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Abstract: Chemokine CXCL8 and its receptor CXCR1 are key mediators in combating infection and
have also been implicated in the pathophysiology of various diseases including chronic obstructive
pulmonary disease (COPD) and cancer. CXCL8 exists as monomers and dimers but monomer alone
binds CXCR1 with high affinity. CXCL8 function involves binding two distinct CXCR1 sites - the
N-terminal domain (Site-l) and the extracellular/transmembrane domain (Site-Il). Therefore, higher
monomer affinity could be due to stronger binding at Site-l or Site-Il or both. We have now charac-

terized the binding of a human CXCR1 N-terminal domain peptide (h[CXCR1Ndp) to WT CXCL8
under conditions where it exists as both monomers and dimers. We show that the WT monomer
binds the CXCR1 N-domain with much higher affinity and that binding is coupled to dimer dissocia-
tion. We also characterized the binding of two CXCL8 monomer variants and a trapped dimer to
two different hCXCR1Ndp constructs, and observe that the monomer binds with ~10- to 100-fold
higher affinity than the dimer. Our studies also show that the binding constants of monomer and
dimer to the receptor peptides, and the dimer dissociation constant, can vary significantly as a
function of pH and buffer, and so the ability to observe WT monomer peaks is critically dependent
on NMR experimental conditions. We conclude that the monomer is the high affinity CXCR1 ago-
nist, that Site-l interactions play a dominant role in determining monomer vs. dimer affinity, and
that the dimer plays an indirect role in regulating monomer function.
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Introduction
Humans express ~50 chemokines that play diverse
and fundamental roles from trafficking immune cells
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and organogenesis to combating infection.'™ Not
surprisingly, a dysregulation in chemokine function
has been implicated in the pathophysiology of vari-
ous autoimmune and inflammatory diseases and
cancer.>® Most chemokines exist as monomers and
dimers, and mediate their function by activating G
protein-coupled receptors (GPCR).*® Chemokine
CXCLS8 (also known as interleukin-8, IL-8) has a
rich history, is one of the best-characterized mem-
bers of the family, and mediates its function by acti-
vating two receptors, CXCR1 and CXCR2.”® The
CXCLS8 structure was the first for any chemokine,
and revealed it to be a dimer.'®!! Subsequent struc-
tural and functional studies using trapped CXCLS8
monomer and dimer variants have shown that the
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Figure 1. A schematic of CXCL8 dimer. The different sec-
ondary structural regions and the receptor binding sites are
highlighted in one of the monomers.

monomer binds with higher affinity and is a more
potent activator of CXCR1.1271%

On the basis of structure-function studies, a
two-step two-site model has been proposed for
CXCLS binding and receptor activation.'®™*® Accord-
ing to this model, the first step involves interactions
between CXCL8 N-loop residues and CXCR1 N-
terminal residues (defined as Site-I) and the second
step involves interactions between CXCL8 N-
terminal residues and CXCR1 extracellular/trans-
membrane residues (defined as Site-I) (Fig. 1).
Therefore, differences in binding affinities and activ-
ities between the monomer and dimer could be due
to differences in Site-I or Site-II interactions or both.

Measuring the binding affinities of WT mono-
mer or dimer alone to Site-I or Site-II of the intact
receptor is challenging at many levels, and is beyond
the capabilities of currently available methodologies.
Binding to intact receptors is generally determined
by competitive binding using radiolabeled ligands,
and can provide the binding constant of only the
monomer, because the monomer binds with higher
affinity. It is also not possible to selectively bind to
Site-I or Site-II unless binding to one of the sites is
abolished by mutagenesis. However, a divide-and-
conquer approach to characterizing Site-I interac-
tions is possible by studying binding to isolated
receptor N-domain peptides; this has been done
using fluorescence, nuclear magnetic resonance
(NMR), and isothermal titration calorimetry (ITC)
techniques.’®2° In particular, a number of studies
have characterized the binding of receptor peptides
to the WT dimer and various monomer constructs
using solution NMR spectroscopy.'®222% However,
there is a lack of consensus among the various NMR
studies regarding the binding affinities of the mono-
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mer and dimer, whether the monomer binds with
higher affinity or the same affinity as the dimer,
and whether binding and dimer dissociation are
coupled. The differences among these studies could
be due to differences in experimental conditions
such as the choice of the buffer, CXCR1 peptide
(human vs. rabbit and peptide length), and/or the
monomer construct.

