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Abstract

Two NMR observables, N§H3+ peak in the HISQC spectrum and N chemical shift difference
between the free and heparin-bound forms, can identify binding-interface lysines in protein-
heparin complexes. Unlike backbone chemical shifts, these direct probes are stringent and are less
prone to either false positives or false negatives.

Graphical abstract

Identification of the lysine side chain NQH3+ peak in the HISQC spectrum and N¢ chemical shift
difference between the free and heparin-bound forms are useful methods for identifying binding-
interface lysines in protein-heparin complexes.
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Glycosaminoglycans (GAGS), such as heparan sulfate and heparin, are highly sulfated linear
polysaccharides, that bind diverse classes of proteins, including chemokines, growth factors
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Notes

Expression and purification of 13¢ and®N labeled CXCL1 and CXCL5 were carried out as described previouslyle' 20, Heparin (dp8
and dp14) oligosaccharides were purchased from Iduron (U.K). According to the manufacturer, the oligosaccharides were purified
using high-resolution gel filtration chromatography The mgor disaccharide units in heparin is 1doA, 2S-GIcNS,6S (~75%). Titrations
of heparin oligosaccharides to ~ 200 uMl N-CXCL1 and1®N-CXCL5 in 50 mM sodium phosphate pH 5.7 were carried out using
Bruker Avance 111 600 and 800 MHz spectrometers equipped with QCI and TCI cryoprobes, respectively. The final protein: ligand
molar ratio was 1:4. The HISQC, H2CN, and (H2C)N(CCH)-TOCSY, spectra in the free and bound forms were acquired using a
Shigemi coaxial NMR tube with the capillary filled with D20 to avoid partial deuteration of NH3* groups. All NMR experiments
were performed in 50 mM sodium phosphate pH 5.7.
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and proteases, and are intimately involved in human pathophysiology from combating
infection and propagating cancer to brain development and cognition!: 2. Though it is well
established that ion pair interactions between protein lysines (Lys) and GAG sulfates and
carboxylates mediate binding, unambiguous experimental evidence of which lysines and
how they contribute to the binding interactions has been hard to come by. Determination of
solution or crystal structures of protein-GAG complexes faces many experimental
challenges, including precipitation of complexes at high concentrations used for structural
studies, due to protein monomer-dimer equilibrium, and flexible nature of GAGs, lack of
crystals, and poor quality NMR spectra.

NMR backbone chemical shifts as a spectroscopic probe has been quite useful and has been
widely used for identifying GAG-binding residues3-5. This method though fairly
straightforward, does have limitations, as backbone chemical shift changes are correlative
and assigning whether a residue is involved in binding is often empirical. Previous studies
have shown that lack of chemical shift change does not mean a particular lysine is not
involved in binding and significant chemical shift change does not mean a particular lysine
is involved in binding® ° 7: 8, The extent of chemical shift change is dependent on several
factors including whether a given lysine is in a structured or unstructured region, proximity
and nature of other residues, packing constraints, dynamical features, and that the backbone
amide group is separated from the NCH;J,+ group by as many as six covalent bonds. Any
change in backbone chemical shifts is a composite of both direct binding and indirect
interactions such as due to binding-induced local and global structural changes®. Indirect
structural changes can result in false positives, and cancellation of direct and indirect
interactions can result in false negatives. Limitations of backbone chemical shifts generally
come to light in mutational studies, when a particular lysine is identified as a binding or a
non-binding residue whereas backbone chemical shift data had indicated otherwise.
Therefore, methods that directly probe the binding interactions by detecting and
characterizing the properties of N€H3+ are necessary0: 11 for identifying binding-interface
lysines in protein-GAG interaction complexes.

Here we show that 1H detection of the NQH3+ group and chemical shift change in15Ng can
identify interface lysines in heparin-protein complexes. We characterized the binding of two
related chemokines, CXCL1 and CXCL5, to heparin octasaccharide (dp8) and a 14mer
(dp14). Humans express ~ 50 chemokines, which play a crucial role in directing immune
and non-immune cells in health and disease. It is now well established that their function is
intimately coupled to binding to GAGs!2. A set of seven chemokines, including CXCL1 and
CXCLS5, characterized by the N-terminal ‘ELR’ motif, function as agonists for the CXCR2
receptor'3(Fig. 1). These chemokines orchestrate neutrophil recruitment in response to
bacterial and viral infections and injury. Previous studies have characterized heparin binding
to both CXCL1 and CXCL5 from NMR backbone chemical shift changes, molecular
dynamics, and mutational studies (Fig. 2) © 14. We show, unlike backbone chemical shifts,
direct detection methods are more reliable in identifying binding-interface lysines, and
further, are less prone to either false positives or false negatives.

