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Abstract

Bacterial lipopolysaccharide (LPS) activates the innate immune system by forming a complex 

with myeloid differentiation factor 2 (MD-2) and Toll-like receptor 4 (TLR4), which is present on 

antigen presenting cells. MD-2 plays an essential role in this activation of the innate immune 

system as a member of the ternary complex, TLR4:MD-2:LPS. With the goal of further 

understanding the molecular details of the interaction of MD-2 with LPS and TLR4, and possibly 

toward engineering dominant negative regulators of the MD-2 protein, here we subjected MD-2 to 

a mutational analysis using yeast display. The approach included generation of site-directed 

alanine mutants, and ligand-driven selections of MD-2 mutant libraries. Our findings showed that: 

1) proline mutations in the F119-K132 loop that binds LPS were strongly selected for enhanced 

yeast surface stability, 2) there was a preference for positive-charged side chains (R/K) at residue 

120 for LPS binding, and negative-charged side chains (D/E) for TLR4 binding, 3) aromatic 

residues were strongly preferred at F119 and F121 for LPS binding, and 4) an MD-2 mutant 

(T84N/D101A/S118A/S120D/K122P) exhibited increased binding to TLR4 but decreased binding 

to LPS. These studies revealed the impact of specific residues and regions of MD-2 on the binding 

of LPS and TLR4, and they provide a framework for further directed evolution of the MD-2 

protein.
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1. Introduction

Lipopolysaccharide (LPS), endotoxin, is found on the outer membrane of most gram-

negative bacteria. LPS is able to potently stimulate the innate immune system through 

interaction with Toll-like receptor 4 (TLR4) on the surface of antigen presenting cells 

(APCs) (Medzhitov et al., 1997). TLR4 activation by LPS induces the release of cytokines 

such as IL-1, IL-6 and TNF-α. While these cytokines activate the innate immune system to 

facilitate elimination of infectious agents, higher levels of gram-negative bacteria, especially 

systemically, can lead to widespread vasodilation, hypoperfusion, and myocardial 

dysfunction. These can result in an overwhelming hyper-inflammatory response known as 

systemic inflammatory response syndrome (SIRS), leading to septic shock.

LPS is thought to be delivered to an APC subsequent to bacterial cell lysis and/or by 

removal from the bacteria surface by LPS-binding protein (LBP). LBP facilitates LPS 

delivery to CD14, which in turn allows LPS to associate with either myeloid differentiation 

factor 2 (MD-2) directly, or with the complex of MD-2 and TLR4 on the cell surface. MD-2 

is a 160 amino acid glycoprotein that contains an N-terminal secretion signal; it consists of 

two beta sheets that form a deep hydrophobic cavity (Ohto et al., 2007). Crystal structures of 

MD-2 with LPS variants have aided in understanding how the two molecules interact. MD-2 

is able to accommodate five acyl chains of LPS in its hydrophobic cavity, leaving the 

phosphorylated glucosamine backbone of LPS extending from this pocket (Park et al., 

2009). MD-2 is essential for LPS-mediated activation of TLR4, as MD-2 deficient mice are 

unable to respond to LPS (Nagai et al., 2002).

LPS consists of the bacterial cell membrane-anchored toxic fatty acid (lipid A) common to 

all gram-negative bacteria, a core oligosaccharide region, and a complex polysaccharide coat 

(O antigen) that varies among species. The LPS produced by bacteria vary not only in 

presence or absence of the O antigen, but may also vary in phosphate patterns, number of 

acyl chains, and lipid A composition (Akira et al., 2006). Lipid A and the phosphates of LPS 

are required for binding to MD-2 and TLR4, but LPS is capable of binding to MD-2 without 

the O antigen (Kohara et al., 2006). Only recently has the core oligosaccharide region been 

shown to play a role in MD-2 binding (Ittig et al., 2012).

Although the molecular details of TLR4 activation are not completely understood, a crystal 

structure of the TLR4:MD-2:LPS complex has guided the present model (Park et al., 2009). 

In one scenario, the MD-2:LPS complex binds to cell surface TLR4, which is thought to 

dimerize with a second TLR4, thus forming a dimer of trimers (TLR4:MD-2:LPS)2. As 

observed in other TLR structures, the two TLR4 molecules interact at the C-termini with the 

N-termini directed away from each other. The ternary crystal structure shows direct contacts 

between TLR4 and MD-2 and between TLR4 and LPS (Park et al., 2009). Dimerization is 

thought to be required for signaling through the TIR domain, leading to activation of 

transcription factors such as nuclear factor κB (NF-κB), and the release of inflammatory 

molecules such as IL-1 and TNFα.

The potency of LPS in this process makes it capable of incapacitation and lethality, and 

appears responsible for the involvement of LPS in multiple illnesses. While perhaps best 
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known as a cause of endotoxic shock, in recent years, TLR4 activation by LPS has also been 

proposed to exacerbate other inflammatory conditions such as asthma (Michel et al., 1989). 

The detailed mechanisms in the latter process remains to be determined, but downstream 

effects likely involve activation of TH2 cells and subsequent production of IgE and allergy 

related inflammatory cytokines (Herrick and Bottomly, 2003). Low levels of LPS have been 

shown to induce TH2 cells, while high levels of LPS induce TH1 activation (Eisenbarth et al., 

2002). The allergen Derp2 from the dust mite has been shown to be structurally homologous 

to MD-2 and to bind to LPS, suggesting that it may act as a ligand in both the innate and 

adaptive systems (Trompette et al., 2009; Wills-Karp et al., 2010).

In studies to date, MD-2 has been examined by selective mutagenesis using predominantly 

single-site alanine mutations at several residues, followed by expression and purification of 

the soluble mutants. It is a challenge to generate monomeric soluble MD-2 protein, and 

mammalian and insect cell systems have been used to accomplish protein expression 

(Teghanemt et al., 2008b). In order to develop a more rapid, higher throughput system for 

analysis of MD-2, we used yeast display of the human MD-2 as a fusion protein. 

