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Abstract
CD14 functions as a key pattern recognition receptor for a diverse array of gram-negative and gram-
positive cell-wall components in the host innate immune response by binding to pathogen-associated
molecular patterns (PAMPs) at partially overlapping binding site(s). To determine the potential
contribution of CD14 residues in this pattern recognition, we have examined using solution NMR
spectroscopy the binding of three different endotoxin ligands, Lipopolysaccharide, lipoteichoic acid
and a PGN-derived compound, muramyl dipeptide to a 15N isotopically labeled 152-residue N-
terminal fragment of sCD14 expressed in Pichia pastoris. Mapping of NMR spectral changes upon
addition of ligands revealed that the pattern of residues affected by binding of each ligand is partially
similar and partially different. This first direct structural observation of the ability of specific residue
combinations of CD14 to differentially affect endotoxin binding may help explain the broad
specificity of CD14 in ligand recognition and provide a structural basis for pattern recognition.
Another interesting finding from the observed spectral changes is that the mode of binding may be
dynamically modulated and could provide a mechanism for binding endotoxins with structural
diversity through a common binding site.
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Clinical manifestation of sepsis typically involves a complex interaction between the host
immune system and major bacterial cell wall constituents known as endotoxins. The cluster
differentiation antigen, CD14, has been shown to be a key high-affinity cellular receptor for
these bacterial endotoxins and plays an important role in endotoxin-induced activation of innate
immune cells [1]. In humans, CD14 is constitutively expressed on cell surfaces of monocytes/
macrophages as a 55 kDa membrane-bound protein and also exists in a soluble form (sCD14),
in serum and bodily fluids in concentrations of 2-6 μg/ml [2,3]. Recognition and binding of
different microbial endotoxins to both mCD14 and sCD14 initiates a signaling cascade
mediated by Toll-like receptors (TLRs) that promotes the synthesis and secretion of multiple
host-derived inflammatory mediators [4], overactivation of which is ultimately responsible for
the deleterious effects of sepsis. Understanding mechanism of endotoxin recognition is
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therefore critical in development of effective therapeutic strategies targeted against CD14 for
prevention of sepsis.

To date, several studies have confirmed interactions of CD14 with a variety of microbial ligands
such as lipopolysaccaride (LPS) from gram-negative bacteria, lipoteichoic acid (LTA) and
peptidoglycan (PGN) from gram-positive bacteria, lipoproteins, lipoarabinomannan,
polymannuronic acids and even with synthetic molecules [1,5-9]. The ability of CD14 to
interact with such structurally diverse endotoxins has led to the hypothesis that CD14 functions
as a pattern recognition receptor by recognizing and binding to different pathogen-associated
molecular patterns [7]. It is believed that this pattern recognition may be important for high
selectivity of CD14-mediated cellular activation and distinctiveness of the signaling pathway
in response to specific ligands [10]. However, the mode of recognition of these structurally
distinct patterns by CD14 is not clear, since structural details for CD14 in complex with any
of its ligands is not available. Deletion mutagenesis experiments and epitope mapping studies
with blocking antibodies and proteases have previously identified broad regions on CD14 that
are crucial for binding of various microbial ligands (residues 39-44, 57-64, 81-100) and which
possess overlapping sites of interaction for these ligands [11-15]. More recently, a high-
resolution X-ray crystal structure for mouse sCD14 by itself has been determined [16], in which
a potential endotoxin binding pocket can be seen at the N-terminus, with the binding regions
identified previously from the mutagenesis experiments clustered around this pocket.
However, apart from these general interpretations, no direct structural evidence for differential
binding to specific residues of CD14 is available, which is critical in order to confirm the role
of CD14 as a pattern recognition receptor and provide a structural basis for endotoxin
recognition and binding by CD14.

