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ABSTRACT: In the chemokine family, we characterize two examples of evolutionarily conserved unfavorable
sequence motifs that affect quaternary structure. In contrast to the straightforward action of favorable
sequences, these unfavorable motifs produce interactions disfavoring one outcome to indirectly promote
another one but should not be confused with the broad sampling produced by negative selection and/or
design. To identify such motifs, we developed a statistically validated computational method combining
structure and phylogeny. This approach was applied in an analysis of the alternate forms of homodimer-
ization exhibited in the chemokine family. While the chemokine family exhibits the same tertiary fold,
members of certain subfamilies, including CXCL8, form a homodimer across the �1 strand whereas
members of other subfamilies, including CCL4 and CCL2, form a homodimer on the opposite side of the
chemokine fold. These alternate dimerization states suggest that CCL4 and CCL2 contain specific sequences
that disfavor CXCL8 dimerization. Using our computational approach, we identified two evolutionarily
conserved sequence motifs in the CC subfamilies: a drastic two-residue deletion (∆RV) and a simple
point mutation (V27R). Cloned into the CXCL8 background, these two motifs were experimentally proven
to confer a monomeric state. NMR analyses indicate that these variants are structured in solution and
retain the chemokine fold. Structurally, the motifs retain a chemokine tertiary fold while introducing
unfavorable quaternary interactions that inhibit CXCL8 dimerization. In demonstrating the success of our
computational method, our results argue that these unfavorable motifs have been evolutionarily conserved
to specifically disfavor one dimerization state and, as a result, indirectly contribute to favoring another.

Although protein interactions can act both favorably and
unfavorably, they are usually thought to be favorable and
act in specific ways to help bring about a certain outcome
in protein structure. Interactions can also be unfavorable, but
by their very nature, they are not often thought to actively
contribute to protein structure. In addition, discrete motifs
producing unfavorable interactions have not been widely
studied, because they are predominantly nonspecific and
produce negative results that cannot be interpreted. However,
specific unfavorable interactions have been used in protein
design to prevent certain outcomes from occurring (1, 2) and
have been characterized in the termination of �-sheet
structures (3). These unfavorable interactions should not be

confused with the results from negative selection, where
positive interactions are directly removed (4), or general
negative design (5), where certain interactions are disfavored
(6). Although general negative design strategies produce
unfavorable interactions, specific motifs are not used to
achieve their goal. In this work, we want to identify
evolutionarily conserved motifs that confer unfavorable
interactions and characterize their role in determining protein
quaternary structure. To accomplish this, we developed a
predictive method combining structural with phylogenetic
analysis that is validated using Bayesian variable selection
(7). This approach was used in an investigation of how
unfavorable interactions contribute to the chemokine dimer-
ization state.

Chemokines are extracellular signaling proteins that play
a general role in the innate and adaptive immune response,
angiogenesis, cancer, and wound healing (8–11). In mam-
mals, chemokines are separated into four main groups on
the basis of the number of amino acids between the conserved
cysteines (C) at the N-terminus of the protein (CXC, CC,
CX3C, and C, where X is any amino acid). The largest group
of chemokines consists of the CXC chemokines (21 human
members) and the CC chemokines (29 human members) (12).
With the exception of some transmembrane domains con-
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taining chemokines, these proteins are generally small
molecules (∼8 kDa). While the overall level of amino acid
sequence conservation of the family is low, they all share
the same tertiary fold of a single R-helix across a three-
stranded antiparallel �-sheet (Figure 1) suggesting that they
most likely originated from a common ancestor. At the
quaternary level, chemokines can form dimers, tetramers,
or even heterodimers (13, 14). Possible roles of this oligo-
merization have been linked to chemokine function (15), such
as suppression of specific surface-dependent neutrophil
responses (16) and increasing in Vitro antiproliferative effects
(17). For homodimers, the quaternary structures of chemok-
ines from different groups dimerize in different ways. As
shown in Figure 1, CXCL8 chemokines interact across their
�1 strands to form a globular dimer, and in contrast, CCL4
dimerizes with its uncoiled N-terminus in a more extended
conformation. While seemingly straightforward, attempts to
disrupt the CXCL8 homodimer and retain the chemokine
fold have required a set of mutations (13, 14, 16, 18, 19)
from simultaneous changes in both the �1 strand and R-helix
to a chemical modification of L25 (Table 1). In this work,
we used a directed, computational approach to discover
evolutionarily conserved motifs that produce a correctly
folded CXCL8 monomer.

Because all chemokines share a common tertiary structure
yet the CXC and CC subfamilies generally interact with

different quaternary forms (Figure 1), we hypothesized that
there must be motifs in the CC subfamily (dimerizing
between their N-termini) that disfavor CXCL8 dimer forma-
tion across the �1 strand but still conserve the chemokine
fold. To discover these sequence elements, our approach to
sequence analysis focused on increasing the magnitude of
the signal of conserved differences and decreasing the noise
from differences caused by random mutations. Therefore,
we limited our sequence analysis structurally to only the
CXCL8 dimerization region (Figure 2) and evolutionarily
to two CC clades (the one including CCL4 and another
including CCL2; see Figure S1). The results underwent
rigorous statistical validation to separate true negative motifs
from all the other noise produced in an alignment (7). On
the basis of this work, we created three variants of CXCL8:
two mutants that should induce a stable monomer and one
control mutant that should not. Surprisingly, one of the
predicted monomeric mutations involves a very drastic two-
residue deletion within the dimerization interface. For the
two evolutionarily conserved motifs from the CC family
placed into a CXCL8 background, we experimentally prove
they inhibit �1 strand dimerization, while retaining the
chemokine fold. The control exhibited only a moderate
decrease in the level of dimerization. These results demon-
strate that sequences conferring unfavorable interactions are
evolutionarily conserved, and the implications of these
findings related to chemokine quaternary structure are
discussed.