Accordingly, we displayed human MD-2 on the surface of yeast, and showed that the 

displayed protein could bind to MD-2-specific monoclonal antibodies (mAbs) and to its 

ligands, LPS and human TLR4. Guided by the structure of MD-2 in complex with LPS and 

TLR4, we generated various alanine mutants to examine the role of specific residues in 

ligand binding. We also generated and screened several libraries of mutants (with up to 107 

independent transformants) that allowed us to identify key residues and to isolate MD-2 

mutants improved in either stability (i.e. surface levels) or ligand binding.

2. Materials and Methods

2.1 Yeast display cloning and libraries

The gene for MD-2 was synthesized by Genscript and sub-cloned into the yeast display 

vector pCT302, which contains an N-terminal Hemagluttinin (HA) tag and a C-terminal 

Myc (c-myc) tag, using restriction sites NheI and XhoI (Boder and Wittrup, 2000). Mutants 

of MD-2 were engineered by site directed mutagenesis using QuickChange as described by 

the manufacturer (Stratagene, La Jolla, CA). The following mutants were constructed: 

L54A, F119A, F121A, I124A, F126A, F131A, D100A, D101A, and E92V/S118P. The 

E92V and S118P mutations were cloned individually into MD-2. After verifying mutations 

by sequencing, plasmids were transformed into EBY100 cells.

Three libraries of mutants were made in the human pCT302:D101A mutant. One library 

consisted of error-prone PCR-based mutations and two libraries consisted of site-directed 

mutants constructed in the LPS binding region of MD-2. The latter two libraries were 

constructed by site-directed mutagenesis using overlapping degenerate primers (with NNS 

codons) in the following groups of four residues of MD-2: (118–121) and 

(118/120/122/123). The error prone library was generated by amplifying the gene 

MD-2:D101A from the pCT302:D101A plasmid using flanking primers with a method of 

error-prone PCR to give a 0.5% error rate (Richman et al., 2009). The PCR products were 

transformed along with the NheI/BglII digested plasmid pCT302 into the yeast strain 

EBY100 (Boder and Wittrup, 2000), which inserts the PCR product into the plasmid by 
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homologous recombination (Starwalt et al., 2003; Jones et al., 2006). The libraries were 

cultured in selective media (SD-CAA) for 48 hours. Ten clones from each library were 

sequenced to ensure the presence of the expected diversity.

2.2 Analysis of yeast surface displayed MD-2 with antibodies 4H1 and 18H10

Expression of Aga2p fusions on yeast was induced by growth in medium containing 

galactose at 20°C for 32–48 hours. After induction, yeast were stained with anti-c-myc mAb 

9E10 at 1:100 dilution (Invitrogen) or anti-HA mAb HA.11 at 1:50 dilution (Covance). The 

anti-HA stained cells were stained with secondary goat-anti-mouse antibody at 1:200 

dilution (Invitrogen) and the anti-c-myc stained cells were stained with secondary goat-anti-

chicken at 1:100 dilution (Invitrogen). C-myc and HA tag expression were used to estimate 

surface expression of clones. After induction, the surface displayed MD-2 was also analyzed 

using two monoclonal anti-MD2 antibodies (mAbs). Yeast cells (1×106) were incubated 

with mAb 4H1 at 1:200 dilution (Hycult biotech) or mAb 18H10 at 1:100 dilution (Hycult 

biotech) for one hour on ice. Cells were washed with 200ul Phosphate Buffer Saline + 0.5% 

Bovine Serum Albumin (PBS+0.5%BSA) followed by goat anti-mouse Alexafluor 647 

(GaM647) at 1:200 dilution (Invitrogen) on ice for one hour. Cells were washed and 

analyzed on an Accuri C6 flow cytometer.

2.3 Human CD14 and TLR4 protein construction, expression, and purification

Human soluble CD14 (amino acids 1-337) was cloned and expressed as previously 

described (Kelley et al., 2013), and purified as previously described (Ranoa et al., 2013). 

Briefly, human soluble CD14 was amplified from genomic DNA and cloned into a pDisplay 

vector containing a thrombin cleavage site (LVPRGS) and the Fc domain of human IgG1. 

Site-directed mutagenesis (C306S) via primer extension was conducted to avoid unnatural 

disulfide bonding resulting from the truncated coding region of our construct. The final 

construct was sequenced (University of Illinois Urbana-Champaign Sequencing Center). 

Human soluble CD14 protein was purified from stable HEK 293F cell (Invitrogen) 

supernatant following transfection via protein G affinity chromatography, thrombin 

cleavage, protein A affinity chromatography, and size exclusion chromatography. Following 

size exclusion, fractions containing human soluble CD14 were pooled, concentrated using 

an Amicon Ultra-4 unit (Millipore), and stored at 4 °C. The resulting human soluble CD14 

(amino acids 1-337; C306S) protein is bioactive as measured by LPS binding activity and 

the ability to facilitate LPS-induced IL-8 production from human epithelial SW620 cells 

(Kelley et al., 2013).

Soluble human TLR4 extracellular domain (ECD) was generated by following the hybrid 

LRR technique first described by Kim et al. 2007 and adopted by Guan et al. 2010 (Kim et 

al., 2007; Guan et al., 2010). Briefly, the gene for TLR4 ECD region (aa 27-527) was fused 

to the LRR C-terminal capping module (aa 133-200) of the hagfish variable lymphocyte 

receptor (VLRB.61 clone). The gene product was cloned as a BglII/NheI fragment into a 

modified pDisplay vector containing a Flag-tag upstream of the BglII site and an Fc domain 

of the human IgG1 downstream of the NheI site. A thrombin cleavage site (LVPRGS) was 

inserted between the 3′ end of the TLR4 hybrid gene and the 5′ end of the Fc region to allow 

cleavage of the soluble TLR4 from the Fc fusion protein. Stable HEK 293F cell lines 
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expressing recombinant soluble TLR4-ECD-Fc fusion proteins were generated by G418 

selection and limiting dilution as previously described (Guan et al., 2010). Stable cell lines 

were maintained in Freestyle serum-free expression medium (Invitrogen) supplemented with 

0.25mg/ml G418 and cultured in suspension at 37°C with continuous shaking at 125 rpm in 

a humidified environment containing 8% CO2.

