strandsâNterm of each monomer. Two disulfide bonds formed by
the four highly conserved cysteine residues, which help to stabilize the overall structure, are oriented in a similar fashion between CCL14
and CCL5. As seen here the three-stranded antiparallelâ-sheet and COOH-terminalR-helix are the core structural scaffold of the CC
chemokine family. Individual monomers are presented in blue and yellow. Figures were prepared and rendered using MOLSCRIPT version
2.1.2 (63) and POV-Ray (64).

FIGURE 2: CCL14 and CCL14 [9-74] crystal structures. (A) The CCL14 crystal structure is illustrated where each color represents monomers
A, B, C, and D in the asymmetric unit. The asymmetric unit consists of a tetramer which is built by two dimers such that dimer 1 is
composed of the monomers A-B (red-blue) and dimer 2 is composed of monomers C-D (yellow-teal). By a 2-fold symmetry operation,
the two tetramers form an octameric assembly. (B) The CCL14 [9-74] crystal structure is illustrated where each color represents monomers
E, F, G, and H in the asymmetric unit. This tetrameric assembly differs from that of the CCL14 structure shown in (A). There can be no
octamer assembly that can be formed by any symmetry mates of CCL14 [9-74] in the crystal. Two dimers are shown, where dimer 1 is
composed of monomers E-H (teal-yellow) and dimer 2 is composed of monomers F-G (blue-red). The figure on the right of the
tetramer zooms into the core of the tetrameric assembly where residue Glu15 resides. The numbers in the zoomed-in window represent the
monomer (F or H) followed by the residue number. Figures were prepared and rendered using MOLSCRIPT version 2.1.2 (63) and POV-
Ray (64).
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monomeric structure. Interactions between two antiparallel
â-strands (âNterm-âNterm) stabilize the dimer without a
covalent bond between them (Figure 1B). The two ho-
modimers (A-B and C-D of CCL14 or E-H and F-G of
CCL14 [9-74]) assume the same intermolecular interaction
resulting in the same dimeric configuration. At this high
resolution it is very clear that the first nine amino acids on
the NH2 terminus are not present in the electron density of
any monomers in the CCL14 structure, indicating high
mobility in this region.

Crystal Structures ReVeal Higher Order Oligomers for
CCL14 and CCL14 [9-74]. Although both CCL14 and
CCL14 [9-74] are similar in monomeric and dimeric
structures, they differ slightly among those found in the
asymmetric unit. CCL14 forms a tetramer in the asymmetric
unit and by 2-fold symmetry creates an octamer. In all four
monomers (A, B, C, and D) in CCL14, the first nine residues,
Thr1-Gly9, were not present in the electron density maps.
Lys72-Asn74 in monomer A and Asn74 in monomer D are
also disordered (Figure 2A). CCL14 [9-74] also packs as a
tetramer (monomers E, F, G, and H) in the asymmetric unit,
but in contrast to the octameric quaternary state of CCL14,
it does not form a higher order oligomer with any symmetry
mates. In monomers F, G, and H of CCL14 [9-74], the
COOH-terminal residues Lys72-Asn74 are disordered (Figure
2B).

To test if the difference in quaternary structure plays a
role in the activity of the chemokine, we designed two point
mutants: CCL14 E15A and CCL14 [9-74] E15A. The
CCL14 [9-74] E15A mutation was designed to destabilize
the tetramer assembly by placing a point mutation in the
dimer interface at residue Glu15 (Figure 2), and CCL14 E15A
was created as a control. Interestingly, the point mutation
did alter the tetrameric arrangement of CCL14 [9-74] to
that of CCL14 forming the octameric packing, and as
illustrated below, CCL14 E15A remained inactive, but
CCL14 [9-74] E15A increased HIV inhibition by 10- and
50-fold (IC50 and IC90) compared to that of the wild type.

Concentration-Dependent Inhibition of HIV-1 Entry and
Ca2+ Flux ActiVity. The ability of the CCL14 proteins to
inhibit entry of HIV-1 was performed by testing their efficacy
to block entry of a CCR5 tropic recombinant HIV-1 virus
containing the luciferase reporter gene into activated CD4
T-cells. While both CCL14 [9-74] and CCL14 [9-74]
E15A mediated greater than 95% inhibition of HIV-1 entry,
neither CCL14 nor CCL14 E15A demonstrated any dose-
dependent inhibition of HIV-1 entry as shown for a
representative donor in Figure 3A. The IC50 and IC90

concentrations for CCL14 [9-74] were 146 nM and 6.3µM,
respectively, while for CCL14 [9-74] E15A they were 14.2
and 260 nM. Hence introduction of the E15A mutation
reduces the IC50 and IC90 concentrations by 10- and 50-fold.

