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Ch. 1 | General introduction

Phospholipases, essential components of life

It is a well-known fact that when life on earth evolved, it required four crucial 
building blocks; carbon, hydrogen, oxygen, and nitrogen. The combination of these 
four building blocks, together with energy, gave rise to the first living organisms 
on earth. From these first life forms, many animals, plants, fungi, bacteria, viruses, 
and more have evolved. Naturally, these complex and sometimes multicellular 
organisms require more than just the original building blocks and energy. Important 
digestive and physiological processes have to be controlled by each individual cell 
within these organisms. All organisms have developed specific types of enzymes 
that control many of these specialized processes, one of these families of enzymes 
are called phospholipases.

Phospholipases hydrolyze, i.e. degrade, phospholipids, a process that requires water. 
Phospholipids are essential parts of all organisms and are composed of a hydrophobic 
fatty acid “tail” and a hydrophilic “head”. In more detail, the tail is composed of two 
acyl chains, either saturated or unsaturated [1,2]. The head is composed of a 
phosphate group that can be modified (Figure 1). The phosphate heads are 
negatively charged giving them their hydrophilic characteristic. Two phospholipid 
layers in liquid will form a bilayer with the tails sticking inward and the heads 
outward. All cell membranes are build up in this fashion with the phospholipids 
being interrupted by membrane proteins and other lipids such as cholesterol [3].   

Figure 1. Schematic representation of a phospholipid with phospholipase cleavage sites. A 
phospholipid consists of two hydrophobic fatty acid “tails” (brown) and a hydrophilic “head” (grey). 
The green arrows indicate the cleavage sites of the indicates phospholipase class. “R” indicates 
where the “head” group can be modified.

Phospholipases can degrade phospholipids at four different sites in the molecule 
giving rise to five distinct phospholipase classes (Figure 1). (1) Phospholipase A1 
(PLA1) cleaves at the sn-1 position resulting in 2-acyl-lysophospholipids and fatty 
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1acids [4]. (2) Phospholipase A2 (PLA2) cleaves at the sn-2 position resulting in 
1-acyl-lysophospholipids and fatty acids [5]. (3) Phospholipase B (PLB), also known 
as lysophospholipase, functions as both a PLA1 and PLA2 enzyme as it hydrolyzes 
phospholipids at the sn-1 as well as the sn-2 position [4]. PLA1, PLA2, and PLB are 
together referred to as acyl hydrolases. The remaining two classes are referred to as 
phosphodiesterases. (4) Phospholipase C (PLC)  hydrolyzes phospholipids before the 
phosphate group [6] and (5) phospholipase D (PLD) hydrolyzes after the phosphate 
group (Figure 1) [7,8]. 

The majority of human phospholipases reside intracellularly. Consequently, 
they exert their functions inside cells. One of the highly appreciated functions of 
phospholipid degradation in eukaryotes is their conversion into signaling lipids. For 
example, PLD generates phosphatidic acid [8], which can interact with numerous 
proteins in plants and mammals that are involved in many processes. The interacting 
proteins are inhibited, activated, or translocated as a consequence of phosphatidic 
acid binding [9]. Phosphatidic acid can be further hydrolyzed by the phospholipase 
classes PLA1 and 2 into lyso-phosphatidic acid (LPA) [10]. This happens mainly 
intracellular since phosphatidic acid is located in cell membranes [11]. Five 
receptors within the membrane, known as LPA1 to LPA5, are involved in the extent 
of LPA activity. Through these receptors, LPA can have various effects on cellular 
systems. For example, binding of LPA to LPA4 results in cytoskeletal rearrangement 
and fibroblast motility [12–14]. PLC is acknowledged for the production of two 
important signaling molecules, diacylglycerol and inositol 1,4,5-triphosphate, 
by hydrolyzing phosphatidylinositol 4,5-bisphosphate at the plasma membrane 
[15,16]. Diacylglycerol is involved in many cellular functions such as proliferation, 
vesicle trafficking, immune cell signaling, motility, and exocytosis [17]. These 
regulatory functions of phospholipases are just the tip of the iceberg. In addition 
to intracellular phospholipases, phospholipases can also be secreted, of which the 
largest family is secreted PLA2 (sPLA2).

Secreted PLA2, a highly diverse family

Secreted PLA2 (sPLA2) are relatively small enzymes with a molecular weight of 14 to 
18 kDa that usually contain six to eight disulfide bonds. The names they have been 
assigned denote similarities to the first sPLA2 enzymes identified in snake venom 
[18,19]. sPLA2 retrieved from the “old world snakes”, i.e. cobras and kraits, showed 
a different disulfide bond pattern compared to sPLA2 retrieved from “new world 
snakes”, i.e. rattlesnakes, and were therefore termed type I and type II, respectively. 
The first discovered mammalian sPLA2 was isolated from bovine pancreatic fluids 
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and resembled the disulfide bond pattern of cobras and kraits, resulting in the 
designation Group IB (GIB). Next, a non-pancreatic form of sPLA2 was discovered, 
of which the disulfide bond pattern resembled that of rattlesnakes, resulting in the 
designation Group IIA (GIIA) [20,21]. Since then, many more sPLA2 enzymes have 
been discovered in a wide variety of organisms, e.g. plants, insects, mollusks, reptiles, 
and mammals [22–27], but also in more simple life forms such as viruses, fungi, and 
bacteria. Interestingly, the sPLA2s from microorganisms contain zero or only two 
disulfide bonds in contrast to the usual six to eight [28–33]. These differences in 
disulfide bonds are also reflected in phylogenetic analyses where the prokaryote- 
and eukaryote- expressed sPLA2 cluster in two different clades, although it is 
proposed that they share common ancestry [34].  

Ten sPLA2 enzymes have been identified in mammals of which nine are functionally 
present in humans. They are named, as mentioned before, based on the disulfide 
bond pattern and also on time of discovery [35]. They include Group IB, III, V, X, XII, 
and five Group II (IIA, IID, IIE, and IIF) sPLA2s. The tenth mammalian sPLA2, GIIC, 
is only present as a pseudogene in humans, whereas in mice it is fully functional 
[36]. The preferred targets of most mammalian sPLA2 enzymes are anionic 
phospholipids, e.g. phosphatidylglycerol (PG), phosphatidylethanolamine (PE), 
and phosphatidylserine (PS) [5]. Additionally, GV and GX sPLA2s can degrade 
zwitterionic phosphatidylcholine (PC)-rich vesicles [37,38]. Since the targets of 
specific sPLA2 enzymes are often overlapping or identical, sPLA2s often have 
redundant functions. Therefore, it is important to understand where and under 
which circumstances specific sPLA2s are expressed [39]. Various studies, that will 
be mentioned below, use lipodomics in combination with sPLA2 gene-manipulated 
mice to shed more light on these sPLA2-specific characteristics and their function. 
For example, GIB is produced exclusively in the pancreas. In the gastrointestinal 
tract, GIB is important for degradation of dietary and biliary PC. GIB-deficient mice 
are resistant to diet-induced obesity and atherosclerosis [40–42], hence inhibition 
of GIB has been suggested as a viable treatment for obesity and diabetes [41,43]. 
GV is also involved in metabolism as it targets PC in fat-overladen low-density 
lipoprotein, thereby counteracting insulin resistance and obesity [44]. However, 
dysregulation of GV in the lungs has lethal effects; GV transgenic (Tg) mice express 
extremely reduced levels of PC, PG, and lung surfactant phospholipids in the lungs 
leading to atelectasis with thickened alveolar walls and narrow air spaces [45]. 
Similarly in humans, overexpression of GV in lungs is associated with severe lung 
pathogenesis [46]. GX sPLA2 is also expressed and active in the lung. Similar to GV, 
GX overexpression causes severe health issues, especially lung pathogenesis [46]. In 
contrast, GX Tg mice exhibit less allergy-like responses, such as a reduced T-cell and 
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1eosinophil counts and lower levels of T helper type 2 cell cytokines and eicosanoids 
[47]. In addition to the lung, GX is constitutively expressed in reproductive organs. 
Several studies have highlighted the importance of this sPLA2-GX in male fertility 
due to its role in sperm maturation [48–50]. GIII is also involved in male fertility. 
In GIII knock out mice, the spermatozoa are hypomobile and egg fertilization was 
less efficient [51]. In addition, sPLA2-GIII is involved in mast cell maturation and 
subsequent anaphylaxis [52]. These examples highlight the diversity and complexity 
of the functions of mammalian sPLA2 enzymes. A more detailed overview of the 
functions has been reviewed by Murakami and colleagues [53].

Clearly, specific sPLA2 enzymes are expressed at different sites and therefore are 
involved in different processes. Another important, and yet understudied, process in 
which a sPLA2 enzyme is active, is the innate immune response. In general, all sPLA2 
enzymes are able to kill Gram-positive bacteria, however, not all of them are equally 
effective. Based on in vitro studies, the order of human sPLA from most bactericidal 
to least bactericidal is GIIA > GX > GV > GXII > GIIE > GIB , GIIF [54]. Since infectious 
diseases still cause about 18% of deaths globally in conjunction with the rise in 
antibiotic resistance, it is important to develop new treatment strategies [55,56]. 
We anticipate that insight into the mechanism of sPLA2-IIA (hGIIA), the most potent 
bactericidal sPLA2 family member, could uncover such new treatment strategies. 
First, targeting bacterial resistance molecules or pathways by so-called anti-
virulence drugs, could sensitize (antibiotic-resistant) bacteria to clearance by the 
host’s immune system. Second, it is expected that hGIIA acts additive or synergistic 
with commonly-used antibiotics enhancing killing of antibiotic-resistant bacteria.

The art of secreted Phospholipase A2-IIA

hGIIA targets phospholipids that are anionic in nature, e.g. PG, which are abundantly 
present in membranes of microorganisms. In contrast, vesicles that are derived from 
PC are not targeted by hGIIA [37,57,58]. This is essential as human cellular membranes 
often consist of PC instead of the anionic PG, rendering human cells highly resistant 
to hGIIA phospholipid degradation even at very high concentrations [37]. Similarly, 
viruses are resistant to hGIIA-mediated killing because their cell envelope consists 
of human-derived phospholipids [59]. Specificity for anionic phospholipids is mainly 
conferred by the unique highly cationic nature of hGIIA. The cationic charge is due 
to many basic residues, i.e. Lys and Arg residues, that cover the entire exposed 
hGIIA surface [60]. It has been assessed that these residues are indeed required for 
interaction with anionic vesicles in an electrostatic manner [61].
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HGIIA is the only sPLA2 isoform that is constitutively present at low ng/ml 
concentrations in the circulation [62–64]. Apart from the circulation, hGIIA is also 
constitutively present in tears, seminal plasma, and the intestinal lumen. In fact, the 
concentration at these sites far exceeds the concentration in the circulation [64–
67]. Especially the concentration in tears is high compared to that in serum with 
approximately 50 µg/ml [66]. HGIIA is actually the principle Gram-positive bactericidal 
agent in tears despite not being acknowledged as a “classic” tear antimicrobial such 
as lysozyme [68,69]. The strategic expression of hGIIA is remarkable and resembles 
that of ancient war strategies. The Chinese general Sun Tzu, born in the 6th century 
before Christ, wrote in his book The Art of War that “Knowing the place and the time 
of the coming battle, we may concentrate from the greatest distances in order to 
fight.” and “With regard to narrow passes, if you can occupy them first, let them be 
strongly garrisoned and await the advent of the enemy.” [70]. The expression of hGIIA 
at sites of possible bacterial entry highlights a role for hGIIA in fulfilling a barrier 
function.  

As indicated, hGIIA is highly expressed by many cell types at epithelial surfaces. 
In addition, hGIIA is expressed by cell types within the circulation, e.g. mast cells, 
eosinophils, and macrophages [71–73]. During the acute phase of an infection, 
expression is strongly induced in liver cells by the pro-inflammatory cytokines 
TNF-α, Interleukin (IL)-1, and IL-6. Therefore, hGIIA is considered an acute phase 
protein similar to the well-known diagnostic molecule C-reactive protein [74,75]. 
Due to this induced expression, hGIIA concentrations in serum can increase up 
to 1,000-fold, although on average, the concentration in the acute phase will be 
approximately 250-500 ng/ml [76]. The contribution of hGIIA to antibacterial host 
defense is supported by in vivo experiments using hGIIA Tg mice. hGIIA Tg mice were 
generated in the C57Bl/6 background. This mouse strain contains an inactivating 
point mutation in murine GIIA, making them natural knockouts [77,78]. Therefore, 
expression of hGIIA in this strain background is not confounded by the co-expression 
of murine GIIA. Using these mice, it has been established that hGIIA protects from 
lethal infections of S. aureus, E. coli, B. anthracis, GAS, and GBS [79–83]. Furthermore, 
GBS is killed by human serum from patients with GBS-related infections in a hGIIA-
mediated manner [82]. 
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1hGIIA and Gram-negative bacteria

The first time GIIA was recognized as an antimicrobial enzyme was in the early 1980s 
when a homologue was discovered in rabbit serum, inflammatory exudes, and PMNs 
[84,85]. It was observed that, in combination with the bactericidal/permeability-
increasing protein (BPI), GIIA killed Gram-negative Escherichia coli (E. coli). In these 
conditions, the outer membrane of E. coli was permeabilized by BPI rendering the 
inner membrane vulnerable for GIIA-mediated degradation (Figure 2A) [86]. Not long 
after this initial observation, it was reported that also the membrane attack complex 
(MAC) [87], part of the lytic pathway from the complement system, enables hGIIA to 
degrade phospholipids in the E. coli inner membrane (Figure 2B) [88], although effects 
on viability were not assessed. These experiments highlight that hGIIA is not effective 
in killing Gram-negative bacteria without help from other immune components. 
In addition, hGIIA concentrations required to kill Gram-negative bacteria greatly 
exceed physiologically-relevant levels. Combined, studies using E. coli, Salmonella 
typhimurium (S. typhimurium), Pseudomonas aeruginosa (P. aeruginosa), Neisseria 
meningitidis (N. meningitidis), and Helicobacter pylori (H. pylori) [65,89,90] support 
a view where the outer membrane of Gram-negative bacteria is rendering these 
bacteria resistant to hGIIA. Especially the presence of lipopolysaccharides (LPS) in 
the outer leaflet [91,92] is thought to be a critical component for hGIIA resistance of 
Gram-negative bacteria by inhibiting hGIIA penetration (Figure 2C) [93,94]. 

Gram-negative bacteria express the highly conserved phospholipid repair system 
LplT/Aas in the inner membrane that is hypothesized to counteract the phospholipid 
degradation by phospholipases including hGIIA. This repair mechanism transfers 
lysophospholipids, products of hGIIA phospholipid degradation, via LplT from the 
periplasm to the cytosol where they are acylated and re-incorporated into the inner 
membrane by Aas [95]. It was recently shown that E. coli is more sensitive to killing 
by GIB when they are defective in this repair mechanism [96]. It could generally be 
assumed that this repair mechanism is also involved in resistance towards hGIIA-
mediated killing in Gram-negative bacteria.

The intrinsic resistance of many Gram-negative bacteria towards hGIIA-mediated 
killing provides these species with survival benefits at colonization sites, which may 
be causative or contributing to dysbiosis as two recent studies indicate [97,98]. Both 
studies demonstrated that two Gram-negative pathogens actively upregulate hGIIA, 
resulting in killing of competitor Gram-negative and Gram-positive bacteria, but 
remaining unharmed themselves. The first study was related to the differential 
colonization of lungs from cystic fibrosis patients. In early stages of cystic fibrosis, 
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the airways are mainly colonized by Staphylococcus aureus (S. aureus), whereas in 
later stages, colonization is dominated by P. aeruginosa [97]. Expression of hGIIA, 
which is induced by P. aeruginosa and kills S. aureus [98], contributes to this shift. A 
similar phenomenon takes place during oral dysbiosis and periodontal disease 
caused by the oral pathogen Porphyromonas gingivalis (P. gingivalis). P. gingivalis 
induces hGIIA expression in oral epithelial cells via activation of the Notch-1 receptor. 
These elevated hGIIA concentrations are the probable cause of dysbiosis as other 
Gram-negative and Gram-positive oral bacteria are more susceptible towards hGIIA-
mediated killing compared to P. gingivalis [99].

Figure 2. Schematic representation of the hGIIA resistance of and mechanism of action 
against Gram-negative bacteria. (A) An intact Gram-negative cell wall that prevents hGIIA from 
penetrating the outer membrane. (B) The presence of BPI destabilizes the Gram-negative outer 
membrane, allowing hGIIA to enter and hydrolyze membrane phospholipids. (C) Incorporation of 
the MAC incorporated into the outer membrane. hGIIA is able to cross the outer membrane via the 
MAC and hydrolyze phospholipids. It is currently unknown whether this is sufficient to kill Gram-

negative bacteria.
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1hGIIA and Gram-positive bacteria

Although initially found to be active against Gram-negative bacteria, it turned 
out that hGIIA was directly and highly bactericidal against Gram-positive bacteria 
[62,79,81,82,100,101]. The bactericidal mechanism that hGIIA employs against Gram-
positive bacteria is straight forward. The cationic nature of hGIIA enables binding to 
anionic structures on the bacterial surface. Penetration through the thick peptidoglycan 
layer of Gram-positive bacteria, which is readily permeable, also depends on the cationic 
charge of hGIIA. Indeed, substitution of the basic residues of hGIIA with acidic residues 
rendered the enzyme less active against Bacillus subtilis (B. subtilis) and S. aureus [101–
103] whereas increasing the net positive charge of hGIIA enhanced its bactericidal 
potency [103]. The effect of hGIIA charge is solely required for binding and cell wall 
penetration as S. aureus and B. subtilis protoplasts, i.e. bacteria devoid of their cell wall, 
are equally sensitive to WT hGIIA and a mutated hGIIA with a lower net positive charge 
[102]. Additionally, it is hypothesized that hGIIA cell wall penetration is facilitated by 
the presence of autolysins, since a S. aureus autolysin-deficient mutant is more resistant 
to hGIIA-mediated killing [104]. A mechanism is suggested where hGIIA displaces 
positively-charged autolysins from negatively-charged cell wall structures, resulting 
in autolysin-mediated localized cell wall degradation, which facilitates movement of 
hGIIA through the cell wall. Upon reaching the bacterial membrane, hGIIA hydrolyzes 
anionic phospholipids, such as PG and cardiolipin (CL) [103,105,106]. Phospholipase 
activity is Ca2+-dependent as a point mutation in the active site of hGIIA, which disrupts 
Ca2+ binding, rendered hGIIA unable to hydrolyze phospholipids and kill bacteria  
(Figure 3) [90,107]. Whether specific phospholipid domains are targeted is currently 
unknown. Although, a likely possible site is the bacterial septum or poles where CL, 
which are essential for cell division, are highly concentrated [108,109]. Anionic lipids 
can also be clustered elsewhere on the bacterial membrane, for example at the 
ExPortal in the Group A streptococcal membrane [110], making these regions likely 
targets for cationic antimicrobials including hGIIA.

The susceptibility of Gram-positive bacteria to hGIIA-mediated killing is highly diverse. 
Some species or specific bacterial strains within species are killed in the ng/ml range, e.g. 
Enterococcus faecium (E. faecium). Consequently, these bacteria are susceptible to hGIIA 
concentrations that are present under homeostatic conditions in serum [62]. In contrast, 
Group A Streptococcus (GAS) has been identified as one of the most intrinsically resistant 
Gram-positive species [81]. Nevertheless, all Gram-positive bacteria tested for hGIIA 
susceptibility to date are killed by concentrations that are physiologically relevant, i.e. 
are reached under inflamed conditions. This makes hGIIA a much more potent 
antimicrobial than other well-known antimicrobials, such as cap18 and lysozyme, which 
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require concentrations in the µg/ml range [111,112]. Differential susceptibility of Gram-
positive species seems related to the composition of their cell walls as discussed in more 
detail below. Furthermore, and similar to Gram-negative bacteria, Gram-positive bacteria 
are able to repair their degraded membrane phospholipids. They either replace the 
degraded phospholipids with newly synthesized phospholipids or recycle the 
phospholipid breakdown products, similar to Gram-negative bacteria [95,113]. To 
counter these repair mechanisms, hGIIA-mediated phospholipid degradation needs to 
be extremely fast and widespread. Additionally, removal of the phospholipid breakdown 
products, for example by extracellular albumin, interferes with the recycling/repair 
mechanism [102,104,113]. 

Figure 3. Schematic representation of the hGIIA mechanism of action against Gram-positive 

bacteria. (A) hGIIA binds to negatively-charged surface structures, for example WTA, in a charge-

dependent manner. (B) hGIIA penetrates through the thick peptidoglycan layer of Gram-positive 

bacteria in a charge-dependent manner. In addition, it is hypothesized that displaced autolysins 

degrade the peptidoglycan facilitating hGIIA penetration. (C) hGIIA degrades membrane 

phospholipids in a Ca2+-dependent manner. At certain hGIIA concentrations this is bactericidal for 

Gram-positive bacteria.
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Similar to many antimicrobials and antibiotics, bacteria have developed resistance 
mechanisms to evade hGIIA-mediated killing. The described resistance mechanisms 
prevent or hamper one or more steps in hGIIA mechanism of action, i.e. binding, cell wall 
penetration or membrane degradation. For example, S. aureus alters its surface charge 
by adding positively-charged D-alanine residues to its teichoic acids. The addition of 
D-alanine, which requires machinery encoded by the dltABCD operon, neutralizes part of 
the teichoic acids negative charge, thereby interfering with the electrostatic interaction 
between hGIIA and these abundant surface structures. Consequently, a S. aureus dltA 
mutant is approximately 100-fold more sensitive to hGIIA-mediated killing compared 
to D-alanine expressing parent strain [102]. Counter to expectations, hGIIA binds 
similarly to dltA mutant and S. aureus WT, indicating that the difference in susceptibility 
is due to differential hGIIA cell wall penetration [103].  D-alanylation of teichoic acids 
also increases resistance to other cationic antimicrobials, including LL-37 [114,115], a 
cationic antimicrobial important in the innate immune defense against Gram-positive 
and Gram-negative bacteria [116]. Another charge-based resistance mechanism 
involves modification of membrane PG into lylys-PG via the protein MprF, resulting in a 
less negatively-charged version of PG. However, the impact of this modification on hGIIA 
resistance of S. aureus is far less impressive compared to the D-alanine modification as 
an mprF mutant is only 3-fold more sensitive [102]. For GAS, it was shown that LPXTG-
containing proteins are involved in hGIIA resistance. The gene encoding the enzyme 
sortase A, which covalently links LPXTG-containing proteins to peptidoglycan, was 
knocked out in GAS, rendering the mutant strain 30-fold more sensitive compared to 
the parent strain [81]. Since sortase A anchors around 15 proteins to the cell wall, it was 
hypothesized that hGIIA resistance is conferred by one of these proteins. 

In addition to direct resistance, bacteria can also evade hGIIA-mediated killing 
through other mechanisms. For example, Bacillus anthracis (B. anthracis) expresses 
lethal toxin, which inhibits expression of hGIIA by macrophages through inactivation 
of the MAPK/NF-kB pathway [117–119]. Also S. aureus interferes with hGIIA 
production by macrophages in the airways through production of the chemical 
adenosine from the degradation of ATP, ADP, and AMP [120].
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The pathogens: A notorious killer and a notorious 
resistor

GAS, also known as Streptococcus pyogenes (S. pyogenes), is a Gram-positive commensal 
bacterium that colonizes the skin and throat. Although this colonization is mostly 
asymptomatic, GAS is able to cause many different infections. Most infections are 
superficial and not life-threatening, such as pharyngitis (“strep throat”) and impetigo, 
which are estimated to afflict approximately 700 million people annually worldwide 
[121]. GAS also causes approximately 650,000 severe invasive diseases, such as 
necrotizing fasciitis and the complication streptococcal toxic shock-like syndrome 
(STSS), annually worldwide [121]. In first-world countries, i.e. Europe, North America, 
and Australia, the prevalence of invasive GAS infections is 2-3 cases per 100 thousand 
[122–125]. In sharp contrast, the prevalence of invasive GAS infections in developing 
countries and within indigenous populations in developed countries ranges from 12 
to 83 cases per 100 thousand [126]. Invasive GAS diseases have a high mortality; within 
seven days 19% of the patients die. If patients with invasive disease subsequently 
develop STSS, mortality increases to 44% [125]. Overall mortality of GAS infections is 
estimated to be around 500,000 annually worldwide [121]. 