EXPERIMENTAL PROCEDURES

CXCL8 Dimer and Monomer Surface Area Calculation.
CXCL8’s molecular surface area across its dimer interface
(20) was calculated using a Voronoi polyhedron-based
procedure (21). The residue interactions are provided in Table
S1. We used all 30 NMR1 structures of the CXCL8 dimer
in PDB entry 2IL8 (22) for our calculations to allow for and
sample the possible fluctuations across the dimer interface.
Only contacts occurring in more than 15 of 30 structures
were considered as an interaction and are shown in Figure
2. Values reported in Table S1 are averages.

Sequence Alignment. All the protein sequences of the
vertebrate CC chemokines that were highly similar to
CXCL8 were downloaded from the Cytokine Family cDNA
Database (12). Sequences from signal peptides were not
included. Using the phylogenetic tree shown in Figure S1, a
ClustalW (23, 24) or DiAlign (25) (depending upon the
circumstances) multiple-sequence alignment was created
using all the sequences of CC chemokines for every single
node and starting from the bottom of the tree. The alignment
in the initial node was found to be significant in cases where
the multiple-sequence alignments in the area of CXCL8’s
dimerization remained partially unchanged in the smaller
subtrees. Using this procedure, two major subtrees with
constant differences in the area of CXCL8’s �1 strand were
constructed and named clade CCL4 (29 sequences in the blue
subtree, Figure S1) and clade CCL2 (16 sequences in the
red subtree, Figure S1). The sequences in these two clades

1 Abbreviations: AUC, analytical ultracentrifugation; NMR, nuclear
magnetic resonance; PDB, Protein Data Bank; SEC, size exclusion
chromatography.

FIGURE 1: Comparing the quaternary structure of the CXCL8 and
CCL4 homodimers. All images were created using PyMOL (66).
(A) Showing PDB entry 3il8 (67), CXCL8 dimerizes using the �1
strand and the R-helix. (B) Showing PDB entry 1hum (34), CCL4
dimerizes using the largely unstructured N-terminal region and the
loops between strands �2 and �3. This interface forms eight
interdomain hydrogen bonds: four from the small section of the
antiparallel �-sheet formed by the �0 strands and four more
backbone-backbone hydrogen bonds with the �3 strand. Apart
from interactions with the �0 and �3 strands, CCL4’s homodimer
interacts primarily through hydrophobic interactions between
residues that do not form canonical secondary structure elements.
(C) CXCL8’s �1 strand residues involved in the antiparallel �-sheet
quaternary interaction are shown in space filling models. Overall,
the CXCL8 interface forms eight hydrogen bonds and the molecular
area of interaction is 361 Å2, where 303 Å2 comes from side chain
interactions and only 58 Å2 comes from backbone interactions.
Specific details are illustrated in Figure 2. (D) Space filling models
of the corresponding residues shown on CCL4 that are involved in
CXCL8’s �1 strand antiparallel �-sheet quaternary interaction.
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were used to create the logo figures. To ensure the accuracy
of the gap discovered at positions R26 and V27 of CXCL8
(Table 1), the alignment was repeated using DiAlign, which
does not use gap penalties but the best diagonal without gaps
in the alignment matrix (26). This alignment also predicted
the two-residue deletion (data not shown). While the phy-
logenetic tree in Figure S2 suggests that these two mutations
diverged from a common ancestor, it could equally be the
case that a monomeric ancestor existed. This analysis
considers only the differences between sequences and does
not include bias about how they originated.

Validation by Bayesian Variable Selection. The method
itself was discussed in more detail previously (7). We
compared sequences only within the area of interaction
defined above based on a simple hydropathy profile (27).
To identify structural dissimilarities in protein alignments,
we have applied the well-known variable selection method
for classification with probit models proposed by Sha et al.
(28). Bayesian variable selection is done via a binary vector
with p entries that identifies the different sets of variables.
The marginal posterior distribution of this binary vector is
derived, and Markov chain Monte Carlo algorithms are used
to sample from its posterior distribution. The method allows
the identification of sets of discriminating variables and the

classification of future samples (via least-squares or Bayesian
model averaging). A site is identified as significant when
there is a high posterior probability that the site is dissimilar
(has had a mutation). Conversely, those sites that are not
identified are those that have a small probability of being
dissimilar. Classification of strong and weak was determined
on the basis of a comparison from two runs using different
input parameters: strong sites were those identified by both
runs and weak ones those identified by only one. The
sensitivity of the method to the input parameters has been
discussed previously (28). Because we are working from only
one CXCL8 sequence, we needed to cross-validate our
results. Once we identified the sites with a high posterior
probability of being dissimilar, we tested how well we could
discriminate between the groups (for example, CXCL8 from
CCL2) on the basis of these sites. Taking one CCL2 sequence
out, we try to “predict” whether this sequence is more similar
to CXCL8 or to the other CCL2. If the answer should be
the latter, it was considered a zero error.