For both proteins® 16 sequences and structures reveal eight lysines that are well distributed
on the protein surface (Fig. 3A and 1). We used HISQC experiment that measures the
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correlation between the15Ng and its attached *H nuclei for detecting NcHs" groups in the
heparin-bound complexes. HISQC spectra of the free chemokine and in the heparin-bound
forms failed to show any signals from N€H3+ groups under physiological conditions (pH 7.2
and 37 °C), indicating rapid H-exchange with the bulk water. On reducing the pH to 5.8 and
temperature to 10 °C, we observe one peak for the free protein (K21 in CXCL1 and K41 in
CXCL5) but at least seven peaks in the heparin-bound complexes (Fig. 3). The observation
of additional peaks can be directly attributed to significantly slower H-exchange with bulk
water due to ion pair interactions with heparin acidic groups. H2CN spectrum provides
correlation between non-exchangeable H, and'®N¢ resonances!’. We used H2CN spectra to
assign the chemical shifts 0f15Ng in the free and heparin-bound forms. For assigning the N¢
chemical shifts in the HISQC spectra at 10 °C, we initially assigned the 1H resonances in the
(H2C)N(CC)H-TOCSY spectrum at 40 °C, and then collected a series of H2CN spectra
from 40 to 10 °C that allowed transferring the N shifts to the HISQC spectra (Fig. 4).18 The
H, assignments at 40 °C were confirmed using HC(CO)NH and HCCH-TOCSY spectra
recorded at 40°C.

CXCL1-heparin interactions

In dp8 and dpl14-bound forms, HISQC spectra showed cross peaks for seven lysine residues
— K21, K29, K45, K49, K60, K61 and K65 (Fig. 3). Significant increase in>N¢ chemical
shifts upon complex formation is indicative of H-bonding between lysines and GAG acidic
groups (Fig. 5, Table-I). Absence of a peak for K71 in the HISQC spectrum suggests that it
is not involved in binding though it is in the proximity of other lysines. The peak
corresponding to K71 in the H2CN spectrum was confirmed using the K71A mutant, and
this peak also shows minimal chemical shift change on heparin binding. A peak for K21 in
the free HISQC spectrum indicates that it is involved in intramolecular ionic interactions,
and the extent of N¢ chemical shift change in the bound form is also lower compared to
other lysines, suggesting that it is involved in both intramolecular and intermolecular
interactions in the bound form. It is very likely that the role of intramolecular interaction of
K21 in CXCL1 is unrelated to GAG binding, considering this lysine is highly conserved in
all seven CXCR2-activating chemokines, is not involved in intramolecular interaction in
CXCL5, and mutating this lysine in CXCL1 and CXCLS8 results in reduced GAG binding
and reduced in vivo function!®. The stringency of probing N€H3+ side chain interactions is
also quite evident if we consider K29, as this lysine did not show backbone chemical shift
perturbation for both heparin oligosaccharides (Table-1). Independent validation also comes
from mutational and modeling studies that have shown K29 is involved in GAG interactions.
The overall quality of the spectra for dp8 and dp14 bound CXCL1 complexes are quite
similar, and the extent of N¢ chemical shift change of all lysines for both oligosaccharides
are also quite similar (Fig. 5, Table-1). These observations collectively indicate that the
dimensions of an octasaccharide are sufficient to capture all of the binding interface lysine
residues.