We have now overcome the limitations of the
previous studies by characterizing the binding of a
human CXCR1 N-domain peptide (hCXCR1Ndp) to
WT CXCLS8 under conditions where it exists as both
monomers and dimers. We were able to simultane-
ously track the binding of both the WT monomer
and WT dimer from the same titration experiment,
and show that the WT monomer binds hCXCR1Ndp
with much higher affinity and that binding is
coupled to dimer dissociation. We also characterized
the binding of WT CXCL8 and of two designed
monomers and a trapped dimer to different
hCXCR1Ndps under different buffer conditions. Our
data consistently show that the monomer binds with
much higher affinity, and that the actual binding
affinities for both monomer and dimer can vary sig-
nificantly depending on the receptor peptide con-
struct and buffer conditions. Our studies also show
that the NMR peaks corresponding to the minor WT
monomer population can be easily missed unless
care is taken to optimize various experimental condi-
tions such as protein concentration and buffer, and
that using a monomer construct that does not cap-
ture native monomer activity can lead to incorrect
conclusions.

Results and Discussion
A summary of the previous NMR studies of CXCR1
receptor peptide binding to WT CXCL8 dimer is
shown in Table I. Three of the studies using the
human peptide reported binding affinities between
70 and 550 uM and did not report dimer dissociation
of the chemokine,?4?%27 whereas our studies using
the rabbit peptide indicated that binding and chemo-
kine dimer dissociation were coupled.2%23 Therefore,
the question arises whether dimer dissociation is
unique to the rabbit peptide, or if the studies using
human peptide were not optimal for detecting the
monomer peaks. Besides the receptor peptides, these
studies also vary with respect to the use of different
buffers, different starting protein concentrations,
and different final protein—peptide molar ratios
resulting in different final bound populations. We
now show that human receptor peptide binding is
also coupled to dimer dissociation, and that the abil-
ity to detect monomer peaks is critically dependent
on experimental variables and not due to differences
between human and rabbit sequences.

NMR experiments are routinely acquired at as
high a concentration as possible due to the inherent
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Figure 2. The linkage scheme showing the various equilibria
of CXCL8 monomer and dimer binding to the CXCR1
N-domain.

insensitivity of NMR spectroscopy. Further, if solubil-
ity and availability are not an issue, there is no rea-
son not to use high concentrations for characterizing
simple bimolecular interactions with the exception
that excess titration of the receptor peptide could be
limited by its solubility. However, characterizing
binding to two species such as the dimer and mono-
mer from the same titration experiment is less
straightforward. The ability to detect both the dimer
and monomer population in the NMR spectrum is
crucially dependent on multiple variables including,
among other things, protein characteristics, concen-
tration, protein : peptide ratio, and the four equilib-
rium constants (between the monomer and dimer,
Kyip; monomer and receptor peptide, Kyinap; dimer
and receptor peptide, Kp_nap; and between the dimer-
bound receptor peptide and monomer-bound receptor
peptide, Kp nap-Mm.Nap) (Fig. 2).

Under NMR conditions, the peaks corresponding
to the CXCL8 monomer and dimer are in slow
exchange®®; therefore, in principle, distinct peaks
corresponding to the monomer and dimer can be
observed. However, the peaks corresponding to the
monomer/dimer and receptor peptide-bound mono-
mer/dimer are in fast exchange; therefore, only one
peak (weight averaged of the free and bound species)
is observed (Figs. 2 and 3).2% As all four equilibria
are coupled, a stronger monomer peak at the end of
the titration would indicate that the monomer binds
the receptor peptide more strongly, promoting disso-
ciation of the free dimer and the receptor peptide-
bound dimer.