Construction and Purification of Mutants. All the CXCL8
mutants were created in the pET-32a+ (Novagen) vector
using Quikchange mutagenesis (Stratagene) and were con-
firmed via sequencing. Protein purification for all mutants

Table 1: CXCL8 and Its Variantsa

a In section A are listed the wild-type CXCL8 amino acid composition and the number and secondary structure of residues involved in the dimer
interface shown in Figures 1A,C, and 2. Secondary structure is given by sheet (E), helix (H), and coil (C) as defined by DSSP (65). The periods
between residue numbers represent breaks in the sequence. The statistical analysis is given in section B. BVS stands for Bayesian variable selection.
Amino acid substitutions shown in black and underlined represent strongly identified sites, whereas those shown in black are weakly identified sites (see
Experimental Procedures). Sites not predicted are shown in gray with the wild-type amino acid. The deltas (∆) are deleted residues in sections B-D.
While analysis across all the residues was shown for completeness, this study focuses on only the analysis across the �1 strand (residues 24-28) and
only those unique to the CC subfamily clade. For instance, we did not include the L25Y substitution, since it is seen in analysis with both clades.
Section C lists CXCL8 variants used in this study. Mutations are shown in black, while the unchanged native sequence is shown in gray. Again, the
complete wild-type sequence is shown along with the three variants used in this study: ∆RV, V27R, and R26A/V27A. In addition, we show the
dimerization constant Kd (micromolar) and indicate monomer/dimer state, where M refers to monomer, D to dimer, and wD to weak dimer. Section D
gives the same information for published mutations from previous experiments in the CXCL8 interface ordered by year the study was published.
Following the same conventions, we show the amino acids to which residues are mutated in black and the native unchanged sequence in gray. L′
represents an N-methylleucine.
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and the wild type (WT) used a standard chemokine refolding
protocol as described previously (29).

Size Exclusion Chromatography. The purified protein was
first dissolved into 20 mM sodium phosphate buffer (pH 2.5)
containing 150 mM NaCl, and then the pH of the solution
was adjusted to 6.7 with 4 M NaOH. The solution was
centrifuged at 12000 rpm for 20 min to remove any possible

precipitation. The dissolved refolded protein (∼0.5 mL) was
loaded onto a Superdex G75 (HR 10/30) gel filtration column
(GE Healthcare) equilibrated with 20 mM sodium phosphate
buffer (pH 6.7) containing 150 mM NaCl. The protein was
eluted with this buffer and run using the Pharmacia Akta
system. The gel filtration column was calibrated with several
standard marker proteins (Bio-Rad) in the same running
buffer, and the molecular masses of chemokine variants were
estimated using the calibrated standard curve. All sample
elutions were performed at a rate of 0.4 mL/min; 1 mL
fractions were collected, and the protein content was analyzed
by 12% SDS-PAGE.

Analytical Ultracentrifugation (AUC). Sedimentation equi-
librium data were collected on a Beckmann XL-A analytical
ultracentrifuge using the An-60 Ti rotor at 25 °C. The
following sets of speeds were used for each mutant: 26500
and 36500 rpm for R26A/V26A, 26500, 37500, and 48000
rpm for ∆RV, and 25000, 27500, 30000, 32000, 34000,
36000, and 38000 rpm for V27R. The absorbance for all
three mutants was measured at 280 nm to determine the
concentration of the protein during the sedimentation equi-
librium. For V27R, the absorbance was measured at two
additional wavelengths (235 and 245 nm). For each run,

FIGURE 2: CXCL8 homodimer interaction interface. (A) Quaternary
contact plot. (B) Residues across the �1 strand interface. For panel
A, contacts were calculated using Qcontacts (20) and are listed in
Table S1. Because the dimer interface is symmetric across the
diagonal, we can plot the hydrophobic carbon-carbon contacts as
filled squares (9) above the diagonal and the hydrogen bonds as
filled triangles (2) below the diagonal. The plot clearly shows the
three areas of interaction across the dimer interface. The R-helices
from each CXCL8 monomer form a loose hydrophobic network,
and this interaction between helices is centered on the interaction
between the two L66 residues. The next part of the CXCL8 interface
involves the C-terminal, R-helical residues 65-72 interacting with
residues 27-37 running from the �1 strand into and through the
turn between the �1 and �2 strands. In addition to the many
hydrophobic contacts, two hydrogen bonds are formed (one from
each monomer) between the side chain oxygen of T37 and the
backbone carbonyl of A69. The last area across the two �1 strands
of the CXCL8 homodimer contributes >50% of the interaction
surface area as well as hydrogen bonds to the interface. Each
monomer’s edge �1 strand from residue 23 to 28 forms a regular
antiparallel �-sheet interaction that unites a single six-stranded
�-sheet with six backbone hydrogen bonds and a large, continuous
area of interaction. For the whole interface, residue R26 sits on
the axis of symmetry (interacts with the same residue on the
opposing monomer) and coincidentally buries the most surface area.
This is clearly shown in panel B, where residues E24, R26, and
I28 are shown in the antiparallel sheet between the two �1 strands.

