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Background: Redox activity of hemoglobin (Hb) is augmented by lipopolysaccharide (LPS) to boost immune defense.
Results: Computational analysis of Hb identified LPS-binding hot spots, which were further defined via peptide-based binding

assays and confirmed by mutagenesis of Hb subunits.

Conclusion: Regions of Hb that interact with LPS have been delineated.
Significance: Knowledge of LPS-binding residues on Hb may be exploited for designing antimicrobial peptides.

Hemoglobin (Hb) functions as a frontline defense molecule
during infection by hemolytic microbes. Binding to LPS induces
structural changes in cell-free Hb, which activates the redox
activity of the protein for the generation of microbicidal free
radicals. Although the interaction between Hb and LPS has
implications for innate immune defense, the precise LPS-inter-
action sites on Hb remain unknown. Using surface plasmon res-
onance, we found that both the Hb @ and 3 subunits possess
high affinity LPS-binding sites, with K, in the nanomolar range.
In silico analysis of Hb including phospho-group binding site
prediction, structure-based sequence comparison, and docking
to model the protein-ligand interactions showed that Hb pos-
sesses evolutionarily conserved surface cationic patches that
could function as potential LPS-binding sites. Synthetic Hb pep-
tides harboring predicted LPS-binding sites served to validate
the computational predictions. Surface plasmon resonance
analysis differentiated LPS-binding peptides from non-binders.
Binding of the peptides to lipid A was further substantiated by a
fluorescent probe displacement assay. The LPS-binding pep-
tides effectively neutralized the endotoxicity of LPS in vitro.
Additionally, peptide B59 spanning residues 59-95 of Hbf3
attached to the surface of Gram-negative bacteria as shown by
flow cytometry and visualized by immunogold-labeled scanning
electron microscopy. Site-directed mutagenesis of the Hb sub-
units further confirmed the function of the predicted residues in
binding to LPS. In summary, the integration of computational
predictions and biophysical characterization has enabled delin-
eation of multiple LPS-binding hot spots on the Hb molecule.
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Gram-negative bacteria (GNB)? are the predominant cause
of clinical sepsis (1). A major constituent of their outer mem-
brane is LPS (2), which is a potent stimulator of the immune
system. LPS molecules shed from the bacterial surface contrib-
ute to the pathology of GNB sepsis (3). LPS has been called
“endotoxin” because of its pyrogenic properties in humans and
other mammals. LPS molecules from different species of GNBs
share a common general architecture (Fig. 1) (4), consisting of a
hydrophobic domain known as lipid A, a non-repeating core
oligosaccharide, and a distal polysaccharide called O-antigen.
Lipid A, also known as the “endotoxic principle” of LPS (5),
anchors LPS to the bacterial surface by insertion of its fatty acyl
chains into the outer membrane.

The ability to acquire iron from the host is crucial for the
survival of invading pathogenic bacteria (6). The mammalian
host sequesters most of its iron in the form of heme (7). The
respiratory protein Hb is a potentially rich source of iron and as
a result is targeted by many bacterial pathogens, which have
evolved specialized heme-Hb uptake systems for capturing cell-
free Hb, free heme, and Hb complexed with other host proteins
(8). For instance, virulent strains of Staphylococcus aureus
secrete extracellular hemolytic toxins upon invasion, which
rupture the erythrocytes extensively to release Hb (9). The
extracellular bacterial proteases then cleave the Hb polypeptide
chains and release the prosthetic heme. It has been shown that
the redox activity of Hb (10, 11) is significantly enhanced in the
presence of bacterial proteases and pathogen-associated
molecular patterns (LPS and lipoteichoic acids) (12). The sub-
sequent generation of free radicals by the redox-active Hb can
kill the invading pathogen at the site of infection (12-14).

Hb has long been recognized as an LPS-binding protein (15).
Hb from various species such as humans, sheep, and pig has

2 The abbreviations used are: GNB, gram-negative bacteria; ReLPS, LPS from S.
minnesota Re595; SPR, surface plasmon resonance; HBS, HEPES-buffered
saline; DC, dansylcadaverine; rFC, recombinant factor C; SEM, scanning
electron microscopy.
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FIGURE 1. Schematic representation of the structure of LPS (38). GIcN, glucosamine; P, phosphate; KDO, 2-keto-3-deoxyoctulosonic acid; Hep, b-glycero-p-
manno-heptose; Gal, galactose; Glc, glucose; NGa, N-acetyl galactosamine; NGc, N-acetyl glucosamine.

been shown to interact with LPS (16-19). The invertebrate
respiratory protein, hemocyanin, which is a functional homo-
logue of Hb also binds LPS (12-14), indicating the evolutionary
significance of such interactions. Previous studies have charac-
terized the interactions of Hb and LPS through biophysical
methods such as isothermal titration calorimetry and Fourier-
transform infrared spectroscopy (17, 18), which suggested that
Hb intercalates into and alters the aggregate structure of LPS
polymers, transitioning it from a relatively dormant multila-
mellar structure to a bioactive cubic structure. It has been
shown that Hb interacts predominantly with the acyl chains
and phosphate moieties of lipid A (20). However, the precise
interaction hot spots on the Hb remain unknown.

Here, we demonstrated that both the subunits of Hb contain
LPS-binding sites. We implemented a methodical computa-
tional analysis to predict the LPS-binding sites on the surface of
the Hb molecule. An algorithm to predict phospho-group bind-
ing sites was applied, followed by structure-based sequence
comparisons of the vertebrate Hbs and docking analysis of pro-
tein-ligand interactions. The predictions were tested experi-
mentally by investigating the binding of synthetic Hb peptides
to LPS in immobilized and free form and to the bacterial sur-
face. The LPS-binding peptides displayed binding affinity in the
range of 10~ ® to 10~ > M in SPR analysis. Moreover, these LPS-
binding peptides neutralized the endotoxicity of LPS, indicat-
ing the functional significance of binding. Selective mutations
of lysine to aspartate at positions 56, 60, and 61 in Hb «; and
positions 59, 66, and 95 in Hb f3 led to partial loss of the LPS-
binding ability of the subunits. Taken together, we have
mapped LPS-binding sites on Hb using an integrated approach
of computational predictions and empirical validations. Our
work advances the understanding of the molecular basis of Hb-
LPS interactions.