The Kyp of CXCL8 is sensitive to pH and
buffer conditions and could vary by as much as
~100-fold, with values ranging from ~0.1 to 18 uM
having been reported in the literature.?°-3* There-
fore, detecting monomer peaks is dependent on
being able to exploit weaker dimer affinities as a
function of pH and/or buffer, ideal protein concentra-
tions (the lower the better), and being able to titrate
excess receptor peptide to saturate the bound pro-
tein population. We were able to obtain a good qual-
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ity HSQC spectrum of 100 uM WT CXCLS8 using our
600 and 800 MHz NMR instruments equipped with
cryoprobes in <30 min. Therefore, we measured
HSQC spectra of ~100 uM WT CXCLS8 in 50 mM
sodium phosphate buffer as a function of pH, and
observed distinct monomer peaks at pH 7.0 and
above, indicating that dimer association is weaker at
higher pH (data not shown).

We first characterized the binding of human
CXCR1 N-domain 29mer peptide (h29mer) to WT
CXCL8 in 50 mM phosphate, pH 7.0. The HSQC
spectrum of WT CXCLS8 at pH 7.0 showing prominent
dimer peaks and weaker but distinct monomer peaks
is shown in Figure 3(A). On successive addition of
the h29mer, we observed not only binding-induced
chemical shift changes for both the monomer and
dimer but also the relative intensity of the monomer
becoming stronger [Fig. 3(B)]. The increase in the
monomer-h29mer population indicates that the WT
monomer binds the receptor peptide with higher
affinity than does the WT dimer. We calculate Kp ngp
as 103 pM, and that 87% of CXCL8 exists in the
bound form at the end of the titration [Fig. 3(C)].
Considering that the dimer dissociates during the
course of the titration, we calculated the upper limit
of Kp.nap as 140 pM (assuming 50% of the protein
exists as a dimer at the end of the titration), indicat-
ing dimer dissociation results in at most a 2-fold
error in the measured binding constants. We also car-
ried out titration experiments in 50 mM sodium phos-
phate buffer at pH 6.0 (Table II). Dimer formation is
stronger at pH 6.0 than at pH 7.0, as evidenced by
the fact that, at pH 6.0, there was no evidence of the
monomer peak in the free spectrum, and the dimer
affinity was much stronger for the h29mer (17 pM).
We were still able to observe the bound monomer
peaks but only at the last titration point [Fig. 4(A)].
The relative population of the bound monomer was
lower at pH 6.0 than at pH 7.0 [Fig. 4(B)]. We could
not measure the binding affinity of the WT monomer
due to uncertainties in the monomer concentration,
especially during the early time points that deter-
mine the binding isotherm. However, binding studies
using the designed monomer provide the Kyi.ngp as
<5 uM at both pH 6 and 7 (see below), indicating the
monomer binds with much higher affinity compared
with the dimer (Table II).

We finally characterized the binding of the
human CXCR1 N-domain 21mer peptide (h21mer) to
WT CXCLS8 using the buffer conditions of Kendrik
et al?” These authors recently characterized the
binding of a h21mer to WT CXCL8 in 50 mM sodium
phosphate, 150 mM NaCl, pH 6.5 buffer, and
reported very weak binding (K3 ~550 uM) and fur-
ther reported that binding did not lead to dimer dis-
sociation (Table I). We also observed that the binding
was weak (Kq ~700 pM) but nevertheless could
observe dimer dissociation [Fig. 4(C)]. We could detect