FIGURE 3: Logo plots of the �1 strand region. Three multiple-
sequence alignments are represented using Weblogo (68). The
overall height of the stack indicates the conservation at that position
in the multiple-sequence alignment, and the height of the individual
single-letter codes within the stack indicates the relative frequency
of the corresponding amino acid at that position. The x-axis values
refer to the residue position of the mature human CXCL8. Color
coding for the class of amino acids: green and purple for polar,
blue for basic, red for acidic, and black for hydrophobic. (A)
Problems of a global multiple-sequence alignment over the entire
CC chemokine family with the CXCL8 sequence. One is the
reduction of the magnitude of the signal (see the smaller letters of
the Arg residues at positions 27 and 28), and another is the apparent
+1 residue shift in the middle of the alignment as compared to the
two following alignments (see the shift in the Tyr residue at position
26 and the Arg residues at positions 27 and 28). (B) Results of the
multiple-sequence alignment comparing the CXCL8 sequence with
the sequences from the clade surrounding CCL4. The deletion
in the center at positions 26 and 27 is quite evident. (C) Results of
the multiple-sequence alignment comparing the CXCL8 sequence
with the sequences from the clade surrounding CCL2. Again, the
conservation of the Arg at positions 26 and 27 is very apparent.
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protein was dissolved in sodium phosphate buffer with 150
mM NaCl at pH ∼6.2. Initial protein concentrations were
110 µM for R26A/V26A and 25, 50, and 111 µM for ∆RV.
For V27R, eight different concentrations between 50 and 500
µM were used. The data were processed using the Ultra Scan
Data analysis software (30). The calculated molecular masses
and dissociation constants as well as their respective standard
deviations was calculated on the basis of a Monte Carlo
simulation of the initial global fitting over all the data
collected.

NMR Spectroscopy. NMR samples of ∼1 mM protein for
all the variants were prepared in 150 mM NaCl, 20 mM
sodium phosphate (pH 6.7), 0.01% NaN3, 0.1 mM DSS, and
a 95% H2O/5% D2O solvent mixture. The spectra were
collected on a Varian Inova 600 MHz spectrometer at 25
°C. 1H, 13C, and 15N chemical shifts were referenced to
internal DSS (31). Sequence specific backbone assignments
of 13CR, 13C�, and 15N were obtained from CBCA(CO)NH
and CBCANH experiments (32). For structure comparison,
1H-15N HSQC (33) spectra were acquired with 512* points
in the 1H (direct) dimension and 64* points in the 15N
(indirect) dimension, where n* represents n complex points.
The spectral width for 1H was 8000 Hz and for 15N was
1700.68 Hz. Total acquisition times were 64 ms for the 1H
and 37.6 ms for the 15N dimension. The relaxation experi-
ments were performed according to the following. The spin-
lattice (T1) and spin-spin (T2) values were determined for
∼1mM 15N labeled CXCL8_∆RV, from 15N-1H-HSQC
spectra collected using pulse sequences described above.
Intensities of cross-peaks were obtained from peak-picking
routines provided in the software PIPP package (70). Data
from each amino acid residue was extracted in a straight-
forward fashion by measuring the intensities of cross-peaks
in 15N-1H-HSQC spectra as a function of a relaxation delay.
The 15N T1 data was collected with 15N delays of 0.02, 0.1,
0.12, 0.18, 0.25, 0.36, 0.52, 0.76, 1.00, and 1.25 s. T2 data

was collected using 15N delays of 32, 48, 64, 80, 96, 128,
144, 160, 192, and 240 ms. The T1, T2 data sets were
processed using software nmrPipe (71). Data was excluded
from the correlation time calculation if either T1 or T2

differed from the average value by >1 SD.

RESULTS

Structural Analysis of the Dimer Interfaces. We go into
only as much detail comparing the CXCL8 and CCL4
interfaces as necessary to provide background to our analysis,
since this comparison has been made previously (34) and in
greater evolutionary and molecular detail (35). For the sake
of consistency, we follow the same nomenclature. The
monomers are 18% identical with each other in sequence,
yet both exhibit the same fold (CR rmsd between CXCL8
and CCL4 of 1.6 Å) as shown in Figure 1: a single R-helix
over a �-sheet arranged in a Greek key motif (all the
�-strands are antiparallel to each other and are numbered
from the N-terminus �0, �1, �2, and �3). Even though they
are so similar, each possesses certain unique features. CCL4
exhibits a small, extra section of �-sheet structure near the
N-terminus, while CXCL8’s R-helix is one turn longer at
its C-terminal end. As Figure 1 clearly shows, CCL4 and
CXCL8 dimerize quite differently. The CCL4 homodimer
is elongated and interacts primarily through N-terminal �0
strand residues 2-16 with two areas on the opposing
monomer: the same residues as well as residues 46-51 of
the �3 strand (Figure 1B). In contrast, the CXCL8 dimer is
more globular, and the dimerization interface appears more
uniform (Figure 1A and highlighted in Figure 1C). From an
analysis of quaternary interactions (20), the CXCL8 dimer
interface combines interactions across three areas (Figure 2
and Table S1). Of the three, the interaction area that has
drawn the most focus is the �1 strand, since it contributes
the most surface area and hydrogen bonds to the homodimer
interface (35). In contrast, the �1 strand does not contribute
at all to the CCL4 homodimer, and as emphasized in Figure
1D, CCL4’s �1 strands do not contact each other in its dimer
state. For these reasons, we have focused our sequence
analysis on the �1 strand to identify the inhibitory sequence
elements in the CC family of chemokines that disfavor the
CXC homodimerization state.