In order to determine the potential contribution of CD14 residues to endotoxin pattern
recognition, we have analyzed the binding of various endotoxin ligands to CD14 at a molecular
level using solution NMR spectroscopy. NMR spectral changes were mapped out for binding
interactions between residues of a fully functional 152-residue N-terminal domain of CD14
expressed and isotopically labeled in Pichia pastoris, and the cell-wall components from Gram-
negative and Gram-positive bacteria, that differ with respect to both structure and ability to
stimulate innate host responses to CD14. Comparison of the pattern of residues in CD14
affected by binding of each ligand reveals differential changes in NMR spectra of CD14 for
each ligand. However, the pattern of residues affected by binding of these ligands is partially
similar and partially different, providing for the first time, direct structural evidence for
endotoxin-specific recognition by CD14 and supporting the pattern recognition hypothesis.
Another interesting finding from the observed spectral changes is that the mode of binding
may be dynamically modulated and may provide a mechanism for pattern recognition.

MATERIALS AND METHODS
Expression and purification of isotopically labeled recombinant sCD14 in Pichia pastoris

The gene sequence encoding the N-terminal endotoxin binding domain of human sCD14
(sCD14-EBD), consisting of 152 residues after the signal peptide sequence (20-171), was
synthesized with codon-optimization for yeast (BIO S&T) and cloned into the pPICZαA vector
using the manufacturer’s protocol (Invitrogen). The sCD14-EBD pPICZαA construct was
transformed into wild-type X-33 Pichia pastoris cells, plated on zeocin-containing (200 μg/
mL) agar plates and incubated for 3-4 days until colonies appeared. Individual colonies were
screened for selection of best CD14-expressing clones using small-scale cultures. Expression
levels were determined by SDS-PAGE analysis of secreted protein in the medium.

For large-scale expression in shake flasks, 1 liter of BMD medium (Invitrogen) was inoculated
with the best expressing colony and grown up to an OD600 of 12 (∼24 hrs). The culture was

Albright et al. Page 2

Biochem Biophys Res Commun. Author manuscript; available in PMC 2009 April 4.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



then spun down and the cells resuspended in 250 mL of BMMY medium (Invitrogen). The
yeast extract and peptone were filtered through acrodisc mustang E filters (Pall) to reduce
endotoxin levels in the media. Isotopic labeling was accomplished by substituting the primary
nitrogen source ammonium sulfate with 15N labeled ammonium chloride. Protein expression
was carried out for 4 days with addition of methanol everyday at 0.5% of the culture volume.
At the end of expression period, cells were spun down and purification of sCD14-EBD initiated
by loading the supernatant onto a Talon cobalt-affinity column resin (Clontech). The column
was washed with 20 column volumes of PBS buffer (pH 7.4) containing 20 mM imidazole,
and the bound CD14 eluted with PBS containing 200 mM imidazole. The protein was further
purified by size exclusion chromatography using a HiPrep S-100 column (GE Healthcare)
equilibrated with PBS. Pure endotoxin-free fractions of sCD14-EBD were pooled,
concentrated and used for characterization by SDS-PAGE and Western blot analysis. Samples
of sCD14-EBD (1 μg) were loaded on Novex 18% tris-glycine gels (Invitrogen) in duplicate
and run following the manufacturer’s recommendations. Thereafter, half of the gel was
Coomassie-blue stained and de-stained overnight while the other half of the gel was transferred
onto a PVDF membrane (Pierce) for Western blot analysis. The membrane was incubated with
the monoclonal antibody for CD14, MEM-18 and developed in metal enhanced DAB (Pierce)
as per manufacturer’s directions.

Circular dichroism spectra in the far-UV region (190-250 nm) were collected for 10 μM
samples of sCD14-EBD with and without endotoxins in PBS buffer on an AVIV Model 202
spectrometer at 25 °C. Molar ellipticity values were calculated and plotted against wavelength
for displaying the circular dichroism spectrum.