Differential Activities of CXCL8 Monomer and Dimer
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Figure 3. Binding of h29mer to WT CXCLS8. A: A selected region of the "H-">°N HSQC spectrum showing dimer and monomer
peaks (circled and labeled in red) of a 90 pM WT CXCL8 sample in 50 mM sodium phosphate buffer at pH 7.0. B: A selected
region of the 'H-">N HSQC spectrum showing binding-induced chemical shift changes for the S44 (dimer) and S44y, (mono-
mer) resonances. The individual panels correspond to different points (molar ratios highlighted in the panels) over the course of
the titration. The blue and red lines trace the movement of the dimer and monomer peaks. C: The apparent dissociation con-
stant (Ky) curves obtained by fitting the binding-induced chemical shift changes for S44p resonances. Average Ky from a subset

of 10-12 residues is indicated.

the monomer peaks because of the large protein:pep-
tide ratio and the low CXCLS8 concentration (20 pM)
at the end of the titration. The chemical shifts of the
new monomer peaks were closer to the shift observed
for the monomer peak at pH 7.0 in the h29mer bind-
ing data [Fig. 4(B,C)], indicating that the new peak
arises predominantly from the bound monomer. The
binding affinity of the V27P/E29P monomer (Kynap
118 puM) under the same buffer conditions provides
further evidence that the monomer binds with higher
affinity compared to the dimer. We also collected
HSQC spectra of free CXCL8 and in presence of
excess h21mer at the same low concentration of 20
uM sample at pH 7.0 containing 150 mM NaCl [Fig.
4(D)]. The data show that the relative intensity of
the monomer compared to dimer is weaker in the
free form but stronger in the presence of receptor
peptide indicating favorable binding.

These data together emphasize how differences
in protein concentration, long acquisition times (that
determine the signal-to-noise [s/n] ratio), and buffer
conditions can be optimally exploited for detecting
the minor monomer population. These studies also
indicate that the binding affinities of both monomer

Joseph and Rajarathnam

and dimer can vary substantially as a function of
buffer conditions, but the CXCL8 monomer always
binds with higher affinity under all buffer conditions.

We also determined the binding affinity of a
trapped CXCLS8 dimer, generated by introducing a
disulfide bond about the two-fold (R26C) symmetry
across the dimer interface. We have shown previ-
ously that the structure of the trapped dimer is
essentially identical to the WT dimer.'* We observe
that the chemical shift perturbation profile of the
trapped dimer is similar to that of the WT dimer
(Fig. 5), and that the measured binding affinity is
also similar to that of the WT dimer (Table II) pro-
viding further evidence that the binding affinity of
the dimer is much weaker than that of the monomer.

Binding affinities of the monomer

Our studies as described above have shown that
NMR detection of the WT monomer is straightfor-
ward, but measuring its binding affinity is challeng-
ing due to wuncertainties in the monomer
concentration. An alternate approach would be to
characterize a designed CXCL8 monomer variant—
an ideal monomer construct must retain the

PROTEIN SCIENCE ‘ VOL 2481-92 8%



Table II. Summary of NMR Titration Experiments of hCXCRI1Ndp Binding to CXCL8 Variants

CXCLS8 conc. Final
Start/end Peptide Molar

Complex Buffer conditions Temp (uM)*© Conc. (uM) ratio Fg (%) Kga (uM)?
WT + h29mer®" 50 mM Pi, pH 7.0 30°C 90/62 711 1:11.5 87+x2 103+12
WT + h29mer™P 50 mM Pi, pH 6.0 30°C 100/80 850 1:10.5 98+1 17+ 4
WT + h21mer® 50 mM Pi, 150 NaCl, 25°C 125/20 2660 1:134 793 700=*=90

pH 6.5
R26C + h29mer 50 mM Pi, pH 7.0 30°C 150/129 1029 1:11.2 85+3 172+24
1-66 monomer + h29mer 50 mM Pi, pH 6.0 30°C 200/135 1135 1:84 >99 <5
V27P/E29P monomer + h29mer 50 mM Pi, pH 7.0 30°C 100/65 777 1:11.9 >99 <5
V27P/E29P monomer + h21mer 50 mM Pi, pH 7.0 30°C 100/72 461 1:64 90+3 43+10
V27P/E29P monomer + h21lmer 50 mM Pi, 150NaCl, 25°C 100/69 945 1:13.8 88+2 118+14