Identifying ConserVed Sequences Conferring NegatiVe
Interactions. Structurally limiting our comparison to only a
fragment of the CXCL8 sequence and evolutionarily to only
CC chemokine subfamilies is unlike previous work that has
tried to mutate the conserved residues found from an alignment
over the entire chemokine sequence (13, 14, 16, 18, 19, 35).
As shown in Figure 3A, the breadth of such an alignment
diminishes the conservation signal of all residues and the
global alignment misaligns this region by a single-residue
shift toward the C-terminus. As a result, many attempts to
create a stable monomer have been performed, and each has
used multiple point mutations (Table 1). Instead, we per-
formed a more focused and statistically rigorous analysis that
considered only those residues involved in the �1 strand of
the CXCL8 dimer interface and also limited the comparison
of the CXCL8 sequence to only an evolutionarily related
subset or clade of the CC chemokine family. Although the
approach is more thoroughly discussed in Experimental
Procedures, we briefly summarize the steps and reasoning

FIGURE 4: Size exclusion chromatography. SEC is shown for WT
CXCL8, the ∆RV variant, and the R26A/V27A mutant. The black
line shows the expected earlier position for the dimer, and the gray
line represents the expected later position for the monomer. Elution
volumes of the peak are shown on the x-axis.
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behind it. The clade analysis is based on the hypothesis that
proteins with the same tertiary fold but different quaternary
structure must have taken separate evolutionary paths from
a common ancestral sequence and may have selected
different mechanisms to achieve the same result. The choice
of sequences to include in our clade analysis was defined
by the branches in a phylogenetic tree of the CC chemokines
(Figure S1). As the last step, the significance of our results
was verified using a rigorous statistical method based on
Bayesian variable selection (7) to filter out any insignificant
results due to the low complexity of the sequence space.

On the basis of this procedure, we were able to identify a
set of mutations that help us understand how the CC
chemokine families negatively design against CXCL8 dimer-
ization (summarized in Table 1). Because CCL4 possesses
the same fold as CXCL8 yet dimerizes differently [as
explained above (35)], our first comparison uses the clade
surrounding CCL4. The sequence alignment shown in Figure
3B clearly indicates a two-residue deletion of R26 and V27
in the �1 strand. While a number of other residues exhibit
strong conservation, only the two-residue deletion and the
L25Y mutation exhibited statistical significance (Table 1).
To further test this approach, we also made the same limited
sequence comparison of CXCL8 with the CCL2 sequence
clade. Sharing the same chemokine fold, CCL2 dimerizes
in a fashion similar to that of CCL4 (36) but also shares a
low level of sequence identity with CXCL8. As corroborated
by our statistical analysis, Figure 3C highlights the existence
of the two Arg residues in the center of the �1 strand created
by a V27R mutation. Because we wanted to understand the
sequence elements conferring negative interactions specific
to each evolutionary branch, the L24Y mutation was
disregarded since it was conserved across both the CCL4
and CCL2 clades. Therefore, our analysis produced two sets
of negative interaction elements that break up a CXCL8
dimer yet retain the chemokine fold: a deletion of residues
26 and 27 (∆RV) and a mutant creating a charge repulsion
(V27R). As a control to test whether removal of the side
chains or the rearrangement caused by the deletion is more
important, the R26A/V27A double mutation was also
introduced.

Monomeric State of the Mutants. The two variants of
CXCL8 (∆RV and V27R) along with R26A/V27A and the
WT control were constructed and purified as described in
Experimental Procedures. It is predicted that making these
mutations in CXCL8 will abrogate the dimer. For the sake
of clarity, we will further refer to these mutations using their
abbreviated names indicated in the previous sentence and
noted in Table 1. Size exclusion chromatography (SEC) and
analytical ultracentrifugation (AUC) were used to investigate
the quaternary state. In the SEC analysis, we compared the
elution profiles of WT CXCL8 to those of the ∆RV and
R26A/V27A mutants of CXCL8 (Figure 4.) The major peak
in the ∆RV profile eluted at a volume later than that of the
WT that is quite similar to known CXCL8 monomeric
mutants (29). In contrast, the R26A/V27A control variant
of CXCL8 elutes only slightly later than wild-type CXCL8,
but significantly before known monomeric variants. This
similarity in elution profile to the WT suggests that the R26A/
V27A variant forms a dimer in solution. To further verify
the dimerization status of these variants, the more rigorous
AUC experiment was carried out. A single run for each

FIGURE 5: Individual analytical ultracentrifugation runs. Single AUC
residuals (top) and fits (bottom) are shown for (A) ∆RV, (B) the
V27R variant, and (C) the R26A/V27A mutant. Speed and
temperature are shown on each plot. The wavelength is 280 nm
for ∆RV, 281 nm for V27R, and 280 nm for R26A/V27A. As
explained in Experimental Procedures, although a single run is
shown here, the oligomerization data were fit for each variant over
several runs. Both the ∆RV and V27R mutants fit a monomeric
model with predicted molecular masses of 8.25 ( 0.52 and 8.74 (
0.21 kDa, respectively. These values are close to the theoretical
monomer molecular mass of these mutants. The R26A/V27A
control fits best to a monomer-dimer equilibrium model with an
estimated molecular mass of the monomer of 8.8 ( 0.6 kDa and a
Kd of 18.2 ( 3.1 µM, which is a weaker dimer than the WT (Kd ∼
0.1 µM). The randomness of residuals shown above each plot
indicates a good fit. The complete set of AUC runs at several
different speeds and wavelengths is shown in Figure S2.
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mutant is shown in Figure 5; however, for the sake of
accuracy, the oligomerization state was modeled from an
extensive set of AUC experiments (see Experimental Pro-
cedures) performed for each variant at different speeds,
wavelengths, and concentrations (Figure S2). The result of
the AUC analysis is that both the ∆RV and V27R mutants
fit a monomeric model with predicted molecular masses of
8.25 ( 0.52 and 8.74 ( 0.21 kDa, respectively. These values
are close to the theoretical monomer molecular masses of
these mutants. These fits of ∆RV and V27R mutants were
run at concentrations of up to 111 and 500 µM (see
Experimental Procedures), respectively, which is far greater
than the WT value of 0.194 µM (29) run under the same
conditions. In comparison to other values of the WT, the Kd

