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Abstract

Staphylococcus aureus is a widespread and persistent pathogen of humans and livestock. The 

bacterium expresses a wide variety of virulence proteins, many of which serve to disrupt the host’s 

innate immune system from recognizing and clearing bacteria with optimal efficiency. The 

extracellular adherence protein (Eap) is a multidomain protein that participates in various protein-

protein interactions that inhibit the innate immune response, including both the complement 

system (Woehl et al. 2014) and Neutrophil Serine Proteases (NSPs) (Stapels et al. 2014).

The third domain of Eap, Eap3, is an ~11 kDa protein that was recently shown to bind 

complement component C4b (Woehl et al. 2017) and therefore play an essential role in inhibiting 

the classical and lectin pathways of complement (Woehl et al. 2014). Since structural 

characterization of Eap3 is still incomplete, we acquired a series of 2D and 3D NMR spectra of 

Eap3 in solution. Here we report the backbone and side-chain 1H, 15N, and 13C resonance 

assignments of Eap3 and its predicted secondary structure via the TALOS-N server. The 

assignment data have been deposited in the BMRB data bank under accession number 27087.
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Biological context

In the earliest phase of bacterial infection, the human body relies on the rapid recognition 

and removal of pathogens by the innate immune system. The innate immune system is 

comprised of an arsenal of protective barriers (e.g., skin), but also blood-borne proteins (e.g., 

the complement system) and phagocytic cells that get activated by the presence of non-self 

biomaterial. Activation of the complement system is essential for initiation of the 

inflammatory response and recruitment of immune cells to the site of infection (Ricklin et al. 

2010). There are three pathways of complement activation and they depend on binding of 

pattern recognition proteins to pathogen-specific surface structures. Once triggered, all these 
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pathways (classical, lectin, or alternative) lead to assembly of C3 convertase enzymes that 

can cleave complement component 3 (C3) into its bioactive proteolytic fragments C3a, an 

anaphylatoxin, and C3b, which opsonizes cellular surfaces. In the presence of increasing 

levels of surface-bound C3b, C3 convertases undergo a switch in their specificity to allow 

for cleavage of complement component C5. This process drives generation of C5a, which 

triggers inflammation and recruitment of phagocytic cells, and C5b, which is responsible for 

formation of the terminal complement complex.

It has become increasingly clear that excessive or unregulated complement activation can 

lead to damage of healthy host cells and tissues, and therefore development of various 

diseases (Ricklin et al. 2010; Ricklin and Lambris 2013). Furthermore, recruitment of 

phagocytes such as neutrophils to the site of inflammation can be highly damaging to 

otherwise healthy tissues since they contain subcellular granules replete with chymotrypsin-

like Neutrophil Serine Proteases (NSPs) and Myeloperoxidase (MPO) (Amulic et al. 2012; 

Nauseef 2007; Nauseef 2014), which generate reactive oxidants (e.g. HOCl). 

Characterization of novel classes of inhibitors that target key proteins within this innate anti-

bacterial repertoire may therefore open new directions for development of anti-inflammatory 

therapies.

Staphylococcus aureus is a widespread and persistent pathogen of humans and livestock. 

The bacterium causes numerous infections of varying severity, including skin abscesses, 

endocarditis, and bacteremia (Archer 1998; Lowy 1998). Numerous studies have shown S. 
aureus secretes an array of virulence proteins whose activities block the central events 

required for bacterial opsonization by complement components and subsequent phagocytosis 

by neutrophils (Garcia et al. 2016; Kim et al. 2012; Lambris et al. 2008; Spaan et al. 2013). 

Furthermore, novel classes of S. aureus secreted proteins, such as the Extracellular 

Adherence Protein (Eap) family (Stapels et al. 2014) and Staphylococcal Peroxidase 

Inhibitor (SPIN) proteins (de Jong et al. 2017) have recently been identified as nanomolar-

affinity inhibitors of NSPs and MPO, respectively.

Eap is a secreted multi-domain protein with a mass of 50–70 kDa depending on the number 

~100 residue repeating domains found in its various isoforms (Geisbrecht et al. 2005). Eap 

contributes to the overall virulence of S. aureus by blocking both the classical and lectin 

complement pathways (Woehl et al. 2014) and Neutrophil Serine Proteases (NSPs) (Stapels 

et al. 2014). Crystal structures of the second domain of Eap (Eap2), along with two 

homologs EapH1 and EapH2, revealed that the individual domains are characterized by a 

beta-grasp type fold (Geisbrecht et al. 2005). Within the context of the multi-domain protein, 

these individual repeats are connected to the adjacent domains through a short (~10 residue) 

linker.

Recent work on Eap domains 3 and 4 reported their interaction with C4b and their ability to 

inhibit classical and lecitin pathways (Woehl et al. 2014; Woehl et al. 2017). While the 

individual domains bound C4b with KD ~40 µM, the construct containing both domains, 

Eap34, bound C4b with KD = 525 nM. The binding affinity is even higher for Eap, KD = 185 

nM. However, the structural features responsible for these differences in binding affinity are 

not completely characterized. Moreover, while the secondary structure for Eap4 has been 
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reported by NMR (Woehl et al. 2016), Eap3 and Eap4 share only 58.9% similarity as 

reported in Geisbrecht et al. (2005).