Ca2+ flux assays were completed in parallel to test the
ability to signal through CCR5 by inducing an increase in
intracellular Ca2+ concentrations. Correlating with the data
from the HIV-1 infectivity assay, the truncated CCL14
[9-74] and CCL14 [9-74] E15A were able to induce high
levels of intracellular Ca2+, demonstrating their ability to bind
to CCR5 and signal. In contrast, mobilization of intracellular
Ca2+ was not detected by CCL14 and CCL14 E15A (Figure
3B). We also note that there is an insignificant difference
between CCL14 [9-74] and CCL14 [9-74] E15A in the

calcium flux assay. Although this contrasts to the CCL14
[9-74] E15A data showing an increased inhibition of HIV-
infectivity, as reflected in the∼10-fold reduction of the IC-
50 concentration compared to CCL14 [9-74], alteration of
the tetrameric assembly of CCL14 [9-74] by the introduction
of the E15A mutation is an observation potentially useful in
developing anti-HIV therapeutics.

Monomer Dissociation Rates Determined by Analytical
Ultracentrifugation.Crystal structures of CCL14 and CCL14
[9-74] dimers do not show conformational difference
between the two to account for the difference in functional
binding. Since CCL14 is found in human plasma at a
concentration around 10 nM (27), sedimentation equilibrium
absorbance analytical ultracentrifugation experiments were
used to measure the oligomeric state at low concentrations.

FIGURE 3: HIV entry inhibition and calcium mobilization by CCL14
proteins. (A) Inhibition of CCR5-tropic HIV-1 virus infection of
activated human PBMCs by CCL14 proteins was determined.
CCL14 [9-74] and CCL14 [9-74] E15A blocked greater than 90%
of HIV infection while full-length CCL14 proteins had no dose-
dependent effect. CCL14 [9-74] demonstrated an IC50 of 146 nM
and an IC90 of 6.3 uM while CCL14 E15A [9-74] demonstrates
IC50 and IC90 of 14.2 and 260 nM. (B) Intracellular Ca2+ levels
were measured in the presence of CCL14 and mutants at four
different chemokine concentrations (bottom row). Ca ionomycin
and buffer only were used as positive and negative controls,
respectively. Ca ionomycin controls are illustrated in the left four
boxes in the first row, and the buffer only control is shown in the
right four boxes in the first row. Full-length CCL14 and CCL14
E15A do not produce an increase in intracellular Ca2+ levels (top
two rows under controls). Truncated CCL14 [9-74] and CCL14
[9-74] E15A show an increase in intracellular Ca2+ levels at
concentrations from 0.2 to 1µM (bottom two rows). Their effective
concentrations are approximately similar to each other.

10012 Biochemistry, Vol. 46, No. 35, 2007 Blain et al.



By measuring absorbance at 220 nm in 10 mM phosphate
buffer, CCL14 and CCL14 E15A remain homogeneously as
a dimer in solution at a concentration as low as 100 nM,
indicating that theKd for the monomer-dimer equilibrium
must be far less than 100 nM. This analysis is insufficient
to show if they will form monomeric states (Table 2), when
diluted to in vivo concentration. However, data for CCL14
[9-74] and CCL14 [9-74] E15A were fit very well to a
monomer-dimer-tetramer model using the program Ul-
traScan (44), and the equilibrium concentration (EC) of the
dissociation of tetramers to monomers was found to be in
the low micromolar concentrations, with EC1,4’s of 4.98 and
2.36 µM for CCL14 [9-74] and CCL14 [9-74] E15A,
respectively (Table 2, Figure 4).

Since absorbance-based analytical ultracentrifugation is not
suitable to derive the monomer-dimer equilibrium constants
smaller than 100 nM for full-length CCL14 (Table 2), surface
plasmon resonance (BIAcore) analysis was performed as an
alternative method to estimate the binding affinities of the
chemokines CCL14 and CCL14 [9-74]. We assumed that,
at very low concentration, the noncovalent CCL14 dimers
must dissociate into monomers. In these experiments, each
chemokine was immobilized at a low concentration where
it was extensively diluted to a monomeric state on the
BIAcore chip surface. A blank surface in flow cell 1 was
used as a control. At these low concentrations, therefore,
protein binding of CCL14 and CCL14 [9-74] in the eluent
can simulate dimerization as measured as their ability to bind
to their corresponding immobilized partner. The equilibrium
dissociation constants,Kd’s, for CCL14 and CCL14 [9-74]
are 9.84 and 667 nM, respectively, and theKd’s for CCL14
E15A and CCL14 [9-74] E15A are 15.3 and 664 nM,
respectively. These results show that the dimerization stability

of CCL14 is about 60-fold higher than that of CCL14
[9-74], and CCL14 E15A is about 40-fold higher than that
of CCL14 [9-74] E15A.