pH 6.5
L25Y/V27R monomer + h21mer 50 mM Pi, pH 7.0 30°C 100/63 506 1:8 77+5 135*25
L25Y/V27R monomer + h21lmer 50 mM Pi, 150 NaCl, 25°C 150/62 1176 1:19 72+2 432*25

pH 6.5

2 WT dimer dissociation was coupled to receptor peptide binding

> K4 calculated for the dimer.
¢ Concentrations are reported in monomer units.

4 K, values are averages calculated from a subset of 8-15 residues; Pi, phosphate.

structural and functional characteristics of the WT
monomer and should require the least number of sub-
stitutions/modifications to achieve this goal. We have
used two different monomer constructs in this study—
the 1-66 deletion mutant that is missing the last 6
residues, and the V27P/E29P mutant. The 1-66 dele-
tion mutant (referred to as the 1-66 monomer) was
designed on the basis that the dimer structure
revealed that residues 67—72 were involved in pack-
ing interactions with residues of the other monomer.
The 1-66 monomer shows WT monomer-like receptor
activity, and we and others have used this monomer
as a surrogate for the WT monomer in various struc-
tural and functional studies.?2%3252834 More recently,
we designed the V27P/E29P mutant on the basis that
disrupting backbone H-bonding interactions across the
dimer interface should result in a monomer. We have
shown that the V27P/E29P mutant is indeed a mono-
mer (referred to as the V27P/E29P monomer) and that
it has WT monomer-like activity.>®

The binding affinities of both the 1-66 and
V27P/E29P monomers for the h29mer from our
NMR titrations were determined to be <5 pM [Table
II, Fig. 6(B)]. A previous NMR study of binding of
the 1-66 monomer to a h40mer also reported the
Kyinap as between 1 and 10 pM 25 Accurate determi-
nation of the binding constant from NMR titrations
must satisfy the requirement that the starting
CXCLS8 concentration is in the order of ~0.5 X Ky
and no more than 5 X K;*%; we have used CXCLS8
concentrations (~100 to 200 uM) that are much
higher. Nevertheless, these observations together
provide compelling evidence that the monomer, com-
pared with dimer, binds the CXCR1 N-terminal
domain with much higher affinity.

We also characterized the binding of the h21mer
to the V27P/E29P monomer on the basis that previous

86 PROTEINSCIENCE.ORG

studies had shown that a 21mer is sufficient for
CXCL8 binding.?” The chemical shift perturbation
profiles for both h21mer and h29mer were essentially
identical except that the binding affinity of the
h21mer (Kyingp 43 M) was lower (Fig. 6, Table II).
These observations confirm that a 21lmer sequence
contains all of the residues that mediate binding as
any binding interactions of the additional eight resi-
dues of the h29mer would have resulted in an altered
CSP profile compared with the 21mer. Considering
the CSP profile and the maximum CSP are essentially
the same for the two peptides, we propose that the
increased affinity of the h29mer is most likely due to
reduced entropic penalty on binding of the longer
29mer compared with the 21mer though a more favor-
able enthalpy of binding also cannot be ruled out.
Recently, Kendrik et al. reported using NMR
that the binding of the h21mer to the L25Y/V27R
monomer was much weaker (440 pM).2” In addition
to the weaker binding of the h21mer, this lower affin-
ity could also be due to the use of a buffer containing
150 mM NaCl and/or due to the intrinsic lower affin-
ity of the L25Y/V27R monomer. Therefore, we charac-
terized the binding of the h21mer to the V27P/E29P
and L25Y/V27R monomers in 50 mM sodium phos-
phate, 150 mM NaCl, pH 6.5 buffer, and to the L25Y/
V27R monomer in 50 mM sodium phosphate pH 7.0
buffer (Supporting Information, Figs. S1 and S2). The
chemical shift perturbation profiles between the
buffer systems were essentially identical, but the
binding affinity in the buffer containing 150 mM
NaCl was lower (Fig. 7, Table II). Further, the bind-
ing affinity of the L25Y/V27R monomer was weaker
compared with the V27P/E29P monomer, indicating
that the L25Y/V27R monomer is intrinsically less
active compared to other monomer constructs (Table
II). These studies provide compelling evidence of how