Currently, there is no vaccine available for GAS to decrease the disease burden. 
An important target of possible vaccines against bacterial pathogens are surface 
carbohydrates [127]. Unlike most Gram-positive bacteria that express peptidoglycan-
anchored wall teichoic acid (WTA), GAS expresses another glycopolymer on its surface, 
known as the Lancefield A antigen or Group A Carbohydrate (GAC). The GAC consists 
of a poly-rhamnose backbone with alternating N-acetylglucosamine (GlcNAc) side 
chains (Figure 4) and is highly abundant on the surface, comprising about 50% of the 
cell wall mass [128,129]. The GAC is often referred to as a WTA functional homologue 
as they are highly abundant in the cell wall, important as a phage receptor, and 
important for virulence [130]. For example, the GAC GlcNAc side chain and certain 
WTA modifications are known to be involved in resistance towards to the antimicrobial 
peptide LL-37 [131,132].

S. aureus is another Gram-positive commensal bacterium in both humans and 
animals.  Approximately 30% of the human population carries S. aureus bacteria on 
their skin and/or anterior nares asymptomatically [133]. However, S. aureus can also 
cause superficial and invasive diseases. Superficial diseases are most common on 
the skin and soft tissues. Invasive diseases can be life threatening, e.g. pneumonia 
and sepsis [134]. Especially people with a weakened immune system, or people with 
indwelling medical devices, are vulnerable to S. aureus infections [134]. S. aureus 
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1is well-known for its wide variety of virulence factors, especially a large number of 
secreted proteins, up to 270 [135]. Over 35 of these secreted proteins have functions 
in immune evasion by interfering with immune defense mechanisms. 

 

Figure 4. The structure of the Group A Carbohydrate (GAC). The GAC is an important and 
characteristic surface structure of GAS. This abundant glycopolymer consists of a poly-rhamnose 
backbone with alternating N-acetylglucosamine side chains.

The ability of S. aureus to cause infections is now even more complicated by the 
development of antibiotic resistance. Antibiotic resistant strains are commonly 
known as ‘methicillin-resistant S. aureus’ or MRSA [136]. As the name suggests, 
MRSA strains developed resistance against the antibiotic methicillin and most 
other β-lactam antibiotics. MRSA strains first emerged in the 1960s [137] although 
genetic studies have shown that S. aureus developed antibiotic resistance due to 
the extensive use of the β-lactam antibiotic penicillin during the aftermath of the 
second World War [138]. In the Netherlands, and other northern European countries, 
MRSA represents <5% of the S. aureus isolates from invasive diseases. In contrast, in 
southern Europe as well as the United States, these numbers reach 50% or higher 
[136,139]. The highest prevalence of MRSA infections is found in the Asian countries 
Japan and South Korea (>70%) [140,141]. The antibiotic of choice to treat MRSA 
infections is vancomycin. However, vancomycin-intermediate S. aureus strains, 
which have acquired resistance to vancomycin, have also already emerged [142]. A 
valuable alternative for vancomycin is the antibiotic daptomycin for the treatment of 
MRSA infections [143]. Although daptomycin resistant MRSA strains are occasionally 
identified, the fitness cost to retain this resistance in high [144]. This might explain 
why there have not been any outbreaks with daptomycin-resistant MRSA. Due to its 
antibiotic resistance profile, S. aureus is classified by the World Health Organization 
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as ‘high’ priority pathogen [145], indicating that there is a high demand for new 
therapeutics to treat infections caused by this pathogen. 

Since hGIIA plays an important role in immune defense against both GAS and  
S. aureus [80,81], knowledge of their hGIIA-resistance mechanisms could allow for 
the development of new treatments. For example, it could result in the development 
of compounds that do not directly act as antibiotics, but instead sensitize the 
pathogen of interest to hGIIA thereby enabling the host’s immune system to clear 
the infection.

High throughput screening with transposon 
libraries

Transposons are mobile genetic elements that can be found in all kingdoms of life 
[146]. They can reallocate within a genome, or move between genomes, through 
replicative or ‘cut and paste’ mechanisms. Transposases recognize inverted repeats 
at both ends of the transposon and also a specific target sequence in genomic 
DNA. At the target sequence, transposases create a double stranded break and 
insert the transposon [147]. Via this strategy, organisms can acquire beneficial 
genes including genes for virulence and antibiotic resistance [146,148]. The use of 
transposons in bacterial studies often involves the construction of a transposon 
library. Every bacterium in this library will have a transposon inserted at a random 
position in its genome creating a diverse and extensive repertoire of transposon 
mutants. Many studies have used transposon libraries to identify essential genes of 
a specific bacterial species [149,150]. Other studies have focused on identification 
of genes that are essential for bacterial survival under specific growth conditions, 
e.g. in mice or in abscesses [151,152] or upon incubation with certain stresses, e.g. 
antibiotics and antimicrobials [153,154]. Exposing transposon mutant libraries 
to sublethal concentrations of the stress component allows for the screening of 
resistance mechanisms, since transposon mutants with inactivated resistance genes 
will be lost, whereas transposon mutants in unrelated genes will retain the same 
number of transposon insertions. Two distinct library set ups that are commonly 
used are a pooled transposon mutant library and an arrayed transposon mutant 
library. Both pooled and arrayed transposon mutant libraries are used to answer 
various questions through an unbiased approach. An advantage of the pooled 
transposon mutant library in combination with transposon sequencing (Tn-seq) is 
that it allows discovery of transposon mutants that have increased resistance to the 
exposed factors. Likely, these enriched transposon mutants reveal genes that are 
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1important in the mechanism of action of the stressor, such as the tested antibiotic or 
antimicrobial molecule [155].

Figure 5. Schematic overview of a Tn-seq experiment to screen a pooled transposon mutant 
library. A pooled transposon mutant library is exposed to a certain stress condition, e.g. hGIIA. 
Afterwards, genomic DNA (black) is isolated and digested with the restriction enzyme MmeI. MmeI 
cuts 20 base pairs downstream of its recognition site into the genomic DNA. An adapter (green) 
is ligated onto the genomic DNA after which a PCR amplifies the part of the transposon (red), the 
bacterial genomic DNA, and the adapter. The PCR products are sequenced and the genomic DNA is 
mapped against the bacterial genome to determine the transposon insertion site. The transposon 
reads of the treated pool can be compared to an unexposed control pool. Transposon mutants 
unaffected by the stressor will show similar transposon reads. Essential genes do not contain any 
transposon read for both groups. Transposon mutants affected by the stressor have either more 
relative transposon reads or less reads compared to the control. Genomic DNA is depicted in black, 
whereas the transposons are depicted in red.
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The basis of Tn-seq analysis of transposon mutant library screens is the amplification 
of a small part of genomic DNA flanking the transposon insertion site. To amplify a 
part of the genome, the transposon inverted repeats contain a recognition site for 
the restriction enzyme MmeI [149,156]. MmeI will produce a 2-base pair staggered 
cut in DNA 20 base pairs downstream of its recognition site [157], i.e. in the bacterial 
genome. Ligation of an adapter sequence to the genomic DNA allows for amplification 
via PCR [158,159]. Since the MmeI restriction site is located 4 base pairs before the 
end of the transposon, the PCR products will contain 16 base pairs of genomic DNA, 
which is sufficient to pinpoint the site of transposon insertion [159]. The PCR products 
are sequenced by next-generation sequencing (NGS). The sequencing reads are then 
aligned to the genome using the 16-base pair genomic DNA reads. Relative transposon 
mutant abundance can be calculated using the amount of transposon insertions per 
gene. Finally, the Tn-seq profile can be compared to an appropriate control Tn-seq 
profile, often samples from an unexposed library. Statistical analysis will determine 
whether there is a significant difference in transposon mutant abundance between 
the control pool and experimental pool (Figure 5). 

In contrast to the pooled transposon mutant library, arrayed transposon mutant 
libraries contain unique single transposon mutants divided over the wells of 96 
or 384-well microtiter plates. These arrayed transposon mutant libraries are often 
available for distribution, e.g. the Nebraska Transposon Mutant Library of methicillin-
resistant S. aureus (MRSA) and the Keio collection of E. coli [160,161]. Experiments 
with these libraries are less complicated than Tn-seq experiments, since every well 
contains a designated mutant that can be immediately retested for hit validation. 
However, they often require more reagents and are more labor intensive. This set 
up allows for screens containing all the mutants present in a library, but also smaller 
screens where a selection of the mutants from a library are used.

Outline of this thesis

Many bacterial pathogens for which no vaccine is available require new treatment 
strategies because they are notorious killers and/or are notorious for their antibiotic 
resistance. An important part for the development of these strategies is gaining 
knowledge on the resistance mechanisms these bacteria have developed to 
circumvent clearance by the human immune system. An important and extremely 
potent antibacterial enzyme is hGIIA. HGIIA protects mice from lethal infections 
by GAS, S. aureus, and E. coli, but in vitro these bacteria are considerably resistant 
to hGIIA activity. Interestingly, for S. aureus hGIIA-resistance mechanisms partially 
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1overlap with antibiotic resistance mechanisms, indicating that discovery of hGIIA 
resistance mechanism may be relevant to understand antibiotic resistance as well. 
We anticipate that increased knowledge of hGIIA resistance mechanisms allows for 
the development of specific compounds that target these molecules or pathways, 
effectively disarming the pathogens and re-sensitizing them for clearance by 
the host but possibly also synthetic antibiotics. In Chapter 2 we used a pooled 
transposon mutant library of GAS and the Tn-seq method to identify genes that are 
important for GAS to evade hGIIA-mediated killing. In addition, we characterized 
the hGIIA mechanism of action against GAS by following up genes with increased 
transposon insertions. In Chapter 3, the identification of hGIIA resistant transposon 
mutants and a Tn-seq screen for zinc toxicity allowed for the identification of 
a new modification on the GAS signature molecule, the GAC. We also performed 
experiments with an arrayed transposon mutant library in the MRSA background to 
identify transposon mutants that were susceptible to sublethal hGIIA concentrations 
(Chapter 4). We identified and confirmed a novel resistance mechanism that involves 
Lipoprotein signal peptidase A (LspA), an enzyme involved in lipoprotein maturation. 
Importantly, LspA is also important for resistance against the antibiotic of last-resort 
daptomycin. Finally, in Chapter 5 we describe the molecular mechanism of the 
cooperation between serum and hGIIA against E. coli, which depends on formation 
of the MAC. Furthermore, we assessed the impact of the LplT/Aas phospholipid 
repair mechanism, using the lplT and aas E. coli mutants retrieved from the Keio 
collection, given the possible involvement of this system in hGIIA resistance.
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Ch. 2 | Bactericidal mechanism of hGIIA against streptococci

Abstract

Human Group IIA secreted phospholipase A2 (hGIIA) is an acute phase protein with 
bactericidal activity against Gram-positive bacteria. Infection models in hGIIA transgenic 
mice have suggested the importance of hGIIA as an innate defense mechanism against 
the human Grouman pathogens Group A Streptococcus (GAS) and Group B Streptococcus 
(GBS). Compared to other Gram-positive bacteria, GAS is remarkably resistant to hGIIA 
activity. To identify GAS resistance mechanisms, we exposed a highly saturated GAS 
M1 transposon library to recombinant human hGIIA and compared relative mutant 
abundance with library input through transposon-sequencing (Tn-seq). Based on 
transposon prevalence in the output library, we identified nine genes, including dltA 
and lytR, conferring increased hGIIA susceptibility. In addition, seven genes conferred 
increased hGIIA resistance, which included two genes, gacH and gacI that are located 
within the Group A Carbohydrate (GAC) gene cluster. Using GAS 5448 wild-type and 
the isogenic gacI mutant and gacI-complemented strains, we demonstrate that loss 
of the GAC N-acetylglucosamine (GlcNAc) side chain in the DgacI mutant increases 
hGIIA resistance approximately 10-fold, a phenotype that is conserved across different 
GAS serotypes. Increased resistance is associated with delayed penetration of hGIIA 
through the cell wall. Correspondingly, loss of the Lancefield Group B Carbohydrate 
(GBC) rendered GBS significantly more resistant to hGIIA-mediated killing. This 
suggests that the streptococcal Lancefield antigens, which are critical determinants 
for streptococcal physiology and virulence, are required for the human bactericidal 
enzyme hGIIA to exert its bactericidal function. 

Author summary

The human immune system is capable of killing invading bacteria by secreting 
antimicrobial proteins. Cationic human Group IIA secreted phospholipase A2 (hGIIA) 
is especially effective against Gram-positive bacteria by degrading the bacterial 
membrane. HGIIA requires binding to negatively charged surface structures before it 
can penetrate through the thick peptidoglycan layer and reach the target phospholipid 
membrane. HGIIA is constitutively expressed at high concentrations at sites of possible 
bacterial entry, e.g. in tears, skin and small intestine. In serum, normal concentrations 
are low but can increase up to 1,000-fold upon inflammation or infection. In vitro, ex 
vivo and in vivo experiments suggest an important role for hGIIA in defense against two 
human pathogens, Group A and Group B Streptococcus (GAS, GBS). We demonstrate 
that the Lancefield cell wall polysaccharides that are expressed by these bacteria, the 
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Group A Carbohydrate (GAC) for GAS and the Group B Carbohydrate (GBC) for GBS, 
are required for optimal hGIIA bactericidal efficacy by facilitating penetration through 
the peptidoglycan layer. Given the increased hGIIA resistance of antigen-modified or 
antigen-deficient streptococci, it will be of interest to determine potential regulatory 
mechanisms regarding expression of streptococcal Lancefield polysaccharides. 

Introduction

Many important human bacterial pathogens are also common colonizers of mucosal 
barriers. Occasionally, such pathogens penetrate these physical barriers to invade 
the underlying tissues and cause infections. Antimicrobial molecules, sometimes 
also referred to as ‘endogenous antibiotics of the host’, are a critical part of the innate 
immune response to eradicate these intruders and clear the infection. In humans, 
one of the most potent bactericidal molecules against Gram-positive bacteria is the 
secreted enzyme human Group IIA phospholipase A2 (hGIIA) [1,2]. 

HGIIA belongs to a family of 11-12 secreted phospholipase A2 enzymes, which are 
structurally related and hydrolyze various phospholipids [2–5]. In non-inflamed 
conditions, hGIIA serum levels are low and not sufficient to kill most Gram-positive 
bacteria [6]. However, sterile inflammation or infection increases hGIIA expression 
with concentrations reaching up to 1 µg/ml in serum [7], which is sufficient to kill 
most Gram-positive pathogens in vitro. A unique feature of hGIIA compared to other 
secreted phospholipase A2 family members is its high cationic charge, which is 
required for binding to negatively-charged surface structures and for penetration of 
the thick peptidoglycan layer surrounding Gram-positive bacteria [2,8,9]. The potent 
bactericidal activity of hGIIA against Gram-positive bacteria has been demonstrated 
in vitro, using recombinant hGIIA, and is suggested by infection experiments that 
show increased protection from infection using hGIIA transgenic mice [10–16]. 

To counter the bactericidal effects of hGIIA, pathogens have evolved different resistance 
mechanisms, for example by suppressing hGIIA expression [17,18] or by increasing the 
net positive charge of surface structures and membrane. The surface modifications 
include the addition of positively-charged D-alanine moieties to teichoic acid polymers 
by the highly conserved dlt operon to repulse hGIIA [8] and other cationic antimicrobials 
[19–22]. In addition, Staphylococcus aureus (S. aureus) modifies the charge of its bacterial 
membrane through the molecule MprF [23,24] by adding the cationic amino acid 
lysine to phosphatidylglycerol (PG), resulting in lysyl-PG [25]. In Group A Streptococcus 
(GAS), the enzyme sortase A (SrtA), a conserved enzyme in Gram-positive bacteria that 
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recognizes proteins with an LPXTG motif and covalently attaches them to peptidoglycan 
[26,27], was shown to increase hGIIA resistance [12]. 

Studies with recombinant hGIIA have highlighted differences in intrinsic hGIIA 
susceptibility between different Gram-positive species, where Bacillus subtilis is 
killed in the low ng/ml concentration range [28,29], and GAS is one of the most 
resistant species known to date [12]. Interestingly, this high resistance is not a 
common trait of streptococcal pathogens since Group B Streptococcus (GBS) is 
killed by concentrations that are approximately 500 times lower compared to those 
required to kill GAS [11,12]. Streptococci are historically classified by the expression 
of structurally different Lancefield antigens [30]. Lancefield antigens are cell wall 
polysaccharides making up approximately 50% of the dry cell wall mass [31]. All 
GAS serotypes express the Lancefield Group A carbohydrate (GAC), which consists 
of a polyrhamnose backbone with alternating N-acetylglucosamine (GlcNAc) side 
chains [31], which are important for virulence [32]. In contrast, all GBS serotypes 
express the Lancefield Group B carbohydrate (GBC), a multi-antennary structure, 
containing rhamnose, galactose, GlcNAc, glucitol, and significant amounts of 
phosphate [33]. Both streptococcal species are important human pathogens as they 
can cause systemic infections associated with high mortality and morbidity [34–36]. 
Mouse infection models and ex vivo studies on human serum from infected patients 
suggest the importance of hGIIA in defense against lethal infections with GAS and 
GBS [11,12]. Given the importance of hGIIA in host defense against streptococci, we 
set out to identify the molecular mechanisms that confer resistance to hGIIA using a 
comprehensive and unbiased approach.

Results

Globally-disseminated M1T1 GAS is highly resistant to hGIIA
A previous study found that GAS strains are among the most resistant Gram-positive 
bacteria regarding hGIIA-mediated killing [12]. Mutation of srtA in the GAS strain 
JRS4, an emm6 serotype, increased hGIIA susceptibility by about 50-fold [12]. GAS 
M1T1 is a globally-disseminated emm1 clone that is most often responsible for 
invasive GAS infections in industrialized countries [37,38] and was not included 
previously in hGIIA studies [12] GAS strain 5448, a representative M1T1 isolate, 
showed concentration-dependent killing by recombinant human hGIIA, with an LD50 

of 0.05 µg/ml (S1 Fig). Also, GAS M1T1 resistance mechanisms against hGIIA at least 
partially overlap with GAS JRS4 emm6, since mutation of srtA rendered GAS M1T1 
approximately 35-fold more susceptible to hGIIA (S1 Fig) [12].
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Identification of GAS genes that affect hGIIA susceptibility using Tn-seq 
We set out to identify additional genes that affect hGIIA susceptibility of GAS M1T1 
using the GAS Krmit transposon mutant library [39]. To ensure complete coverage 
of the library in our experiment, we optimized our hGIIA killing assay to support an 
inoculum of 107 CFU, using a final concentration of 0.125 µg/ml hGIIA. The Tn-seq 
experiment with the GAS Krmit transposon mutant library consisted of four non-
exposed control samples and four hGIIA-treated samples. Each sample contained on 
average approximately 30 million reads, of which over 90% of the reads aligned once 
to the GAS M1T1 5448 reference genome (S1 Table) [40]. To quantify the number of 
transposon insertions per gene, we divided the reference genome into 25 nucleotide 
windows, resulting in 73,182 windows, and mapped each read to a specific window. 
More than 48% of the windows had at least one read aligned. We identified one 
gene with an exceptionally high number of transposon insertions at a specific part 
of the gene (M5005_Spy_1390), suggesting biased insertion of the transposon (S2, 
S3 Tables and S2 Fig). This gene was therefore excluded from further analysis. No 
other biased transposon insertion sites were observed.

We identified 16 genes that contained a significantly different number of transposon 
insertions after exposure to hGIIA as indicated by P-value of <0.05 (Benjamini-
Hochberg (BH) corrected; Fig 1A, S3 Fig, and S2-4 Tables). Nine of the 16 genes 
(56%) showed a decrease in transposon insertions compared to untreated controls, 
indicating that the products of the disrupted genes provide resistance against hGIIA-
mediated GAS killing (Fig 1A, S3 Fig, S3 Table). Three susceptibility genes are located 
within the dlt operon (M5005_Spy_1070, M5005_Spy_1072, M5005_Spy_1073), 
which is responsible for D-alanylation of teichoic acids [41]. Consistently, this operon 
was previously linked to GAS resistance against other cationic antimicrobials, such 
as LL-37 and hGIIA [8,42]. The other six genes with significant fold decrease in 
transposon insertions are annotated as hypothetical proteins (M5005_Spy_0918 
and M5005_Spy_1794), a lactoylglutathione lyase (M5005_Spy_0876), LytR (M5005_
Spy_1474) of the LytR/CspA/Psr protein family, the transcriptional regulator FabT 
(M5005_Spy_1495), and the NAD glycohydrolase inhibitor (M5005_Spy_0140) (S3 
Fig and S2, S3 Tables).

Seven genes showed a relative increase in the number of transposon insertions after 
hGIIA exposure, indicating that the products of these genes are important for hGIIA 
to exert its bactericidal effect (Fig 1A, S3 Fig, S4 Table). Five of the six genes (83%) 
mapped to two gene clusters; one gene cluster is annotated as an ABC transporter 
(M5005_Spy_0939, M5005_Spy_0940, M5005_Spy_0941) and the other gene cluster 
is the previously identified 12-gene cluster responsible for biosynthesis of the Group 
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A carbohydrate (GAC) (Fig 1B) [32]. Within the GAC gene cluster, gacI and gacH 
(M5005_Spy_0609 and M5005_Spy_0610) showed significantly increased number 
of transposon insertions. The small downstream gene gacJ (M5005_Spy_0611) also 
demonstrated a 3-fold increase, however, the BH corrected P-value is slightly above 
0.05. Other genes within the GAC gene cluster are essential or crucial as described 
previously [39,43]. Finally, guaB (M5005_Spy_1857) and the IIC component of a 
galactose-specific PTS system (M5005_Spy_1399) were identified as their mutation 
may confer increased resistance to hGIIA (S3 Fig and S2, S4 Tables). Overall, the 
transposon library screen identified genes that confer resistance or are important 
for the mechanisms of action of hGIIA.

HGIIA requires the GAC GlcNAc side chain to exert its bactericidal 
effect against GAS 
To validate the Tn-seq findings, we confirmed the involvement of three genes (dltA, 
lytR, and gacI) by comparing hGIIA-mediated killing of WT GAS with previously 
generated GAS mutants [32,42,44]. Deletion of dltA and lytR indeed increased GAS 
susceptibility to hGIIA-mediated killing by 45-fold and 35-fold, respectively (Fig 2A, B). 
The dltA defect could be restored by re-introduction of the gene on a plasmid (Fig 2A). 

In contrast to dltA and lytR, mutation of gacI, which results in loss of the GAC 
GlcNAc side chain [45], increased GAS resistance to hGIIA by approximately 10-fold 
compared to the parental or gacI-complemented (gacI*) strain (Fig 2C). The GAC is 
conserved in all GAS serotypes. We therefore questioned whether deletion of gacI 
would have a similar effect on the bactericidal efficacy of hGIIA in four other GAS 
serotypes (M2, M3, M4, M28). In all serotypes, deletion of gacI increased resistance of 
GAS to hGIIA by 5- to 50-fold (Fig 2D), indicating that hGIIA requires the GAC GlcNAc 
side chain for optimal bactericidal efficacy in all genetic backgrounds tested. 