Soluble TLR4-ECD-Fc was purified from stable HEK 293F cell supernatant by affinity 

chromatography using Protein G sepharose for fast flow on an AKTA prime purification 

system (GE Healthcare), as previously described (Guan et al., 2010). The Fc tag was 

removed after the first round of purification by adding a restriction grade thrombin protease 

(Novagen) at a concentration of 1U thrombin per 0.25mg TLR4-ECD-Fc protein. After 18 

hours incubation at room temperature, the TLR4-ECD was separated from the Fc fragments 

by another round of affinity chromatography in the AKTA prime system using a 1ml pre-

packed protein A column (Pierce) and PBS pH 7.4 running buffer. The TLRs were 

concentrated from the flow-through using an Amicon Ultra-4 centrifugal device (Millipore) 

and centrifuged at 2500×g for 15–25 minutes at 4°C, until the volume was reduced to 0.5ml. 

The concentrated protein was then injected into a Superdex 200 10/300GL gel filtration 

column (GE Healthcare) in PBS pH 7.4 running buffer at a flow rate of 0.5 ml/min. The 

eluted fractions containing monomeric TLR4 ECD were pooled and concentrated using the 

Amicon Ultra-4 centrifugal device. Final protein concentration after three rounds of 

purification was measured using the Pierce BCA protein assay kit. The protein yield for 

recombinant soluble TLR4 ECD was 0.3mg per liter of media.

The purified TLR4 ECD was properly folded as evidenced by its ability to bind to a 

microtiter plate coated with a conformational-dependent anti-TLR4 monoclonal antibody 

(clone HTA 125; eBioscience). Binding of TLR4 ECD to the mAb was detected using HRP-

conjugated anti-Flag antibody (clone M2; purchased from Sigma) followed by the addition 

of o-phenylenediamine (OPD) substrate (Pierce). Purified soluble TLR4 did not exhibit any 

cross reaction with other anti TLR mAbs (anti-TLR1 clone GD2F4, anti-TLR2 clone T2.5, 

anti-TLR6 clone hPer6, and anti-TLR10 clone 3C10C5).

2.4 Binding of yeast displayed MD-2 and mutants to biotin-LPS and TLR4

Yeast cells with the Aga2p fusion were induced. After 10 minutes of vigorous vortexing, 

100nM biotin-LPS (biotinylated ultra-pure LPS-EB, InvivoGen; LPS concentration was 

based on a formula weight of biotin-LPS of approximately 10,000) was incubated at a 1:3 

molar ratio with human CD14 in a 37°C water bath for one hour. Biotin-LPS/CD14 was 

then added at various concentrations to 1×106 yeast cells and incubated at 37°C for one 

hour. Cells were washed and incubated with SA-Alexafluor647 (SA647). After washing, 

cells were analyzed on an Accuri C6 flow cytometer.

To detect TLR4 binding, 1×106 yeast cells were incubated with various concentrations of 

flag-tagged TLR4, and after washing with PBS+0.5%BSA, the cells were incubated with 

anti-human TLR4 mAb HTA-125 at a 1:200 dilution (eBioscience). After one hour on ice, 

cells were washed and incubated with GaM647. After washing, cells were analyzed on an 

Accuri C6 flow cytometer. A negative control included yeast displayed protein L3, which is 

a Vβ domain with approximately the same size as MD-2 (Mattis et al., 2013).
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2.5 Selection of MD-2 mutant libraries by fluorescence-activated cell sorting (FACS)

Aga2p fusions were induced by growth of yeast cells in medium containing galactose at 

20°C for 32–48 hours. After induction, yeast-displayed MD-2 proteins were selected by 

FACS on a BD FACS Aria II high-speed cell sorter or analyzed by flow cytometry. Yeast 

cell libraries (approximately 1×108 cells) were selected using an equilibrium based 

methodology. The LPS libraries were incubated with the described concentration of biotin-

LPS/CD14 at 37°C, washed, and then incubated with SA647. Following each sort, the cells 

were grown in selective SD-CAA media, and then induced. Each of the LPS sorts collected 

the top 1% of cells. The 1st sort selected with 5ug/ml biotin-LPS/CD14, the 2nd sort with 

1ug/ml biotin-LPS/CD14, and the 3rd through 5th sorts with 0.1 ug/ml biotin-LPS/CD14. 

Cells from the 5th sorts were plated and grown on selective media and 10 clones from each 

of the 5th sorts sequenced.

The four-codon library of residues (118/120/122/123) was sorted a second time selecting 

clones for binding to TLR4. The cells were incubated with the following described 

concentration of TLR4 on ice, washed, incubated with HTA-125, washed, incubated with 

GaM647, washed, and selected by FACS. For the 1st sort, the cells were stained with 

10ug/ml TLR4 and the top 1% of cells collected, 10ug/ml TLR4 for the 2nd sort and the top 

0.5% of cells collected, 5ug/ml TLR4 for the 3rd sort and the top 0.1% of cells collected, 

1ug/ml of TLR4 for the 4th sort and the top 0.2% of cells collected, and 1ug/ml TLR4 for the 

5th and final sort and the top 0.4% of cells collected. Cells from the 4th and 5th sorts were 

plated and grown on selective media and sequenced. Clones from all of the libraries were 

analyzed for equilibrium binding to biotin-LPS/CD14 and TLR4. C-myc and HA tag 

expression were used to estimate surface expression of clones. Cells were analyzed on a BD 

Accuri C6 flow cytometer.