EXPERIMENTAL PROCEDURES

Reagents—LPS and lipid A of Salmonella minnesota were
purchased from Sigma. S. minnesota ReLPS was from List Bio-
logical Laboratories (Campbell, CA). PyroGene kit for the
quantification of LPS was from Lonza Biosciences Pte Ltd.
QuikChange® XL site-directed mutagenesis kit was purchased
from Stratagene (La Jolla, CA). All other chemicals were of
molecular biology grade obtained from Sigma, unless otherwise
stated.

SPR Analysis of Recombinant Hb Subunits with LPS—The
binding of the recombinant Hb subunits, rHba and rHbf3 to the
ligands, LPS, ReLPS, and lipid A, was characterized by real-time
interaction analysis using BIAcore 2000 (BIAcore AB, Uppsala,
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Sweden). Details on the expression and purification of the rHb
proteins are in the supplemental “Materials and Methods.” For
SPR, S. minnesota LPS, ReLPS, and lipid A were diluted to 0.25
mg/mlin 10 mm PBS, pH 7.4, and immobilized on the surface of
an HPA sensor chip (GE Healthcare) according to the manu-
facturer’s specifications. Binding studies were performed with
HEPES-buffered saline (HBS) as the running buffer. The pro-
teins were injected over the immobilized ligand at a flow rate of
30 wl/min. Regeneration of the chip surface was achieved by
injection of 100 mM NaOH for 1 min. All SPR responses were
normalized against the buffer. The association and dissociation
phases of data were separately fitted to a 1:1 Langmuir binding
model provided in the BIAevaluation software (version 4.1).
The dissociation constant (K,,) was then calculated from the
averaged values of k, and k, using the equation, K, = k,/k,,.
Residual plots and chi-square were used as a measure of the
curve fitting efficiency.

Prediction of LPS-binding Sites on Hb—A search for LPS-
binding sites on Hb was initiated by using an algorithm that
computes the propensity of phospho-group binding for a pro-
tein surface (21). Briefly, the algorithm computes a joint pro-
pensity for phospho-group contact based on the amino acid
identity, surface curvature, and electrostatic potential at every
point of the discretized protein surface. The computed propen-
sities for each surface point were mapped onto the correspond-
ing surface amino acid residues, and an average propensity for
each residue was computed. To determine the binding sites that
have been conserved across Hb, 20 vertebrate Hb structures
were selected from the Structural Classification of Proteins
database classification (supplemental Table S1) (22). The pro-
pensity calculation algorithm was repeated on each of these
structures. Independently, structural alignment of these pro-
teins was performed using the MultiSeq tool of Visual Molecu-
lar Dynamics (VMD) (23), with human aquomet Hb as the
index structure for the alignment. The structure-based align-
ments were examined for the phospho-group binding propen-
sities of the aligned residues and the degree of conservation of
the favorable propensity was computed for the residues, yield-
ing predicted binding sites with combined propensity and con-
servation. The predicted binding sites were further prioritized
by seeking paired patches at an appropriate distance to interact
with the two phosphates of the lipid A head group.

To comprehend the interactions between the ligand and
these binding sites, docking was performed using GLIDE (ver-
sion 5.0; Schrodinger, LLC, 2007). The crystal structure of
human aquomet Hb (Protein Data Bank code 1IHGB) was used
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as the receptor. The protein structure was prepared using the
Maestro protein preparation wizard (Schrodinger). The solvent
molecules were deleted, bond orders were assigned, and hydro-
gen atoms were added to the protein. The orientation of the
hydroxyl groups and the protonation states of the amino acid
residues were optimized. The protein structure was then min-
imized using the OPLS 2001 force field. The ligand (1,4'-bis-
phospho-B-(1,6)-2,2'-N-acetyl-3,3’-O-acetyl-p-glucosamine
disaccharide) was prepared by replacing the long acyl chains of
lipid A with methyl groups as GLIDE limits the maximum num-
ber of atoms for a ligand. The Ligprep utility of Maestro was
used to generate the protonation and tautomeric states. One
low energy ring conformation and 32 stereoisomers were gen-
erated. Prior to docking, grids were generated for each of the
potential binding sites. For each site, the center of each grid was
defined as the centroid of the residues of the patch. Additional
constraints for hydrogen bonding to the ligand were imposed
on the residues in each patch. The standard precision mode of
GLIDE was used for docking. The ligand was flexible, whereas
the protein was held rigid. Default parameters specified in
GLIDE were used for docking. The resulting structures from
each docking were compared on the basis of their GlideScore.

Peptide Design and Synthesis—Based on the computational
predictions, various Hb peptides were synthesized commer-
cially by Genemed Synthesis, Inc. and purified to >95% under
pyrogen-free conditions. The purity and quality of the peptides
were assessed by HPLC and mass spectrometry. The peptides
were annotated A and B, indicating their derivation from the
Hb « or B subunit, respectively. The numbers correspond to the
start of their amino acid positions in the Hb sequence.

CD Measurements—The secondary structure of the peptides
was determined by recording their CD spectra at a concentra-
tion of 40 uM in PBS, pH 7.4, using a Jasco J-810 spectropola-
rimeter. The temperature within the sample chamber was
maintained at 25 °C with a continuous flow of nitrogen. Spectra
were recorded in quartz cuvettes of 1-mm path length, at data
pitch of 0.1 nm, bandwidth of 2 nm, response time of 1 s, and
scanning speed of 20 nm/min. Data from three independent
scans were averaged. Buffer alone was used as the control for
baseline subtraction.