Activity and bacterial resistance to hGIIA in human serum
To study the activity of hGIIA in a more physiological setting, we spiked pooled 
normal human serum with different concentrations of recombinant hGIIA. As 
described previously [32,46] GAS grows in human serum, a trait that is not 
influenced by the presence of endogenous hGIIA since addition of the hGIIA-specific 
inhibitor LY311727 [47] did not affect GAS growth in serum (S4A Fig). Addition of 
recombinant hGIIA to human serum potentiated its bactericidal effect compared to 
the purified assay as reflected by a 5-fold lower LD50 (0.01 ug/ml; Fig 3A versus Fig. 
2). Interestingly, heat-inactivation of serum reduced the ability of hGIIA to kill GAS 
by 10-fold compared to active serum, indicating that there are heat-labile factors in 
serum that potentiate hGIIA efficacy (Fig 3A). 
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Fig 1. Identifying GAS mutants with different hGIIA susceptibility by Tn-seq analysis.(A) 
Average log-fold change of transposon insertions in genes of the hGIIA-treated group versus the 
control group. Grey dots represent genes without significant fold change after hGIIA treatment. 
Green and orange dots represent genes with significantly increased and reduced transposon 
insertions after hGIIA exposure, respectively. Significant hits have a calculated BH corrected p <0.05. 
(B) Circos representation of the average transposon insertions of genes within the GAC gene cluster. 
All genes within this cluster, except for gacI, gacJ, and gacH, were previously identified as essential 
[39]GAS. For gacI and gacH, the fold change shown is significant (BH corrected p ≤ 0.05), whereas for 
gacJ the fold change is not significant (BH corrected p = 0.16).
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Fig 2. Mutation of dltA and lytR renders GAS more susceptible to hGIIA, whereas mutation of 
gacI increases hGIIA resistance in multiple GAS serotypes. Deletion of (A) dltA or (B) lytR increases 
GAS susceptibility to hGIIA-mediated killing in a concentration-dependent manner. Deletion of gacI 
renders GAS more resistant to hGIIA-mediated killing as shown for (C) 5448 and (D) other tested GAS 
serotypes. Data represent mean +/- SD of three independent experiments. *, p ≤ 0.05; **, p ≤ 0.01; 
***, p ≤ 0.001.

We determined how the addition of serum would affect the efficacy of hGIIA to kill 
the mutants with altered hGIIA susceptibility. We first compared bacterial survival of 
the WT strain and the individual mutants in normal serum (S4A Fig). Interestingly, 
the lytR and srtA mutant already showed a significant loss of fitness in non-
inflamed serum, which is not attributed to the presence of endogenous hGIIA as 
addition of LY311727 did not restore their survival (S4A Fig). Both ΔsrtA and ΔdltA 
bacteria remained more susceptible to hGIIA-mediated killing in serum (Fig. 3B, C), 
whereas the ΔlytR and ΔgacI mutants were now equally resistant to WT GAS (Fig. 
3D, E). These results reflect the multitude of effects that occur simultaneously in a 
complex environment such as serum. More specifically, serum likely contains factors 
that have an opposite effect to hGIIA on lytR and gacI mutants, such that the net 
survival of these mutants is equal to WT. Finally, we compared the effect of serum 
heat-inactivation on hGIIA efficacy in the context of individual mutants (S4B-D Fig). 
Similar to WT GAS, heat inactivation of serum reduced the efficacy of hGIIA to kill 
ΔsrtA, ΔdltA and DlytR, suggesting that the hGIIA-potentiating factor(s) is required 
to kill all mutants in our panel.
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Fig 3. Human serum influences hGIIA efficacy on GAS.  (A) A heat-labile factor in serum enhances 
the ability of hGIIA to kill GAS. The (B) srtA and (C) dltA GAS mutants retained a susceptible phenotype 
in hGIIA-spiked serum whereas the (D) lytR  and (E) gacI mutants mutant survive equal to GAS WT 
under these conditions. Data represent mean +/- SD of three independent experiments. *, p ≤ 0.05; 
**, p ≤ 0.01; ***, p ≤ 0.001.

Loss of the GAC GlcNAc side chain delays cell wall translocation of 
hGIIA 
Our observation that GAS ΔgacI is more resistant to hGIIA implies that the GAC 
GlcNAc moiety is important for the function of hGIIA. To assess whether loss of the 
GAC GlcNAc side chain affected hGIIA binding to bacteria, we first analyzed binding 
of hGIIA by fluorescence microscopy using a phospholipase A2-specific antibody 
(Fig 4A). A visual quantification of hGIIA-stained bacteria indicated reduced binding 
of hGIIA in the absence of GAC GlcNAc (Fig. 4C). In addition, we observed that the 
localization of hGIIA on the bacterial surface was affected, where hGIIA predominantly 
localized to the GAS cell poles in WT bacteria (Fig 4A, B), but distribution became 
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more disperse upon mutation of gacI (Fig 4A, B). Since fluorescence microscopy did 
not allow for more extensive binding assessments, we also quantified binding of 
recombinant hGIIA to GAS by flow cytometry. At concentrations up to 1 μg/ml, we 
did not observe differences in hGIIA binding to the three strains (Fig 4D). Only at 
concentrations of 5 μg/ml, hGIIA showed reduced interaction with the gacI mutant 
compared to GAS WT and gacI*-complemented strains (Fig 4D). The contribution of 
differential hGIIA binding to GAS is therefore only relevant to specific locations such 
as in tears which contain up to 30 μg/ml hGIIA [28]. Since hGIIA binding is charge-
dependent, we analyzed whether reduced binding at high hGIIA concentrations 
could be caused by difference in surface charge. Using the highly cationic protein 
cytochrome C, we indeed observed that the gacI mutant has a reduced negative 
surface charge compared to GAS WT and the gacI*-complemented strain (S5 Fig), 
which could likely explain the reduced binding of hGIIA to this mutant.  

Cell wall architecture can significantly affect hGIIA cell wall penetration [2]. To assess 
how absence of the GAC GlcNAc side chain affected hGIIA cell wall penetration, we 
measured changes in membrane depolarization over time using the fluorescent 
voltage-sensitive dye DiOC2(3) [48]. In this assay, membrane depolarization results 
in reduced red fluorescence. HGIIA required at least 5 minutes to penetrate the GAS 
cell wall since no changes in red fluorescence signal were observed at this time point 
for any of the strains (S6A Fig). At 30 minutes (S6B Fig), membrane depolarization 
occurred as visualized by diminished red fluorescence at hGIIA concentrations of 0.1 
μg/ml in the GAS WT and the gacI*-complemented strain. Compared to these two 
strains, the gacI mutant exhibited limited effects on membrane potential at all time 
points and all hGIIA measured (Fig 4E and S6 Fig). These data suggest that hGIIA 
reaches the membrane faster in the presence of GAC GlcNAc moieties. 

Membrane depolarization likely precedes more pronounced hGIIA-mediated 
disruption of the membrane that would allow influx of the fluorescent DNA dye 
SYTOX green, which can only enter damaged membranes [49]. As expected, 
hGIIA increased the SYTOX signal in GAS WT and GAS gacI* in both a time and 
concentration-dependent manner (Fig 4F and S7A-E Fig). Importantly, addition 
of LY311727 completely prevented SYTOX influx (S7F Fig), confirming that our 
assay indeed reflects hGIIA phospholipase activity on the bacterial membrane. In 
sharp contrast, SYTOX intensity in GAS ΔgacI increased at a much slower rate and 
never reached the levels of GAS WT and GAS gacI* after two hours. The observed 
differences in kinetics and severity of hGIIA on membrane depolarization and SYTOX 
influx in GAS ΔgacI compared to GAS WT suggest that the GAC GlcNAc side chain is 
essential for efficient trafficking of hGIIA through the GAS cell wall. 
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Fig 4. Lack of the GAC GlcNAc side chain delays hGIIA cell wall translocation. (A) Localization 
of hGIIA (H48Q) on GAS 5448 WT and ΔgacI was analyzed by fluorescence microscopy (+) and 
quantified based on analysis of 10 fields including 307 stained cells from two separate experiments. 
As control, H48Q hGIIA was omitted (-). HGIIA was detected with a mouse anti-human hGIIA 
monoclonal antibody or an IgG1 isotype as negative control. Representative bacteria are shown. 
Quantification of (B) hGIIA localization of hGIIA on GAS WT and GAS ΔgacI and (C) the percentage 
of hGIIA-stained bacteria. (D) Detection of hGIIA binding to GAS 5448 by flow cytometry. (E) Effect 
of hGIIA on GAS membrane potential after 2 hour incubation. Decreased PerCP signal indicates 
a disrupted membrane potential. (F) SYTOX green uptake over time by GAS strains or (G) GAS 
protoplasts after incubation with 0.5 µg/ml recombinant hGIIA. (H) Quantification of PG levels in 
lipid extracts obtained from WT and gacI mutants incubated in the absence or presence of 2 µg/ml 
hGIIA.  Data represent mean +/- SD of at least three independent experiments. ns = not significant, 
*, p ≤ 0.05; **, p ≤ 0.01; ***, p ≤ 0.001.
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A recent study demonstrates that GacI is a membrane protein that is required for 
the intracellular formation of undecaprenyl-P-GlcNAc [45]. Therefore, loss of GacI 
could alter membrane composition and fluidity to impact the activity of hGIIA on 
the membrane. To analyze whether phospholipid hydrolysis is affected in GAS ΔgacI, 
we performed the SYTOX influx assay on protoplasts [50]. Unlike the previous SYTOX 
results with intact bacteria, protoplasts from WT, ΔgacI and gacI* strains all became 
SYTOX positive (Fig 4G and S8 Fig), underlining our conclusion that the presence 
of the cell wall in the ΔgacI limits access of hGIIA to the streptococcal membrane. 
Nonetheless, the significantly lower SYTOX in the ΔgacI protoplasts compared to 
the WT and gacI*-complemented protoplasts (Fig 4G and S8 Fig), suggests that the 
absence of GacI has a minimal impact on hGIIA degradation. To further reinforce 
this conclusion, we determined the levels of phosphatidylglycerol (PG) in bacteria 
and protoplasts after treatment with hGIIA (Fig 4H). PG levels were significantly 
higher in GAS ΔgacI after hGIIA treatment compared to WT, whereas equal PG levels 
were observed in GAS ΔgacI and WT after hGIIA treatment (Fig 4H). We therefore 
conclude that cell wall trafficking and not cell membrane differences are the major 
determinant of susceptibility differences between GAS WT and ΔgacI mutant.

GBC is important for hGIIA bactericidal activity against GBS
We investigated whether the importance of the GAC for hGIIA activity could be extended 
to other streptococci such as GBS. As previously described, GBS are generally more 
sensitive to hGIIA compared to GAS [12]. Indeed, killing of GBS strain NEM316 occurred 
at substantially lower concentrations of hGIIA compared to GAS M1T1 (compare  
Fig 5A and 2), also in the presence of serum (S9 Fig). We confirmed that killing 
depends on the catalytic activity of the enzyme since introduction of an inactivating 
point mutation (H48Q; Fig 5B) or addition of LY311727 abrogated all killing (Fig 
5C). Just as the GAC is the molecular signature for GAS, GBS uniquely express 
another Lancefield antigen, known as the Group B Carbohydrate (GBC). The GBC is 
a more complex structure compared to the GAC and contains significant amounts 
of phosphate that introduce a negative charge. Unfortunately, there are currently 
no GBS mutants available with specific structural variations in the GBC. Instead, 
we assessed the effect of the complete GBC, through deletion of gbcO [33], on 
susceptibility of GBS to hGIIA. Deletion of gbcO rendered GBS at least 100-fold more 
resistant to hGIIA compared to GBS WT (Fig 5A-C), and the phenotype is restored 
upon complementation with gbcO on a plasmid (Fig 5A). We could reproduce the 
ΔgbcO phenotype by treating WT GBS with tunicamycin, an inhibitor of gbcO-type 
transferases (Fig 5D) [33,51]. Finally, as observed in GAS, fluorescence microscopy 
demonstrated that hGIIA bound to the poles of GBS WT (Fig 5E, F). Unlike to GAS, 
we did not observe that loss of GBC expression reduced binding of hGIIA at higher 
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concentration of hGIIA as assessed by flow cytometry (S10 Fig). In conclusion, these 
results highlight a key role for streptococcal Lancefield antigens in the bactericidal 
effect of hGIIA.

Fig 5. GBS lacking the GBC are resistant to hGIIA. (A) HGIIA kills GBS strain NEM316 WT but not 
ΔgbcO in a concentration-dependent manner and phenotype is restored in complemented strain 
ΔgbcO/pTCV. The killing is represented as the percentage of CFU surviving after hGIIA exposure 
compared to the inoculum. GBS killing is prevented when (B) exposed to catalytically inactive hGIIA 
H48Q and (C) by the hGIIA-specific inhibitor LY311727. (D) Treatment of NEM316 WT with the gbcO-
type inhibitor tunicamycin reproduces the ΔgbcO phenotype with regard to hGIIA-mediated killing 
GBS more resistant to hGIIA-mediated killing. (E) Visualization of bacteria-bound hGIIA H48Q to 
GBS NEM316 by fluorescence microscopy (+). As control, H48Q hGIIA mutant protein was omitted 
(-). hGIIA was detected with a mouse anti-human hGIIA monoclonal antibody. An irrelevant IgG1 
isotype antibody served as negative control. The cell wall was labeled with Ester-350, and newly 
formed septa were visualized with fluorescently labeled vancomycin (Vanc-FL), which stains sites 
of peptidoglycan insertion. Shown are representative cells. (F) Quantification of hGIIA binding to 
polar or non-polar regions of GBS are based on analysis of 12 fields including 578 stained cells from 
two separate experiments. For all other panels, data represent mean +/- SD of three independent 
experiments. *, p ≤ 0.05; **, p ≤ 0.01; ***, p ≤ 0.001.
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Discussion

Intrinsic resistance to acute phase protein hGIIA varies among Gram-positive 
bacteria, including among closely-related streptococcal species. GAS, an important 
cause of lethal infection worldwide, is among the most resistant bacteria, whereas 
GBS, an important cause of neonatal sepsis and meningitis, is killed by hGIIA at 
concentrations that are approximately 500-fold lower [12]. For GAS, we confirmed 
the role of Sortase A and DltA and identified LytR as hGIIA resistance factors. Despite 
the differences in cell wall composition, i.e. cell wall crosslinking, cell wall associated 
proteins and membrane physiology, the streptococcal Lancefield antigens are 
structural requirements for the activity of hGIIA in both GAS and GBS. 

HGIIA is approximately 10-fold more effective against GAS when spiked into normal 
serum compared to heat-inactivated serum, and 5-fold more effective compared 
to our ‘purified’ system. This corresponds to a previous observation where hGIIA 
activity was approximately 10-fold greater in serum or plasma than in the protein-
depleted serum in studies using S. aureus as the target pathogen [52]. This suggests 
the presence of a heat labile protein in plasma that facilitates hGIIA-mediated killing 
of Gram-positive bacteria. Heat-inactivation of serum is a well-established method 
to study the influence of the complement system and also abolishes hGIIA activity in 
acute phase serum [53]. Since the low basal levels of hGIIA in normal human serum 
are not sufficient to affect GAS viability, the enhancement could indicate a synergistic 
effect between hGIIA and the complement system. A recent study shows formation 
of the Membrane Attack Complex (MAC) on the GAS surface without affecting 
bacterial viability [54]. It is therefore tempting to speculate that MAC is deposited 
on Gram-positive bacteria so that bactericidal enzymes, such as hGIIA, can reach the 
bacterial membrane more easily. Such a cooperative effect between different innate 
defense mechanisms would not be surprising, since previous studies have already 
observed that hGIIA synergizes with neutrophil oxygen-dependent mechanisms to 
kill S. aureus [55,56]. Finally, the concentrations of hGIIA that are measured in human 
serum are likely underestimating the true availability of this bactericidal enzyme 
since hGIIA attaches to surfaces of blood vessels due to its hydrophobic nature. We 
speculate that vessel-attached hGIIA may help prevent bacterial dissemination to 
other tissues, an effect that has not yet been addressed experimentally. 

Sortase A, an enzyme that links LPXTG-containing proteins to peptidoglycan, 
was previously described as a hGIIA resistance factor in GAS serotype M6 [12]. We 
confirmed that deletion of srtA in a GAS M1T1 background similarly sensitizes GAS to 
hGIIA both in a ‘purified’ as well as a serum environment. Whether a single or multiple 
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LPXTG proteins confer resistance is an unresolved question. Our study suggests that 
Sortase A-mediated resistance is not caused by a single LPXTG protein since we did 
not identify a single LPXTG-encoding gene in the Tn-seq screen (S5 Table). Possibly, 
the underlying mechanism is similar to the SrtA-dependent resistance of GAS to 
the antimicrobial peptide cathelicidin [46], which depends on the accumulation of 
sorting intermediates at the bacterial membrane. SrtA itself was not identified in the 
transposon library screen since the mutants are lost in the competitive environment 
likely due to inherent defects in growth [39].  

We identified and confirmed a role for the protein LytR in GAS hGIIA resistance. LytR 
is a member of the LytR-CpsA-Psr (LCP) protein family, a conserved family of cell 
wall assembly proteins in Gram-positive bacteria [57]. The GAS genome encodes 
two members of this family, lytR (M5005_Spy_1474) and psr (M5005_Spy_1099). The 
fact that we only identified LytR suggests that these proteins have non-redundant, 
but as yet unidentified, functions. In several Gram-positive pathogens, including 
Streptococcus pneumoniae, S. aureus and Bacillus anthracis, LCP proteins anchor 
cell wall glycopolymers such as wall teichoic acid (WTA), lipoteichoic acid (LTA) 
and capsular polysaccharides to the cell envelope and are therefore critical for cell 
envelope assembly and virulence [57–62]. Additionally, lytR homologues in Bacillus 
subtilis and Streptococcus mutans contribute to cell wall remodeling by increasing 
autolysin activity [63,64]. Previously, hGIIA activity has been linked to autolysins; 
autolysin-deficient mutants are more resistant to hGIIA than their parent strain [65]. 
A suggested mechanism is that hGIIA displaces positively-charged autolysins from 
negatively-charged WTA and LTA, resulting in localized peptidoglycan digestion and 
facilitated movement of hGIIA through the cell wall. Currently, the role of LytR either 
in GAS cell wall assembly or in the regulation of autolysin activity is not known, 
but LytR-deficient GAS display altered membrane integrity and potential [66], which 
could impact hGIIA susceptibility. Moreover, lytR has been linked to GAS virulence 
in two different studies. In the first study, lytR mutants in two different GAS M1 
backgrounds showed a more virulent phenotype in a subcutaneous murine model 
of infection, which was suggested to be a result of increased SpeB activity [66]. LytR-
mediated regulation of SpeB is unlikely to play a role in hGIIA-mediated resistance 
in our experiments, since we used washed bacteria. In a more recent study, lytR 
mutants in GAS 5448 M1T1 showed a competitive disadvantage for fitness in vivo 
upon mixed subcutaneous infection [44]. Unfortunately, there is no information 
regarding pathology or survival of the mice upon infection with the lytR mutant 
added alone [44]. 
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We also identified genes that render GAS more susceptible to hGIIA. GacH, gacI, and 
gacJ are located in the biosynthesis gene cluster of the GAC, which may suggest that 
the GAC is a target for hGIIA on the GAS surface. Mutation of gacI and gacJ results in 
loss of the GAC GlcNAc side chain [32,45], whereas mutation of gacH does not affect 
side chain formation [32]. We therefore hypothesize that the GAC provides hGIIA 
resistance through two distinct mechanisms. First, a gacI/J-dependent mechanism 
that works through the GAS GlcNAc side chain as important for binding and 
penetration of hGIIA to the cell membrane. The second mechanism involves GacH 
but the underlying molecular aspects remain to be determined. The first mechanism 
seems to conflict with our previous observations that GlcNAc-deficient GAS have 
decreased virulence capacity due to increased neutrophil killing and increased 
susceptibility to antimicrobials in serum including LL-37 [32]. However, hGIIA would 
not have contributed to in vitro assays since we used non-inflamed serum or plasma 
where basal hGIIA concentrations are too low to affect GAS viability [32]. The fact 
that gacI mutants demonstrate reduced survival in vivo suggests that the benefits 
of expressing the GlcNAc side chain outweigh the increased susceptibility to hGIIA. 
Since GAS already shows high intrinsic resistance towards hGIIA there is no pressure 
to lose the GlcNAc side chain. It might even be detrimental since it makes GAS more 
vulnerable to effects of other antimicrobials or yet unidentified host defenses. In 
contrast to the GAC [31,67], the GBC is a multi-antennary structure and contains 
anionic charge due to the presence of phosphate [33]. For GBS, the increased hGIIA 
resistance in GBC-negative gbcO mutants is therefore likely explained by the loss of 
negatively charged groups on the surface. This corresponds to previous observations 
in S. aureus, where loss of the secondary cell wall glycopolymer WTA, increased 
resistance to several antimicrobial proteins, including hGIIA [10]. 

Binding of hGIIA to streptococci was reduced when bacteria expressed a modified 
GAC or lacked complete expression of GBC but these differences were only apparent 
using high hGIIA concentrations. However, these findings need to be interpreted 
with caution since possibly only a small portion of the bound hGIIA is required for 
the bactericidal action of the enzyme. Therefore, even small fluctuations in binding 
might result in meaningful functional differences. We are currently not able to 
analyze hGIIA binding at a more sensitive level.  

Contrary to our expectations, fluorescence microscopy analysis showed that hGIIA 
bound to the cell poles of both GAS and GBS. However, the observed binding pattern 
does not correspond to the reported localization of the GAC and GBC, which are 
distributed over the entire cell wall as shown by early electron microscopy studies 
[68,69]. Binding at the septa of dividing bacteria seems a preferred binding site for 



53

2

bactericidal agents due to a high turnover of peptidoglycan which would make 
penetration easier [70,71]. In addition, the septum is rich in anionic phospholipids 
[72], a likely target for cationic hGIIA. Finally, the GAS ExPortal, a unique microdomain 
in the GAS membrane that is enriched in anionic lipids, would be another favored 
location of binding for the cationic hGIIA [73]. However, the ExPortal is distributed 
asymmetrically across the GAS surface and not at the cell poles [73]. The fact that we 
observe a similar binding pattern to GBS and GAS, may indicate that GAS and GBS 
express a similar protein that localizes at the cell poles and is used by hGIIA as an 
initial docking site. Importantly, localization became more disperse upon deletion 
of gacI in GAS, possibly suggesting a redistribution of hGIIA-interacting structures. 
Identification of hGIIA susceptible and resistant GBS mutants using a Tn-seq mutant 
transposon library may help identify such conserved or homologous hGIIA targets 
in the GAS and GBS cell wall. 

Lack of the GAC GlcNAc side chain most profoundly affected penetration of hGIIA 
through the cell wall, a mechanism that depends on charge [2,9]. Indeed, membrane 
depolarization and permeabilization occurs at a much slower rate in the gacI mutant 
compared to WT and complemented strains. This implies that the GAC GlcNAc side 
chain facilitates penetration of hGIIA through the cell wall in what is referred to as 
an ‘anionic ladder process’ [2]. Interestingly, the GAC does not contain any charged 
structures. Therefore, the underlying mechanism may be linked to the previously 
mentioned autolysin displacement from interaction with the GAC.