To further enhance our current structure/function understanding of Eap interaction with C4b 

and other targets, we investigated herein the secondary structural features of Eap3 in the free 

form in solution. After assigning the backbone and side-chain 1H, 15N, and 13C resonances 

of Eap3, we predicted the secondary structure using TALOS-N server along with the 

observed chemical shifts.

Methods and Experiments

Protein expression and purification

Eap3 was overexpressed using the method described by Geisbrecht et al. (2006), following 

subcloning of a DNA fragment encoding its sequence into the Sal1 and Not1 sites of the 

prokaryotic expression vector pT7HMT. This vector encodes an N-terminal affinity His-tag 

that is used for Ni-affinity chromatography purification of the protein, but which can be 

removed by digestion with Tobacco Etch Virus (TEV) protease. After cleavage, the 

recombinant form of Eap3 contained an additional “Gly-Ser-Thr” sequence at the N-

terminus. The plasmid containing this DNA fragment was further verified by sequencing and 

transformed into Escherichia coli BL21(DE3) cells.

Both uniformly 15N and 13C/15N double-labeled Eap3 proteins were overexpressed in 

minimal medium (M9) enriched with 15NH4Cl and 13C-glucose as described in the protocol 

by Woehl et al. (2016). The purified protein yield from 1 L of E. coli culture was in the 

range of 5–10 mg for both 15N and 13C/15N double-labeled Eap3. The samples for NMR 

experiments contained 0. 5 – 1.0 mM uniformly 15N or 13C/15N double-labeled Eap3 protein 

in 50 mM sodium phosphate buffer (pH 6.5) containing 5 % (v/v) D2O (used as a lock 

solvent). The purity and mass of the labelled protein was verified using mass spectrometry 

(Ultra Flex III TOF, Bruker Daltonics) prior to NMR data acquisition.

NMR spectroscopy

Nuclear magnetic spectroscopy spectra were acquired at 25°C on a Varian 500VNMR 

System (Agilent Technologies) equipped with a 5 mm triple-resonance inverse detection 

pulse gradient cold probe operating at 499.84 MHz for 1H frequency, and on a Bruker 800 

MHz Avance III spectrometer equipped with a TCI cryo-probe. Backbone resonance 

assignments were achieved following standard procedure (Whitehead et al. 1997) using 2D 
1H-15N HSQC and 3D HNCO, HN(CA)CO, HN(CO)CA, HNCA, CBCA(CO)NH and 

HNCACB spectra. The following NMR spectra were collected for side chain assignments: 

2D 13C HSQC and 3D TOCSY-HSQC, NOESY-HSQC, and 15N-edited NOESY (mixing 

time 100 ms). All NMR spectra were processed using NMRPipe (Delagio et al. 1995), and 

analyzed with CARA (http://www.nmr.ch) (Keller 2004). The 1H chemical shift assignments 

were referenced by using 2,2-dimethy-2-silapentane-5-sulphonic acid (DSS) at 25°C as a 

standard. The 13C and 15N chemical shift were referenced indirectly to DSS, using the 

absolute frequency ratios.
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Results

Extent of Assignments and Data Deposition

2D 1H-15N HSQC measurement of Eap3 resulted in a well-dispersed spectrum (Fig. 1). 

Amino acid numbering is based upon the Eap3 sequence, with an extra “Gly-Ser-Thr” 

sequence at the N-terminus. A total of 93% of backbone 1H and 15N resonances of 96 non-

proline residues, and 71% of the expected 13Cβ resonances have been unambiguously 

assigned based on a standard set of triple resonance spectra described above. Some of the 

backbone amide residues that could not be assigned include G1 and S2. G1 and S2 lie in a 

loop region of the artifactual N-terminus as a result of the subcloning procedure.

The secondary structure elements of Eap3 were predicted by the TALOS-N program (Shen 

et al. 2013) using the resonance assignments of 13Cα, 13Cβ, and 13C’ (Fig. 2). This 

prediction is in agreement with the secondary structures observed in EapH1, EapH2, and 

Eap2, as determined by X-ray crystallography (Geisbrecht et al. 2005). The chemical shift 

assignments have been deposited in BioMagResBank (http://www.bmrb.wisc.edu) under the 

accession number 27087.
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Fig. 1. 
2D 1H-15N HSQC spectrum of 0.7 mM 13C/15N-labeled Eap3 recorded at 298 K, pH 6.5 on 

a Bruker 800 MHz Avance III spectrometer equipped with a TCI cryoprobe. Sequence 

specific assignments of backbone amide groups are indicated by single letter residue name 

and sequence number.
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Fig. 2. 
Secondary structure prediction for the Eap3 domain based on the TALOS-N program using 

obtained chemical shift values. β-strand probabilities are given by positive values, α-helices 

are given by negative values, and loop regions are given by values approximately from −0.3 

to 0.3. The TALOS-N prediction of Eap3 with α-helices shown as cylinders and β-sheets 

shown as arrows is presented at the top.
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