Biological activity assays on recombinant sCD14
For the activity assay, THP1-Blue cells (Invivogen) stably transfected with a NF-κB-inducible
reporter secreted embryonic alkaline phosphatase (SEAP) plasmid system were cultured in
supplemented RPMI 1640 medium at 37 °C in a 5% CO2 environment. Cells were spun down
and resuspended at 1 × 105 cells/mL in fresh growth media. 100 μl of cell suspension was
added to each well of a 96 well plate along with sCD14-EBD or rhCD14, rhLBP and individual
ligands. The ligands or proteins alone served as positive controls with endotoxin free water
and growth media as negative controls. After incubation for 20-24 hours at 37 °C under 5%
CO2, 10 μl of cell supernatant was added to 200 μl of Quanti-Blue reagent (Invivogen) to assay
for SEAP, further incubated at 37 °C for 18-20 hours, and subsequently read at 630 nm using
a Biotek Synergy2 plate reader.

NMR studies of sCD14-endotoxin interactions
CD14 protein samples for the NMR experiments were prepared in PBS buffer with typical
concentrations of ∼ 0.2 mM. Stock solutions of endotoxin ligand compounds, ReLPS (List
Biological Laboratories), LTA (Invivogen), and MDP (Sigma-Aldrich) ligands were all
prepared as stock solutions at 5 mg/mL concentration in D2O to ensure minimal dilution of
protein upon addition of the ligand. The solutions were extensively sonicated to ensure
complete solubility of the ligands. NMR samples of protein:ligand were prepared in a molar
ratio of 1:1, except for MDP, where a ratio of 1:10 was used. rhLBP was also present in all
samples at a concentration of 5 μM. Protein:ligand samples were incubated for 30 min at 37 °
C to ensure complete binding of ligand [17]. Sensitivity-enhanced 1H-15N HSQC spectra were
recorded for each sample with and without the ligand. Data was collected with 1024 complex
points in the direct dimension and 128 complex points in the indirect dimension. All NMR
experiments were carried out on a Varian Unity Inova 600 MHz spectrometer at 17 °C equipped
with a coldprobe. NMR data was processed and analyzed with Felix software package
(Molecular Simulations).
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Results and Discussion
Expression and isotopic labeling of sCD14 in Pichia pastoris

Expression and purification of recombinant sCD14 from Pichia pastoris has been reported
previously by other groups [18,19]. However, isotopic labeling of sCD14 in an endotoxin-free
form for NMR characterization has not been demonstrated in these studies. Herein, we were
able to accomplish 15N isotopic labeling in Pichia pastoris in an inexpensive manner
with 15N ammonium chloride as the nitrogen source, which allowed us to obtain milligram
quantities of uniformly 15N labeled samples of a fully functional fragment of sCD14
corresponding to the first 152 residues at the N-terminus of the molecule that also includes the
region for endotoxin binding [20]. Utilization of the Pichia pastoris system with an α-factor
signal sequence (Fig. 1) allowed the protein to be secreted into the expression medium,
considerably easing purification of the protein. A two-step purification scheme employed for
sCD14-EBD resulted in a single band for sCD14-EBD corresponding to a MW of ∼32 kDa as
deduced from both SDS-PAGE gel and Western blot analysis (Fig. 1), indicating that the
protein is expressed as a single isoform and in an endotoxin-free form, which is quite valuable
for high-resolution NMR structural studies. The observed molecular weight is higher than the
expected molecular weight of ∼18 kDa, which may be due to the presence of glycosylation at
two potential N-glycosylation sites on sCD14-EBD, corresponding to Asn18 and Asn132
[21]. Deglycosylation studies with an enzyme PNGase F that deglycosylates N-glycosylated
sites resulted in disappearance of the 32 kDa band and appearance of a single band at ∼20 kDa
(data not shown), supporting the presence of glycosylation.

In order to investigate if the purified protein was correctly folded, Circular Dichroism (CD)
spectroscopy was used to study the solution secondary structure of CD14-EBD. Fig. 2 shows
the far-UV CD spectra of purified sCD14-EBD. As can be seen from the CD spectrum, CD14-
EBD contains a mixture of α-helical and β-sheet type structures. This is confirmed by a recent
X-ray structure of mouse sCD14 which depicts a α/β fold for the protein [16]. The spectrum
of sCD14-EBD changes minimally upon addition of the endotoxin ligand ReLPS, suggesting
there are no global conformational changes in the protein upon ligand binding [22]. Similar
results were obtained upon binding of other ligands such as LTA and MDP (data not shown).