Interaction of Peptides with Immobilized LPS—SPR analysis
was performed to examine the binding of Hb peptides to LPS,
ReLPS, and lipid A, as described earlier. Different concentra-
tions of the peptides were injected over the immobilized ligand
at a flow rate of 30 ul/min using HBS, pH 7.4, as the running
buffer. Data analysis was performed as described earlier.

Dansylcadaverine Displacement Assay—The binding of pep-
tides to lipid A in solution was measured using dansylcadaver-
ine (DC) as a fluorescent displacement probe. The assay is
based upon differences in the fluorescence emission intensity of
lipid A-bound and -unbound forms of DC. Upon binding to
lipid A, there is an increase in the emission intensity of DC
accompanied by a blue shift in the wavelength of maximum
emission. Here, if a peptide binds lipid A, the bound DC will be
displaced, resulting in a quenching of fluorescence. Equal vol-
umes (50 ul) of 100 um DC and 40 pg/mllipid A in HBS, pH 7.4,
were mixed and incubated for 5 min. This was followed by addi-
tion of 50 ul of various concentrations of the peptides. The
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fluorescence of the samples was then measured using a
BIOTEK plate reader. Excitation and emission wavelengths
were set at 340 and 560 nm, respectively. To quantitatively
compare the interaction of the peptides with lipid A, the occu-
pancy of DC on lipid A was calculated using the following for-
mula: occupancy = (F, — Fp,)/(F; — Fj,), where F}, is the fluo-
rescence intensity of DC in the absence of lipid A; F; is the
fluorescence intensity of DC in the presence of lipid A; and Fjis
the fluorescence intensity of the solution of DC and lipid A
upon the addition of the different concentrations of the pep-
tides. The occupancy varies from 0 for DC solution without
lipid A, to 1 for DC and lipid A solution without the added
peptides.

PyroGene Assay for LPS Neutralization—The endotoxicity of
S. minnesota LPS in the presence or absence of the peptides was
measured using the PyroGene kit. This kit employs recombi-
nant factor C (rFC) from horseshoe crab to quantify the endo-
toxicity of LPS (24). In the presence of LPS, rFC becomes acti-
vated and hydrolyzes a synthetic substrate to release a
fluorescent product. The amount of product formed is quanti-
fiable at excitation and emission wavelengths of 380 and 440
nm, respectively. Various concentrations of peptides were pre-
incubated with 10 ng/ml of S. minnesota LPS at 37 °C for 1 h.
Each test sample was diluted 20 times, and 100 ul was aliquoted
into the wells of a 96-well plate. The assay was performed
according to the manufacturer’s specifications. The relative
change in the endotoxicity of the solutions was measured by
comparison with the peptide-free LPS samples. The extent of
neutralization of the endotoxicity of LPS in the presence of
peptides was calculated using the formula [(E; — Ep)/E; ] X 100,
where E, is the endotoxicity of LPS solution and E, is the endo-
toxicity of the solution in the presence of the peptide.

Flow Cytometry Analysis—The binding of peptide B59 to
GNB was assessed using flow cytometry. Cultures of Esche-
richia coli and Pseudomonas aeruginosa (~107 cells/ml) grow-
ing at exponential phase were treated with 1 mm B59 in PBS, pH
7.4, with or without pre-treatment with 100 ng/ml LPS, for 30
min at room temperature. The bacteria were then fixed with 4%
paraformaldehyde for 30 min, followed by blocking with 5%
BSA for 1 h. The bound peptide was detected by incubating the
samples for 1 h each with primary rabbit anti-Hb antibody
(1:400) and secondary phycoerythrin-conjugated goat anti-rab-
bit IgG (Invitrogen) (1:200). Untreated samples served as neg-
ative controls. The bacteria were resuspended in 0.5% parafor-
maldehyde-PBS, and data were collected using the Dako
Cytomation CyAn ADP system.

Scanning Electron Microscopy—The B59 peptide, which was
shown to bind and neutralize LPS, was visualized on the bacte-
rial surface using immunogold labeling coupled with SEM. The
bacteria were prepared as for flow cytometry analysis. The sam-
ples were treated with primary rabbit anti-Hb antibody (1:50)
for 1 h. Samples were incubated with pre-immune rabbit serum
or an isotype control antibody (anti-C3d) alone instead of the
primary antibody as a negative control. For immunogold label-
ing, 20 nm colloidal gold-conjugated goat anti-rabbit IgG (Ted
Pella, Inc.) (1:50) was used. The samples were post-fixed in 1%
aqueous solution of osmium tetroxide for 30 min, followed by
dehydration in increasing concentrations of ethanol. The sam-
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FIGURE 2. Hb subunits possess high affinity for bacterial LPS. S. minnesota LPS was immobilized on an HPA sensor chip. rHba and rHbB at 0.1, 0.25, 0.5, and
0.75 umin HBS were individually injected over the ligand-immobilized chip surface at a flow rate of 30 wl/min. Data were fitted to a 1:1 Langmuir binding model
using the separate fit module of the BlAevaluation software (version 4.1). Sensorgrams for the interaction of rHba (A) and rHb 3 (B) with LPS are shown in black.
The red lines represent the corresponding fits. Plots of residuals corresponding to the differences between the experimental and best-fit curves are shown in
the lower panel. RU, response units. C, kinetic parameters for binding of rHba and rHbp to the various ligands.

ples were then subjected to standard procedures of infiltration
and carbon coating. The samples were viewed under a XL-30
FEG SEM microscope (Philips) at an accelerating voltage of 10
keV. The backscattered electron mode was used to observe col-
loidal gold particles on the bacteria.