3. Results

3.1 Yeast display expression and detection of MD-2

To determine whether the yeast display system could be used to examine various features of 

the MD-2 protein, the human MD-2 gene was cloned as an Aga-2 fusion into yeast display 

vector pCT302 (Fig. 1A) (Boder and Wittrup, 2000). Expression of the full-length Aga-2/

MD-2 fusion on the surface of yeast, as well as a control fusion called L3 that contains a T 

cell receptor Vβ domain of similar size to MD-2, (Mattis et al., 2013) was confirmed by 

screening with antibodies for the HA tag at the N-terminus and c-myc tag at the C-terminus 

of the protein (Fig. 1B). To detect the MD-2 protein itself, yeast cells were stained with two 

monoclonal antibodies (mAbs) to human MD-2, 4H1 and 18H10. Both mAbs 4H1 and 

18H10 bound to the MD-2 fusion on the yeast surface, but not to the L3 fusion (Fig. 1C). 

These results confirm that MD-2 is expressed on the surface and they suggest that a 

substantial fraction of it is folded properly.

3.2 Binding of yeast displayed MD-2 to LPS

To examine if LPS binding to yeast-displayed MD-2 could be detected, yeast cells were 

incubated with biotin-LPS. Since CD14 has been shown to facilitate binding of LPS to 

MD-2, we conducted experiments with both the preincubated biotin-LPS/CD14 complex 
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and biotin-LPS alone (Figs. 2A & B). The biotin-LPS demonstrated a positive peak (solid 

line open histogram) in comparison to secondary reagent only (grey filled histogram)(Fig. 

2A). The biotin-LPS also showed a minor degree of nonspecific binding to the negative 

control yeast (L3) as seen as a shoulder (dotted line) (Fig. 2A). However, this weakly 

positive shoulder (L3) was eliminated in the presence of the preincubated biotin-LPS/CD14 

complex (Fig. 2B), while the complex mixture retained binding to yeast-displayed MD-2 

(Fig. 2B). This result is consistent with the possibility that aggregated LPS, more abundant 

in the absence of CD14, yielded some background association with the yeast. To avoid this 

and deliver LPS more naturally, subsequent experiments were performed using biotin-LPS 

preincubated with CD14.

In order to estimate the approximate affinity of the measured interaction between MD-2 and 

LPS, various concentrations of biotin-LPS/CD14 were incubated with MD-2 and then 

examined by flow cytometry. The mean fluorescence units (MFU) for histograms were 

determined at each concentration of LPS, and the background MFU was subtracted from 

these values. In order to estimate the equilibrium binding affinity, the concentration of LPS 

was determined by assuming an average molecular weight of 10,000gm/mol. Using this 

approach, the yeast-displayed MD-2 was estimated to bind to the biotin-LPS/CD14 with a 

KD value of 90 nM (Fig. 2C). This estimate of affinity is similar to the KD value of 65 nM 

described by Kirkland and colleagues for a soluble form of MD-2 (Viriyakosol et al., 2001). 

Other studies have found picomolar binding affinities of the TLR4/MD-2/endotoxin 

complex, when endotoxin was first incubated with LBP and CD14, creating apparent 

monomeric endotoxin/CD14 complexes (Gioannini et al., 2004; Prohinar et al., 2007; 

Gioannini et al., 2014). This indicates that the LPS in our experiments may be partially 

aggregated, as suggested above.

3.3 Binding of yeast displayed MD-2 to TLR4

To examine if yeast-displayed MD-2 binding to TLR4 could be detected, a TLR4-

extracellular domain-Fc fusion protein was expressed, purified, and the Fc tag removed, 

followed by another round of purification to yield soluble monomeric TLR4-extracellular 

domain (TLR4). Although TLR4 was purified as a monomer, it is possible that the monomer 

preparations may retain divalent forms and consequently the affinity calculations are 

estimates. After titration with various concentrations of TLR4, the TLR4-specific antibody 

HTA-125 was used to detect TLR4 binding. The TLR4 demonstrated a positive peak (solid 

line open histogram) in comparison to the negative control yeast L3 (dotted line) and the 

secondary reagent only (grey filled histogram) (Fig. 3A).

To estimate the approximate affinity of MD-2 and TLR4, various concentrations of TLR4 

were incubated with MD-2 and then examined by flow cytometry. The MFU for histograms 

was determined as described in subsection 3.2 for LPS. The concentration of TLR4 was 

determined by assuming an average molecular weight of 80,000gm/mol. Using this method, 

the yeast-displayed MD-2 was estimated to bind to TLR4 with a KD value of 100nM (Fig. 

3B). This estimate of affinity is within an order of magnitude of the affinity measured by 

Golenbock and colleagues for soluble MD-2, with an apparent KD for TLR4 of 12nM 

(Visintin et al., 2005).
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3.4 Ligand binding analysis of yeast-displayed alanine mutants of MD-2

Several studies have suggested that MD-2 residues in the region F119 to K132 are important 

for LPS binding to MD-2 (Re and Strominger, 2003; Kobayashi et al., 2006; Teghanemt et 

al., 2008a). In addition, this region has been shown to be in contact with an LPS ligand 

present in the crystal structure of the MD-2 complex ((Park et al., 2009), Fig. 4A). To 

examine if the MD-2/yeast display system could be used as a platform to more rapidly 

examine the role of MD-2 residues in ligand binding, various MD-2 residues were mutated 

to alanine: L54A, F119A, F121A, I124A, F126A, and Y131A (Tsuneyoshi et al., 2005; 

Kobayashi et al., 2006; Park et al., 2009). Each of the mutants was titrated with various 

concentrations of the biotin-LPS/CD14 complex (Fig. 5A). Such titrations can yield two 

flow cytometry parameters that provide information about the mutant. First, the maximum 

MFU at the highest ligand concentrations can be an indicator of the stability of the protein 

(i.e. higher yeast surface levels are correlated with greater stability of the protein or mutant)

(Kieke et al., 1999; Shusta et al., 1999). Second, the concentration of ligand that yields 50% 

maximal binding is correlated with the equilibrium binding affinity (Kieke et al., 2001; 

Feldhaus et al., 2003).