Determination of biological activity of sCD14-EBD
To test the biological activity of sCD14-EBD, the ability of various endotoxin ligands such as
LPS, LTA and MDP to induce NF-κB cytokine production was examined within a cell-based
assay and whether this effect was enhanced via interaction of the ligands with sCD14-EBD.
This assay relies on detection of a NF-κB-inducible reporter, SEAP, upon activation of an
established cell line such as THP1-Blue by endotoxins in presence of CD14 (Fig. 2). Compared
to activation of THP1-Blue by the protein or ligands alone, addition of LPS to sCD14-EBD
and LBP produced almost a three-fold increase in production of NF-κB while LTA showed
almost a five-fold increase in line with the observation that LPS and LTA are highly potent
activators in mammals. On the other hand, PGN-derived ligand, MDP, showed only a small
activation compared to protein or ligand alone. It has been reported previously that sCD14
shows low levels of cellular responsiveness to MDP and that too only at saturating
concentrations [8]. Based on similar levels of NF-κB response observed for all ligands in
presence of sCD14-EBD and rhCD14, it can also be inferred that they both possess similar
abilities to induce NF-κB release by human monocytes [24]. Results from these experiments
therefore indicate that our recombinant soluble CD14-EBD can bind and induce cellular effects
in response to different endotoxins similar to wild-type protein, confirming its biological
activity.

Albright et al. Page 4

Biochem Biophys Res Commun. Author manuscript; available in PMC 2009 April 4.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Changes in NMR spectra of CD14 upon endotoxin binding provides structural evidence for
pattern recognition

In order to gain a structural perspective regarding the mechanism by which CD14 is able to
recognize and differentially bind a diverse array of endotoxin patterns using a common binding
site(s), we have investigated the interaction of endotoxins, ReLPS, LTA and MDP
using 1H-15N HSQC NMR spectroscopy. These three ligands represent the most common and
potent activators of inflammatory response in mammals. While ReLPS and LTA are known
agonists, MDP, a PGN-derived ligand, displays similar agonist properties as PGN since it is
the minimal structure required for adjuvant activity of PGN and has been known to
competitively inhibit soluble PGN binding to CD14 [8,11]. The binding studies described here
constitute the first molecular level characterization of structural interactions between a protein
receptor and endotoxins in the innate immune system.

Analysis of NMR spectra with and without the endotoxin ligands reveals no drastic overall
change in the protein HSQC spectra, which is in line with the circular dichroism analysis where
no major global structural changes are observed. However, several of the 1H and 15N backbone
amide peaks show specific changes in their resonances with the addition of each ligand,
possibly from local structural changes. Both line-broadening and chemical shift changes are
observed in the spectra with ReLPS and LTA, but in the case of MDP, only small chemical
shift perturbations can be seen. A comparison of selected regions in the HSQC spectra that
exhibit largest changes upon ligand addition is shown in Fig. 3 (A-D). The most striking
characteristic observed in these regions is the pattern of CD14 resonances affected by each
ligand. It is evident from the spectra that all three ligands affect similar resonances in the CD14
spectra. However, the identity of resonances affected by individual ligands differs. For
example, ReLPS and LTA both affect peaks “c” and “h” in the spectra, with all three ligands
affecting peak “c”, however peaks “e” and “f” are affected only by ReLPS, while LTA affects
only peaks “b” and “g” in the regions shown. Our observation here of the ability of specific
residues to differentially affect endotoxin binding therefore demonstrates previously
unobserved residue level binding characteristics for CD14 and provides a structural basis for
pattern recognition. It is possible that each endotoxin may affect directly or indirectly a different
set of residues depending on the characteristic molecular pattern it possesses giving broad
ligand specificity to CD14, while several of the structural features may be shared between the
binding endotoxins to maintain spatial and functional similarity in the interaction site. Since
assignments for CD14 are not available right now, it is not possible to locate the exact regions
of ligand binding on the sequence of CD14. However, it is likely that the regions shown are
likely the binding sites of the ligands, as chemical shift perturbations in case of MDP and
broadening in case of ReLPS and LTA are much smaller in other spectral regions of CD14,
although spectral changes due to remote conformational changes in the protein upon ligand
binding cannot be ruled out at this stage. Regardless of whether the changes are a result of
direct binding or caused indirectly, it is clear that recognition of endotoxin ligands depends on
specific contributions of select CD14 residues that may have implications for pattern
recognition.