In conclusion, we show that the bactericidal agent hGIIA is able to kill GAS in a 
complex serum environment. However, modification or removal of the Lancefield 
antigen renders GAS more resistant to the bactericidal activity of hGIIA. Similarly, 
removing the Lancefield antigen from GBS renders this species also more resistant 
to the bactericidal activity of hGIIA. The Lancefield antigens, previously thought 
to be solely involved in physiology, are thus critical cell wall structures for hGIIA 
to exert its bactericidal effect. The Tn-seq data discussed in this paper provide 
exciting new insights into the resistance mechanisms of GAS and encourage similar 
experiments in other streptococci species. Disrupting the resistance mechanisms 
with therapeutic agents could possibly be sufficient to provide our own immune 
system the upper hand in clearing invading streptococcal pathogens.
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Materials and Methods

Bacterial strains and serum
The GAS M1T1 5448 strain was used in this study unless stated otherwise. The 
5448ΔgacI knockout and gacI* complemented strain [32], the 5448ΔlytR [44] and 
the GAS serotypes M2, M3, M4, and M28 and corresponding ΔgacI knockouts [74] 
were described previously. Preparation and characterization of the GAS M1T1 5448 
transposon library was described previously by Le Breton et al., 2015 [39]. All GAS 
strains were grown in Todd-Hewitt broth (Becton Dickinson) supplemented with 1% 
yeast extract (Oxoid; THY) as static cultures at 37 °C. Kanamycin (Sigma-Aldrich) was 
used at a concentration of 300 µg/ml when appropriate. GBS NEM316 WT, ΔgbcO 
and the complemented strains ΔgbcO/pTCV were kindly provided by Dr. Mistou [33]. 

Unless stated otherwise, overnight cultures of GAS were diluted and re-grown to 
mid-log phase (OD600nm = 0.4), washed and resuspended in HEPES solution (20 mM 
HEPES, 2 mM Ca2+, 1% BSA [pH 7.4]) solution at OD600nm = 0.4 (~1x108 CFU/ml). 
For GBS strains, overnight cultures of NEM316 WT, ΔgbcO and the complemented 
strains ΔgbcO/pTCV were diluted in TH broth and grown to mid-log phase (OD620nm 
= 0.4 for WT and complemented strains, 0.25 for DgbcO mutant). Bacteria were 
then diluted in HEPES solution and pushed rapidly through a 27-gauge needle, a 
process repeated three times, to disrupt bacterial aggregates. Normal human serum 
and heat-inactivated serum was obtained from healthy volunteers as described 
previously [54]. 

Identification of GAS resistance determinants against hGIIA
Recombinant hGIIA was produced as described previously [75]. The GAS M1T1 Krmit 
transposon mutant library was grown to mid-log phase in 100 ml THY containing Km 
and resuspended in HEPES solution to OD600nm= 0.4. Four experimental replicates of 
100 µl (~ 1x107 CFU) were subsequently incubated in HEPES solution with or without 
125 ng/ml hGIIA for 1 hour at 37 °C. After incubation, 3 ml THY was added to all samples 
and incubated at 37 °C until the mid-log phase was reached (recovery step). Cultures 
were collected by centrifugation and used for isolation of genomic DNA (gDNA). gDNA 
was isolated by phenol-chloroform extraction. Samples were barcoded and prepared 
for Tn-seq sequencing as described previously [76]. Tn-seq sequencing was performed 
on Illumina NextSeq500 (Sequencing facility University Medical Center, Utrecht, The 
Netherlands). 

Tn-seq data analysis was performed as previously described [76]. In short, barcodes 
were split using the Galaxy platform [77] and sequences were mapped to the GAS 
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M1T1 5448 genome [40] using Bowtie 2 [78]. The genome was subsequently divided 
in 25-bp windows and each alignment was sorted and indexed by IGV [79]. Insertions 
were counted per window and then summed over the genes. Read counts per gene 
were adjusted to cover only the first 90% of the gene since transposon insertions in 
the final 10% potentially do not cause a knock-out phenotype. Then, read counts were 
normalized to the total number of reads that mapped to the genome in each replicate, 
by calculating the normalized read-count RKPM (Reads Per Kilobase per Million input 
reads; RKPM = (number of reads mapped to a gene x 106) / (total mapped input reads in 
the sample x gene length in kbp)). Cyber-T [80] was used to perform statistical analysis 
on the RKPM values. Genes that contributed to either hGIIA susceptibility or hGIIA 
resistance were determined when the Benjamini-Hochberg (BH) corrected p-value was 
<0.05. Illumina sequencing reads generated for the Tn-seq analysis were deposited in 
the European Nucleotide Archive under the accession number PRJEB27626.

hGIIA susceptibility
Mid-log streptococcal suspensions were diluted 1,000 times in HEPES solution and 10 
µl was added to sterile round-bottom 96 well plates (triplicates). Recombinant hGIIA 
or catalytically-deficient hGIIA mutant enzyme H48Q was serially diluted in HEPES 
solution or human serum and 10 µl aliquots were added to bacteria-containing wells. 
For hGIIA inhibition experiments, 50 µM LY311727 was added to the HEPES solution 
or serum. For GAS, samples were incubated for 2 hours at 37°C, without shaking, 
PBS was added and samples were 10-fold serially diluted and plated on THY agar 
plates for quantification. For GBS, bacteria were incubated with hGIIA at 37°C for 30 
minutes, the samples were diluted in PBS and plated onto blood agar plates. After 
overnight incubation 37°C, colony forming units (CFU) were counted to calculate the 
survival rate (Survival (% of inoculum) = (counted CFU * 100) / CFU count of original 
inoculum or Survival (%) = (counted CFU * 100) / CFU count at 0 µg/ml hGIIA). For 
pharmacological inhibition of GBC expression, NEM316 WT bacteria were grown to 
mid-log phase (OD620nm = 0.4) in the presence of 0.5 mg/ml tunicamycin (Sigma) and 
used in killing assays as described above. 

Membrane potential and permeability assays
Changes in hGIIA-dependent membrane potential were determined using the 
membrane potential probe DiOC2(3) (PromoKine) [48,81]. Bacterial suspensions 
(OD600nm= 0.4) were diluted 100 times (~1x106 CFU/ml), 100 µl aliquots were 
divided into eppendorf tubes and incubated with serial dilutions of hGIIA. After 
incubation at 37°C, 3 mM DiOC2(3) was added and incubated at room temperature 
for 5 minutes in the dark. Changes in green and red fluorescence emissions were 
analyzed by flow cytometry.
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Bacterial staining with the DNA stain SYTOX Green (Invitrogen) is a measurement 
for membrane permeabilization and an indication of bacterial cell death [49]. Serial 
dilutions of hGIIA in HEPES solutions were added to wells of a sterile flat-bottom 
96 well plate. Bacteria were resuspended in HEPES solution containing 1 µM SYTOX 
green (OD600nm = 0.4) and added to hGIIA dilutions in a final volume of 100 µl. 
For hGIIA inhibition experiments, 500 µM LY311727 was added. Fluorescence over 
time was recorded using FLUOstar OPTIMA (green fluorescence 530 nm emission 
and excitation 488 nm) at 37°C.

Surface charge determination
Bacterial surface charge was determined as previously described [81]. Briefly, 
exponential phase bacteria (OD600nm = 0.4) were washed twice in 20 mM MOPS 
buffer [pH 7.0] and adjusted to OD600nm = 0.7. After a 10-fold concentration step, 
200 µl bacterial aliquots were added to 200 µg cytochrome c (from Saccharomyces 
cerevisiae, Sigma-Aldrich) in a sterile 96-well round-bottom plate. After 10 minutes 
at room temperature in the dark, the plate was centrifuged, the supernatant was 
transferred to a sterile 96 well flat-bottom plate and absorbance was recorded at 
530 nm. The percentage of bound cytochrome c was calculated using samples 
containing MOPS buffer only (100% binding) and samples containing MOPS buffer 
and cytochrome c (0% binding).

hGIIA surface binding
To determine hGIIA surface binding, 12.5 µl of bacterial cultures in mid-log phase 
(OD600nm = 0.4 and 0.25 for GBS ΔgbcO) were added to wells of a sterile 96-well 
round-bottom plate (triplicates). hGIIA was serially diluted in HEPES solution without 
Ca2+ and added to the bacteria at indicated concentrations. After 30 minutes 
incubation at 4°C, bacteria were collected by centrifugation and resuspended in 
HEPES solution without Ca2+ containing 1:300 dilution of anti-phospholipase A2 
antibody (Merck Millipore) [28]. After incubation at 4°C for 30 minutes, the samples 
were washed and incubated with a 1:1,000 dilution of FITC-labeled goat-anti-mouse 
IgG (SouthernBiotech) or a 1:500 dilution of Alexa Fluor 647 conjugated goat-anti-
mouse IgG (Jackson Immuno Research). After washing with HEPES solution without 
Ca2+, samples were fixed with 1% paraformaldehyde and fluorescence was recorded 
by flow cytometry (FACSVerse, BD Biosciences).  

Fluorescence microscopy 
To analyze hGIIA surface localization by microscopy, bacteria were grown in 10 
ml broth to mid-log phase and washed with 0.1 M NaHCO3 [pH 9]. For GBS, the 
bacterial septa were stained by addition of a 1:1 mixture of Vancomycin bodipy FL 
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conjugate (Invitrogen, V34550) and vancomycin (Sigma) at a final concentration 
of 1.25 µg/ml, during the last generation time of growth. The surface of GBS was 
stained with Alexa Fluor 350 Carboxylic acid Succinimidyl ester (Molecular Probes 
by Life Technologies, A10168) for 1 hour in room temperature. Bacteria were then 
resuspended in 500 µl HEPES solution and the suspension was divided over two 
tubes. A final concentration of 10 µg/ml hGIIA H48Q was added to one tube and 
HEPES solution to the other before a 30 min incubation at room temperature. The 
samples were washed and resuspended in 200 µl HEPES solution, then again divided 
to two tubes. A mouse anti-human hGIIA monoclonal antibody (Clone SCACC353 
Cayman Chemical) or an IgG1 isotype control (mouse anti human IgA clone 6E2C1, 
DAKO) was added to a final concentration of 10 µg/ml to the bacterial suspensions 
and incubated at RT. After washing, the samples were incubated with 8 µg/ml of 
Alexa Flour 594 goat anti-mouse IgG1 (Molecular Probes by Life Technologies, 
A21125). After 30 min incubation, the samples were washed in HEPES solution and 
fixed in 4% paraformaldehyde. Ten µl of bacterial suspension were mounted onto 
microscopic slides (VWR) using MOWIOL (Sigma) mounting medium before viewing 
the samples using Zeiss Axiovert 200M microscope. Pictures were captured using a 
63× objective and the AXIOVISION 4.8 software. 

Hydrolysis of membrane phospholipids
To determine hGIIA efficacy in hydrolyzing membrane phospholipids, the membrane 
permeabilization assay was modified for protoplasts. Mid-log bacterial suspension 
were prepared in in protoplast buffer (20% sucrose, 20 mM Tris-HCl, 10 mM MgCl2, 
2 mM CaCl2 [pH 7.4]) containing 1.4 units/µl mutanolysin (Sigma-Aldrich) [50,82,83]
After incubation for 1 hour at 37°C, protoplasts were collected by centrifugation (1,200 
rpm 15 minutes) and resuspended in protoplast buffer to an OD600nm = 0.4. Pore 
formation by hGIIA was monitored using SYTOX Green as described above.

Quantification of PG levels in lipid extracts
Approximately 3*107 CFU from a mid-log bacterial suspension in HEPES solution, 
or protoplasts in protoplast buffer, were exposed to 2 µg/ml hGIIA for 30 minutes. 
Afterwards, bacterial suspensions were centrifuged at 140,000 rpm for 4 minutes 
and bacterial pellets were resuspended in MeOH. The protoplast suspensions were 
mixed with MeOH 1:1. Bacterial lipids were extracted under acidic conditions in the 
presence of 10 pmol PG standards (PG 14:1/14:1, PG 20:1/20:1 and PG 22:1/22:1) 
as described [84]. Lipid extracts were resuspended in 60 µl methanol and diluted 
1:10 in 96 wells plates (Eppendorf twintec 96, colorless, Sigma, Z651400-25A) prior 
to measurement. Measurements were performed in 10 mM ammonium acetate in 
methanol. Samples were analyzed on an AB SCIEX QTRAP 6500+ mass spectrometer 
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(Sciex, Canada) with chip-based (HD-D ESI Chip, Advion Biosciences, USA) 
electrospray  infusion and ionization via a Triversa Nanomate (Advion Biosciences, 
Ithaca, USA) as described [84]. PG species were measured by neutral loss scanning 
selecting for neutral loss of m/z 189. Data evaluation was done using LipidView 
(ABSciex). 

Statistical analysis
GraphPad Prism 6 was used to perform statistical analysis. An unpaired two-tailed 
Student’s t-test was used to compare the means of two groups. A 2-way ANOVA with 
Bonferroni multiple comparison test was used to compare multiple groups. Data 
shown are mean ± SD.
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Supplementary figures

S1 Fig. GAS M1T1 5448 is killed by hGIIA in a dose-dependent manner. Mutation of srtA 
renders 5448 more susceptible to hGIIA killing. Data represent mean +/- SD of three independent 
experiments. ***, p ≤ 0.001.

S2 Fig. Biased transposon insertions in M5005_Spy_1390. Unusual high number of transposon 
insertions at one location in the gene M5005_Spy_1390.
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S3 Fig. Tn-seq results. Circos respresentation of the Tn-seq data. Each bar in the inner two circles, 
where blue is control and red the hGIIA treated, represent the average RKPM value of a gene. The 
following to circles represent the BH corrected p-value and the fold change in log of the hGIIA 
treated samples vs control samples. Red bars indicate a fold a respective fold decrease and green 
bars a respective fold increase of transposon insertions. The gene highlighted in red is M5005_
Spy_1390, which showed significant fold change due to unusual high transposon insertions at one 
specific point in the gene.
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S4 Fig. Serum contains a heat-labile factor that increases hGIIA efficacy. (A) Endogenous hGIIA 
in serum does not affect growth of GAS. Mutation of lytR and srtA does attenuate GAS growth 
independent of hGIIA. This heat-labile factor also affects killing of the (B) srtA, (C) dltA, and (D) lytR 
mutants. Data represent mean +/- SD of three independent experiments, *, p ≤ 0.05; **, p ≤ 0.01.

S5 Fig. Surface charge of GAS WT and GAS ΔgacI. Deletion of gacI affects surface charge of 
GAS as determined in cationic cytochrome c binding assay. Data represent mean +/- SD of three 
independent experiments. ns = not significant, **, p ≤ 0.01.
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S6 Fig. Three additional time points for DiOC2(3) measurements. The effect of hGIIA stress on 
GAS membrane potential after (A) 5 minutes, (B) 30 minutes and (C) 60 minutes. Data represent 
mean +/- SD of three independent experiments. *, p ≤ 0.05; **, p ≤ 0.01; ***, p ≤ 0.001.
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S7 Fig. Kinetics of the SYTOX influx in intact GAS strains. SYTOX influx measured over 120 
minutes when GAS strains are incubated with , (A) 1, (B) 0.1, (C) 0.01, (D) 0.001, and (E) 0 µg/ml hGIIA. 
(F) Addition of 500 µM LY311727 to 0.5 µg/ml hGIIA prevents SYTOX influx. Data represent mean +/- 
SD of three independent experiments. *, p ≤ 0.05; **, p ≤ 0.01; ***, p ≤ 0.001.

S8 Fig. Kinetics of the SYTOX influx in protoplast GAS strains. SYTOX influx measured over 120 
minutes when protoplast GAS strains are incubated with (A) 1, (B) 0.1, (C) 0.01, (D) 0.001, and (E) 0 
µg/ml hGIIA. Data represents mean +/- SD of three independent experiments. *, p ≤ 0.05; **, p ≤ 0.01.
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S9 Fig. Gas and GBS are differently affected by human serum. (A) GAS grows faster in human 
serum compared to GBS. (B) GBS is more susceptible to hGIIA-spiked in serum compared to GAS. 
Data represent mean +/- SD of three independent experiments. *, p ≤ 0.05; ***, p ≤ 0.001.
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S10 Fig. HGIIA surface binding to GBS. No significant difference in relative hGIIA surface binding 
of GBS WT and GBS ΔgbcO. Data represent mean +/- SD of three independent experiments. ***,  
p ≤ 0.001.
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Ch. 2 | Bactericidal mechanism of hGIIA against streptococci
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Every new beginning comes from some other beginning’s end.

Seneca the Younger

第
三
章

Every new beginning comes from some other beginning’s end.

Seneca the Younger
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Abstract

Cell wall glycopolymers on the surface of Gram-positive bacteria are fundamental 
to bacterial physiology and infection biology. Here we identify gacH, a gene in the 
S.  pyogenes Group A Carbohydrate (GAC) biosynthetic cluster, in two independent 
transposon library screens for its ability to confer resistance to zinc and susceptibility 
to the bactericidal enzyme human group IIA secreted phospholipase A2. Subsequent 
structural and phylogenetic analysis of the GacH extracellular domain revealed that 
GacH represents a new class of glycerol phosphate (GroP) transferase. We detected 
the presence of GroP in the GAC as well as the Serotype c Carbohydrate (SCC) from 
S.  mutans, which depended on the presence of the respective gacH homologs. 
Finally, NMR analysis of GAC confirmed that GroP is attached to approximately 
30% of the GAC N-acetylglucosamine side-chains at the C6 hydroxyl group. This 
previously unrecognized structural modification impacts host-pathogen interaction 
and has implications for vaccine design. 

Graphical abstract 
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Introduction

Gram-positive bacteria are surrounded by a thick cell wall consisting of a complex 
network of peptidoglycan with covalently attached glycopolymers that comprise 
a large family of structurally diverse molecules, including wall teichoic acid, 
mycobacterial arabinogalactans and capsular polysaccharides. From these, wall 
teichoic acid is perhaps the most widespread and the best-studied molecule. This 
polyanionic, phosphate-rich glycopolymer is critical for functions such as cell division, 
antibiotic resistance, metal ion homeostasis, phage-mediated horizontal gene 
transfer and protection of bacteria from host defense peptides and antimicrobial 
enzymes [1,2]. As such, these structures and their biosynthetic pathways are 
attractive targets for antibiotic development and vaccine design. Interestingly, many 
streptococci lack classical wall teichoic acid and instead express glycopolymers that 
are characterized by the presence of l-rhamnose (Rha) [3]. These structures comprise 
about 40-60% of the bacterial cell wall mass, and are historically used for serological 
grouping of streptococci [3]. The glycopolymers of two human streptococcal 
pathogens, Streptococcus pyogenes or Group A Streptococcus (GAS) and Streptococcus 
mutans, are respectively referred to as the Lancefield group A Carbohydrate (GAC) 
and Serotype c Carbohydrate (SCC). These glycopolymers share a characteristic [→3)
α-Rha(1→2)α-Rha(1→] polyrhamnose backbone, but are serologically distinguished 
based on their specific glycosyl side-chain residues, i.e. N-acetyl-β-d-glucosamine 
(GlcNAc) in GAC [4] and α-glucose (Glc) in SCC [5]. GAC and SCC play significant 
roles in cell morphology and division [6], resistance to certain cell wall targeting 
antibiotics [7], biofilm formation  [8] and pathogenesis of GAS and S. mutans [9-11]. 
Importantly for both pathogens, GAC and SCC have been evaluated as vaccine 
antigens. Immunization with GAC or SCC induces opsonophagocytic antibodies that 
enhance killing of GAS and S. mutans, respectively [5,12,13]. In addition, GAC has 
proven efficacious as a vaccine antigen through active immunization in mice [12,13]. 

The GAC and SCC biosynthetic pathways are encoded by 12-gene clusters 
[3,11], herein designated as gacABCDEFGHIJKL and sccABCDEFGHMNPQ (Fig. 1a), 
respectively. The first seven genes in both gene clusters are conserved in many 
streptococcal species and they participate in polyrhamnose backbone synthesis and 
transport [14]. In GAS, gacI, gacJ, gacK and gacL encode the machinery to generate 
and add the GlcNAc side-chain to the polyrhamnose backbone [11,15], whereas the 
genes required for Glc side chain generation are not clearly identified in S. mutans. 
In addition to these streptococcal species, similar gene clusters are present in a wide 
variety of streptococcal, lactococcal and enterococcal species [3]. 
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In addition to the polyrhamnose biosynthesis genes, the GAC and SCC biosynthetic 
clusters contain another conserved gene of unknown function, gacH and sccH, 
respectively, which is annotated as a putative glycerol phosphate (GroP) transferase. 
Recently, we employed the Krmit GAS transposon mutant library [16] and identified 
gacI and gacH as genes that confer sensitivity of bacteria to human group IIA 
secreted phospholipase A2 (hGIIA) [17], an important bactericidal protein of the 
innate immune system against Gram-positive pathogens [18]. Complementary to 
that study, we now identified gacH as the only valid hit when the Krmit library was 
exposed to a lethal concentration of hGIIA. Interestingly, gacH was also identified 
as a gene providing resistance to zinc toxicity, which is a mechanism deployed 
by neutrophils to kill GAS [19]. In pursuit of the underlying mechanism, we have 
characterized the function of GacH at the genetic, biochemical and structural level. 
Our study identifies a previously overlooked GroP modification on both GAC and 
SCC, and pinpoints GacH homologues as the enzymes responsible for the respective 
GroP modifications.

Results

GacH and SccH confer sensitivity to hGIIA. We previously identified gacH in a 
GAS Tn-seq transposon library screen as a potential hGIIA susceptibility gene [17]. 
To identify additional resistant mutants, we exposed the Krmit GAS transposon 
library [16] to a lethal concentration of hGIIA. PCR sequencing identified that 43% 
of the recovered mutants had a transposon insertion in gacH, and 26% in M5005_
Spy_1390 (Fig. 1b and Supplementary Table 1). M5005_Spy_1390 was identified in 
the initial susceptibility screen as an artifact due to biased transposon insertions 
[17] and not investigated further. To validate our finding for gacH, we generated 
a gacH deletion mutant in a GAS serotype M1T1 clone 5448, creating 5448ΔgacH. 
Deletion of gacH rendered GAS resistant to hGIIA over the tested concentration 
range and was reversed by complementation with gacH on an expression plasmid 
(5448ΔgacH:pgacH, Fig. 1c). The gacH-dependent hGIIA resistance was also observed 
in two different GAS backgrounds, 2221 (M1T1 clone strain) and 5005 (clinical covS 
mutant isolate of M1T1 strain) (Supplementary Fig. 1a and b), demonstrating that 
the effect is conserved across GAS strains of the M1T1 background and independent 
of CovRS status – a two-component system which regulates about 15% of the genes 
in this bacterium [20]. 

To investigate whether hGIIA susceptibility was also influenced by gacH homologues 
in other streptococci, we deleted the gacH homologue sccH in S.  mutans (SMU) 
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Fig. 1. GacH homologues are required for hGIIA bactericidal activity against GAS and S. mutans. 
a, Schematic representation of GAC and SCC biosynthetic gene clusters. SCC biosynthesis encoding 
gene cluster smu.824-835 was renamed sccABCDEFGHMNPQ. Sequence identity (%) between encoded 
homologous proteins is indicated. Sequences of GAS 5005 and S. mutans UA159 were used for identity 
comparison. b–d, Identification of gacH in Tn-seq screen and validation for hGIIA resistance. b, Transposon 
gene locus tags of the 47 hGIIA-resistant mutants after exposure of Krmit mutant transposon library to 
lethal concentrations of hGIIA. Susceptibility of GAS 5448 and S. mutans to hGIIA concentration range 
upon (c) deletion of gacH in GAS 5448 and (d) the gacH-homologous gene sccH, respectively. Symbols 
and error bars represent the mean and s.d., respectively (n=3 biologically independent replicates 
and each replicate represents three technical replicates). P values were calculated by 2-way ANOVA. 
Bonferroni multiple comparison test was used to statistically compare multiple groups. *, P < 0.05; **, P 
< 0.01; ***, P < 0.001. The precise P values are listed in Supplementary Table 2. 
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serotype c strain Xc, creating SMUDsccH. SMUDsccH was completely resistant to the 
tested hGIIA concentrations (Fig. 1d) and susceptibility was restored to WT levels by 
plasmid-expressed sccH. However, heterologous expression of gacH in SMUDsccH 
did not restore the phenotype (Supplementary Fig. 1c), suggesting that the enzymes 
might target different substrates. Altogether, our data indicate that deletion of gacH 
homologues renders streptococci more resistant to hGIIA bactericidal activity and 
that GacH function is species-specific. 