Based on the titrations with LPS, mutants F126A and Y131A showed no difference in 

stability (maximum level of surface display, MFU) or affinity, relative to MD-2. In contrast, 

the two mutants F121A and F119A showed the most significant impact on both surface 

levels and apparent affinity for LPS. Mutants I124A and L54A showed an intermediate 

impact on LPS binding, in terms of both stability and apparent affinity. Consistent with 

these results, mutants F119A and F121A (Tsuneyoshi et al., 2005), and the double mutant 

F121A/K122A (Teghanemt et al., 2008a), have been reported to reduce LPS binding activity 

mediated by MD-2. This previous study showed that double mutant Y131A/K132A was 

unable to bind to LPS, although the single-site mutant K132A (the single-site Y131A mutant 

was not tested) was able to partially bind LPS (Teghanemt et al., 2008a). Mutant F126A was 

previously shown to still bind its ligands, but not activate TLR4 (Teghanemt et al., 2008a). 

Although residues L54, I124, F126, and Y131 were proposed to contribute hydrophobic 

bonds with LPS acyl chains (Park et al., 2009), the results here may indicate these 

interactions with LPS play less of a role in stability and affinity of MD-2 in comparison to 

F121 and F119. Both F119 and F121 are located at the opening of the MD-2 pocket that 

LPS inserts into, and therefore these residues appear to have more potential to impact the 

interaction with LPS; in contrast, Y131, F126, I124, and L54 are located deeper inside of the 

MD-2 pocket, limiting their potential interactions to a smaller region of LPS. In the case of 

F126 and Y131, this interaction is limited to the tails of the LPS lipid chains.

Another region of the MD-2 molecule, involving residues D100 and D101, has been 

proposed to impact TLR4 binding, but not association with LPS (Re and Strominger, 2003). 

To determine if we could verify and extend these observations by analysis of yeast-

displayed MD-2, the single-site mutants D100A and D101A were generated. As expected, 

these two mutants showed statistically significant reduced binding to TLR4 (Fig. 5B), but 

their binding to LPS remained the same as the wild type MD-2 (Fig. 5C). The observation 

that maximum surface levels were shown to be the same with LPS provided further evidence 
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that these two mutants were expressed properly and thus the reduction in TLR4 binding was 

indeed due to a loss of important contacts.

3.5 Use of yeast display libraries for analysis and engineering of LPS binding

To further understand the role that particular residues play in MD-2 function, we went 

beyond single-site alanine mutations and engineered libraries of mutants that would contain 

every amino acid at several positions. The libraries were then sorted with LPS to isolate 

mutants that retained, or had improved, binding to the ligand. Two libraries that were 

degenerate at four codons encoding amino acids adjacent to the key residues identified from 

the alanine mutants were generated (Fig. 4A). One library contained degenerate codons in 

positions S118/S120/K122/G123 (called LPS-I library) and the other library contained 

degenerate codons in positions S118/F119/S120/F121 (called LPS-II library). In addition, a 

random mutagenic library (LPS-EP) generated by error-prone PCR (with a 0.5% error rate) 

was also generated in order to determine if any improved LPS-binding mutants could be 

isolated without regard to the specific residues identified by site-specific analysis. Since this 

approach focused on the interaction of MD-2 with LPS, the D101A mutant, which showed 

wild-type binding affinity with no statistically significant difference from MD-2 for LPS 

binding (Fig. 5C), it was used as the template.

The four-codon libraries and the error prone library were each subjected to FACS through 

five successive sorts and the top 1% of cells binding to biotin-LPS/CD14 was selected. The 

selecting concentrations were: 5ug/ml biotin-LPS/CD14 for the 1st sort, 1ug/ml for the 2nd 

sort, and 0.1 ug/ml for the 3rd through 5th sorts. After the final sort, cells were plated and ten 

colonies from each library were analyzed for binding to biotin-LPS/CD14 and sequenced. 

Three unique mutants from the LPS-I library, two unique mutants from the LPS-II library, 

and three unique mutants from the LPS-EP library were identified among these clones (Fig. 

6).

Stringent selection of yeast display libraries with ligands is an approach to identify those 

residues within a library that represent key contacts or that can compensate for other 

mutations (Wang et al., 2010). To examine if any mutants from our libraries could 

compensate for the decreased binding of mutation MD-2/D101A to TLR4, the LPS-I library 

(118/120/122/123) was subjected to FACS through five successive sorts with the following 

concentrations of TLR4: 10ug/ml TLR4 for the 1st and 2nd sorts, 5ug/ml TLR4 for the 3rd 

sort, and 1ug/ml TLR4 for the 4th and 5th sorts. The 4th and 5th sorts were plated and eight 

clones from the 4th sort and 10 clones from the 5th sort were sequenced. The 4th sort 

contained six unique mutants, and the 5th sort a single unique mutant (TLR4-selected), that 

was also identified in the 4th sort (Fig. 6).

3.6 Binding of library-derived mutants to LPS and TLR4

Representatives of each of the mutants from the biotin-LPS/CD14 and TLR4 selected 

libraries were examined for binding to both LPS and TLR4. To verify that these mutants 

could bind biotin-LPS/CD14 and TLR4, they were titrated with various concentrations of 

the biotin-LPS/CD14 complex and TLR4 (Fig. 7). As discussed above in subsection 3.4, 

these titrations provide two parameters of interest, the maximum MFU at the highest ligand 
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concentrations as an indicator of the stability of the protein (Kieke et al., 1999; Shusta et al., 

1999) and the concentration of ligand that yields 50% maximal binding as an indicator of the 

equilibrium binding affinity (Kieke et al., 2001; Feldhaus et al., 2003).