Differential Activities of CXCL8 Monomer and Dimer
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Figure 4. Binding of hCXCR1Ndp and dimer dissociation are coupled. A: A selected region of the 'H-">N HSQC spectrum
showing strong dimer and weak monomer peaks (circled and labeled in red) of the last titration point (molar ratio 1 : 10.5) of
WT CXCL8 (80 pM) bound to h29mer in 50 mM sodium phosphate buffer pH 6.0. B: A selected region of the 'H-">°N HSQC (of
the Ser44 resonance) shows binding-induced dimer dissociation for h29mer in 50 mM sodium phosphate buffer pH 7.0; C: for
h21mer in 50 mM sodium phosphate, 150 mM NaCl, pH 6.5; and D: for h21mer in 50 mM sodium phosphate, 150 mM NaCl,
pH 7.0. In panel C, the protein concentration at the end of the titration was 20 pM. The peaks in black represent the spectra of
the free WT CXCLS8 and in red of the hCXCR1Ndp-bound form. Pp and Py, are the free dimer and monomer, while Pp + Ndp
and Py, +Ndp are the bound form respectively. The free monomer peak is not observed at pH 6.5. Note the increase in inten-
sity of the bound monomer peak and the decrease in intensity of the bound dimer peak, indicating a shift in the equilibrium to

the monomer-bound form.

differences in receptor peptide sequence, monomer
construct, and buffer conditions together can result
in >100-fold differences in binding affinity.

The L25Y/V27R mutant was first described by
Daly et al. and was generated by this group in their
effort to understand the molecular basis of CXCLS8
and CXCL4 in myeloid progenitor proliferation.®®
These authors and subsequently William et al. char-
acterized the activity of the L25Y/V27R mutant for
neutrophils (that express both CXCR1 and
CXCR2).38% Daly et al. also measured the binding
affinity of this mutant for CXCR2 using a trans-
fected CHO cell line. The mutant was observed to be
less active in many of the assays, and most impor-
tantly, the mutant has not been exclusively charac-
terized for CXCR1 function. Single and double Tyr

Joseph and Rajarathnam

or Phe substitutions for Leu25 and Val27 have also
been shown to result in reduced binding affin-
ities.***! NMR spectrum of L25Y/V27R shows that
it is folded and has native-like structure (Supporting
Information, Fig. S1), indicating that differences
between the monomer affinities are not as much as
due to differences in structures but due to differen-
ces in conformational dynamics. We have previously
observed for a number of CXCL8 mutants that there
is no correlation between structural similarity at the
HSQC level and functional activity.2®

Comparison between rabbit and human CXCR1
peptides

Previous studies had shown that human CXCLS8
binds rabbit CXCR1 with affinity and specificity like
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Figure 5. Binding of WT dimer vs. R26C dimer to h29mer. A: Histogram plot showing h29mer binding-induced chemical shift
changes (A9) for the WT dimer (black) and R26C trapped dimer (red). 110 and S14 are broadened out (indicated by x). B: The
dissociation constant (Ky) curves obtained by fitting the binding-induced chemical shift changes for S44 resonance are shown
for the R26C dimer. Average K4 from a subset of 10-12 residues is indicated.