Site-directed Mutagenesis—Lysine-to-aspartate mutations
were introduced into specific sites of both the Hb a and S sub-
units. The mutant proteins are designated as Hba(K56D/
K60D/K61D) and HbB(K59D/K66D/K95D). In addition, a
K17D single mutation was introduced at a non-LPS binding site
in Hb to serve as an internal control. Mutagenic primers were
designed using PrimerX and are listed in supplemental Table
S2. Mutagenesis was carried out using the QuikChange® XL
Site-directed Mutagenesis kit according to the manufacturer’s
instructions. All mutants were verified by sequencing and
transformed into E. coli BL-21 (DE3) for protein expression.
Protein expression and purification was carried out as
described previously for the wild-type subunits (supplemental
“Materials and Methods”).

ELISA-based LPS Binding Assay—The ability of the mutant
Hb subunits to bind LPS was probed using ELISA. Briefly, 1 ug
of S. minnesota LPS was immobilized on the surface of the
96-well microtiter plates by overnight incubation at room tem-
perature. The excess ligands were washed off, and the unbound
sites were blocked with 2% BSA at 37 °C for 2 h. Various con-
centrations of the proteins, prepared in HBS, were added to the
wells and incubated at 37 °C for 2 h. Following three rinses with
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PBST (PBS containing 0.05% (v/v) Tween 20), the bound pro-
teins were detected by incubating the samples with primary
rabbit anti-Hb antibody (1:5000) and horseradish peroxidase-
conjugated goat anti-rabbit antibody (1:2000) at 37 °C for 2 h.
After washing the wells three times with PBST, 100 ul of per-
oxidase substrate, (2,2'-azino-di-[3-ethylbenzothiazoline sul-
fonate]) (Roche Diagnostics) was added, and A ;5 was read.

RESULTS

a and 3 Subunits of Human Hb Harbor LPS Binding Sites—
Previous studies have shown that tetrameric Hb from various
species, as well as the « subunit of sheep Hb, can bind bacterial
LPS (18). Here, we examined whether the isolated subunits of
human Hb could also bind LPS. The « and 3 chains of Hb were
expressed recombinantly and purified (supplemental Fig. S1).
Real-time interaction analysis using SPR showed that both
rHba and rHbB bind S. minnesota LPS (Fig. 2, A and B), ReLPS,
and lipid A (Fig. 2C) in a concentration-dependent manner.
This indicates that binding sites for LPS are located on both
subunits, suggesting the existence of more than one binding site
per tetramer of Hb. The K, values were in the nanomolar range
for the ligands (Fig. 2C). The accuracy of the fitting was indi-
cated by the residual plots and chi-square values, which were
within acceptable limits (chi-square below 10 is acceptable).

Hb Possesses Evolutionarily Conserved Cationic Surface
Patches for Binding LPS—Having observed more than one LPS-
binding site on the Hb tetramer, it was pertinent for us to exam-
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ine the structure of Hb for potential LPS-binding sites. Hb has
been shown to associate with LPS via electrostatic interactions
with the 2-keto-3-deoxyoctulosonic acid sugars of ReLPS and
the phosphate residues of lipid A and via hydrophobic interac-
tions with the lipid A acyl chains (20, 25, 26). Because LPS
molecules are anchored on the surface of GNB with the acyl
chains of lipid A embedded in the membrane bilayer, we envis-
aged that for the cell-free Hb to dock onto the bacterial surface
and mediate localized free radical production via its redox
activity, it should be able to bind to LPS proximal to the mem-
brane. Electrostatic forces project a force field farther into
space, and are thus more effective than other chemical interac-
tions at recruiting binding partners across long distances (27).
Studies have shown that Hb does not interact strongly with
dephosphorylated ReLPS, suggesting the importance of the
phosphate residues in these interactions (20). This prompted us
to undertake a computational approach to search for phospho-
group binding sites on Hb. The phospho-group binding predic-
tion algorithm for the human Hb resulted in many “hits,” which
could potentially participate in binding to LPS (Fig. 34). The
algorithm was additionally run for two control proteins, FhuA
and MD2, whose structures in complex with LPS are known
(28, 29). The prediction algorithm identified the binding sites
correctly, thus indicating the reliability of this in silico approach
(Fig. 3A). However, additional “false positive” binding sites
were also predicted.

Because Hb from species as distantly divergent as sheep, pig,
and humans is known to bind LPS (16 —19), we used a structure-
based sequence comparison to narrow down the predictions to
residues for which binding propensity has been conserved evo-
lutionarily (Fig. 3B). Further analysis of the Hb structure served
to shortlist eight cationic pockets, which were located at the
protein surface with an appropriate separation distance to bind
the head group phosphates of lipid A.

Docking of the lipid A disaccharide head group (Fig. 3C) to
these sites was performed to assess the possible interactions
with LPS. For most of the binding sites, the docked structures
exhibited strong networks of hydrogen bonds between the
phosphates of the ligand and positively charged or partially
charged residues of the protein (Fig. 3C, panels I-IV and VIII).
Docking produced non-ideal hydrogen bonds in some cases,
such as between the Arg-141 and a phosphate of lipid A (Fig.
3C, panel V); and between the backbone carbonyl of Leu-3 and
the amine group on the ligand (Fig. 3C, panel VI). The affinity of
the ligand was highest for the binding sites located at the a-«
and the B-B interfaces (Fig. 3C, panels V and VIII). This is in
agreement with the prediction algorithm that showed these two
interfaces to have a high propensity of phospho-group binding
(Fig. 34).