Fig. 2. Deletion of gacI and gacH renders GAS susceptible to Zn2+. a–d, Tn-seq volcano plots 
showing representation of czcD, gacH and gacI in GAS Krmit transposon library screens for Zn2+ 
tolerance. Log2 fold-change (log2 FC) in fitness was plotted against adjusted p-value from Tn-seq 
analyses through an established pipeline using EdgeR and DEseq2 (n= 4 biologically independent 
replicates were used for analysis) 51-53. The outline of the experiment is shown in Supplementary 
Fig. 2b. Tn-seq screens of the transposon library were conducted using (a) 10 µM Zn2+ at T2, (b) 10 
µM Zn2+ at T3, (c) 20 µM Zn2+ at T2, (d) 20 µM Zn2+ at T3. e,f, Zn2+ sensitivity as tested in drop test 
assay using strains (e) 5448 WT, 5448DgacH and 5448DgacH:pgacH; and (f) 5448 WT, 5448DgacI and 
5448DgacI:gacI. 5448DczcD was included as a positive control in both panels. Each drop test assay 
experiment was performed independently at least three times and yielded the same results. 

GacH and SccH provide protection from zinc toxicity. Recent evidence indicates 
that neutrophils deploy zinc poisoning as an antimicrobial strategy against  
GAS during phagocytosis [19]. To resist Zn2+ toxicity, GAS expresses a zinc efflux 
system encoded by czcD [19]. To search for additional Zn2+-resistance genes, we 
performed a Tn-seq screen of the GAS Krmit transposon library [16] using two 
Zn2+ concentrations, 10 and 20 µM, selected based on growth inhibition analysis 
(Supplementary Fig. 2a). Genomic DNA for Tn-seq analysis was collected after T2 
and T3 passages (Supplementary Fig. 2b). In addition to the expected importance of 
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czcD, gacI and gacH transposon insertions were significantly reduced in the library 
(p <0.05) after growth with 20 µM Zn2+ in both T2 and T3 passages compared to 
untreated controls, indicating that these genes provide resistance against Zn2+ 
toxicity (Fig. 2a-d). 

To validate our findings, we grew 5448ΔgacH and 5448ΔgacI [11] on solid rich 
medium supplied with different Zn2+ concentrations (Fig. 2e and f ). Both mutants 
showed reduced growth in the medium supplied with 1.25 mM Zn2+, which was 
restored upon complementation with the respective genes (Fig. 2e and f ). Again, 
we checked for function conservation by extending our experiments to S. mutans. 
Indeed, SMUΔsccH was more sensitive to Zn2+, in comparison to the parental strain 
and the phenotype could only be restored by sccH but not gacH (Supplementary  
Fig. 3). Hence, our results provide strong evidence that GacH and SccH are important 
to protect streptococci from Zn2+ toxicity.

Fig. 3. Structure of eGacH. a, Predicted topology of GacH showing eleven transmembrane helices 
and structure of extracellular domain with the enzymatic active site oriented towards the cell 
membrane. b, Structure of apo eGacH viewing at the active site with the Mn2+ ion shown as a violet 
sphere. c, A close-up view of the active site GacH crystal structure in complex with sn-Gro-1-P. 
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Crystal structure reveals that GacH is a GroP transferase. GacH is predicted to 
contain eleven N-terminal transmembrane segments and an extracellular C-terminal 
catalytic domain (eGacH). To test the hypothesis that GacH is a GroP transferase, 
eGacH was expressed and purified from E. coli. Its crystal structure was determined in 
apo form (PDB ID 5U9Z) at 2.0 Å resolution (Fig. 3a and b) and in complex with GroP 
(PDB ID 6DGM) at 1.49 Å resolution (Fig. 3c). The apo- and GroP-containing eGacH 
structures belong to different crystal forms, with two molecules in the asymmetric 
unit. Analysis of the dimer interface and other crystal contacts revealed that the dimer 
interface has the largest surface of all the crystal contacts (1809 and 1894 Å2 in the two 
crystal forms). However, it is scored below the stable complex formation criteria, and 
recombinant eGacH behaves as a monomer in solution. The structures of the apo- and 
GroP-bound eGacH monomers are very similar with root mean square deviation of 0.3 
Å for 380 superimposed Cα atoms, as well as between the non-crystallographic copies. 

eGacH has an α/β core structure that is characteristic for the sulfatase protein 
family, with the closest similarity to lipoteichoic acid (LTA) synthase LtaS [21,22] 
(Supplementary Fig. 4a,b and 5) and LTA primase LtaP [23] (Supplementary Table 3). 
LtaS and LtaP are GroP transferases that participate in biosynthesis of LTA, a crucial 
constituent of Gram-positive cell envelopes, consisting of a poly(GroP) backbone 
linked to a glycolipid membrane anchor [24]. The catalytic site of eGacH contained a 
Mn2+ ion coordinated by residues E488, T530, D711 and H712, equivalent to residues 
E255, T300, D475 and H476 of a C-terminal extracellular domain of LtaS (eLtaS) from 
Staphylococcus aureus (Fig. 3c, Supplementary Fig. 4c,d and 5). The structure of eGacH 
in complex with GroP revealed the position of the ligand in the active site with the 
phosphoryl group oriented towards the Mn2+ ion, and coordinated by residues 
G529, T530 and H650 (Fig. 3c). The glycerol 2- and 3-hydroxyl groups form hydrogen 
bonds with side-chains of residues R589, H580 and N586. The positions of GroP and 
coordinating residues are similar in eGacH and S. aureus eLtaS structures. For example, 
the glycerol moiety forms hydrogen bonds with residues H580 and R589 in GacH and 
equivalent residues H347 and R356 in S. aureus eLtaS (Fig. 3c and Supplementary Fig. 
4c,d) [21]. Thus, the structure of eGacH in complex with GroP is consistent with the idea 
that GacH and LtaS use related catalytic mechanisms to transfer GroP to substrates. 

To functionally assess the requirement of the catalytic residues, we examined the 
bactericidal activity of hGIIA in 5448ΔgacH and SMUΔsccH expressing catalytically 
inactive versions of gacH and sccH, in which the active site T530 and T533 codons 
were replaced by alanine, respectively (Supplementary Fig. 6). The non-functional 
gacH and sccH did not restore hGIIA susceptibility (Fig. 1c and d), indicating that 
the GroP transferase activity of the gacH and sccH gene products is required for the 
observed hGIIA-dependent phenotypes. 
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Fig. 4. GacH and SccH modify their respective glycopolymers with sn-Gro-1-P. a,b, Analysis of glycerol and 
phosphate content in GAC and SCC isolated from (a) GAS 5448 WT, ΔgacI, DgacH and DgacH complemented 
with native gacH or a catalytically-inactivated version of gacH (gacH-T530A), and (b) S. mutans WT, DsccH, and 
DsccH complemented with sccH or gacH. The concentration of phosphate and glycerol is presented relative to 
the WT strain. Bars and error bars represent the average and s.d., respectively (n=3 biologically independent 
samples). P-values were calculated and adjusted by 2-way ANOVA and Bonferroni’s multiple comparison test. 
c, DEAE-Sephacel elution profile of GAC isolated from ~90 mg of GAS cell wall. Fractions were analyzed for 
carbohydrate (l) and phosphate (O). d–f,  Identification of the enantiomeric form of GroP associated with 
GAC. d, The GroP isomers were recovered from GAC following alkaline hydrolysis and separated by liquid 
chromatography as outlined in Methods. The elution positions corresponding to standard Gro-2-P and sn-Gro-
1-P/sn-Gro-3-P are indicated by the arrows. LC-MS analysis identifies two extracted ion chromatogram peaks 
for the molecular GroP ion m/z 171.004 [M-H]-, which eluted at (e) 9.48 and (f) 9.89 min. Based on the accurate 
mass and retention times, these two peaks were assigned as Gro-2-P and sn-Gro-1-P/sn-Gro-3-P respectively by 
comparison with authentic chemical standards. Experiments depicted in c–f were performed independently 
twice and yielded the same results. 
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GacH cleaves phosphatidylglycerol to release GroP. Experimental evidence 
suggests that LtaS utilizes the GroP head group of the membrane lipid 
phosphatidylglycerol as donor for poly(GroP) backbone biosynthesis, liberating 
diacylglycerol [24,25]. To assess whether GacH also catalyzes the cleavage of 
phosphatidylglycerol to yield GroP for a transfer reaction, we performed an in 
vitro experiment employing the eGacH protein and a fluorescently-labelled 
artificial substrate, NBD-phosphatidylglycerol. Incubation of eGacH with NBD-
phosphatidylglycerol yielded a fluorescent product (Supplementary Fig. 7a), with 
the same mobility on silica gel TLC as NBD-diacylglycerol, which was obtained 
from NBD-phosphatidylglycerol by enzymatic cleavage with phospholipase C from 
Bacillus cereus. Furthermore, the eGacH product recovered from the silica gel plate 
and analyzed by LC-MS, yielded a spectrum consistent with NBD-diacylglycerol and 
identical to the spectrum of the phospholipase C product (Supplementary Fig. 7b–
d). The formation of NBD-diacylglycerol by eGacH required the active-site residues, 
since the eGacH variant, eGacH-T530A, was not active in the assay (Supplementary 
Fig. 7a). These observations are consistent with the assignment of GacH as a GroP 
transferase. 

GacH homologues decorate glycopolymers with GroP. Phylogenetic analysis 
of either the full length or extracellular domains of GacH homologues and LtaS-
related proteins revealed that these proteins fall into distinct clades of GroP 
transferases, suggesting that the proteins may transfer GroP to different substrates 
(Supplementary Fig. 8). To assess whether gacH homologues modify the respective 
streptococcal glycopolymers with GroP, we enzymatically released GAC and SCC 
from purified cell walls from GAS and S. mutans strains. Subsequently, the enriched 
polysaccharide preparations were analyzed for glycerol and phosphate. Hydrolysis 
with HCl released a significant amount of glycerol from GAC and SCC isolated from 
WT bacteria (Fig. 4a,b, and Supplementary Fig. 9a). Furthermore, we detected high 
levels of inorganic phosphate after incubating these acid-treated samples with 
alkaline phosphatase (Fig. 4a,b and Supplementary Fig. 9a), which was not detected 
when intact GAC was treated with alkaline phosphatase (Supplementary Fig. 9b,c). 
This indicates that the phosphoryl moiety is present as a phosphodiester, consistent 
with its identification as GroP. Conclusive evidence that the glycerol and phosphate 
detected in this analysis is, in fact, GroP is presented below. In contrast to WT GAC 
and SCC, the glycopolymers isolated from 5448ΔgacH, 5005ΔgacH and SMUΔsccH 
contained a significantly reduced amount of glycerol and phosphate (Fig. 4a,b and 
Supplementary Fig. 9a), which was only restored by complementation with WT gacH, 
but not gacH-T530A, for GAS (Fig. 4a) or plasmid-expressed sccH for SMU (Fig. 4b). 
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Fig. 5. NMR analysis confirms presence of GroP on C6 GlcNAc hydroxymethyl group of GAC. 
a–b, Selected regions of NMR spectra of GAC. a, Multiplicity-edited 1H,13C-HSQC in which methylene 
groups have opposite phase and are shown in red color (center box), 1H,13C-HSQC-TOCSY with 
an isotropic mixing time of 120 ms (left box), 1H,13C-HMBC with a mixing time of 90 ms (top box), 
1H,31P-hetero-TOCSY with an isotropic mixing time of 80 ms (bottom box). b, 1H,13C-plane (center 
box), 13C, 31P-plane using a nominal nJCP value of 5 Hz (left box), and 1H, 31P-plane (bottom box) of 
a through-bond 3D 1H,13C,13P NMR experiment. Cross-peaks are annotated as GIII corresponding 
to the GlcNAc residue, GIIIʹ being the GroP-substituted GlcNAc residue and Gro as the glycerol 
residue. NMR chemical shifts of 1H (horizontal axis), 13C (left axis) and 31P (right axis and left box in 
b) are given in ppm. Experiments depicted in a–b were performed independently three times and 
yielded the same results. c,  Schematic structure of the GAC repeating unit consisting of →3)-α-l-
Rhap-(1→2)[β-d-GlcpNAc6P(S)Gro-(1→3)]-α-l-Rhap-(1→. d, The mechanism and the roles of GroP cell 
wall modification in streptococci.
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In accordance with our functional data, expression of gacH did not restore the 
glycerol and phosphate levels in SCC of SMUΔsccH (Fig. 4b). This suggested that 
GroP modifications might involve the species-specific side-chains (Glc vs. GlcNAc), 
rather than the identical polyrhamnose backbone. Indeed, the glycerol and 
phosphate contents in GAC isolated from the GlcNAc-deficient mutant, 5448ΔgacI, 
were significantly reduced (Fig. 4a). Importantly, analysis of GAS strains for total 
carbohydrate, phospholipid and phosphatidylglycerol contents established that 
deletion of gacH had no effect on these components (Supplementary Fig. 10a–c). 
Furthermore, the semi-quantitative immuno-dot blot analysis of GAS strains with 
anti-GAC antibodies demonstrated that the absolute amount of GAC is not affected 
by gacH deletion (Supplementary Fig. 10d). Analysis of the glycosyl composition of 
purified cell walls demonstrated that the absence of GacH and SccH did not affect 
the Rha/GlcNAc and Rha/Glc ratios, respectively (Supplementary Fig. 10e,f ).

To provide further evidence that GAC is modified with GroP, GAC samples were 
subjected to alkaline hydrolysis to release GroP, as described by Kennedy et al [26] 
and the hydrolysate was analyzed by LC-MS for high molecular weight fragment 
ions arising from GroP. Compared to WT, deletion of either gacH or gacI reduced 
the levels of GroP in GAC significantly (Supplementary Fig. 11). Complementation 
of 5448ΔgacH with native gacH, but not with inactive gacH-T530A, fully restored 
GroP levels (Supplementary Fig. 11). Thus, the differences in GroP content for the 
gacH and gacI deletion mutants are consistent with a role for GacH in modification 
of GlcNAc side-chain of GAC with GroP. 

To show that GroP is attached directly to GAC, the WT GAC was further purified 
by a combination of size exclusion and ion-exchange chromatography (Fig. 4c, 
Supplementary Fig. 12a). The majority of the rhamnose- and phosphate-containing 
material was bound to the ion-exchange column and eluted as a single coincident 
peak (Fig. 4c). The GAC purified from 5005DgacH did not bind to the column 
(Supplementary Fig. 12b). Interestingly, the 5005DgacH GAC does appear to contain 
a small amount of phosphate that may arise from the phosphodiester bond linking 
GAC to peptidoglycan. Taken together, our data directly support the conclusion that 
GAC is modified with GroP donated by GacH.

GacH decorates GAC with sn-Gro-1-P. To assess which GroP enantiomer was 
incorporated in GAC, GroP liberated from purified GAC by alkaline hydrolysis was 
analyzed further (Supplementary Fig. 13). As described in detail by Kennedy et al 
[26], if GAC is modified by sn-Gro-1-P, alkaline hydrolysis of the phosphodiester 
bond should result in the formation of a mixture of sn-Gro-1-P and Gro-2-P, whereas 
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modification by sn-Gro-3-P would yield a mixture of sn-Gro-3-P and Gro-2-P [26]. As 
expected, LC-MS analysis of GAC-derived GroP revealed the presence of two GroP 
isomers of approximately equal proportions with LC retention times and major high 
molecular weight ions consistent with standard sn-Gro-1-P/sn-Gro-3-P and Gro-2-P 
(Fig. 4d–f, Supplementary Fig. 14). The recovered GroP was characterized further by 
enzymatic analysis using an sn-Gro-3-P assay kit. Under reaction conditions in which 
sn-Gro-3-P standard produced a robust enzymatic signal, incubation with an equal 
amount of either sn-Gro-1-P or the unknown Gro-P resulted in negligible activity 
(Supplementary Fig. 15). When the sn-Gro-3-P was mixed with an equal amount of 
either sn-Gro-1-P or the unknown mixture of GroP isomers, 85.8% and 90.0% of the 
activity detected with the standard sn-Gro-3-P alone was found, confirming that 
the negative result using the unknown mixture was not due to the presence of an 
inhibitory compound in the GroP preparation. Taken together, our results indicate 
that GacH decorates GAC with sn-Gro-1-P, which is most probably derived from 
phosphatidylglycerol. 

GroP is attached to the C6 hydroxyl group of GlcNAc. To unambiguously establish 
the presence and location of GroP in GAC, the glycopolymer was isolated from WT GAS 
and analyzed by NMR (Fig. 5 a, Supplementary Table 4, Supplementary Fig. 16 and 17). 
The details of NMR analysis are described in Supplementary Notes. WT GAC is partially 
substituted by a GroP residue at O6 of the side-chain β-d-GlcpNAc residue; based on 
integration of the cross-peaks for the anomeric resonances in the 1H,13C-HSQC NMR 
spectrum, the GAC preparation carries GroP groups to ~30 % of the GlcNAc residues. 
To validate the 2D NMR results, a triple-resonance 1H,13C,31P NMR experiment based on 
through-bond 1JHC as well as 2JCP and 3JCP correlations [27] was carried out. The 3D NMR 
experiments revealed the 1H NMR chemical shifts of H5ʹ and the two H6ʹ protons of 
the β-d-GlcpNAc residue, as well as the two H1 protons and H2 of the Gro residue that 
all correlated to 13C nuclei (Fig. 5b). The 13C NMR chemical shifts of C5ʹ and C6ʹ of the 
β-d-GlcpNAc residue as well as C1ʹ and C2ʹ of the Gro residue all correlated to the 31P 
nucleus (Fig. 5b), and the above protons correlated to the 31P nucleus (Fig. 5b). Taking 
into considerations the GacH-mediated mechanism of GAC modification by GroP as 
well as the biochemical experiments carried out herein, the substituent at O6 of β-d-
GlcpNAc is an sn-Gro-1-P group (Fig. 5c).

Discussion

In Gram-positive bacteria, many peptidoglycan-attached glycopolymers contain 
negatively-charged groups in the repeating units [2]. Previous detailed studies 
deduced chemical structures of glycopolymers from GAS and S.  mutans [3-5]. 
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However, none identified anionic groups in these structures, except for one study 
that reported the presence of glycerol and phosphate in GAC [28] and proposed that 
this GroP is part of the phosphodiester linkage connecting GAC to peptidoglycan 
[28]. Similarly, other reports identified substantial concentrations of phosphate in the 
glycopolymers isolated from a number of streptococcal species [29-31]. Phosphate 
detection was either disregarded as contamination with LTA [29], or further analyzed 
using 1H NMR or 13C NMR methods [5,31,32] that do not directly detect phosphoryl 
moieties in polysaccharides. With our report, we unambiguously confirm that the 
glycopolymers of GAS and S.  mutans are in fact polyanionic molecules through 
decoration of their respective glycan side-chains with GroP (Fig. 5c,d). 

We identified and structurally characterized a new class of GroP transferase enzymes, 
represented by GacH, which modifies GAC with GroP in the human pathogen 
GAS. According to our phylogenetic analysis, GacH homologues are present in 
many streptococci (Supplementary Fig. 8), suggesting that these bacteria express 
glycopolymers with GroP-modified side chains, as we have demonstrated here for 
S. mutans. GacH belongs to the alkaline phosphatase superfamily of which two GroP 
transferases involved in LTA synthesis, LtaS and LtaP, have been biochemically and 
structurally characterized [21-23,33]. LtaS and LtaP are membrane proteins that use the 
membrane lipid phosphatidylglycerol as the GroP donor for the transfer reaction [25]. 
Our structural analysis of GacH in complex with GroP indicates that the T530 residue 
participates in the formation of a GroP-enzyme intermediate similar to observations in 
LtaS, where the GroP molecule is complexed in the active site threonine residue which 
functions as a nucleophile in phosphatidylglycerol hydrolysis [21-23]. The importance 
of this residue was also confirmed functionally, since complementation of gacH mutant 
strains with a T530A gacH variant could not restore GroP content in GAC and hGIIA 
sensitivity to WT levels. The observations that the extracellular domain of GacH cleaves 
phosphatidylglycerol and the GroP in GAC is the sn-Gro-1-P enantiomer, strongly 
suggest that GacH uses phosphatidylglycerol as its donor substrate for the transfer 
reaction, similar to LtaS (Fig. 5d). 

In Gram-positive bacteria, the modification of teichoic acids with d-alanine provides 
resistance against antibiotics, cationic antimicrobial peptides and small bactericidal 
enzymes including hGIIA, and affects Mg2+ ion scavenging [1,2,34]. It has been assumed 
that incorporation of positively charged d-alanine into teichoic acids decreases negative 
bacterial surface charge resulting in reduced initial binding of cationic antimicrobial 
peptides to the bacterial surface due to ionic repulsion [35,36]. Our study demonstrates 
that addition of the negatively-charged GroP group to glycopolymers protects 
streptococci from zinc toxicity but also renders bacteria more sensitive to hGIIA activity. 
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A large body of evidence indicates that phagocytic cells utilize Zn2+ intoxication to 
suppress the intracellular survival of bacteria [37]. Zinc is essential as a key catalytic 
or structural element for a wide variety of proteins and its concentration needs to 
be maintained at a specific level, which requires sophisticated systems for uptake 
and efflux of metal ions. Hence, elevated levels of zinc in the cytosol result in cellular 
toxicity [19], which for GAS is due to inhibition of central carbon metabolism [38]. One 
mechanism of microbial susceptibility to zinc toxicity is mediated by extracellular 
competition of Zn2+ for Mn2+ transport and thereby mediating toxicity by impairing 
acquisition of Mn2+, the essential nutrient metal [39]. Accordingly, the phenotypes 
of our GroP and GlcNAc-side chain deficient mutants could be explained either by 
“trapping” of Zn2+ in the WT cell wall by GroP, or the increased Mn2+-binding capacity 
of GroP-modified bacterial cell wall which has been proposed to act as the conduit 
for the trafficking of mono- and divalent cations to the membrane [34]. 

Charge-dependent mechanisms are likely underlying the increased hGIIA 
susceptibility of GAS and S.  mutans expressing GroP-modified glycopolymers. 
hGIIA is a highly cationic enzyme that catalyzes the hydrolysis of bacterial 
phosphatidylglycerol [40,41], ultimately leading to bacterial death through lysis. 
Traversal of this bactericidal enzyme through the Gram-positive cell wall to the plasma 
membrane is charge-dependent. Indeed, the absence of d-alanine modifications in 
teichoic acids severely compromises S. aureus survival when challenged with hGIIA 
[41,42]. Similarly, the GacH/SccH-dependent GroP modifications on glycopolymers 
are required for hGIIA to exert its bactericidal effect against GAS and S.  mutans, 
respectively. We have previously demonstrated that loss of the entire GlcNAc GAC 
side-chain strongly hampers hGIIA trafficking through the GAS cell wall, with a 
minor contribution of reduced hGIIA binding to the cell surface [17]. Since GroP-
modifications were also lost in the GlcNAc side-chain deficient mutant, 5448ΔgacI, 
described in this study, we now assume that the mechanisms of the hGIIA-dependent 
phenotype are similar in the gacI and gacH mutants. 

Another very important aspect of our study is the identification of a novel, 
potentially antigenic, epitope on the surface of streptococci. GAS is associated with 
numerous mild to life-threatening invasive diseases [43] and is also causative of post-
infectious sequelae, including rheumatic heart disease [43]. Especially the invasive 
manifestations and post-infectious sequelae are difficult to treat with antibiotics and 
a GAS vaccine is urgently needed to combat these neglected diseases. The GAC is an 
attractive candidate for GAS vaccine development due to its conserved expression 
in all GAS serotypes and the absence of the constitutive component of GAC, Rha, in 
humans [12,13]. However, it has been proposed that the GAC GlcNAc side-chain may 
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elicit cross-reactive antibodies relevant to the pathogenesis of rheumatic fever and 
rheumatic heart disease [44-46]. Moreover, persistence of anti-GAC and anti-GlcNAc 
antibodies is associated with a poor prognosis in rheumatic heart disease  [45]. These 
clinical associations and the lack of understanding of the pathogenesis of GAS post-
infectious rheumatic heart disease have hampered progress in the development of 
GAC-based vaccines against GAS. However, the GAC GlcNAc decorated with GroP 
might be an attractive candidate for GAS vaccine development because GroP-
modified GlcNAc represents a unique epitope, that is absent from human tissues. 
Thus, our study has implications for design of a safe and effective vaccine against 
this important human pathogen for which a vaccine is currently lacking. 