human CXCR1.%%3 The human and rabbit receptor =~ 1-66 monomer using NMR, ITC, and fluorescence
N-terminal domains show high sequence similarity, =~ methods.!®232® We observe that binding is coupled
and early studies had also shown that both human to CXCL8 dimer dissociation, and that the 1-66
and rabbit receptor peptides bind CXCL8 with simi- monomer binds both peptides with ~10 pM affinity
lar affinities.*> We had previously characterized the  (Table I). Our current data using two human
binding of rabbit CXCR1 N-domain 24mer (r24mer) = CXCR1 N-domain h21mer and h29mer peptides con-
and 34mer (r34mer) peptides to the WT and the firm our earlier observations using rabbit r24mer
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Figure 6. Binding of CXCL8 monomer to h29mer and h21mer. A: A histogram plot showing h29mer (black) versus h21mer (red)
binding-induced chemical shift changes in the V27P/E29P monomer. Residue S14 is broadened out (indicated by x), and resi-
dues 16, 19, 32, and 53 are prolines. B: A representative plot for measuring the dissociation constant (Ky) by fitting binding-
induced chemical shift changes for S44 resonance is shown. The average K4 from a subset of 10-12 residues is indicated.
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are not shown due to peak broadening (indicated by x).

and r34mer peptides that the monomer is the high-
affinity CXCR1 ligand and that binding promotes
dimer dissociation.

Structural basis of the differential binding of the
monomer and dimer
Previous and our current studies show that dimer
interface residues are not involved in binding and also
that only the monomer of the dimer is involved in
binding to the receptor N-terminal domain (Fig. 1).
The structure of a trapped monomer designed by intro-
ducing a methyl group substitution of a backbone
amide proton of the dimer interface residue Leu25 is
known, and is observed to be similar to the monomer
of the dimer'?; however, amide exchange and backbone
dynamics measurements have shown that the mono-
mer is conformationally more flexible.!%!335 The
CXCRI1 structure and solution studies of the peptides
have shown that the N-terminal domain lacks struc-
ture and is natively unfolded, but adopts a definite
structure on binding 26446

Comparison of the chemical shift perturbation
profiles between the WT dimer and the V27P/E29P
monomer also show that the extent of perturbation is
lower for the dimer; furthermore, residues such as
D52, E55, 139, V58 are highly perturbed in the mono-
mer but less in the dimer (Fig. 8). The structures
reveal that these residues cannot be involved in direct
interactions, indicating that chemical shift changes
must be due to indirect interactions. Therefore, it is
possible that the conformational flexibility of the
monomer allows it bind more efficiently, which is not
possible for the more structured dimer. High-
resolution structures and knowledge of the dynamics
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of both monomer and dimer in the CXCR1 peptide-
bound form are essential to gain deeper insights into
the molecular basis of the differences in the binding
interactions.

Binding at Site-II is mediated by the CXCL8 N-
terminal “Glu-Leu-Arg” residues.'® The structures of
both the CXCL8 monomer and dimer reveal that
these residues are unstructured and so it is very
likely that the binding affinities of both the mono-
mer and dimer for Site-II are similar and that the
differences in Site-I interactions determine the bind-
ing affinities to the intact receptor.

Functional relevance of monomer and dimer
affinities

CXCL8 mediates function by activating two recep-
tors, CXCR1 and CXCR2. Considering that the
CXCL8 monomer and dimer show similar CXCR2
affinities, selective activation of CXCR1 by the
CXCL8 monomer over the dimer could have impor-
tant implications for their in vivo function.!® The
receptor sequences reveal large differences in the N-
terminal residues, indicating that the Site-I interac-
tions dictate differences between the monomer and
dimer and between CXCR1 and CXCR2 selectivity
and affinity. Indeed, our current studies provide
compelling evidence that Site-I interactions play an
important role in determining high-affinity CXCR1
binding of the monomer. These studies are also rele-
vant for designing peptide decoys, because inhibitors
that disrupt Site-I interactions could function as
drugs in a clinical setting.*” Finally, our studies also
emphasize how various experimental parameters
such as protein concentration, buffer conditions,
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Figure 8. Binding of WT dimer and V27P/E29P monomer to h29mer. Histogram plots showing h29mer binding-induced chemi-
cal shift changes in WT dimer (A) and V27P/E29P monomer (B). Data for residues 110 in dimer and S14 in monomer and dimer
are not shown as they are broadened out (indicated by x). C, D: Molecular surface plots of the monomer and dimer. In the
case of dimer, binding residues are highlighted in one monomer and the other monomer is shaded in dark gray for clarity. The
perturbed N-loop residues are painted in red, residues that are differentially perturbed in monomer versus dimer in green, and
all others in blue. Residues 139, E55, V58, V61, V62, and F65 are buried and so not visible in the surface plots.