Hb Peptides Harboring Predicted LPS-binding Sites—Pep-
tides were designed to harbor the computationally predicted
binding sites for empirical validations of LPS binding (Fig. 4, A
and B). The peptide length and region surrounding the pre-
dicted LPS-binding residues was chosen based on the hydro-
philicity and solubility. To substantiate the computational pre-
diction methods, a control peptide A111 was designed from the
surface residues of the Hba, which were predicted to be non-
LPS binding. To query the plausible effects of the length of the
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36-mer B59 on its interactions with LPS, we analyzed an 18-mer
peptide, B59s. To corroborate the role of the predicted residues
in binding LPS, a mutant peptide B59sm with base-to-acid sub-
stitutions was synthesized by replacing the predicted phos-
phate-binding lysine residues of B59s with aspartate.

Hb Peptides Exist in Random Coil Conformations—The sec-
ondary structure of the Hb peptides was determined in PBS in
the absence and presence of LPS (Fig. 4C). The CD spectra of
the peptides are characterized by a negative peak near 200 nm,
indicating that these peptides are unstructured in solution.
Although LPS is known to cause structural perturbations in the
Hb tetramer (14), it does not appear to affect the conformation
of the peptides, as indicated by the unchanging CD spectra in
the presence of LPS (supplemental Fig. S2).

Hb Peptides Bind Immobilized LPS—T o mimic the binding of
peptides to LPS displayed on the surface of GNB, Hb peptides
were flown over LPS, ReLPS, or lipid A immobilized on the
surface of an HPA sensor chip. Analysis of the SPR data
revealed high affinity interactions between six peptides and LPS
(Fig. 5, A—F). Three peptides, A1, A16, and B139 did not bind
LPS (Fig. 5G). B59 displayed the strongest affinity for LPS, with
a K, value of 6.35 X 10~® m. The LPS-binding affinity of the
18-mer B59s was ~60-fold lower than that of B59 (Fig. 5H). The
negative control, A111 peptide, showed no specific binding
activity but displayed a bulk response upon injection (Fig. 5G).
These results validate the modeling strategy, as the predicted
non-binder A111 did not show any binding. Similarly, the
mutant peptide B59sm displayed no affinity for LPS. It proves
the importance of the lysine residues for LPS-binding ability.

Hb Peptides Interact with LPS in Free Form—LPS shed from
invading bacteria can interact with host plasma proteins. Using
an assay based on the fluorescent probe DC, we examined
whether the Hb peptides would interact with lipid A in solution,
with the potential to inhibit its endotoxicity. Fig. 6 shows the
plots of the occupancy of DC on lipid A in the presence of
increasing doses of the peptides. The peptides, B59 and B59s,
showed the greatest decrease in probe occupancy, with dose-
dependent displacement from lipid A. The other peptides were
also able to reduce the occupancy of DC from lipid A in a dose-
dependent manner, albeit less drastically. The control peptide
A111 and the other non-binding peptides did not significantly
affect DC occupancy (Fig. 6B). Moreover, DC occupancy in the
presence of the non LPS-binding peptides did not decline in a
concentration-dependent manner. The non-binding peptide,
B139, could however reduce the occupancy to levels similar to
the LPS-binding peptide, A81. This could imply its binding to
LPS in solution phase rather than to immobilized LPS.

Hb Peptides Bind to LPS and Neutralize Endotoxicity—The
functional implications of the binding of the peptides to LPS
were probed by investigating their ability to neutralize the
endotoxicity of LPS solutions via a quantitative assay based on
recombinant factor C. This assay is highly sensitive to endo-
toxin, being able to detect levels as low as 0.01 endotoxin units/
ml. Prior to the assay, the endotoxin levels in the peptide solu-
tions were measured and were found to be minimal
(supplemental Table S3). The assay was conducted at an LPS
concentration of 10 ng/ml. The endotoxicity levels at this con-
centration were measured to be ~50 endotoxin units/ml. The
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results show that the peptides, which bound LPS, were able to

A. Peptide Sequence Length
A VLSPADKTNVK n neutralize it in a dose-dependent manner (Fig. 7). The peptides
2;2 E\G/flg%(AK\G/ADALTNAVAH 177 A56 and B59 were consistently the most potent in neutralizing
A81 SALSDLHAHKLR 12 the endotoxicity by >80%. The peptide B59s neutralized the
3 SVSIVLTSKYR . endotoxicity by >60%. The peptides A81, A131, and B1 neu-
A111 AHLPAEFTPAVHA 13 ) o
B1 VHLTPEEKSA 10 tralized LPS up to 50%. Poor LPS neutralization was seen for the
B59 KVKAHGKKVLGAFSDGLAHLDNLKGTFATLSELHCDK 37 ; 9 ‘ : indi
e KVKAHGKKVLGAFSDGLA i control peptide Al111 (§ 20%), consistent with the blnd{ng
B59sm*  DVKAHGKDVLGAFSDGLA 18 assays. The mutant peptide, B59sm, was unable to neutralize
B139 NALAHKYH 8

LPS. Similarly, the non-binding peptides A1 and A16 displayed
poor anti-endotoxic activity. Surprisingly, the non-binding
peptide B139 could neutralize LPS to an extent comparable
with the peptide B1. This suggests that B139 binds LPS in solu-
tion, which was also observed in the dansylcadaverine assay.
B59 Associates with Bacterial Surface—Based on the SPR
results wherein the peptides interact with LPS immobilized on
a sensor chip surface, we asked whether the peptides could also
associate with the LPS molecules in situ on the live bacteria.
The B59 peptide, which displayed the highest binding affinity
for LPS, was tested further for its attachment to the surface of
E. coli and P. aeruginosa. Using flow cytometry, we observed
the binding of the peptide B59 to the surface of GNB, indicated

Aand B refer to peptides designed from the Hb o subunit and Bsubunit, respectively.
The numbers indicate their amino acid positions in the Hb sequence.
*s annotates ‘short’ and sm is ‘short mutant’