Acknowledgements
This work was supported by the Center of Biomedical Research Excellence (COBRE) 
Pilot Grant (to NK, KVK and JSR) supported by NIH grant P30GM110787 from the 
National Institute of General Medical Sciences (NIGMS), NIH grant R56AI135021 
from the National Institute of Allergy and Infectious Diseases (NIAID) (to NK), VIDI 
grant 91713303 from the Netherlands Organization for Scientific Research (NWO) (to 
NMvS and VPvH), the Swedish Research Council (no. 2013-4859 and 2017-03703) and 
The Knut and Alice Wallenberg Foundation (to GW), NIH grant P30GM110787 from 
the NIGMS and NIH grant 1S10OD021753 (to AJM), the National Health and Medical 
Research Council of Australia (to MJW), grants from CNRS, ANR (MNaims ANR-17-
CE17-0012-01) and FRM (SPF20150934219) (to GL), NIH grant AI047928 from NIAID 
(to KSM and YLB) and NIH grant AI094773 (to NMES and ATB).

Carbohydrate composition analysis at the Complex Carbohydrate Research Center 
was supported by the Chemical Sciences, Geosciences and Biosciences Division, Office 
of Basic Energy Sciences, U.S. Department of Energy grant (DE-FG02-93ER20097) 
to Parastoo Azadi. Use of the Advanced Photon Source was supported by the U. 
S. Department of Energy, Office of Science, Office of Basic Energy Sciences, under 
Contract No. W-31-109-Eng-38 and NIH grants S10_RR25528 and S10_RR028976. 
Use of the Stanford Synchrotron Radiation Lightsource, SLAC National Accelerator 
Laboratory, is supported by the U.S. Department of Energy, Office of Science, 
Office of Basic Energy Sciences under Contract No. DE-AC02-76SF00515. The SSRL 
Structural Molecular Biology Program is supported by the DOE Office of Biological 
and Environmental Research, and by the NIH, NIGMS including P41GM103393. The 
contents of this publication are solely the responsibility of the authors and do not 
necessarily represent the official views of NIGMS or NIH.



93

3

Author contributions 
AR, PD, YLB, KSM, AGM, AJM, GL, MJW, JSR, KVK, GW, NMvS and NK designed the 
experiments. RJE, VPvH, AR, AT, JSR, KVK, GW and NK performed functional and 
biochemical experiments. KVK carried out X-ray crystallography and structure 
analysis. AR and GW performed NMR studies. PD and AJM performed MS analysis. 
VPvH, NK and KVK constructed plasmids and isolated mutants. RJE, VPvH, AR, PD, 
YLB, NMES, ATB, KSM, AGM, AJM, MJW, JSR, KVK, GW, NMvS and NK analyzed the 
data. NMvS and NK wrote the manuscript with contributions from all authors. All 
authors reviewed the results and approved the final version of the manuscript. 

Competing interests
The authors declare no competing interests. 

Methods

Bacterial strains, growth conditions and media. All plasmids, strains and primers 
used in this study are listed in Supplementary Tables 5 and 6. GAS and S.  mutans 
strains were grown in Todd-Hewitt broth supplemented with 1% yeast extract (THY) 
without aeration at 37°C. S.  mutans plates were grown with 5% CO2. For hGIIA-
mediated killing experiments, S.  mutans strains were grown in Todd-Hewitt broth 
without yeast extract and with 5% CO2. E. coli strains were grown in Lysogeny Broth 
(LB) medium or on LB agar plates at 37°C. When required, antibiotics were included 
at the following concentrations: ampicillin at 100 µg/mL for E. coli; streptomycin at 
100 µg/mL for E. coli; erythromycin (Erm) at 500 µg/mL for E. coli, 5 µg/mL for GAS 
and 10 µg/mL for S. mutans; chloramphenicol (CAT) at 10 µg/mL for E. coli, 2 µg/mL 
for GAS and S. mutans; spectinomycin at 200 µg/mL for E. coli, 100 µg/mL for GAS and 
500 µg/mL for S. mutans; kanamycin at 300 µg/mL for GAS. 

To identify gene providing resistance against Zn2+ toxicity, RPMI 1640 (without 
glucose) (Gibco) was supplemented with guanine, adenine and uracil at a 
concentration of 25   µg/mL each, d-glucose at a concentration of 0.5% w/v and 
HEPES at 50 mM. Vitamins were provided by 100X BME Vitamins (Sigma B6891). 

Genetic manipulations. Plasmids were transformed into GAS and S.  mutans by 
electroporation or natural transformation as described previously [6]. All constructs 
and mutants were confirmed by PCR and sequencing analysis (Eurofins MWG Operon 
and Macrogen). 
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Genetic manipulation of GAS. To construct 5005ΔgacH and 2221ΔgacH, 5005 
chromosomal DNA was used as a template for amplification of two DNA fragments 
using primers pairs 5005-f/gacHdel-r and gacHdel-f/5005-r, which were fused and 
amplified using a PCR overlap method [47] with primer pair 5005-f/5005-r to create 
the deletion of gacH. The PCR product was digested with BamHI and XhoI and ligated 
into BamHI/SalI-digested plasmid pBBL740, transformed into 5005 and 2221, and 
CAT resistant colonies were selected on THY agar plates. Several potential double 
crossover mutants were selected as previously described [48]. 

To construct the plasmid for in cis complementation of 5005ΔgacH, 5005 
chromosomal DNA was used as a template for amplification of gacH using the primer 
pair 5005-f/5005-r, which was cloned in pBBL740 through restriction-ligation using 
BamHI and XhoI. The plasmid was transformed into the 5005ΔgacH strain, and CAT 
resistant colonies were selected on THY agar plates. Double crossover mutants were 
selected as described above. 

To construct 5448ΔgacH, GAS 5448 chromosomal DNA was used to amplify up 
and downstream regions flanking gacH using primer pairs: 5448-f/5448CAT-r and 
5448CAT-f/5448-r. Primers 5448CAT-f and 5448CAT-r contain 25 bp extensions 
complementary to the CAT resistance cassette. Up- and downstream were fused to 
the CAT cassette using 5448-f/5448-r, and cloned into pHY304 through digestion-
ligation using XhoI and HindIII, yielding plasmid pHY304ΔgacH. After the plasmid 
transformation into 5448, double crossover mutant, 5448DgacH, was selected as 
previously described [15]. 

To complement 5448ΔgacH, gacH was amplified from 5448 chromosomal DNA using 
primer pair gacH-EcoRI-f/gacH-BglII-r, digested using EcoRI/BglII, and ligated into 
EcoRI/BglII-digested pDCerm, yielding pgacH_erm. To make a catalytically inactive 
variant of gacH, the mutation T550A was introduced into pgacH_erm using Gibson 
Assembly site-directed mutagenesis with the primers gacH-T530A-F, gacH-T530A-R, 
repB-isoF and repB-isoR. The plasmids were transformed into 5448ΔgacH and 
selected for Erm resistance on THY agar plates. Transformation was confirmed by 
PCR, yielding strains 5448ΔgacH:pgacH and 5448ΔgacH:pgacH-T530A, respectively.

To construct SMUΔsccH, S.  mutans Xc chromosomal DNA was used to amplify up 
and downstream regions flanking using primer pairs: sccH-f/sccH-erm-r and sccH-
erm-f /sccH-r. Primers sccH-erm-f and sccH-erm-r contained 25 bp extensions 
complementary to the Erm resistance cassette. Up and downstream PCR fragments 
were mixed with the Erm cassette and amplified as a single PCR fragment using 
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primer pair sccH-f/sccH-r. The sccH knockout construct was transformed into 
S. mutans as described previously [6]. Erm resistant single colonies were picked and 
checked for deletion of sccH and integration of Erm cassette by PCR, resulting in 
SMUΔsccH. For complementation, sccH and gacH were amplified from S.  mutans 
Xc and GAS 5448 chromosomal DNA, respectively, using primer pairs sccH-EcoRI-f/
sccH-BglII-r and gacH-EcoRI-f/gacH-BglII-r. The PCR products were digested with 
EcoRI/BglII, and ligated into EcoRI/BglII-digested pDC123 vector, yielding psccH and 
pgacH_cm, respectively. To make a catalytically inactive variant of sccH, the mutation 
T553A was introduced into psccH using Gibson Assembly site-directed mutagenesis 
with the primers sccH-T553A-F, sccH-T553-R, repB-isoF and repB-isoR. The plasmids 
were transformed into SMUΔsccH as described [6]. CAT resistant single colonies were 
picked and checked for presence of psccH or pgacH_cm by PCR, yielding strains 
SMUΔsccH:psccH, SMUΔsccH:psccH-T533A and SMUΔsccH:pgacH, respectively. 

To create a vector for expression of eGacH in E. coli, the gene was amplified from 
5005 chromosomal DNA using the primers gacH-NcoI-f and gacH-XhoI-r. The PCR 
product was digested with NcoI and XhoI, and ligated into NcoI/XhoI-digested 
pCDF-NT vector. The resultant plasmid, pCDF-GacH, contained gacH fused at the 
N-terminus with a His-tag followed by a TEV protease recognition site. To produce 
a catalytically inactive variant of eGacH, the mutation T530A was introduced into 
pCDF-GacH using Gibson Assembly site-directed mutagenesis and the primers 
gacH-T530A-F, gacH-T530A-R, Str-isoF and Str-isoR.

Identification of hGIIA-resistant GAS transposon mutants. The GAS M1T1 5448 
Krmit transposon mutant library [16] was grown to mid-log phase (OD600 = 0.4). 1 
x 105 colony-forming units (CFU) were incubated with 27.5 µg/mL recombinant 
hGIIA [49] in triplicate for 1 h at 37°C and plated on THY agar plates supplemented 
with kanamycin. The position of the transposon insertion of resistant colonies was 
determined as described previously [50]. hGIIA susceptibility experiments were 
performed as described previously [17]. 

Determination of selective metal concentrations. To find the target concentration 
of Zn2+, colonies of 5448 WT and 5448DczcD [19] were scraped from THY agar plates, 
resuspended and washed in PBS to OD600=1, and used to inoculate freshly prepared 
mRPMI containing varying concentrations of Zn2+ to OD600=0.05 in a 96-well  
plate. Growth at 37 °C was monitored at OD595 every 15 min using the BMG Fluostar 
plate reader. 



96

Ch. 3 | GroP streptococcal polysaccharide modification

Tn-seq library screen for Zn2+ sensitivity. The 5448 Krmit Tn-seq library at T0 

generation [16] was thawed, inoculated into 150 mL prewarmed THY broth 
containing kanamycin and grown at 37 °C for 6 hrs. The culture (T1) was centrifuged 
at 4,000 x g for 15 min at 4 °C and the pellet resuspended in 32.5 mL saline. Freshly 
prepared mRPMI or mRPMI containing 10 µM or 20 µM Zn2+ was inoculated with 500 
µL culture into 39.5 mL media, creating a 1:20 fold inoculation. These T2 cultures 
were then grown at 37°C for exactly 6 hrs, at which point 2 mL of these cultures were 
inoculated again into 38 mL of freshly prepared mRPMI alone or mRPMI containing 10 
µM or 20 µM Zn2+. The remaining 38 mL of T2 culture was harvested by centrifugation 
at 4,000 x g for 10 min at 4 °C and pellets stored at -20 °C for later DNA extraction. 
Cultures were grown for additional 6 hrs, at which point T3 cultures were harvested 
by centrifugation at 4,000 x g for 10 min at 4 °C and pellets stored at -20 °C.

Tn-seq Krmit transposon insertion tags were prepared from the cell pellets as 
previously described [16,51]. After quality control with the Bioanalyzer instrument 
(Agilent), the libraries of Krmit insertion tags were sequenced (50-nt single end 
reads) on an Illumina HiSeq 1500 in the Institute for Bioscience and Biotechnology 
Research (IBBR) Sequencing Core at the University of Maryland, College Park. Tn-seq 
read datasets were analyzed (quality, filtering, trimming, alignment, visualization) 
as previously described [16,51] using the M1T1 5448 genome as reference for read 
alignments. The ratios of mutant abundance comparing the output to input mutant 
pools were calculated as a fold change for each GAS gene using the DEseq2 and 
EdgeR pipelines [51-53]. 

Drop test assays. Strains 5448 WT, 5448DgacI, 5448DgacI:gacI, 5448DgacH, 
5448DgacH:pgacH, S. mutans WT, SMUΔsccH, SMUΔsccH:psccH and SMUΔsccH:pgacH 
were grown in THY to mid-exponential growth phase, adjusted to OD600 = 0.6 and 
serially diluted. Five µL were spotted onto THY agar plates containing varying 
concentrations of Zn2+ (ZnSO4·7H2O). Plates were incubated at 37°C overnight and 
photographed. 

Protein expression and purification. To purify eGacH and eGacH-T530A, E.  coli 
Rosetta (DE3) carrying the respective plasmid was grown in LB at 37 °C to OD600=0.4-
0.6 and induced with 0.25 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) at  
18 °C for approximately 16 hrs. Bacteria were lysed in 20 mM Tris-HCl pH 7.5, 300 
mM NaCl by a microfluidizer cell disrupter. The soluble fractions were purified by 
Ni-NTA chromatography. The eluate was dialyzed into 20 mM Tris-HCl pH 7.5, 300 
mM NaCl in the presence of TEV protease (1 mg per 20 mg of protein) and reapplied 
to a Ni-NTA column equilibrated in 20 mM Tris-HCl pH 7.5, 300 mM NaCl to remove 
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the cleaved His-tag and any uncleaved protein from the sample. The protein was 
further purified by size exclusion chromatography on a Superdex 200 column in 20 
mM HEPES pH 7.5, 100 mM NaCl. 

To express seleno-methionine labeled eGacH, E. coli Rosetta (DE3) carrying eGacH was 
grown in LB at 37 °C to OD600=0.5. The bacteria were centrifuged and resuspended in 
M9 minimal media supplemented with seleno-methionine. Protein expression was 
induced with 0.25 mM IPTG, and the cultures were grown at 16 °C for approximately 
16 hrs. Seleno-methionine labeled eGacH was purified as described above. 

Crystallization, data collection and structure solution. eGacH crystallization 
conditions were initially screened using the JCSG Suites I–IV screens (Qiagen) at a 
protein concentration of 9 mg/mL by hanging drop vapor diffusion method. Crystals 
of Se-Met-substituted eGacH were grown in 0.1 M HEPES pH 7.5, 10% PEG8000, 8% 
ethylene glycol. Crystals were transferred into crystallization solution supplemented 
with 20% ethylene glycol and flash frozen in liquid nitrogen. The data were collected 
at APS 22-ID at a wavelength of 0.9793 Å. Crystals of GroP•eGacH complex were 
obtained using crystallization solution containing 0.2 M calcium acetate, 0.1 M MES 
pH 6.0, 20% PEG8000. sn-Gro-1-P (Sigma Aldrich) was mixed with eGacH at 10 mM 
prior to crystallization. Initial crystals of GroP•eGacH complex belonged to the same 
crystal form as apo GacH, however, crystals of different morphology grew epitaxially 
after several days. These crystals displayed better diffraction and were used for 
structure determination of GroP•eGacH complex. Crystals were cryoprotected in 
crystallization solution supplemented with 10 mM sn-glycerol-1-phosphate and 
20% ethylene glycol and vitrified in liquid nitrogen. The data were collected at SSRL 
BL9-2 at a wavelength of 0.97946 Å. 

All data were processed and scaled using XDS and XSCALE [54]. The structure of 
eGacH was solved by Se single-wavelength anomalous diffraction method. Se 
atoms positions were determined using HySS module in PHENIX [55]. The structure 
was solved using AutoSol wizard in PHENIX [55]. The model was completed using 
Coot [56]and refined using phenix.refine in PHENIX [55]. Ramachandran distribution 
analysis of the eGacH final structure with MolProbity [57] indicates that 96.6% and 
3.4% residues are in favored and allowed regions, respectively, with no outliers.

The structure of GroP•eGacH complex was solved by molecular replacement using 
Phaser in PHENIX [55] and the dimer of apo eGacH as a search model. The model 
was adjusted using Coot and refined using phenix.refine. Difference electron 
density corresponding to GroP molecules was readily identified after refinement. 
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GroP molecules were modeled using Coot. The geometric restraints for GroP 
were generated using Grade Web Server (http://grade.globalphasing.org) (Global 
Phasing). The last several rounds of refinement were performed using 19 translation/
libration/screw (TLS) groups, which were identified by PHENIX  [55]. Ramachandran 
distribution analysis of the GroP•eGacH final structure indicates that 97.2% and 
2.8% residues are in favored and allowed regions, respectively, with no outliers. The 
structures were validated using Coot, MolProbity and wwPDB Validation Service 
(https://validate.wwpdb.org). Statistics for data collection, refinement, and model 
quality are listed in Supplementary Table 7. 

In vitro assay of eGacH enzymatic activity. 16:0-6:0 NBD-phosphatidylglycerol lipid 
(Avanti) was purified by preparative thin layer chromatography (TLC) as described 
previously [25], dissolved in CH3OH and stored at -20 °C until use. The lipid was dried 
and dispersed in octyl-glucoside by sonication prior to addition of the remaining 
components. Reaction mixtures contained 0.05 M sodium succinate pH 6.3, 10 
mM MnCl2, 0.05 M NaCl, 0.25 % octyl-glucoside, 20 µg NBD-phosphatidylglycerol, 
ultrasonically dispersed in 0.5 % octyl-glucoside (Branson 2200 bath sonicator) and 
either no enzyme, 20 µg eGacH, or 20 µg eGacH-T530A in a total volume of 0.02 mL. 
Following incubation at 37 °C for 3 hrs, the reaction was stopped by the addition of 
0.08 mL CHCl3/CH3OH (2:1) and analyzed for fluorescence on a BioRad ChemiDoc 
MP Imaging System using the fluorescein preset mode, as described previously [25]. 
The migration position of the NBD-diacylglycerol product was determined from the 
product of a separate reaction containing purified phospholipase C from B.  cereus 
(Sigma Aldrich).

Isolation of cell wall. Cell wall was isolated from exponential phase cultures by the 
SDS-boiling procedure and lyophilized as previously described [15]. 

GAC purification. GAC was released from the cell wall by sequential digestion 
with mutanolysin (Sigma Aldrich) and recombinant PlyC amidase [15], and partially 
purified by a combination of size exclusion chromatography and ion-exchange 
chromatography. Mutanolysin digests contained 5 mg/mL of cell wall suspension 
in 0.1 M sodium acetate, pH 5.5, 2 mM CaCl2 and 5 U/mL mutanolysin. Following 
overnight incubation at 37 °C, GAC was separated from the cell wall by centrifugation 
at 13,000 x g, 10 min and precipitated from 80% acetone (-20 °C). The precipitate was 
sedimented (5,000 x g, 20 min), dried briefly under nitrogen gas and redissolved 
in 0.1 M Tris-Cl, pH 7.4 and digested with PlyC (50 µg/mL) overnight at 37 °C. 
Following PlyC digestion, GAC was recovered by acetone precipitation, as described 
above, redissolved in a small volume of 0.2 N acetic acid and chromatographed on 
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a 25 mL column of BioGel P10 equilibrated in 0.2 N acetic acid. Fractions (1.5 mL) 
were collected and monitored for carbohydrate by the anthrone assay. Fractions 
containing GAC were combined, concentrated and desalted by spin column 
centrifugation (3,000 MW cutoff filter). GAC was loaded onto an 18 mL column of 
DEAE-Sephacel. The column was eluted with a 100 mL gradient of NaCl (0-1 M). 
Fractions were analyzed for carbohydrate by the anthrone assay and phosphate by 
the malachite green assay following digestion with 70% perchloric acid (see below). 
Fractions containing peaks of carbohydrate were combined, concentrated by spin 
column (3,000 MW cut off ) and lyophilized.

Anthrone assay. Total carbohydrate content was determined by a minor modification 
of the anthrone procedure. Reactions contained 0.08 mL of aqueous sample and water 
and 0.32 mL anthrone reagent (0.2% anthrone in concentrated H2SO4). The samples were 
heated to 100 °C, 10 min, cooled in water (room temperature) and the absorbance at 
580 nm was recorded. GAC concentration was estimated using an l-Rha standard curve. 

Phosphate assay. Approximately 1.5 mg of GAS cell wall material was dissolved in 
400 µL H2O and 8 µg/mL PlyC, and incubated at 37 °C, rotating for approximately 
16 hrs. Additional PlyC was added and incubated for a further 4-6 hrs. To liberate 
SCC from S. mutans cell walls, 1.5 mg of S. mutans cell wall material was incubated 
24 hrs with 1.5 U/mL mutanolysin in 400 µL of 0.1 M sodium acetate, pH 5.5, 2 mM 
CaCl2. The samples were incubated at 100°C for 20 min and centrifuged for 5 min 
at maximum speed in a table top centrifuge. The supernatant was transferred to 
a new micro-centrifuge tube and incubated with 2 N HCl at 100°C for 2 hrs. The 
samples were neutralized with NaOH, in the presence of 62.5 mM HEPES pH 7.5. 
To 100 µL of acid hydrolyzed sample, 2 µL of 1 U/µL alkaline phosphatase (Thermo 
Fisher) and 10 µL 10 x alkaline phosphatase buffer was added and incubated at 37 
°C, rotating, overnight. Released phosphate was measured using the Pi ColorLock 
Gold kit (Innova Biosciences), according to the manufacturer’s protocol. 

Total phosphate content was determined by the malachite green method following 
digestion with perchloric acid. Samples containing 10 to 80 µL were heated to 110 °C 
with 40 µL 70% perchloric acid (Fisher Scientific) in 13 x 100 borosilicate disposable 
culture tubes for 1 h. The reactions were diluted to 160 µL with water and 100 µL 
was transferred to a flat-bottom 96-well culture plate. Malachite Green reagent 
(0.2 mL) was added and the absorbance at 620 nm was read after 10 min at room 
temperature. Malachite Green reagent contained 1 vol 4.2% ammonium molybdate 
tetrahydrate (by weight) in 4 M HCl, 3 vol 0.045% malachite green (by weight) in 
water and 0.01% Tween 20. 
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Glycerol assay. Samples for glycerol measurement were prepared as described 
for the phosphate assay but were not digested with alkaline phosphatase. Instead 
glycerol concentration was measured using the Glycerol Colorimetric assay kit 
(Cayman Chemical) according to the manufacturer’s protocol.

Glycosyl composition analysis. Glycosyl composition analysis of GAS and S. mutans 
cell wall samples was performed at the Complex Carbohydrate Research Center 
(Athens, GA) by combined gas chromatography/mass spectrometry (GC/MS) of the 
per-O-trimethylsilyl derivatives of the monosaccharide methyl glycosides produced 
from the sample by acidic methanolysis as described previously [15].

Dot-blot analysis of GAC. The semi-quantitative immuno-dot blot analysis of 
GAC expressed by GAS strains was conducted essentially as described [15] with 
a following minor modification: the PlyC-digested cell wall fractions were serial 
diluted before spotting to a nitrocellulose membrane.