In comparison to MD-2, the mutants did not differ significantly in their binding affinities for 

biotin-LPS/CD14, with the exception of the TLR4-selected mutant (T84N/D101A/S118A/

S120D/K122P) (Fig. 7). This mutant did not reach saturation levels of binding to biotin-

LPS/CD14, suggesting that it may have a reduced binding affinity relative to MD-2. 

However, the maximum MFU and hence stability of all the mutants was improved over 

MD-2 regardless of the ligand used for selection. The relative improvements in stability, 

confirmed using both the LPS/CD14 and TLR4 ligands, appeared to correspond to the origin 

of the library that yielded the mutants: LPS-EP mutants had the most improved stability, 

followed by LPS-II, and then LPS-I (Figs. 7A and 7B).

The TLR4-selected mutant showed the most significant increase in yeast surface display, 

with a 3-fold higher MFU than the next highest group of mutants, from the LPS-EP library 

(Fig. 7B). The large improvement in maximum MFU with minimal changes in binding 

affinity suggested that improvements in protein stability are likely responsible for the 

selection of these mutants. Nevertheless, the retention in binding to each of the ligands 

verifies that these mutants have selected residues that maintain, or possibly improve, the 

requisite contacts.

3.7 Sequences of library-derived mutants

The sequences of selected mutants revealed the amino acid positions within the libraries had 

either maintained the wild-type residues or evolved toward highly restricted side chains. 

From the ten sequenced mutants of library LPS-I there were three unique sequences (Fig. 6). 

Six of the ten contained the mutations S118P/S120R/K122P/G123R, two of the ten 

contained the same mutations except the glycine at position 123 was mutated to an arginine 

(G123R), and two of the ten contained an S120K mutation rather than the S120R mutation 

(S118P/S120K/K122P/G123R).

The LPS-II library yielded one clone of ten that contained the mutations S118P/F119Y/

S120V, along with the wild-type residue F121. The other nine clones contained the 

mutations S33Y/S118P/F121W along with the wild-type residues F119 and S120 (Fig. 6). 

The error-prone library LPS-EP yielded three unique clones, all containing the mutations 

S118P and E92V. Seven of the ten sequenced clones contained only these two mutations 

(Fig. 6). Two clones also contained mutation H155R and one clone also contained mutations 

V113I and L146F.

Although the selected clones retained some wild-type residues in the degenerate library 

positions, there were clearly strong preferences for certain mutations at other positions. For 

example, all of the LPS-selected clones, and four of the TLR4-selected clones, contained the 

S118P mutation. Other LPS-selected mutations that predominated among clones included 

the LPS-EP mutation E92V and the LPS-I mutation K122P. In addition, all of the clones in 

the LPS-I library preferentially selected a positive-charged residue at position 120 (S120R 

or S120K) and position 123 (G123K or G123R). The LPS-II library had less improvement in 

Mattis et al. Page 10

Mol Immunol. Author manuscript; available in PMC 2016 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



stability than either the LPS-EP or LPS-I libraries, and showed preference for either wild-

type residues at positions F119 and F121, or a large hydrophobic residue (Fig. 6). These are 

the same residues that when mutated to alanine had decreased stability and affinity to biotin-

LPS/CD14 (Fig. 5A), suggesting that the wild-type phenylalanine or a similarly large 

hydrophobic residue, such as tyrosine or tryptophan, is preferred at these locations.

In comparison to LPS-selected mutants, the TLR4-selected mutant showed both similarities 

and a distinct pattern of residue selection. All of the TLR4-selected clones contained the 

mutation K122P, which was also present in all clones from the same library (LPS-I) selected 

with biotin-LPS/CD14. Although the S118P mutation present in all LPS-selected mutants 

was not selected in the 5th and final sort of the TLR4-selected mutant, it was present in four 

of the six unique mutants from the 4th sort. Most strikingly, there was a strong preference for 

negative-charged residues in positions S120 and G123 in the TLR4-selected clones. This 

preference is in contrast to the LPS-selected mutants that contained positive-charged 

residues at these two positions.

3.8 Role of selected mutations in yeast display surface levels and ligand binding

To examine the influence of several selected mutations on surface display and binding, we 

generated the individual mutants S118P and E92V, and the double mutant, in the wild-type 

MD-2, without the D101A mutation. Both S118P and E92V/S118P had statistically 

significant increased maximum MFU in biotin-LPS/CD14 and TLR4 binding (Fig. 8). 

Mutant E92V did not reach saturation in either biotin-LPS/CD14 or TLR4 binding at the 

concentrations used. The maximum MFU for the double mutant E92V/S118P as determined 

with biotin-LPS/CD14 and TLR4, was improved compared to either mutation individually, 

indicating these acted synergistically. The improved binding affinity for biotin-LPS/CD14 

was statistically significant only for mutant E92V/S118P (Fig. 8A). The predominant effect 

of these mutations on binding with TLR4 and biotin-LPS/CD14 was on surface stability, 

with some improvement in affinity for biotin-LPS/CD14 when both mutations are present.

4. Discussion

In the present study, we used a system that allows more rapid analysis of the role of specific 

MD-2 residues in ligand binding than previous studies. In order to develop a more rapid, 

higher throughput system for analysis of MD-2, we used yeast display of the human MD-2 

as a fusion protein. This system allowed us to survey the contribution of residues in single 

positions, or a group of residues, to ligand binding. We engineered MD-2 mutants from 

degenerate libraries by random mutagenesis throughout the protein and in selected regions 

of MD-2 predicted to be involved in ligand binding, targeting primarily the 119–132 loop 

(Re and Strominger, 2003; Kobayashi et al., 2006; Teghanemt et al., 2008a). The results 

provided insight into the role of specific residues in MD-2 stability and ligand binding, and 

they showed that yeast-displayed MD-2 could serve as a system for further engineering.