binding constants of the various equilibria, protein—
peptide ratio, NMR instrumentation and acquisition
time, protein and peptide solubility together must be
optimal to be able to detect the peaks corresponding
to the minor monomer population.

Materials and Methods

Cloning, expression, and purification

The WT CXCLS8, R26C obligate dimer, V27P/E29P
monomer, (1-66) monomer, L25Y/V27R monomer,
and the human CXCR1 29mer peptide (h29mer)
were recombinantly expressed in Escherichia coli
strain BL21(DE3) and purified as discussed ear-
lier.2° The clone for the L25Y/V27R mutant was
generated on the WT CXCL8 background by per-
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forming iterative cycles of mutagenesis using the
Stratagene QuikChange site-directed mutagenesis
protocol.*® The DNA sequence encoding the h29mer
peptide (MSNITDPQMWDF DDLNFTGMPPADE-
DYSP) was custom-synthesized (Genscript), ampli-
fied by PCR, and inserted into the pET32 Xa/LIC
vector using a ligation-independent cloning method.
The human CXCR1 21mer (h21mer) peptide was
prepared wusing solid-phase peptide synthesis
(MWDFDDLNFTGMPPADEDYSP) (Aapptec (KY,
USA). The '°N-labeled proteins were produced by
growing cells in minimal medium containing
NH,Cl as the sole nitrogen source. The purity
and molecular weight of the proteins and peptides
were confirmed using matrix-assisted laser desorp-
tion/ionization mass spectrometry (MALDI-MS)

Differential Activities of CXCL8 Monomer and Dimer



Nuclear magnetic resonance (NMR)
spectroscopy

The starting protein concentrations for the HSQC
titrations experiments were ~100-200 pM. The titra-
tion experiments were performed at two different con-
ditions, 50 mM sodium phosphate pH 7.0, 30°C, and
50 mM sodium phosphate, 150 mM NaCl pH 6.5,
25°C. The ®N-labeled CXCLS8 samples were prepared
in the respective buffers containing 1 mM sodium
azide, 1 mM sodium 2,2-dimethyl-2-silapentane sulfo-
nate (DSS), and 10% 2H,O (v/v). Stock solutions
(~2 mM) of the CXCR1 N-domain peptides in the
same buffer were used for the titration experiments.
NMR HSQC titration experiments were acquired
using a Bruker Avance III 800 MHz (equipped with a
TXI cryoprobe) or 600 MHz (equipped with a QCI cry-
oprobe) spectrometers. The spectra were processed
using NMRPipe,*® and analyzed using NMRView,*°
or Bruker Topspin 3.2 software.

Binding interactions were monitored by adding
aliquots of CXCR1 peptide to the °*N-labeled proteins
essentially until no change in chemical shifts were
observed in the 'H-'N HSQC spectra. Experimental
details such as buffer, starting and final CXCL8 and
peptide concentrations, final peptide : protein molar
ratio, and bound population are provided in Table II.
The apparent binding constants (K4q) were determined
by fitting the chemical shift changes as a function of
peptide : protein molar ratios as described previ-
ously.?? The observed chemical shift change was cal-
culated using the equation, Ad = &(0y2 + (0.20n)%),
where dy and dx are the 'H and N chemical shift
changes, respectively. The calculated K; is the aver-
age obtained from fitting the titration curves of 8-15
well resolved amide resonances.
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