C. by the positive shift in the median fluorescence intensity of the
I Il. peptide-treated samples compared with the untreated control
= 5 (Fig. 8A). Pre-treatment of the peptide with LPS resulted in a
2 /’ negative shift in the median fluorescence intensity, indicating a
E / ‘ reduction in binding of the peptide to the bacteria. This result
8 -10t A AB1 —B1 —B59sm suggests the binding of the peptide to bacteria via LPS. SEM
——A16 —A131 B59 —B139 enabled visualization of the peptide associated with the bacte-
oglr gy 190s Rl Ryt ; FEOOS, rial surface in the form of colloidal gold labeling (Fig. 8B). To
8 g (g
200 220 240 260 200 220 240 260

confirm the specificity of the rabbit anti-Hb antibody for the

Wavelength (nm) peptide B59, control experiments were performed in which the

FIGURE 4. Hb peptides used for empirical validations. A, designations and
sequences of the Hb peptides. Nine peptides were designed to incorporate
the putative LPS-binding residues (underlined in the sequence). The peptides
are designated A and B corresponding to the Hb « and B subunits, respec-
tively. Two additional control peptides were (i) A111, composed of the stretch
of residues which were predicted to be non-LPS binding, and (i}) B59sm,
mutant peptide obtained by replacing the predicted LPS-binding residues of
B59s with aspartic acid. B, mapping of the Hb peptides on the tetrameric
structure. Tetrameric Hb showing the peptides designed to incorporate the
predicted LPS-binding sites. The « subunits are colored gold, and the 8 sub-
units are colored violet. The heme moiety is represented by sticks, whereas
the polypeptide chains are shown as ribbons. The peptides are labeled for
chains Aand B. G, secondary structure of Hb peptides. Far-UV CD spectra of Hb
peptidesin PBS, pH 7.4, at 298 K. Peptide concentration was 40 um. A negative
peak near 200 nm represents a random coil structure. Panel I, « subunit pep-
tides: A1 (green), A16 (blue), A56 (red), A81 (aqua), A131 (brown), A111 (cyan);
and panel I, B subunit peptides: B1 (green), B59 (aqua), B59s (red), B139 (blue),
B59sm (black).

primary rabbit anti-Hb was separately replaced with rabbit pre-
immune serum and an isotype control rabbit anti-C3d anti-
body. The bacteria showed negligible labeling (supplemental
Fig. S3) in both the cases, thus proving the specificity of the
primary antibody used.

Mutations in Hb Subunits at LPS-binding Sites Diminish
Their LPS-binding Ability—For further substantiation of the
LPS-binding sites, selected residues in the A56 and B59 pep-
tides were mutated to generate recombinant Hb « and 3 sub-
units with mutations from lysine to aspartate. Two mutant sub-
units carrying triple mutations were constructed: Hba(K56D/
K60D/K61D) and HbB(K59D/K66D/K95D).  Separately,
mutant HbB(K17D), which was not predicted to be an LPS-

binding site was also constructed as an internal control for the

FIGURE 3. Computational prediction of LPS-binding sites on Hb. A, prediction of phospho-group binding patches. An algorithm for computing phospho-
group binding propensity was applied on human Hb (Protein Data Bank code THGB). FhuA protein in complex with LPS (Protein Data Bank code 1QFG) and
MD2 protein with bound lipid A (Protein Data Bank code 2E59) served as positive controls. The binding propensity is represented by surface coloring, which
varies linearly from white to blue over favorable propensity values from 1 to 30, and from red to white over the unfavorable propensity values from —1to 0. The
ligands, LPS and lipid A, are shown in a licorice representation, with the phosphate atoms colored green. The phosphate atoms of the ligands in FhuA and MD2
are outlined in yellow. Insets show magnified images of the phospho-groups of the ligand along with the surface coloring for the proteins. B, structure-based
sequence alignment of vertebrate Hba chains. Vertebrate Hb proteins were aligned on the basis of structure using the MultiSeq tool of VMD. The alignment for
Hba is shown here. Residues are color-shaded on the basis of predicted propensity of phospho-residue contact in a decreasing order from green to red to blue.
Residues with no propensity of contact are indicated in black. Buried residues are indicated in yellow. The helix designations, A-F, for Hb (according to
Kendrew’s nomenclature (39)) are shown above the alignment. C, molecular docking of the ligand to the predicted LPS-binding sites. The diglucosamine head
group of lipid A (1,4'-bisphospho-B-(1,6)-2,2'-N-acetyl-3,3'-0-acetyl-d-glucosamine disaccharide) was used for docking analysis to the predicted LPS-binding
sites. Panels |-VIll, top ranking docked poses of the ligand to the predicted LPS-binding sites. Dockings were performed using GLIDE (version 5.0; Schrodinger,
LLC, 2007). The residues participating in hydrogen bonding with the ligand and the computed binding energies are indicated. The « subunits are colored gold,
and the 3 subunits are colored violet. The ligand is in stick representation, whereas the polypeptide chains are shown as ribbons. The hydrogen bonds are
indicated as dashed lines.
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FIGURE 6. DC displacement assay for interaction of Hb peptides with lipid
A in solution. The occupancy of DC (50 wm) on lipid A (20 wg/ml) was meas-
ured in the presence of 0, 0.1, 1, 10, 50, and 100 um of the various peptides at
pH 7.4 in HBS. The fluorescence intensity was measured by excitation at 340
nm and emission at 560 nm. The occupancy was calculated using the formula:
occupancy = (F, — Fp)/(F, — Fp), where Fj, is the fluorescence intensity of DC
in the absence of lipid A, F, is the fluorescence intensity of DC in the presence
of lipid A; and F is the fluorescence intensity of the solution of DC and lipid A
upon the addition of the different concentrations of the peptides. Occupancy
is plotted against the log-peptide concentrations for peptides that bind LPS
(A) and do not bind LPS (B). Results are the means = S.D. of three independent
experiments done in triplicate.