Proline mutations at positions S118 and K122 suggested that these conferred stability to the 

protein, or to that region of the protein. The strong preference for these prolines was also 

indicated by the observation that different degenerate codons for proline were present 

among the clones isolated from the various libraries. The S118 residue is present at the start 
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of a loop in MD-2 that connects two beta sheets and is located at the opening of the MD-2 

pocket where the LPS acyl chains enter (Fig. 4A). The position is adjacent to the loop region 

(F119-K132) identified by previous studies as important for interactions with LPS (Re and 

Strominger, 2003; Kobayashi et al., 2006; Teghanemt et al., 2008a). The wild-type serine at 

this position forms a hydrogen bond with one of the phosphate groups of LPS based on the 

crystal structure (Park et al., 2009). Although proline at this position eliminates this potential 

interaction, it likely decreases the conformational entropy within this region and this could 

lead to an increase in the stability of the protein (Prajapati et al., 2007). The proline 

substitutions at positions S118 and K122 (Fig. 4) could increase the rigidity in and around 

the LPS-binding loop (F119-K132), and may position the other selected residues such as 

S120R and G123R to engage the ligands more effectively.

In addition to the proline mutations S118P and K122P in the LPS-selected library (S118/

S120/K122/G123), all mutants contained positive-charged residues at the nearby residues, 

S120R/K and G123K/R. We propose that positive charges at positions 120 and 123 promote 

a charge interaction with the negative-charged LPS phosphate groups (Fig. 4B). The lysine 

at position 122 of the wild-type MD-2 may serve a similar role as discussed in previous 

studies (Meng et al., 2010a), but the proline mutation at this position could provide a strong 

requirement that either lysine or arginine be present at the adjacent position 123 in order to 

compensate. Residue 122 has also been identified by studies as important in endotoxin and 

MD-2 species specificity interactions (Meng et al., 2010a; Meng et al., 2010b; Ohto et al., 

2012; Oblak and Jerala, 2014; Oblak and Jerala, 2015). It is also worth noting that the lysine 

or arginine at position 123 could potentially form a hydrogen bond with the Ser415 of the 

second TLR4 molecule (Fig. 4B).

It was striking that while a positive charged residue was predominant at position 120 with 

LPS-selection, a negative charged residue was predominant at position 120 (S120D) when 

the library was selected with TLR4 (Fig. 6). Furthermore, position 123 in the TLR4-selected 

clones either retained the wild-type glycine, or they also contained a negative-charged 

residue (as opposed to the positive charge observed with LPS-selection). Lee et al have 

shown that the backbone of G123 forms a hydrogen bond with TLR4 (Park et al., 2009), 

consistent with the retention of glycine in most of the mutants. However, it is difficult to 

predict how the negative charged mutations operate to improve the binding to TLR4. The 

distinct LPS-binding curve of this mutant (TLR4selected in Fig. 7A) may indicate that the 

negative charged side chains reduce the binding to LPS, as might be predicted due to 

repulsion of the phosphate groups in LPS.

It is also of interest that residues F119 and F121 were highly restricted to wild-type or 

conserved (Tyr or Trp) residues, indicating a strong preference for aromatic residues. We 

suggest that the hydrophobic, space-filling property of these side chains facilitates the 

creating of a pocket for insertion of the hydrophobic LPS acyl chains. Two other mutations, 

S118P and E92V, identified using an error prone library, appear to operate primarily by 

stabilizing the protein on the surface of yeast. Such single-site mutations have been observed 

using random mutagenesis approaches in other proteins engineered by yeast display. While 

the mechanistic basis of their stabilizing effects are often not clear, the mutations can be of 

use in expressing the protein at higher levels in secretion systems (Shusta et al., 1999).
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5. Conclusion

In summary, we show that it is possible to express MD-2 on the surface of yeast, allowing 

the more rapid analysis of single-site mutants. Through both alanine single-site mutagenesis 

and library approaches, the system allowed us to determine the critical role of aromatic 

residues at position 119 (F119) and position 121 (F121) for LPS binding. In addition the 

selection of prolines at several positions (118 and 122) stabilized the protein, and opposite 

charged mutations at positions 120 and 123 provided a ‘toggle’ that yielded improved 

binding to LPS or TLR4. Finally, there is the possibility that mutants with increased affinity 

for LPS and decreased affinity for TLR4 (or vice versa) could be potentially used as 

‘dominant negative’ inhibitors of the LPS reactions. Accordingly, directed evolution of 

MD-2 using yeast display may be of further use in developing such MD-2 reagents, which 

may be of therapeutic value in the treatment of sepsis.
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Highlights

• 1. Novel use of yeast-display for MD-2 expression enabled rapid mutational 

analyses

• 2. Selection of MD-2 mutants from libraries revealed importance of specific 

residues

• 3. Aromatic residues were strongly preferred at F119 and F121 for LPS binding

• 4. Proline mutations selected in a key loop (119–132) stabilized the protein

• 5. Charged mutations at S120 and G123 yielded enhanced ligand binding
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Fig. 1. MD-2 is expressed on the surface of yeast
(A) Structure of yeast displayed human MD-2 (hMD-2) gene. (B) Flow cytometry 

histograms of yeast displayed MD-2 and negative control L3, were stained with anti-HA and 

anti-c-myc mAbs (black outline open traces), showing yeast surface levels of N- and C-

terminal expression tags. (C) Histograms of yeast displayed MD-2 and L3 staining with 

MD-2 specific mAbs 4H1 and 18H10 (black outline open traces). The mAbs 4H1 and 

18H10 were unable to bind the negative control yeast displayed L3, but both were able to 

bind MD-2 as indicated by the positive fluorescence (open trace). The grey filled histogram 

in each graph is cells stained with secondary antibody alone and the black trace is either L3 