values of CXCL8 run under slightly different conditions
ranging from 4 to 10 µM (18, 37, 38), these mutants are
monomeric. Therefore, they show that the mutations strongly
inhibit dimerization across the �1 strand. The R26A/V27A
control fits best to a monomer-dimer equilibrium model with
an estimated molecular mass of the monomer of 8.8 ( 0.6

kDa and a Kd of 18.2 ( 3.1 µM, which is a weaker dimer
than WT CXCL8 [Kd ) 0.1 µM (29)]. Comparison to other
values of WT CXCL8 Kd noted above substantiates that
R26A/V27A still dimerizes in a manner comparable to that
of WT CXCL8. These results show that the mutation disrupts
but does not abolish dimerization. These SEC and AUC
results clearly demonstrate that the two types of evolution-
arily conserved sequence motifs confer negative interactions
to inhibit CXCL8 dimerization across the �1 strand.

NMR EVidence Indicating Chemokine Tertiary Structure.
Because the quaternary state is sensitive to the tertiary state,
we used NMR to determine whether the CXCL8 mutants
formed a chemokine fold. First, HSQC 15N-1H correlation
spectra were compared. Figure 6 shows an overlay of the
spectra of ∆RV, V27R, and WT CXCL8. The differences
between these monomeric variants and WT CXCL8 are most
likely due to the loss of intermolecular contacts across the
dimer interface. We will first discuss the comparison of the
HSQC spectra between the V27R mutant and WT, since it
is only a single side chain mutation. We are confident that

FIGURE 6: HSQC spectra. Comparison of 15N-1H correlation spectra of wild-type CXCL8 to those of ∆RV and V27R. As labeled, data for
wild-type CXCL8 are colored black. For contrast, peaks for ∆RV and V27R are colored red and green, respectively. Both of the mutant
proteins display good dispersion of peaks, which implies that they are well-folded.
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at NMR concentrations of ∼1 mM (see Experimental
Procedures), the V27R mutant is a monomer since the AUC
data were recorded at 0.5 mM, close to the NMR concentra-
tion. In Figure 6, this monomeric V27R mutant exhibits good
peak dispersion and displays a spectrum similar to those of
other known CXCL8 monomers (29), so we conclude that
the V27R mutant exhibits a chemokine fold.

Because AUC for the ∆RV mutant was maximally run at
1/10 of the NMR concentration, we ran a 15N relaxation
experiment to verify that this mutant was a monomer. The
ratio of 15N relaxation parameters T1 and T2 can be used to
estimate the size of a protein. For example, the wild-type
CXCL8 dimer has been shown to have a T1/T2 ratio of 8.59
(39), and that of the CCL4 dimer is 8.3 (40). In contrast,
monomeric variants of CCL4 have measured T1/T2 ratios of
3.9 and 4.0 (41). For this work, the CXCL8 mutant ∆RV
was shown to have a T1/T2 ratio of 3.6, fully consistent with
a monomeric chemokine. In Figure 6, the well-defined
dispersion in the 15N-1H correlation spectra is also repre-
sentative of a folded protein. Unlike the simple point
mutation in V27R, the deletion of two residues in the case
of the ∆RV mutant causes an expected but significant change
in the HSQC spectrum when compared to that of the WT.
The deletion leads to loss of interactions across the
protein-protein interface, and R26 and V27 also make
several intramonomer contacts in the wild-type protein. When
an analysis of tertiary contacts was performed (42), R26 and
V27 make internal contacts with I28, T37, E38, I39, I40,
V41, and K42 (data not shown). An assignment of 15N, 1HN,

13CR, and 13C� resonances was carried out and confirmed
that the residues contacting R26 and V27 in WT CXCL8
change environment in the ∆RV mutant (Figure 7). Although
suggestive, the HSQC spectrum of the ∆RV variant does
not provide conclusive evidence that this mutant retains the
chemokine fold. Therefore, we turned to an NMR-based
analysis of secondary structure (43) and oxidative state of
cysteines (44) to prove that the ∆RV mutant folds into the
chemokine structure shown in Figure 1. For secondary
structure, we measured the 13CR and 13C� deviation from
random coil values (Figure 8), which has been established
as a strong predictor of secondary structure (45–47). While
the �3 strand is approximately the same length in ∆RV as
in the WT, the �1 and �2 strands appear to be shorter. This
potential fraying of the �1 strand would contribute to
inhibition of dimer formation. In addition, the deviations in
Figure 8 show that the helix in ∆RV is not structured toward
the C-terminus. Our T1/T2 ratios corroborate this result since
they cannot be calculated past residue 65 in the 15N relaxation
experiment (data not shown). The unstructured C-terminal
residues are consistent with the loss of intersubunit contacts
made by the helix as previously suggested (13) and explicitly
described in a CXCL8 monomer (48). However, despite these
small variations, the two proteins overall appear to exhibit
very similar secondary structures. Analysis of the chemical
shift assignments with TALOS (49) predicts φ and ψ
backbone torsion angles that corroborate our secondary
structure analysis (data not shown). Furthermore, the 13C
NMR chemical shifts can distinguish between reduced, free