CXCL5-heparin interactions

For both oligosaccharides, HISQC spectra showed cross peaks for seven lysine residues in
the bound form — K25, K41, K49, K52, K64, K65 and K69 (Fig. 3). Absence of a peak for
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K76 indicates that it is not involved in binding though it is in the proximity of other lysines.
Of the lysines observed in the HISQC spectrum, all except K41 show significant chemical
shift difference for N¢ between the free and bound forms. Considering K41 was observed in
the free HISQC spectrum, we conclude that it is not involved in direct binding but in
intramolecular interactions that render slower hydrogen exchange between this side chain
and water. This is also validated from the observations that K41 showed no backbone CSP,
and was not identified as a binding residue in the structural models. This residue is not
conserved, and most CXCR2-activating chemokines have a polar residue at this location
indicating that any role for this lysine is unrelated to GAG function. We observe that the
intensities of the HISQC peaks are not uniform, and that K49 and K52 are weaker,
suggesting these residues are more solvent exposed. These observations are consistent with
the MD simulation studies that identified K25, K64, K65, and K69 as involved in contact ion
pair and K49 and K52 as involved in solvent-separated ion-pair interactions®. K76 showed
significant backbone CSP, but was not detected in the HISQC spectrum. The identity of K76
in the H2CN spectrum was confirmed using the K76A mutant, and N¢ chemical shift was
observed to be essentially the same between the free and bound forms, indicating that the
backbone chemical shift change must be due to indirect interactions such as structuring of
the helix.

In conclusion, we show that two NMR properties, observing the NQH3+ peak in the HISQC
spectrum and binding-induced N¢ chemical shift change, can serve as useful probes for
identifying binding-interface lysines in protein-heparin complexes. We further show direct
detection and characterization of side chain interactions, unlike backbone chemical shift
changes, are less likely to suffer from false positives or false negatives, and also minimize
the need for mutational and functional studies.
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21 29 45 49 60/61 65 71

ASVATELRCQCLQTLQ-GIHPKNIQSVNVKSPGPHCAQTEVIATLKNGRKACLNPASPIVKKIIEKMLNSDKSN
AGPAAAVLRELRCVCLQTTQ-GVHPKMISNLQVFAIGPQCSKVEVVASLENGKEICLDPEAPFLKKVIQKILDGGNKEN

25 41 49 52 64/65 69 76
AELRCMCIKTTS-GIHPKNIQSLEVIGKGTHCNQVEVIATLKDGRKICLDPDAPRIKKIVQKKLAGDESAD
SAKELRCQCIKTYSKPFHPKFIKELRVIESGPHCANTEIIVKLSDGRELCLDPKENWVQRVVEKFLKRAENS
APLATELRCQCLQTLQ-GIHLKNIQSVKVKSPGPHCAQTEVIATLEKNGQKACLNPASPMVKKIIEKMLKNGKSN
ASVVTELRCQCLQTLO-GIHLKNIQSVNVRSPGPHCAQTEVIATLKNGKKACLNPASPMVQKIIEKILNKGSTN
GPVSAVLTELRCTCLRVTLR-VNPKTIGKLQVFPAGPQCSKVEVVASLKNGKQVCLDPEAPFLKKVIQKILDSGNKKN

Fig. 1.

Se%uences of neutrophil activating chemokines. Amino acid sequence number for CXCL1
and CXCLJ5 are shown above and below the sequences, respectively. Basic residues
implicated in CXCL1 and CXCLS5 binding that are conserved in other members are shown in
red. Residues that are unique to CXCL1 and CXCLS5 are highlighted in blue.

Analyst. Author manuscript; available in PMC 2019 February 07.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Sepuru et al. Page 7

Fig. 2.
Models of heparin bound CXCL1 and CXCL5 complexes. Panels A and B shows the non-

overlapping heparin-binding surfaces in CXCL1 (defined as a- and p-domains). Heparin-
binding residues from both monomers are highlighted in light and dark blue and residue K71
from both monomers are labelled in red. Panel C show the heparin-binding surface in
CXCLS5. Heparin binding residues were highlighted in blue and residue K76 is shown in red.
The second monomer of the dimer is shown in black for clarity.
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(A) 2D (H2C)N(CCH)-TOCSY spectrum of the CXCL1-dp8 complex showing the cross
peaks for the lysine side chain protons. (B) Superimposition of the HISQC spectrum at

10 °C (in red) and H2CN spectra at 10 °C (red), 20 °C (blue), 30 °C (green), and 40 °C
(black) of the CXCL1-dp8 complex. H2CN spectra show correlation between N¢ and He at
different temperatures, allowing assigning the N¢ chemical shifts in the HISQC spectrum at

10°C.
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Fig. 5.
H2CN spectra of CXCL1 (A) and CXCL5 (B) in the free (black) and heparin dp8-bound

(red) forms. The spectra were acquired in 50 mM sodium phosphate pH 5.7 at 40 °C.
Summary of heparin binding-induced chemical shift changes of15Ng from the lysine NH3*
group in CXCL1 (C) and CXCL5 (D). Data for dp8 and dp14 are shown in red and blue,
respectively.
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