(left column) or MD-2 (right column). Histogram profiles are representative of three or more 

experiments.
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Fig. 2. Yeast displayed MD-2 binds to biotin-LPS & CD14 reduces nonspecific biotin-LPS signal
(A) Histogram of biotin-LPS binding to yeast displayed MD-2 (solid line) and negative 

control L3 (dotted line) relative to secondary reagent only (grey filled histogram). (B) The 

nonspecific negative control signal is reduced when biotin-LPS is incubated with CD14 

prior to titration with yeast displayed MD-2. (C) Biotin-LPS was incubated with CD14 after 

which, MD-2 was titrated with the biotin-LPS/CD14 complex. The MFU for histograms 

were determined at each concentration of LPS, and the background MFU was subtracted 

from these values. This MFU was plotted against concentration of biotin-LPS/CD14 to 

generate the binding curve. Insets of histograms at indicated concentrations are shown. 
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Histogram profiles are representative of three or more experiments. The error bars represent 

SEM. (n=3)

Mattis et al. Page 19

Mol Immunol. Author manuscript; available in PMC 2016 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. Yeast displayed MD-2 binds to TLR4
(A) Histogram of TLR4 binding to yeast displayed MD-2 (solid line) and negative control 

L3 (dotted line) relative to secondary reagent only (grey filled histogram). (B) Yeast 

displayed MD-2 was titrated with TLR4. The MFU for histograms were determined at each 

concentration of TLR4, and the background MFU was subtracted from these values. This 

MFU was plotted against the concentration of TLR4 to generate the binding curve. Insets of 

histograms at indicated concentrations are shown. Histogram profiles are representative of 

three or more experiments. The error bars represent SEM. (n=3)
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Fig. 4. Structure and model of MD-2 binding LPS and TLR4
(A) Structure of LPS (yellow) binding to MD-2 (red) and TLR4 (green). Selected residues 

are shown in blue in MD-2 and magenta in TLR4. (B) Model of MD-2 clone D101A/S118P/

S120R/K122P/G123R with wild-type backbone shown in red and mutations shown in blue. 

Select LPS residues (yellow) and TLR4 residues (green and magenta). Mutation 

MD-2:G123R shows a possible charge interaction with the negative-charged LPS phosphate 

and a possible hydrogen bond with TLR4:S415 (magenta), that may contribute to improved 

stability. Mutation S120R shows a possible charge interaction with another negative-charged 

LPS phosphate. Library selected proline mutations S118P and K122P that also may 

contribute to improved stability are shown. Structure and models based on RCSB PDB 

accession code 3FXI.
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Fig. 5. MD-2 alanine mutants
(A) Yeast displayed MD-2 and MD-2 alanine mutants were titrated with biotin-LPS after 

CD14 incubation. Mutations Y131A and F126A show no change in stability or binding 

affinity relative to MD-2, whereas F121A and F119A show the greatest changes (results are 

representative of two or more independent experiments which were performed on different 

days using different yeast cells or different soluble protein preparations). (B) MD-2, D100A, 

and D101A were titrated with TLR4 and (C) biotin-LPS/CD14. Mutants D100A and D101A 

show statistically significant reduced binding affinity to TLR4, and retain wild-type binding 

affinity and stability to biotin-LPS/CD14. MFU values were determined from histograms, 

background values subtracted, and plotted against the appropriate ligand. The error bars 

represent range. (n=2 for B & C). “**” Represents statistically significant binding affinity in 

comparison to MD-2 determined by two-tailed unpaired t-test (p<0.01).
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Fig. 6. MD-2 and MD-2 mutant sequences
MD-2 and D101A sequences, as well as sequences of mutants isolated from the fifth sorts of 

libraries LPS-I (S118/S120/K122/G123), LPS-II (S118/F119/S120/F121) and LPS-EP with 

LPS. Sequences from the fourth sort mutants and the single fifth sort mutant from the TLR4 

selected library (S118/S120/K122/G123) are also shown. Sequences shown begin at residue 

80. Mutation S33Y of mutant S33Y/D101A/S118P/F121W in library LPS-II not shown. 

*=Mutant identified in TLR4 selected library 4th sort and was the unique mutant sequence 

identified in the 5th sort.
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Fig. 7. Clone analysis for biotin-LPS/CD14 and TLR4 binding
(A) Clones were titrated with biotin-LPS/CD14, and (B) also titrated with TLR4. Stability 

was most improved in LPS-EP mutants, followed by LPS-II, and least for LPS-I mutants in 

biotin-LPS/CD14 studies in comparison to MD-2, with a similar trend for TLR4 studies with 

the exception of the TLR4 selected mutant showing the greatest improvement. Mutant LPS-

EP-a (E92V/D101A/S118P) had the most improved stability in biotin-LPS/CD14 studies, 

while mutant TLR4 selected (T84N/D101A/S118A/S120D/K122P) showed the greatest 

improvements in stability in TLR4 studies. There were no significant differences in binding 

affinity from MD-2, except for TLR4 selected binding to biotin-LPS/CD14. (Results shown 

are representative of three experiments repeated at different concentrations).
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Fig. 8. Select clone analysis for biotin-LPS/CD14 and TLR4 binding
(A) Clones E92V, S118P, and E92V/S118P were titrated with biotin-LPS/CD14, and (B) 

also titrated with TLR4. The maximum MFU as determined with biotin-LPS/CD14 and 

TLR4 for the double mutant E92V/S118P was improved compared to either mutation 

individually. Error bars represent range (n=2 per group). “*” Represents statistically 

significant binding affinity in comparison to MD-2 determined by two-tailed unpaired t-test 

(p<0.05). “ŧ” represents statistically significant maximum MFU saturation in comparison to 

MD-2 determined by two-tailed unpaired t-test (ŧ: p<0.05, ŧŧ: p<0.01, ŧŧŧ: p<0.001), E92V 

in 8A and 8B do not reach saturation.
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