Total phospholipid content analysis. GAS cells (50 mL) grown in THY broth 
to OD600 = 0.5 were centrifuged, washed with PBS, resuspended in 5 mL PBS and 
incubated with PlyC (100 µg/ml) at 37 °C for 1 h. A total lipid extract was prepared 
by a modification of the Bligh-Dyer extraction, freed of non-lipid contaminants by 
Folch partitioning as described previously [15] and redissolved in 1 mL CHCl3/CH3OH 
(2:1). An aliquot (20 µL) was analyzed for total phospholipid using the malachite 
green phosphate assay following perchloric acid digestion at 120 °C, 1 h and the 
remainder was analyzed for phosphatidylglycerol, as described below.

Phosphatidylglycerol and NBD-diacylglycerol analysis. The analysis of 
phosphatidylglycerol and NBD-diacylglycerol was performed using an Ultimate 
3000 ultra HPLC system coupled to a Thermo Q-Exactive Orbitrap mass spectrometer 
equipped with a heated electrospray ion source (Thermo Scientific, CA, USA). Lipid 
extracts were separated on a Waters ACQUITY BEH C8 column (2.1 × 100 mm, 1.7 
µm) with the temperature maintained at 40°C. The flow rate was 250 µL/min, and the 
mobile phases were consisted of 60:40 water/acetonitrile (A), and 90:10 isopropanol/
acetonitrile (B), both containing 10 mM ammonium formate and 0.1% formic acid. 
The samples were eluted with a linear gradient from 32% B to 97% B over 25 min, 
maintained at 97% B for 4 min and re-equilibration with 32% B for 6 min. The sample 
injection volume was 5 µL. The mass spectrometer was operated in positive and 
negative ionization modes. The full scan and fragment spectra were collected at a 
resolution of 70,000 and 17,500, respectively. Data analysis and lipid identification 
were performed using Xcalibur 4.0 and Lipidsearch 4.1 (Thermo Fisher). 
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Total carbohydrate content analysis. GAS cells (10 mL) grown in THY broth OD600 

= 0.5 were centrifuged, washed twice with PBS, and resuspended in 0.2 mL distilled 
water. The cell suspension was assayed for carbohydrate content by the anthrone 
assay as described above.

Analysis of GAC for GroP. GAC (prepared from ~1.5 mg of cell wall) was hydrolyzed 
in 0.1 mL 0.5 M NaOH (100 ºC, 1 h) to release GroP, as described by Kennedy et al. 
(ref. [26]). Following alkaline treatment, the reaction was neutralized with acetic 
acid, supplemented with 5 nmol of citronellyl phosphate (as internal standard) and 
centrifuged on an Amicon Ultra Centrifugal Filter (0.5 mL, 3,000 NWML). The filtrate 
was lyophilized and analyzed using a Q-Exactive mass spectrometer and an Ultimate 
3000 ultra HPLC system (Thermo Fisher Scientific) using a silica-based SeQuant ZIC-
pHILIC column (2.1 mm × 150 mm, 5 µm, Merck, Germany) with elution buffers 
consisting of (A) 20 mM (NH4)2CO3 with 0.1% NH4OH in H2O and (B) acetonitrile. The 
column temperature was maintained at 40°C, and the flow rate was set to 150 µL/
min. MS detection was performed by electrospray ionization in negative ionization 
mode with source voltage maintained at 3.0 kV. The capillary temperature, sheath gas 
flow and auxiliary gas flow were set at 275 °C, 40 arb and 15 arb units, respectively. 
Full-scan MS spectra (mass range m/z 75 to 1000) were acquired with resolution  
R = 70,000 and AGC target 1e6. Extracted ion chromatograms for GroP and citronellyl 
phosphate were obtained from the LC-MS chromatograms and used to estimate 
relative GroP content.

Identification of the stereochemistry of the GroP moiety of GAC. GroP was 
liberated from GAC by alkaline hydrolysis as described by Kennedy et al. (ref. [26]) 
and re-fractionated on BioGel P10. The bulk of the GAC elutes in the void volume 
and GroP elutes in the inclusion volume as identified by LC-MS. Column fractions 
containing GroP were combined, concentrated by rotary evaporation (30°C, under 
reduced pressure) and desalted on BioGel P2. The stereochemistry of the GroP was 
determined by enzymatic method using the AmpliteTM Fluorimetric sn-Gro-3-P Assay 
Kit (AAT Bioquest) according to the manufacturer’s instructions. 

NMR spectroscopy. The NMR spectra were recorded on a Bruker AVANCE III 
700 MHz equipped with a 5 mm TCI Z-Gradient Cryoprobe (1H/13C/15N) and dual 
receivers and a Bruker AVANCE II 600 MHz spectrometer equipped with a 5 mm TXI 
inverse Z-Gradient 1H/D-31P/13C. The 1H and 13C NMR chemical shift assignments of 
the polysaccharide material were carried out in D2O solution (99.96 %) at 323.2 K 
unless otherwise stated. Chemical shifts are reported in ppm using internal sodium 
3-trimethylsilyl-(2,2,3,3-2H4)-propanoate (TSP, δH 0.00 ppm), external 1,4-dioxane in 
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D2O (δC 67.40 ppm) and 2 % H3PO4 in D2O (δP 0.00 ppm) as reference. The 1H,1H-
TOCSY experiments (dipsi2ph) were recorded with mixing times of 10, 30, 60, 90 and 
120 ms. The 1H,1H-NOESY experiments [58] were collected with mixing times of 100 
and 200 ms. A uniform and non-uniform sampling (50 and 25 % NUS) were used for 
the multiplicity-edited 1H,13C-HSQC experiments [59] employing an echo/antiecho-
TPPI gradient selection with and without decoupling during the acquisition. The 
2D 1H,13C-HSQC-TOCSY were acquired using MLEV17 for homonuclear Hartman-
Hahn mixing, an echo/antiecho-TPPI gradient selection with decoupling during 
acquisition and mixing times of 20, 40, 80 and 120 ms. The 2D 1H,31P-Hetero-TOCSY 
experiments [60] were collected using a DIPSI2 sequence with mixing times of 10, 
20, 30, 50 and 80 ms. The 2D 1H,31P-HMBC experiments were recorded using an echo/
antiecho gradient selection and mixing times of 25, 50 and 90 ms. The 3D 1H,13C,31P 27 
spectra were obtained using echo/antiecho gradient selection and constant time in 
t2 with a nominal value of nJCP of 5 Hz and without multiplicity selection. The spectra 
were processed and analyzed using TopSpin 4.0.1 software (Bruker BioSpin).

Statistical analysis. Unless otherwise indicated, statistical analysis was carried out 
on pooled data from at least three independent biological repeats. A 2-way ANOVA 
with Bonferroni multiple comparison test was used to compare multiple groups. A  
P value equal to or less that 0.05 was considered statistically significant. 

Data availability

Illumina sequencing reads from the Tn-seq analysis were deposited in the NCBI 
Sequence Read Archive (SRA) under the accession number SRP150081. The Tn-seq data, 
analyses, and pipeline for the Tn-seq analyses are accessible under the DOI number 
10.5281/zenodo.2541163 in GitHub as the following link http://doi.org/10.5281/
zenodo.2541163. Atomic coordinates and structure factors of the reported crystal 
structures have been deposited to the Protein Data Bank with accession codes 5U9Z 
(apo eGacH) and 6DGM (GroP•eGacH complex). All data generated during this study 
are included in the article and supplementary information files or will be available 
from the corresponding authors upon reasonable request.
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Through the valleys and peaks of Mount Hyjal, across the 
shifting sands of Silithus, against the Legion’s dread armies 
- we have fought. We are the nameless, faceless, sons and 
daughters of the Alliance. By the Light and the might of the 
Alliance, the first strike belongs to us and the last strike is all 
that our enemies see.

We are 7th Legion.

High Commander Halford Wyrmbane
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Abstract

Increased antibiotic resistance represents a growing problem for the treatment of 
bacterial infections in the present and for the future. The World Health Organization 
recently classified Staphylococcus aureus (S. aureus) as ‘high’ priority pathogen, 
indicating that there is a high demand for new therapeutics to treat infections 
caused by this pathogen. In this context, many studies have focused on elucidating 
the mechanisms of bacterial antibiotic resistance. In contrast, bacterial resistance 
mechanisms to antibiotic-like proteins of the host have received less attention, 
whereas these pathways are possible drug targets by acting as anti-virulence drugs. 
Both in vitro and in vivo studies suggest that Group IIA secreted Phospholipase 
A2 (hGIIA) is one of the most potent innate bactericidal human proteins against 
Gram-positive bacteria. To identify S. aureus resistance mechanisms, the Nebraska 
Transposon Mutant Library (NTML), containing 1,920 arrayed mutants in methicillin-
resistant S. aureus (MRSA) strain LAC, was subjected to a sublethal concentration of 
recombinant hGIIA. In the end, six transposon mutants were confirmed to display 
increased susceptibility to hGIIA, including the previously implicated graRS two-
component system and the GraRS-regulated genes mprF and vraFG. In addition, we 
identified and confirmed the role of lspA, encoding a lipoprotein signal peptidase, 
as a new hGIIA-resistance gene by generating and testing a markerless lspA deletion 
mutant in S. aureus USA300. Moreover, treatment of MRSA or methicillin-sensitive 
Staphylococcus aureus (MSSA) with the LspA inhibitor globomycin sensitized bacteria 
to hGIIA-mediated killing. Finally, loss of lspA increased susceptibility to daptomycin, 
an antibiotic of last-resort for the treatment of MRSA infections. Inhibition of LspA 
therefore could represent an interesting and novel strategy to sensitize S. aureus to 
both endogenous and synthetic antibiotics and treat MRSA infections.
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Introduction

Staphylococcus aureus (S. aureus) asymptomatically colonizes the skin and nasal 
cavities of approximately 30% of the world population [1]. Once S. aureus breaches 
these barriers, it causes a wide spectrum of clinical diseases both in the hospital 
and in the community [1]. These infections are becoming increasingly difficult to 
treat due to rapid development of antibiotic resistance, with methicillin-resistant S. 
aureus (MRSA) as a prominent example [2]. 

Infection highlights a state where our immune system fails to control bacterial 
replication and spread, resulting in inflammation and damage to host tissues. The 
expression of numerous immune evasion molecules contributes to the ability of S. 
aureus to endure despite the presence of numerous immune defense mechanisms. 
An important innate host defense molecule is the bactericidal enzyme secreted 
Phospholipase A2-IIA (hGIIA) [3–5]. HGIIA is a highly cationic antimicrobial enzyme 
that effectively kills Gram-positive bacteria [6]. It is constituently expressed by 
humans in low quantities by Paneth cells in the intestine and by Kupffer cells in 
the liver [5,7,8]. Upon infection, pro-inflammatory cytokines tumor necrosis factor 
α (TNFα), interleukin 1 (IL-1), and IL-6 induce the expression of hGIIA by many cell 
types [9–13], resulting in concentrations of approximately 500 ng/ml and in extreme 
cases up to 1 µg/ml in serum [14]. HGIIA requires anionic structures in the bacterial 
cell wall, such as lipoteichoic acid (LTA) and wall teichoic acid (WTA) [15], for binding 
and penetration of the Gram-positive cell wall [6,16,17]. Once at the membrane, 
hGIIA hydrolyzes membrane phospholipids resulting in bacterial lysis. Susceptibility 
of Gram-positive bacteria to the bactericidal activity of hGIIA varies widely due 
to difference in cell wall and cell membrane composition as well as specific 
modifications that interfere with hGIIA mechanism of action [16]. Conversely, the 
absence of structures such as WTA or homologous negatively-charged cell wall 
glycopolymers in streptococci increases bacterial resistance to hGIIA [15,18,19].

HGIIA has been suggested to be important for immune defense against S. aureus. 
Indeed, hGIIA transgenic mice show higher survival rates compared to hGIIA-
deficient mice after an experimental lethal dose of S. aureus [20]. As a result, S. 
aureus has evolved molecular strategies to resist hGIIA-mediated killing, which are 
geared towards changes in cell surface charge. For example, S. aureus modifies its 
surface charge by adding positively-charged D-alanine residues to the negatively-
charged LTA and WTA, resulting in repulsion of hGIIA and increased resistance [16]. 
The D-alanine machinery is encoded by the highly conserved dlt operon (dltABCD), 
which in turn is regulated by the GraRS two-component system. The GraRS two-
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component system also controls expression of mprF, which encodes an enzyme 
that adds positively-charged lysine or alanine to membrane phospholipids, 
thereby decreasing the interaction with cationic antimicrobials such as hGIIA [16]. 
Consequently, mutations in the dlt operon, mprF and graRS all increase S. aureus 
susceptibility to hGIIA. Interestingly, hGIIA-resistance mechanisms partially overlap 
with S. aureus antibiotic resistance mechanisms. For example, increased expression 
or gain-of function mutations in mprF and dltABCD alter bacterial surface charge and 
contribute to the phenotype of daptomycin non-susceptible S. aureus strains [21].  
Therefore, insight into hGIIA resistance mechanisms could provide new clues for the 
resistance against clinically-important antibiotics.

Some antibiotic resistance mechanisms involve lipoproteins [22–24], for example 
beta-lactamase BlaZ. Overall, it is predicted that S. aureus expresses between 50 to 
70 lipoproteins, many of unknown function [25–27]. Before lipoproteins properly 
exert their function, they are sequentially processed by the enzymes prolipoprotein 
diacylglyceryl transferase (Lgt) and lipoprotein signal peptidase II (LspA) into 
mature lipoproteins. Lgt anchors prolipoproteins into the cell membrane through 
diacylglycerol [27] and LspA subsequently cleaves off the signal peptide [27]. In 
general, lipoproteins are important for immune recognition of S. aureus such that 
deletion of lgt results in hypervirulence, whereas mutation of lspA attenuates 
virulence in a murine systemic infection model [28]. In addition, a screen designed to 
identify resistance mechanisms of MRSA to polymyxin B-mediated killing identified 
lspA as a resistant determinant [29]. 

The mechanisms by which S. aureus or MRSA resist hGIIA-mediated killing has never 
been studied in a comprehensive manner. Therefore, we screened the Nebraska 
Transposon Mutant Library (NTML) to identify hGIIA-susceptible mutants [30]. In 
addition to expected genes, we also identified and confirmed that deletion and 
pharmacological inhibition of the lspA sensitizes S. aureus to hGIIA-mediated killing. 
Moreover, lspA contributes to resistance to the last-resort antibiotic daptomycin. 
In conclusion, we identify LspA as a possible new therapeutic target that breaks 
resistance of S. aureus to both endogenous and synthetic antibiotics.

Results

Identification of MRSA hGIIA resistance determinants. 
To uncover new hGIIA resistance mechanisms of MRSA, we screened 1,920 individual 
MRSA mutants (NTML). Exponential phase mutants were exposed to recombinant 
hGIIA for one hour and five ml was subsequently spotted on agar plates for semi-
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quantitative assessment of survival (Fig. 1A). In total, 39 mutants were identified 
with possibly increased susceptibility to hGIIA-mediated killing (Supplementary 
Table 1). These hits included mrpF, the product of which increases the charge of 
membrane phospholipids and was previously linked to increased hGIIA resistance 
[16]. Additionally, we identified mutants of the two-component system graRS and 
its ABC-transporter vraF and vraG as hGIIA susceptible mutants. These genes are 
important for the regulation of the before mentioned mprF and dlt genes and their 
function [31–35]. Transposon mutants in the GraRS-regulated dlt operon (dltABCD) 
were not identified since these mutants are absent in the NTML [36].

To confirm the phenotype of individual transposon mutants from the NTML, we 
assessed their hGIIA phenotype in a quantitative killing assay. It is important to 
note that we did not have the corresponding WT strain available for comparative 
hGIIA ‘baseline’ susceptibility. Therefore, the classification of transposon mutants 
as susceptible to hGIIA is relative to other transposon mutants that did not show 
any loss of viability in the presence of hGIIA. Using this assay, we confirmed that 
mutation of previously-identified genes graR, graS, and mprF rendered MRSA more 
susceptible to hGIIA-mediated killing, whereas other mutants (esaC, srtB, ltaA, 
and asp1) were not affected by hGIIA (Fig. 1B). Interestingly, the lspA transposon 
mutant showed an intermediate phenotype, suggesting that this mutant is more 
susceptible to hGIIA (Fig. 1B). LspA encodes the lipoprotein signal peptidase A, an 
enzyme involved in the lipoprotein maturation pathway, which is highly conserved 
among Gram-positive and Gram-negative bacteria. 

Interruption of lipoprotein maturation sensitizes MRSA to hGIIA. 
To verify the contribution of LspA to hGIIA resistance, we constructed a markerless 
lspA deletion mutant in the MRSA strain NRS384 (ΔlspA) and a plasmid complemented 
mutant strain (ΔlspA::pLspA). In accordance with previous literature [25,27], deletion 
did not affect growth of MRSA in bacterial broth, although the complemented strain 
showed a prolonged lag phase (Fig. 2A). The increased lag phase is likely due to the 
addition of chloramphenicol, which was added to retain the expression plasmid. We did 
not observe any morphological abnormalities of the lspA mutant by scanning electron 
microscopy (Fig. 2B). Since charge is important for the hGIIA mechanisms of action, we 
also determined the surface charge of the three strains using the cationic cytochrome 
c. Equal binding levels of cytochrome c was observed on all three strains (Fig. 2C), 
suggesting lspA deletion does not affect surface charge. 
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Figure 1. Identification of MRSA transposon mutants with increased susceptibility to hGIIA-
mediated killing. (A) Representative image of one agar plates with recovered MRSA transposon 
mutants after exposure to 1.25 µg/ml hGIIA. Two transposon mutants showed increased susceptibility; 
at position C4 is the graS transposon mutant and at position C5 is the lspA transposon mutant. (B) 
Survival of potentially hGIIA susceptible mutants from the NTML using quantitative concentration-
dependent killing assay. Data represent mean +/- standard deviation from three technical replicates. 

In accordance to results from our NTML screen, MRSA ΔlspA was approximately 10-fold 
more susceptible to hGIIA-mediated killing (Fig. 3A). To determine the effect of hGIIA 
in a more physiologically relevant environment, we also assessed survival of the strains 
in human serum. Mutation of lspA did not change serum susceptibility (Fig. 3A). In 
addition, hGIIA concentrations that are constitutively present in serum did not influence 
bacterial viability since addition of the hGIIA-specific inhibitor LY311727 [37] did not 
affect survival of either of the strains (Fig. 3B). Upon spiking serum with recombinant 
hGIIA to mimic inflamed conditions, the MRSA ΔlspA survived equally well compared to 
MRSA WT (Fig. 3C). This suggests that serum likely contains factors that rescues the lspA 
mutant phenotype that we observed in our ‘purified’ set up (Fig. 3A). We also assessed 
whether deletion of lspA confers susceptibility to other cationic antimicrobials such 
as LL-37. However, we did not observe any difference in susceptibility between MRSA, 
ΔlspA or complemented strain for LL-37-mediated killing (Supplementary Fig. 1).

Pharmacological inhibition of LspA sensitizes MRSA to hGIIA-
mediated killing. 
Globomycin is a well-known antibiotic compound that is bactericidal for Gram-
negative bacteria [38]. A recent paper confirms that globomycin specifically binds 
to the active site of Pseudomonas aeruginosa LspA, thereby rendering LspA unable 
to cleave off the lipoprotein signal peptide [39]. S. aureus LspA only shares 32% 
sequence identity with P. aeruginosa LspA, however, the catalytic residues are 
conserved [39]. Treatment of S. aureus or MRSA with globomycin does not affect 
bacterial viability, confirming that LspA is not essential for S. aureus [38]. We reasoned 
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Figure 2. Deletion of lspA does not affect MRSA growth, morphology or surface charge. (A) 
Growth curves of MRSA WT, MRSA ΔlspA, and MRSA ΔlspA::plspA. (B) Representative SEM images 
of MRSA WT, MRSA ΔlspA, and MRSA ΔlspA::plspA in early exponential phase. (C) Surface charge of 
MRSA WT, MRSA ΔlspA, and MRSA ΔlspA::plspA as determined in a cytochrome c binding assay. Data 
from A) and C) represent mean +/- standard error of the mean of three independent experiments.

Figure 3. MRSA ΔlspA is more susceptible to hGIIA in a purified system but is rescued by 
unidentified serum components. (A) Survival of MRSA WT, MRSA ΔlspA, and MRSA ΔlspA::plspA 
after exposure to hGIIA in a purified system. (B) Survival of MRSA WT, MRSA ΔlspA, and MRSA 
ΔlspA::plspA in (B) human serum or (C) human serum spiked with increasing concentrations of hGIIA. 
The specific hGIIA inhibitor LY311727 was added at 50 µM. Data represent mean +/- standard error 
of the mean of three independent experiments. *, p ≤ 0.05; **, p ≤ 0.01; ***, p ≤ 0.001. 
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that treatment of MRSA with globomycin may sensitize MRSA to hGIIA bactericidal 
activity. We therefore grew WT MRSA in the presence of 100 µg/ml globomycin until 
early log phase and then subjected globomycin-treated bacteria to a concentration 
range of hGIIA to assess survival. Indeed, exposure of MRSA WT to globomycin 
increased susceptibility to hGIIA-mediated killing to levels comparable with MRSA 
ΔlspA (Fig. 4A). Treatment with globomycin also sensitizes methicillin-sensitive 
S. aureus (MSSA) to the bactericidal effect of hGIIA (Fig. 4B). In conclusion, these 
results highlight an opportunity for new therapeutic strategies by sensitizing MRSA 
to key components of our own immune system through inhibition of a non-essential 
pathway.

MRSA ΔlspA is more susceptible to daptomycin-mediated killing. 
The antibiotic daptomycin is clinically important in the treatment of MRSA 
infections [40]. Interestingly, daptomycin and hGIIA partially share their mechanism 
of action [6,41]. Both are cationic, require Ca2+ for their bactericidal effect, and target 
the bacterial membrane. However, where hGIIA hydrolyzes phospholipids in the 
bacterial membrane, daptomycin is thought to form oligomeric membrane pores 
that cause membrane depolarization to initiate killing. Since we now identified 
some overlapping resistance genes for daptomycin and hGIIA in our screen, we 
investigated whether lspA affected daptomycin resistance. Indeed, we observed that 
deletion of lspA rendered MRSA three-fold more susceptible to killing by daptomycin 
compared to MRSA WT and complemented strains (Fig. 5). 

Discussion

New treatment strategies against MRSA are in high demand due to the development 
of antibiotic resistance even against the antibiotic of last-resort, daptomycin. Many 
drugs under development are aimed to be directly bactericidal as reviewed by 
Kurosu and colleagues [42]. However, another approach for new treatment strategies 
focusses on inhibiting antibiotic resistance mechanisms. 

Both fluoroquinolone and β-lactam are more effective against MRSA after inhibition 
of the efflux pump NorA or wall teichoic acid biosynthesis, respectively [43–45]. 
These studies, however, focused on the MRSA resistance mechanisms against 
synthetic antibiotics whereas resistance mechanisms to endogenous antibiotic-like 
proteins have received little attention. 
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Figure 4. Globomycin sensitizes MRSA and MSSA to hGIIA-mediated killing. Survival of (A) 
MRSA and (B) MSSA after exposure to hGIIA in the absence or presence of 100 µg/ml globomycin, 
a known LspA inhibitor. Data represent mean and data points of two independent experiments for 
(A) and mean +/- standard error of the mean of three independent experiments for (B). *, p ≤ 0.05; 
**, p ≤ 0.01.