DISCUSSION

Proteolytic processing of the first eight amino acids
activates CCL14 prior to its binding to CCR5 (29, 30, 46).
X-ray crystallographic analysis shows that CCL14 and
CCL14 [9-74] do not have conformational differences in
their monomeric fold and dimeric assemblies, thus also
revealing similarities to other CC chemokine structures such
as CCL5 (47, 48), CCL4 (49), and CCL2 (50). A study on
NH2-terminal processing through the creation of CCL14
variants with lengths ranging from CCL14 [6-74] to CCL14
[12-74] has shown that only CCL14 [9-74] and CCL14
[10-74] block HIV infectivity (30). Furthermore, it is well-
known that certain residues in the NH2-terminal region of
many other CC chemokines are involved in controlling
receptor binding and activation (11, 51-55). Many have also
revealed that NH2-terminal modifications to chemokines can
result in antagonistic, agonistic, or superagonistic properties.
A recent study on the NH2-terminally modified CCL14
analogue,n-nonanoyl-CC chemokine ligand 14, shows the
induction of the internalization of CCR3 and desensitization
of CCR3-mediated calcium release (56). The amino acids
directly adjacent to the first eight residues in CCL14 may
also be important for identification by the receptor such that
the first eight amino acids need to be removed in order for
binding and correct recognition to occur. However, in light
of our structural analysis it is unclear how the flexibility of
the first eight or nine amino acids may be an important
property that affects the ability of CCL14 to bind to CCR5.

Table 2: Equilibrium Sedimentation Analytical Ultracentrifugation Analysis of CCL14 and CCL14 [9-74]

sample MW (Da) Kd1,2 (µM) Kd1,4(M3) best fit model

CCL14 1.628× 104 (+85/-67)a ideal one component
CCL14 E15A 1.677× 104 (+68/-71)a ideal one component
CCL14 [9-74] 8284 (+665/-496)a 12.32 (+52.34/-9.33)a 12.35× 10-17(+9.94× 10-17/-6.56× 10-17)a

(EC1,4) 4.98µM)b
monomer-dimer-tetramer

CCL14 [9-74]
E15A

8336 (+879/-1036)a 10.00 (+14.60/-3.90)a 1.319× 10-17(+1.25× 10-17/-0.678× 10-17)a

(EC1,4) 2.36µM)b
monomer-dimer-tetramer

a The numbers in parentheses represent the 95% confidence intervals for the determined parameters.b EC represents the equilibrium concentration.

FIGURE 4: Self-association profiles for CCL14 [9-74] and CCL14 [9-74] E15A. Self-association curve-fit profiles were generated for (A)
CCL14 [9-74] and (B) CCL14 [9-74] E15A from the analytical ultracentrifuge data using the program UltraScan (44). See Materials and
Methods for analytical details. The lines represent the different oligomeric states present in the samples as follows: black (monomer), blue
(dimer), and red (tetramer).
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Here we suggest that CCL14’s ability to monomerize
affects its activity. Using analytical ultracentrifugation stud-
ies, performed at low concentrations which were closer to
those found in vivo, the dissociation of dimers to monomers
of CCL14 [9-74] happens at near-physiological concentra-
tion. If we assume that the monomerization of CCL14 is a
step in activation, it is unclear how the flexible NH2-terminal
eight residues contribute to the stability of the dimer. The
possibility that the monomer is the active form of chemokines
was first proposed when the functional unit of a chemically
synthesized analogue of the CXC, chemokine IL-8, was
shown to be a monomer (57). Since then many studies have
been carried out on different CC chemokines including CCL1
(58), CCL2 (51, 58), CCL3 (59, 60), CCL4 (52, 53), CCL7
(61), and CCL8 (61), all suggesting that the monomer is
important for binding and activation of chemokine receptors.
Some analogues of other CC chemokines obtained by
modification to their NH2 terminus still bind to their receptors
but do not signal and thus act as antagonists. Therefore,
additional mechanisms of activation caused by NH2-terminal
alterations may also play a role (62).

The chemokine activity assays, analytical ultracentrifuga-
tion data, and BIAcore data presented here show that inactive
CCL14 forms an approximately 60-fold more stable dimer
than that of active CCL14 [9-74]. Together, these results
suggest how the CCL14 dimer may result in the active
CCL14 [9-74] monomer at physiological concentration.
Although CCL14 is found circulating in the blood at 10 nM
(27), it is well-known that chemokines form gradients when
they home to sites of infection. With this in mind, CCL14
is probably at concentrations that are higher than 10 nM at
the time of activation and are near the concentration where
CCL14 is dimeric and CCL14 [9-74] is monomeric and thus
may account for their difference in activity.
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