LPS-binding assays. The binding of the mutants to LPS was
compared with that of the wild-type subunits by ELISA (Fig. 9).
The mutations resulted in a weakening of the LPS-binding abil-
ity of the Hb subunits, with 2- and 4-fold reductions for the
mutated Hb « and Hb 3 subunits, respectively. The LPS-bind-
ing of HbB was unaffected by the K17D mutation.

DISCUSSION

The binding of microbial pathogen-associated molecular
patterns to Hb is known to induce structural alterations in the
protein, leading to the activation of its redox activity (12, 14).
The propensity for Hb to bind LPS tends toward its recruitment
to the bacterial surface, thereby enhancing the free radical-me-
diated antimicrobial efficiency in a localized manner while min-
imizing damage to the host. The Hb-LPS interaction thus plays
arole in the non-self immune response. Here, we have mapped

80 B 100uM

% Neutralization of LPS

A56  A81 A131 B1 B59 B59s

120
100} B.

o 1uM
B 10uM
B 100puM

% Neutralization of LPS
'S
o §

-40

A111 B59sm A1 A16 B139

FIGURE 7. Neutralization of LPS endotoxicity by Hb peptides. S. minnesota
LPS was treated with 1, 10, and 100 um concentrations of peptides. The endo-
toxicity of the solutions was measured using rFC-based PyroGene assay. The
extent of neutralization of LPS by the peptides is plotted as a percentage of
the “LPS only” control for the LPS-binding peptides (A) and non LPS-binding
peptides (B). Results are the means =+ S.D. of three independent experiments
donein triplicate.

LPS-binding hot spots on the surface of the Hb tetramer using
computational predictions coupled with empirical validations.

Using real-time interaction analysis of the recombinant Hb «
and S chains, we showed that the isolated subunits of Hb bind
strongly to LPS, ReLPS, and lipid A (Fig. 2). This implies that the
Hb tetramer (a,3,) contains multiple LPS-binding sites. Sev-
eral proteins such as CD14 (30), MD2 (31), LPS-binding protein
(32), Hsp60 (33), and FhuA (34) have been shown to interact
with LPS via both electrostatic interactions with the polar head
group of the lipid A, and hydrophobic interactions with the
lipid A acyl chains. It has been proposed that the structural
requirements for LPS binding include the presence of a cluster
of cationic residues and a hydrophobic pocket (35). In the pres-
ent study, we adopted an in silico approach to search for pock-
ets on Hb with electrostatic and steric favorability for binding
the phosphate groups of the lipid A moiety of LPS. This led to
the identification of sites comprised of cationic residues, appro-
priately positioned to engage in electrostatic interactions with
the phosphates of lipid A. It has been suggested that respiratory
proteins have evolved over hundreds of millions of years, from
the invertebrate protein hemocyanin to the vertebrate Hb, with
a secondary role of immune defense via interaction with patho-
gen-associated molecular patterns (12, 13). Thus, evolutionary
conservation of binding site residues was used as an additional
search criterion. The binding energy between LPS and these
sites was obtained by docking the head group of lipid A (the

FIGURE 5. Surface plasmon resonance measurements of the interaction of Hb peptides with LPS. Peptides in HBS were injected over the immobilized
ligands at a flow rate of 30 wl/min. Sample concentrations were 50, 100, 150, and 200 um (except for B59, for which the concentrations were 0.01, 0.05, 0.1, and
0.5 uMm). The association and dissociation phases of data were separately fitted to a 1:1 Langmuir binding model in the BlAevaluation software (version 4.1). A-F,
sensorgrams for the interaction of the peptides with LPS are shown in black. The red lines represent the corresponding fits. Plots of residuals corresponding to
the differences between the experimental and best-fit curves are shown in the lower panel. RU, response units. G, representative sensorgrams of the peptides
that did not bind LPS at a concentration of 200 um: A1 (brown), A16 (green), A111 (black), B59sm (red), and B139 (purple). The response indicates a bulk shift
without any binding activity. H, kinetic parameters for interaction of peptides with the various ligands.
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FIGURE 8. LPS-binding peptide, B59, associates with Gram-negative bac-
teria. A, the binding of B59 to GNB was analyzed by flow cytometry. E. coliand
P. aeruginosa were treated with 1 mm B59 for 30 min, with (white) or without
(stripes) pre-treatment with 100 ng/ml LPS. The peptide bound to the bacte-
rial surface was detected using primary rabbit anti-Hb antibody (1:400) and
secondary phycoerythrin-conjugated goat anti-rabbit IgG (1:200). The fluo-
rescence intensity is plotted in log-fluorescence units versus counts. The neg-
ative control bacteria incubated without the peptide are indicated in gray.
The results are representative of three independent experiments. B, the asso-
ciation of B59 to the bacterial surface was visualized using scanning electron
microscopy coupled with immunogold labeling. Specific binding of the pep-
tide is demonstrated by the colloidal gold (arrows) observed under backscat-
tered electron (BSE) mode. Untreated bacteria served as negative control.
Magnification is 15,000 X. Bar, 1 wm.

diglucosamine phosphate moiety) to each of the predicted sites.
The docking analysis showed interactions of the phosphates
with the cationic residues in the protein.