FIGURE 7: Chemical shift differences. The 15N- and 1HN-weighted average chemical shift differences between WT CXCL8 and ∆RV are
shown. The dashed black line represents the average chemical shift differences and the dashed gray line the standard deviation from the
average. The weighted chemical shift differences (69) were calculated using the equation ∆δobs ) {[(∆δHN)2 + (∆δN/5)2]/2}1/2. In this
analysis of peak movement, the assignment of 15N and 1HN resonances showed that many residues’ resonances in the �1 strand and the
C-terminal portion of the R-helix change in the ∆RV mutant. All these peaks move in comparison to those of the WT, except I39. As
discussed above, these expected changes in peak position indicate that the chemical environment around these amino acids has changed due
to a lack of interface contacts and the two-residue deletion. In addition, the peaks corresponding to H33, C34, A35, and N36 have shifted
in ∆RV, so the turn between the �1 and �2 strands has been affected, possibly because of the changes in the registry of the amino acid at
the turn. The peaks corresponding to L51 and D52, in the turn between the �1 strand and R-helix, have also moved. Lastly, the peaks from
L66, A69, E70, and N71, which belong to the top part of the R-helix, all have shifted.
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cysteine and oxidized, disulfide-bonded cysteine (44). Since
the chemical shift assignments for the backbone atoms of
WT and ∆RV have been obtained using a series of three-
dimensional experiments, we can easily compare the par-
ticipation of cysteines in disulfide bonds between the two
variants. As shown in Table 2, all of the 13C� chemical shift
values for the four cysteines in ∆RV are similar to those of
WT CXCL8 in that they are greater than the cutoff value of
32 ppm for the reduced cysteine (44), which indicates that
all cysteines in the ∆RV mutant are in the oxidized disulfide
form, like the wild-type protein. In addition, the ∆RV’s
cysteine 13C� and 13CR chemical shift values deviate only
slightly from the WT CXCL8 values. Not only do these
results show that the ∆RV mutant’s cysteines are disulfide-
bonded, but they also indicate that the ∆RV disulfides inhabit
an environment similar to that of the wild-type protein.
Therefore, ∆RV very likely shares the same disulfide pattern
as WT CXCL8. Previous studies on the formation of these

disulfide bonds have shown that they are integral to chemok-
ine structure (50, 51). In much the same spirit that Anfinsen’s
experiments used disulfide bonding patterns to prove correct
refolding (52), the fact that ∆RV makes the same two
disulfide bonds as WT CXCL8 (from �0 to �3 strands and
from �0 to �2 strands) indicates that the �-sheet structure is
like the WT. This evidence of correct chemokine �-sheet
structure in conjunction with good dispersion in the 15N-1H
correlation spectra and correct secondary structure formation
strongly argues that, like the V27R mutant, the drastic ∆RV
mutant retains a chemokine fold.

DISCUSSION

In this investigation of differential chemokine quaternary
structure, we applied a hybrid sequence analysis to identify
conserved motifs within one chemokine protein interface and
have experimentally shown that these motifs inhibit dimer-
ization across the �1 strand. In an effort to maximize the
signal over noise, the sequence analysis considered structure
(localization of comparison to a particular portion involving
the CXCL8 dimer interface) and phylogeny (limiting the
comparison to clades consisting of proteins closely related
in evolution). In comparing CXCL8’s sequence with the
CCL4 and CCL2 sequence clades, this analysis reveals that
these two chemokine families conserved different motifs over
their �1 strands (Figure 3). For the CCL4 sequence clade, a
surprising two-residue deletion is found in the middle of the
�1 strand, while for the CCL2 sequence clade, a simple

FIGURE 8: Chemical shift index values of 13CR and 13C� deviations from random coil chemical shift values relative to DSS (2,2-dimethyl-
2-silapentane-5-sulfonate sodium salt) (31). Data for WT CXCL8 are shown on top and those for the ∆RV variant on the bottom. The
vertical scale for the index is either -1, 0, or 1. For each, the sequence is shown with the residue number underneath marked by tens. Also,
the secondary structures of sheets are helices and are noted, and dashed lines are provided for reference. For better comparison, the ∆RV
sequence is shifted over by two residues at the start. Note for the ∆RV variant, the �1 strand is shorter and R-helix is four residues shorter
than that of the wild type, as found for monomeric CXCL8 (13, 48).

Table 2: Cysteine 13C Chemical Shifts
13C CXCL8 C7 C9 C34a C50a

CR WTb 55.69 55.38 56.93 56.45
2RVb 55.57 55.95 55.20 55.62

C� WTb 39.49 44.23 42.15 48.29
2RVb 39.27 42.49 41.77 46.06

a These two residues are references to the WT CXCL8 sequence.
Because of the two-residue deletion in ∆RV, these residues are actually
residues 32 and 48 in the ∆RV sequence, respectively. b Chemical shift
values are in parts per million.
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V27R point mutation is found. As shown in Figure 3, limiting
the sequence analysis is important. Crystallographic evidence
shows that certain CC chemokine families can dimerize like
CXCL8 (53, 54). Including these sequences in our analysis
would certainly cause ambiguity in the results, and as shown
in Figure 3A, mutations suggested by a straightforward
sequence alignment would not have found these sequence
elements. In addition, because the double deletion was
located in the middle of a strand, a structural alignment would
have certainly assigned the missing residues to either side
of the strand in loop regions and missed the importance of
the deletions’ position.