Another significant feature observed in the NMR spectra of CD14, particularly with bound
ReLPS and LTA is that, in a number of cases, the resonances affected by binding are split into
multiple peaks (Fig. 3E). We interpret this as resulting from a change in dynamics of flexible
regions of CD14 from fast to slow exchange on the NMR chemical shift time scale, signifying
occupancy of various conformational substates selected for binding from within a dynamic
ensemble of interconverting population. Interestingly, regions previously identified in
endotoxin binding map to a highly flexible hydrophilic rim and also the bottom of a large
hydrophobic pocket based on the crystal structure of mouse sCD14 [16]. While the hydrophobic
pocket is fairly rigid, the residues on the hydrophilic rim exhibit multiple conformations in
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addition to high average temperature factors. The electron density for this region is also quite
poorly defined in the crystal structure. Based on these observations, we surmise that the
flexibility of the hydrophilic rim would allow it to interact with structurally diverse sugar
moieties and concurrently, the rigid but large nature of the hydrophobic pocket would allow it
to accommodate ligands such as LPS and LTA with structural variations in the hydrophobic
portion. We therefore propose that while structural characteristics of the binding site
incorporating specific residue combinations can help impart CD14 broad specificity in ligand
recognition, this dynamic modulation of CD14 may also play an important role in providing a
mechanism for binding endotoxins with structural diversity through a common binding site.
The NMR observations on structural and dynamic changes presented here certainly lend
credence to this possibility.
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FIG. 1.
(A) Schematic for cloning of sCD14-EBD sequence (residues 20-171) in pPICZα A vector
along with a His6-tag for expression in Pichia pastoris. Recombinant sCD14-EBD is secreted
into the extracellular medium by the yeast α-factor secretion signal via cleavage at the Kex2
protease site. (B) Analysis of sCD14-EBD expression in Pichia pastoris by SDS-PAGE and
Western blot of recombinant sCD14-EBD.
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FIG. 2.
(A) Far-UV circular dichroism spectra of sCD14-EBD (blue line) and sCD14-EBD -LPS
complex (red line). Both spectra are average of five scans. (B) Biological activity analysis of
sCD14-EBD with endotoxin ligands. Responses of THP1-blue cells mediated by full-length
wild-type sCD14 (rhCD14, 400 ng/mL) and purified sCD14-EBD (gCD14, 200 ng/mL) upon
stimulation with three endotoxins, LPS (1 μg/mL), LTA (1 μg/mL) and MDP (200 ng/mL).
After 24 h incubation, endotoxin stimulation was assessed by measuring the levels of NF-κB
inducible reporter alkaline phosphatase (SEAP) using a SEAP detection medium with
absorbance values at 630 nm. Control experiments in form of responses to rhCD14 and gCD14
alone are shown as well.
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FIG. 3.
Comparison of changes upon endotoxin ligand addition for a representative set of resonances
in the 600 MHz 15N,1H HSQC spectra of 15N labeled sCD14-EBD. (A) sCD14-EBD only, (B)
sCD14-EBD in 1:1 complex with ReLPS, (C) sCD14-EBD in 1:1 complex with LTA and (D)
sCD14-EBD in 1:10 complex with MDP. (E) Splitting of a representative resonance in sCD14-
EBD (left sub-spectrum) into multiple peaks upon complexation with ReLPS (right sub-
spectrum), indicating change in dynamics to slower exchange on the NMR time scale.
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