Real-time interaction studies of the Hb peptides served to
assess the computational predictions and eliminate false posi-
tives. Overall, out of the nine peptides analyzed, six demon-
strated binding to LPS, ReLPS, and lipid A (Fig. 5). The pep-
tides, which showed binding to LPS, were also able to bind to
ReLPS and lipid A, suggesting that the peptides interact with
the lipid A component of LPS, conceivably via electrostatic
interactions with the phosphates. The ability of peptides A131
and B1 to bind LPS was in agreement with the computational
prediction of the high propensity of LPS-binding at the inter-
face of the Hb subunits. SPR analysis at low pH of 6.5 and 5.5
was performed to investigate the importance of electrostatic
interactions in binding of the peptides to LPS. At a pH of 5.5,
peptide B59 displayed 10X stronger affinity for lipid A (supple-
mental Fig. S44). This could be due to the greater net positive
charge on the peptide at this pH. The affinity for LPS and ReLPS
were, however, unchanged. Moreover, the affinity at pH 6.5 was
the same as that at pH 7.4 (supplemental Fig. S4B). Except for
B1, the peptides that have been used in this study are cationic at
physiological pH (isoelectric points > 8). Thus, lowering of the
pH would increase their net positive charge, which may not
alter the binding affinity significantly. The peptides generally
displayed weaker LPS-binding affinity as compared with the Hb
subunits, indicating that the three-dimensional structure influ-
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FIGURE 9. LPS-binding activities of wild-type and mutant Hb subunits.
ELISA was performed for quantifying the LPS-bindin%‘ activity of the mutant
Hb subunits: Hb « (A), and Hb 8 (B). 96-Well Maxisorp™ microtiter plates were
coated with S. minnesota LPS. The unbound sites were blocked with 2% BSA,
and increasing concentrations of the recombinant proteins were added to
each well. Anti-Hb antibody was added followed by horseradish peroxidase-
linked secondary antibody. The peroxidase enzyme activity was determined
at 405 nm. Results are the means = S.D. of three independent experiments
donein triplicate.

ences the affinity for LPS. This difference in the binding affinity
could also be attributed to the presence of multiple binding
sites in the Hb chains, whereas the peptides each harbor a single
LPS-binding site. Studies are underway for the precise struc-
tural determination of the crystal structure of Hb in complex
with LPS so as to ascertain the molecular details of their
interactions.

Fluorescent probe displacement assays corroborated the
observations on the binding of the peptides with lipid A. The
cationic fluorescent probe DC interacts with the acidic phos-
phate groups and hydrophobic acyl components of lipid A (36).
Because peptides B59 and B59s were able to displace the probe
from DC completely (Fig. 6), it indicates that they interact with
lipid A via similar interactions as DC. The peptides A56, A131,
and B1 have a weak binding affinity for lipid A as they could not
completely displace the probe bound to lipid A. It may be
argued that these peptides participate only in ionic interactions
with lipid A; hence, they were unable to disrupt the hydropho-
bic interactions between lipid A and DC. Mutations of the puta-
tive LPS-binding lysine residues to aspartate in B59sm abol-
ished its LPS-binding and -neutralizing activity, thus
emphasizing the importance of electrostatic interactions in
LPS-binding.

During infection, LPS molecules shed from the bacterial sur-
face lead to immune activation upon their recognition by effec-
tor molecules such as LPS-binding protein (37). We inquired
whether the LPS-binding peptides could mask LPS from the
innate immune effector proteins. This was probed by testing
the anti-endotoxic potential of the peptides using an rFC-based
assay. Consistent with the binding studies, the peptides B59,
B59s, and A56 neutralized the endotoxicity of LPS drastically
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(Fig. 7). This neutralization effect could be attributable to
sequestration of the LPS by the peptides, thus blocking LPS
from recognition by rFC. The other peptides with weak binding
affinity did not confer endotoxin neutralization. These results
are suggestive of the functional role of these peptides in hinder-
ing the recognition of LPS by immune effector proteins.

Consistent with the high affinity seen in SPR binding studies,
we were able to demonstrate the attachment of the LPS-binding
peptide B59 to the surface of GNB. Flow cytometry showed that
pre-treatment of the peptide with LPS reduced the binding of
this peptide to bacterial cells, proving that the peptide possibly
binds to LPS molecules anchored on the bacterial surface. Fur-
thermore, B59 was observed on the surface of GNB, visualized
by immunogold-labeled SEM. It should be noted that we can-
not preclude the possibility of the interaction of Hb peptides
with pathogen-associated molecular patterns on the surface of
Gram-positive bacteria, as it is known that Hb can bind with
lipoteichoic acids (12, 14).

Mutational analysis of the Hb subunits supported the com-
putational predictions and peptide-based experiments. Mutant
Hb subunits, Hba(K56D/K60D/K61D) and HbB(K59D/K66D/
K95D), had diminished LPS-binding activities. However, the
mutant subunits retained partial LPS-binding activity. This
may indicate that other residues also participate in LPS recog-
nition. Nevertheless, the results confirm the contribution of the
mutated residues of Hb in binding LPS and corroborate the
LPS-binding capability of the Hb peptides.

To summarize, we have delineated LPS-interacting regions
on the surface of the Hb tetramer by rational computational
predictions accompanied with biophysical characterization.
Our computational approach of integrating phospho-binding
propensity with evolutionary conservation identified potential
LPS-binding hot spots. Empirical investigations enabled filter-
ing of true positive binding sites obtained from the computa-
tional analyses. Peptides spanning residues 56 —72, 81-92, and
131-141 of Hba and residues 1-10 and 59-76 of Hbf were
shown to bind LPS. We have shown that the Hb peptides can
bind to both immobilized and soluble forms of LPS. The func-
tional implications of the binding were revealed by the anti-
endotoxic potential of the peptides. Mutagenesis studies of the
recombinant Hb subunits validated the participation of the pre-
dicted residues in binding LPS. In conclusion, our work extends
the understanding of the structure-function relationships of
Hb-LPS interactions. The results from this study may find
implications in the design of antimicrobial peptides.
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