Placing the ∆RV and V27R negative interaction motifs
in the CXCL8 background, we experimentally confirmed that
these sequences affect CXCL8’s ability to dimerize across
the �1 strand without changing the chemokine fold. AUC
and SEC experiments indicate that the two CXCL8 variants
form monomers and no longer dimerize (Figures 4 and 5,
respectively). NMR HSQC analysis shows good peak disper-
sion for both of the CXCL8 variants (Figure 6), where the
V27R variant displays a pattern similar to that of folded
monomers found in previous work (29). Because the ∆RV
mutation is more drastic and its HSQC spectrum is so
different, it could be argued that the ∆RV mutation causes
some rearrangement in chemokine structure in either the
�-sheet, �1 strand, or helix. The NMR evidence showing
the correct disulfide pattern (Table 2) verifies that the ∆RV
variant forms a chemokine �-sheet, at least among the �0,
�2, and �3 strands, while the ∆RV mutant’s good dispersion
in the 15N-1H correlation spectra results from a folded
structure (Figure 7). In Figure 8, the 13CR and 13C� deviation
from random coil analysis (43) indicates that the �1 strand
is formed and shows C-terminal fraying of the R-helix, which
is indicative of a folded monomer in solution (48). In
comparison with previous work on creating CXCL8
monomers (13, 14, 16, 18, 19, 35), these results demon-
strate that our hybrid sequence analysis provides a
straightforward and successful approach to identifying
sequence motifs that inhibit dimer formation. Overall, our
results show that the two conserved sequence motifs
introduce unfavorable interactions into the CXCL8 inter-
face and inhibit CXCL8 homodimer formation.

The ∆RV and V27R motifs both disrupt CXCL8-type
dimerization by more than just affecting the �1 strand
interface. Ostensibly, ∆RV is a gross modification in the
middle of a �-strand, yet it retains a chemokine fold. Because
the R26A/V27A variant only weakens dimer formation by
a ∆∆G of ∼12.9 kJ/mol, the ∆RV’s effects include the
removal of the side chain interactions across the �1 strand
and the double deletion alters interactions of the downstream
turn and R-helix (Figures 2 and 7). Both of these are involved
in the dimer interface. As the double deletion derives from
the CCL4 clade, this supposition is corroborated by the
shortened �1 strand and downstream loop shown by CCL4.
Figure 8 provides a clearer, better explanation. The �1 strand
is shorter and the R-helix frayed toward the C-terminus in
comparison to those of WT CXCL8, although the frayed
R-helix is characteristic of a chemokine monomer (48). Such
structural changes do not favor dimer formation. By contrast,
as a modest, single-point mutation, the V27R substitution
introduces a long positively capped side chain into the center
of the CXCL8 interface that most likely creates an electro-

static repulsion with the adjoining R26 residue and a steric
obstruction to the correct placement of the R-helices during
dimer formation. A similar negative interaction has been
found in a survey of protein �-sheet structures (3) and was
used to inhibit dimerization in protein design (2). While this
mutation has been shown in conjunction with the L25Y
mutation to cause a chemokine monomer (16), our work is
the first reported, single-natural amino acid substitution
shown to disrupt the CXCL8 homodimer and retain the
chemokine fold, where the other single-amino acid substitu-
tion was a non-natural L-methylleucine at residue 25 (14)
(Table 1). These results for both the ∆RV and V27R negative
interaction elements agree with previous work showing that
mutations in both the �1 strand and R-helix are necessary
to disrupt the CXCL8 dimer (13).

The finding of conserved sequence motifs that disfavor a
certain type of homodimerization has several implications.
First, these results suggest that at least one role of these
motifs in the CCL4 and CCL2 sequence clades is to inhibit
the more regular protein-protein interaction involving the
�1 strand. As displayed in Figure 3, these motifs are strongly
conserved. ∆RV is found in all 29 sequences in the CCL4
clade (blue subtree of Figure S1), while V27R is found in
the majority of the 16 sequences in the CCL2 clade (red
subtree of Figure S1). For the other instances in the CCL2
clade, the residue is another positively charged lysine residue.
This conservation strongly suggests that there is some
evolutionary pressure to retain these motifs. One such
pressure could be to favor N-terminal homodimerization.
Since crystallographic structures have shown that it is
possible to see chemokine tetramers with both types of
interfaces (55, 56), we can think of the various homodimer-
ization states being in equilibrium. By disfavoring the �1
strand interface, the ∆RV and V27R sequence motifs
indirectly favor homodimerization at the N-terminal interface.
Because the exact function of homodimerization with
chemokines is still being debated (15, 18, 19, 41, 57–63),
we cannot say for certain that the primary role of these motifs
is to indirectly favor CC-type homodimerization. However,
with new evidence of chemokine heterodimerization (64),
the inhibitory motifs could take on new significance by
hindering cross reactivity with other chemokines in a CXC-
like dimer. Because of the striking evolutionary persistence
and the clear experimental findings, our results do support
the conclusion that the ∆RV and V27R sequence elements
are examples of conserved motifs conferring unfavorable
interactions against CXC-type dimerization.
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