Figure 5. MRSA ΔlspA is more susceptible to daptomycin. Survival of early exponential phase 
MRSA WT, MRSA ΔlspA, and MRSA ΔlspA::plspA bacteria after exposure to a concentration range of 
daptomycin. Data represent mean +/- standard error of the mean of three independent experiments. 
*, p ≤ 0.05; ***, p ≤ 0.001.
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We screened the NTML for resistance mechanisms against the potent human 
antimicrobial hGIIA. Even though the experimental set-up did not include non-
hGIIA treated controls or the isogenic wild-type, the screen was validated by hits 
in graR, graS, and mprF. These three genes have previously been linked to cationic 
antimicrobial resistance [46], and also specifically to hGIIA resistance [16]. We also 
identified vraF and vraG, which is also in line with expectations since these genes 
encode the ABC-transporter linked to the GraRS two-component system [47]. We 
did not identify graX, the gene encoding GraX, which interacts with GraRS and was 
shown to be involved in cationic antimicrobial peptide (CAMP) resistance [32,48]. 
This could indicate that GraX is not important for the GraRS-mediated resistance 
against hGIIA. Alternatively, our semi-quantitative assay was not sensitive enough 
to pick up this mutant. 

We identified lspA as a novel resistance determinant against hGIIA. As part of the 
validation strategy, we constructed a lspA deletion strain in MRSA background 
NRS384. The mutant grew similar to the WT strain and did not show an aberrant 
morphology as assessed by scanning electron microscopy. This validation step was 
important as it ruled out the possibility that we identified the lspA transposon mutant 
in the hGIIA susceptibility screen as a result of growth or morphological defects 
or that it was a result of polar effects of the transposon insertion. In addition, we 
concluded that MRSA ΔlspA does not differ in surface charge as assessed by binding 
of the cationic protein cytochrome c. Since hGIIA binding to bacteria is based on 
electrostatic interactions, we expect no changes in the binding of hGIIA, and other 
cationic antimicrobials to the lspA knock-out strain compared to WT [6]. 

Although the lspA mutant was approximately 10-fold more susceptible to hGIIA-
mediated killing compared to WT in a ‘purified’ system, the difference was abolished 
in the presence of 50% human serum. A similar observation was previously made 
with mutants in Group A Streptococcus (GAS), which showed a more susceptible 
phenotype towards hGIIA mediated killing in a ‘simple’ environment but not in human 
serum [18]. Is it conceivable that serum contains components that rescue the defect 
caused by lspA mutation or that other serum components even counteract the hGIIA 
susceptibility phenotype. Furthermore, although serum contains many additional 
components, there are still many other components missing, i.e. coagulation factors 
and immune cells. Therefore, it is still worthwhile investigating whether lspA is a 
possible target for novel therapeutics to treat MRSA infections despite our serum 
data, especially since in vivo experiments performed with S. aureus lspA mutants 
have shown the mutant to be less virulent [28,49,50]. Interestingly, these mouse 
experiments were performed in C57Bl/6 mice, which carry an inactivating mutation 
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in the corresponding mouse GIIA gene rendering C57Bl/6 mice natural knockouts 
for this enzyme [51]. Therefore, it would be of interest to assess the contribution of 
lspA to S. aureus virulence in hGIIA transgenic mice [52].

In addition to increased susceptibility to hGIIA, we showed that the lspA MRSA 
deletion mutant is also more susceptible to daptomycin-mediated killing. MRSA 
daptomycin resistance determinants were studied previously, also by exploiting 
the NTML [53]. However, this study did not pick up lspA but only identified a single 
mutant, with a transposon insertion in SAUSA300_1003, to be more susceptible 
to daptomycin [53]. However, mprF,  a well-known MRSA resistance determinant 
for daptomycin, did also not emerge from their screen [54,55]. Furthermore, a Tn-
seq screen with MSSA subjected to six antibiotics also failed to identify lspA as a 
resistance determinant for daptomycin [56]. This indicates that genetic screens 
might reveal previously unknown resistance mechanisms, however, it is possible 
that they miss other unknown mechanisms.

The mechanism by which LspA mediates hGIIA and daptomycin resistance is 
currently not clear. As mentioned, we ruled out a surface charge difference due to 
immature lipoproteins. This suggests that there is likely no difference in surface 
binding of hGIIA and daptomycin. To disclose the exact underlying mechanism, 
experiments should be performed that look at the different steps in bactericidal 
activity employed by hGIIA. In similar fashion, we previously performed an array of 
molecular experiments to demonstrate that hGIIA requires specific modification on 
the surface of GAS for cell wall penetration [18]. 

Overall, our findings may provide new opportunities for the treatment of MRSA 
infections. Specifically, we tested the hypothesis that inhibition of LspA by the 
antibiotic globomycin sensitizes MRSA for clearance by innate host immune defense 
molecules. Globomycin specifically inhibits LspA and is lethal for Gram-negative 
bacteria because LspA is essential in these species [38,39]. Since the active sites 
of LspA are well conserved, it was previously predicted that globomycin could be 
active against MRSA LspA [39]. As anticipated, globomycin did not affect growth 
of MRSA or MSSA at concentrations of 100 µg/ml (data not shown) [39]. However, 
globomycin rendered both S. aureus strains more susceptible to hGIIA-mediated 
killing compared to their untreated counterparts. Future studies should assess 
whether globomycin can also sensitize MRSA to daptomycin. Furthermore, other 
known LspA inhibitors, e.g. myxovirescin [57], could be investigated.
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HGIIA is highly expressed by the human immune system upon infection and these 
high titers could be exploited for the development of new treatment strategies for 
MRSA infections. Deletion of lspA renders MRSA more susceptible to hGIIA-mediated 
killing possibly due to altered membrane fluidity and/or cell wall penetration. 
Moreover, hGIIA resistance mechanisms overlap partially with daptomycin resistance 
mechanisms, raising the possibility that interference with LspA could also enhance 
MRSA susceptibility to daptomycin. We provided proof-of-concept for this potential 
add-on therapy by demonstrating that the antibiotic globomycin sensitizes MRSA 
for hGIIA-mediated killing. Therefore, interference with lipoprotein maturation 
through LspA inhibition is a strategy that warrants further exploration. 

Materials and Methods

Materials
Recombinant hGIIA was produced as described previously [58]. HEPES and CaCl2 
were purchased from Sigma Aldrich and Merck, respectively. SYTOX Nucleic acid 
stain was purchased from ThermoFisher and DiOC2(3) was obtained at Promokine 
/ Bio-Connect B.V.. All antibiotics (chloramphenicol, erythromycin, daptomycin, and 
globomycin) and specific hGIIA inhibitor LY311727 were purchased from Sigma 
Aldrich. 

Informed consent for blood draw was obtained from healthy volunteers and 
approved by the medical ethics committee of the University Medical Center Utrecht 
(METC-protocol 07–125/C approved on March 1, 2010). Normal human serum was 
obtained from the blood as described previously [59].

Bacterial culture and mutants
The NTML [36] was grown in Tryptic Soy Broth (TSB) with 5 µg/ml erythromycin while 
all other strains used in this study (Table 1) were grown in Todd Hewitt Broth (THB) 
at 37°C with continuous shaking. The following day, strains were subcultured to an 
optical density at 600 nm (OD600) of 0.4 (early logarithmic phase). The pDC123-lspA 
complemented strain was grown in THB with 20 µg/ml chloramphenicol. 

Screening for MRSA hGIIA resistance determinants
All 1,920 mutants of the NTML were grown overnight in 96 well round bottom plates 
in TSB with 5 µg/ml erythromycin at 37 °C with continuous shaking. All cultures were 
diluted 20 times in TSB 5 µg/ml erythromycin and grown for 2 hours at 37 °C while 
shaking to reach early exponential phase. Cultures were subsequently diluted 20 
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times in HEPES solution (20 mM HEPES, 2 mM CaCl2, pH=7.4) and exposed to 1.25 
µg/ml recombinant hGIIA. After incubation for 1 hour at 37 °C, 5 µl droplets were 
plated on TS agar plates. Mutants with visibly less colony forming units (CFU) were 
identified as possible hGIIA sensitive mutants. 

Table 1. Overview of strains and plasmids used in this study.

Strains/plasmids Description Reference

E. coli

   DC10b Host strain for cloning vectors [60]

S. aureus

   NRS384 Wild-type, USA300-0114, CA-MRSA NARSA strain collection

   NRS384 ΔlspA NRS384 background with a deletion of lspA This study

   NRS384 ΔlspA+plspA NRS384 ΔlspA background complemented with 
lspA

This study

   MSSA Unknown This study

Plasmids

   pKOR1-MCS Temperature-sensitive shuttle vector for allelic exchange 
in S. aureus

[61]

   pDC123 Complementation vector for gene complementation 
lspA

[62]

Generation of mutants
The markerless lspA (SAUSA300_1089) deletion mutant was generated in the S. 
aureus strain USA300 NRS384.  The temperature sensitive and modified pKOR1 
plasmid was used as described earlier [61,63]. A fusion PCR of the upstream region 
(1008 bp) and downstream region (986 bp) flanking the lspA gene was generated 
using NRS384 genomic DNA as template. The fusion construct was ligated into the 
pKOR1-MCS plasmid and amplified in E. coli DC10b before electroporation into S. 
aureus NRS384. Allelic exchange was performed with use of temperature shift 
and counter selection [63]. Successful genomic replacement was confirmed by 
chloramphenicol susceptibility and colony PCR. Complementation was performed 
with pDC123 containing the full length lspA gene. Successful transformation was 
checked with chloramphenicol resistance and colony PCR. An overview of all strains, 
plasmids and primers used in this study are shown in Table 1 and 2.
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Table 2. Overview of primers used in this study. Underlined bases indicate overlapping sequences 
to generate up-down fusion construct. Bases in bold indicate restriction enzyme sites.

Primers Orientation RE site Sequence

lspA down Forward KpnI GCG GGTACC GAATGGCTATTATCAACATTTGGC

lspA down Reverse GATTGATTGGAGGAACGAAAATGC GCCTTATTAAAGGATACTTCC

lspA up Forward GGAAGTATCCTTTAATAAGGC GCATTTTCGTTCCTCCAATCAATC

lspA up Reverse EcoRI GCG GAATTC CGTAATTATAGCACGACACAATTATGCATC

Complementation lspA Forward EcoRI GCG GAATTC CATGGACGATTGATTGGAG

Complementation lspA Reverse BglII GCG AGATCT CATTACTTAACCTCCTTCTCC

CFU killing assay
Survival after hGIIA, LL-37, or daptomycin exposure was determined by quantifying 
colony forming units (CFU) on TH agar. Early log-phase bacteria (OD600 of 0.4) were 
collected and density was adjusted to an OD600 of 0.4 in HEPES solution supplemented 
with 1% BSA (HEPES 1% BSA). Bacterial suspensions containing approximately 
103 bacteria were mixed 1:1 with increasing concentrations of hGIIA, LL-37 or 
daptomycin in HEPES 1% BSA or serum and incubated for 1 hour at 37°C. For some 
experiments, LY311727 [37] was added in a final concentration of 50 µM to inhibit 
hGIIA function. Samples were serially diluted in phosphate buffered saline (PBS, 
pH 7) and plated on TH agar plates. After overnight incubation at 37oC, CFU were 
counted and bacterial survival was calculated compared to untreated bacteria. To 
investigate the effect of the LspA inhibitor globomycin on hGIIA-induced killing, the 
antibiotic (100 μg/ml) was added to wild-type (WT) bacteria during sub-culturing to 
early exponential phase. The final concentration of DMSO was 1%, which was also 
added to WT cultures as a control. 

Growth curve
MRSA WT, MRSA ΔlspA, and MRSA ΔlspA::plspA were grown overnight and diluted 
to OD600 0.025 in THB supplemented with antibiotics when appropriate. OD600 was 
measured every 30 minutes over 12 hours while shaking in a Honeycombe plate 
using the Bioscreen C MBR machine (Growth Curves AB Ltd, Oy, Finland).
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Scanning Electron Microscopy (SEM)
MRSA WT, MRSA ΔlspA, and MRSA ΔlspA::plspA at stationary phase and early 
exponential phase (OD600 0.4) were washed, fixed, and dehydrated as described 
previously [64]. Samples were mounted on 12.5 mm specimen stubs (Agar scientific, 
Stansted, Essex, UK) and coated with 1 nm gold using the Quorum Q150R S sputter 
coater at 20 mA. Microscopy was performed with a Phenom PRO desktop SEM 
(Phenom-World BV) operating at an acceleration voltage of 10 kV.

Surface charge
Bacterial surface charge was determined as previously described [65]. Briefly, early-
exponential phase bacteria (OD600 = 0.4) were washed twice in 20 mM MOPS buffer 
(pH 7.0, Sigma-Aldrich) and adjusted to OD600 0.7. Bacteria were concentrated 
10 times, of which 200 µl aliquots were added to 0.5 mg/ml cytochrome c (from 
Saccharomyces cerevisiae, Sigma-Aldrich) in a sterile 96 well round-bottom plate. 
Suspensions were incubated for 10 minutes at room temperature and subsequently 
centrifuged at 3,500 rpm for 8 minutes. Supernatant was transferred to a sterile 96 
well flat-bottom plate and absorbance was recorded at 530 nm. The percentage 
of residual cytochrome c was calculated using samples containing MOPS buffer 
only (100% binding) and samples containing MOPS buffer and cytochrome c (0% 
binding).

Statistical analysis
Statistical analysis was performed using GraphPad Prism 7.04. We used the Student’s 
t-test and one- and two-way ANOVA’s with Bonferroni statistical hypothesis testing 
to correct for multiple comparisons. All values are reported as mean with standard 
error of the mean. p < 0.05 was considered statistically significant.
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Supplementary Figure 1. LspA does not affect susceptibility to LL-37-mediated killing. 
Survival of early exponential phase MRSA ΔlspA, and MRSA ΔlspA::plspA bacteria after exposure 
to a concentration range of LL-37. Data represents mean +/- standard error of the mean of three 
independent experiments.

Supplementary figures
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Supplementary table 1. The 39 MRSA transposon mutants that possibly exhibit increased hGIIA 
sensitivity.

Gene name Gene discription Accession number
conserved hypothetical protein SAUSA300_0097
conserved hypothetical protein SAUSA300_0284

brnQ branched-chain amino acid transport system II carrier protein SAUSA300_0306
conserved hypothetical protein SAUSA300_0465

pdxS pyridoxal biosynthesis lyase PdxS SAUSA300_0504
pdxT glutamine amidotransferase subunit PdxT SAUSA300_0505

putative pyridoxal phosphate-dependent acyltransferase SAUSA300_0535
sarA accessory regulator A SAUSA300_0605

Na+/H+ antiporter SAUSA300_0617
graR DNA-binding response regulator SAUSA300_0645
graS sensor histidine kinase SAUSA300_0646
vraF ABC transporter, ATP-binding protein SAUSA300_0647
vraG ABC transporter, permease protein SAUSA300_0648

acetyltransferase, GNAT family SAUSA300_0665
gcvH glycine cleavage system protein H SAUSA300_0791
lipA lipoic acid synthetase SAUSA300_0829

conserved hypothetical protein SAUSA300_0847
putative membrane protein SAUSA300_0917
sodium transport family protein SAUSA300_0924

trkA potassium uptake protein SAUSA300_0988
srtB sortase B SAUSA300_1034
lspA lipoprotein signal peptidase SAUSA300_1089
rsgA ribosome small subunit-dependent GTPase A SAUSA300_1114

conserved hypothetical protein SAUSA300_1119
xerC tyrosine recombinase xerC SAUSA300_1145
pnpA polyribopolyribonucleotide nucleotidyltransferase SAUSA300_1167

pyruvate ferredoxin oxidoreductase, alpha subunit SAUSA300_1182
mprF oxacillin resistance-related FmtC protein SAUSA300_1255

hypothetical protein SAUSA300_1494
conserved hypothetical protein SAUSA300_1623
hypothetical protein SAUSA300_1908
phiPVL ORF39-like protein SAUSA300_1962
conserved hypothetical phage protein SAUSA300_1967

ilvA threonine dehydratase SAUSA300_2014
atpA ATP synthase F1, alpha subunit SAUSA300_2060
moaE molybdopterin converting factor, subunit 2 SAUSA300_2222
moeA molybdopterin biosynthesis protein A SAUSA300_2224
ureF urease accessory protein UreF SAUSA300_2242
asp1 accessory secretory protein Asp1 SAUSA300_2587

Supplementary tables
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Abstract

The complement system is an important part of the human innate immune system. 
It not only attracts immune cells to the site of infection and marks pathogens for 
phagocytosis, it also directly kills Gram-negative bacteria via formation of the 
Membrane Attack Complex (MAC). The MAC forms pores in the Gram-negative outer 
membrane, ultimately resulting in inner membrane damage, which is essential for 
bacterial killing. Few studies have addressed whether other components of the 
immune system synergize with the MAC in killing Gram-negative bacteria. Indeed, 
many potential antimicrobial molecules are present in serum, including human 
Group IIA secreted phospholipase A2 (hGIIA). hGIIA exerts its bactericidal effect by 
hydrolyzing the bacterial membrane and is generally regarded as an important host 
antimicrobial protein against Gram-positive bacteria. Nonetheless, hGIIA is also able 
to degrade phospholipids of Gram-negative bacteria in the presence of the MAC 
but effects on bacterial viability were not assessed. We therefore investigated the 
possible molecular synergy between the MAC and hGIIA against Escherichia coli  
(E. coli) using an inner membrane permeabilization assay and classical plating assays. 
We observed that hGIIA can efficiently damage the inner membrane of E. coli, which 
increases bacterial killing, in the presence of sublytic MAC deposition. In addition, 
we used an engineered E. coli that expresses GFP in the cytosol and mCherry in the 
periplasm. Using this strain, we demonstrated that the MAC perforates the outer 
membrane allowing entry of hGIIA into the periplasm, resulting in hydrolysis of 
inner membrane phospholipids. E. coli resistance to hGIIA/MAC-mediated killing was 
not caused by the conserved Lplt/Aas phospholipid repair system. This example of 
synergy between innate immune components should be further explored for other 
host innate components but also synthetic antibiotics that are currently deemed 
ineffective against Gram-negative bacteria.
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Introduction

The human body is constantly exposed to potential pathogens. Multiple strategies of the 
innate immune system are employed to kill harmful invaders. The complement system 
is well known for its lytic activity against Gram-negative bacteria. The complement 
system can be activated via three different pathways; the classical pathway (CP), the 
lectin pathway (LP), and the alternative pathway (AP) that all converge at the level of 
C3 and result in deposition of C3b on the bacterial surface [1,2]. C3b opsonization 
has two important functions: first, it marks bacteria for phagocytosis by recruited 
phagocytes, and second, it initiates the downstream complement cascade, which 
results in the formation of the Membrane Attack Complex (MAC). The MAC consists 
of the molecules C5b, C6, C7, C8, and multiple copies of C9, and lyses susceptible 
Gram-negative bacteria [3–5]. The MAC is also deposited on Gram-positive bacteria, 
however, this deposition does not cause bacterial lysis [6]. Interestingly, the MAC does 
not appear to fully penetrate both the outer and inner membranes of Gram-negative 
bacteria [7,8], which suggests that other components of the immune system likely 
participate in MAC-mediated killing of Gram-negative bacteria. 

Another important innate immune molecule is the bactericidal enzyme human 
Group IIA-secreted Phospholipase A2 (hGIIA). HGIIA is constitutively expressed in 
the ng/ml concentration range in the circulation [9–11]. During an inflammation, 
hGIIA concentrations in the circulation rise to approximately 200 ng/ml on 
average, although 1000 ng/ml can also be reached [12]. In addition, hGIIA is highly 
expressed in tears, seminal plasma, and in the intestinal lumen [11,13–15]. HGIIA 
is a secreted phospholipase that hydrolyzes bacterial membranes and is especially 
effective against Gram-positive bacteria compared to other antimicrobials [16,17]. In 
contrast, Gram-negative bacteria are generally found to be intrinsically resistant to 
hGIIA-mediated killing, which is attributed to the presence of the outer membrane. 
The outer membrane is different from the (inner) membranes of both Gram-positive 
and Gram-negative bacteria as it is composed of an asymmetrical bilayer. The inner 
layer consists of phospholipids whereas the outer layer consists predominantly 
of lipopolysaccharides (LPS) [18,19]. LPS is considered to be the main mediator 
for specific antibiotic and antimicrobial resistance of Gram-negative bacteria, 
e.g. by inhibiting penetration through the LPS layer and outer membrane [20,21]. 
Nonetheless, there is some evidence that hGIIA is active against Gram-negative when 
the outer membrane is damaged, for example through the formation of the MAC 
or with the assistance of bactericidal/permeability-increasing protein (BPI) [22,23]. 
Indeed, hGIIA is able to hydrolyze Gram-negative phospholipids, which is supported 
by observations that cytoplasmic membrane composition is quite similar for Gram-
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negative and Gram-positive bacteria [24]. Important to note is that Gram-negative 
bacteria contain a well characterized and highly conserved phospholipid repair 
system, consisting of two proteins (LplT and Aas) [25]. This system allows effective 
repair of and protection from membrane damage caused by venom secreted 
Phospholipase A2 (sPLA2) [26] as well as damage done by rabbit inflammatory 
(ascitic) fluid in combination with pig sPLA2-IB (pGIB) [27]. PGIB is, similar to hGIIA, 
able to hydrolyze phospholipids of Gram-negative bacteria. Since pGIB is far less 
efficient than hGIIA, it requires the presence of unidentified synergistic proteins in 
ascitic fluid to affect Escherichia coli (E. coli) viability [22,28].  

There is currently limited molecular insight for the potential cooperation between the 
MAC and hGIIA against Gram-negative bacteria. Therefore, we set out to characterize 
the potential interplay of these innate immune components using different wild-type 
and genetically-engineered E. coli strains. We show that non-lethal deposition of MAC 
on the bacterial outer membrane allows entry of hGIIA into the periplasm, resulting 
in disruption of the inner membrane and enhanced bacterial killing. Contrary to our 
expectations, we did not observe a big influence of the phospholipid repair system 
LplT/Aas in resistance to combined MAC/hGIIA-mediated killing.

Results

hGIIA in normal human serum creates non-lethal damage in E. coli 
membrane.
To investigate the possible mode of action of hGIIA against Gram-negative bacteria, 
we used two E. coli lab strains: MG1655 and MC1061. Our first objective was to 
determine whether the constitutively expressed hGIIA present in normal human 
serum (NHS) is able to degrade phospholipids of E. coli. We assessed this using two 
complementary assays. First, we measured membrane damage by the fluorescent 
DNA dye SYTOX, which can only enter when both the outer and inner membranes 
are damaged [29]. To determine if inner membrane damage correlates with bacterial 
killing, we assessed bacterial viability using classical plating assays. In case of efficient 
inner membrane repair SYTOX influx may not directly correlate with bacterial killing. 

Incubation of E. coli with 1% and 3% NHS resulted in time-dependent influx of SYTOX, 
whereas no SYTOX influx occurred in the absence of NHS and 0.3% NHS (Figure 1A and 
Supplementary Figure S1). In these conditions, MG1655 showed higher SYTOX influx 
compared to MC1061 and therefore appeared to be slightly more susceptible to NHS-
induced membrane damage (Figure 1A, Supplementary Figure S1). Importantly, the 
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limited SYTOX influx observed due to 1% NHS-mediated membrane damage did not 
reflect in bacterial killing, which required a NHS concentration of 3% (Figure 1B). Addition 
of the specific hGIIA inhibitor LY311727 slightly, but significantly, decreased SYTOX 
influx at 1% and 3% NHS (Figure 1A and Supplementary Figure S1). Although this did not 
significantly affect bacterial viability, there appears to be a trend towards  
less bacterial killing for MC1061 and 3% NHS when endogenous hGIIA was inhibited 
(Figure 1B). 

Figure 1. Endogenous hGIIA in NHS contributes to E. coli pore formations. (A) SYTOX influx in 
and (B) bacterial killing of E. coli strains MG1655 and MC1061 upon incubation with different NHS 
concentrations in the absence of presence of 50 µM hGIIA-specific inhibitor LY311727 after 60 
minutes. Data represent mean +/- SEM of three independent experiments. *, p ≤ 0.05; **, p ≤ 0.01; 
***, p ≤ 0.001.

Higher hGIIA concentrations enhance inner membrane degradation 
but generally has limited effect on bacterial killing.
To mimic inflamed conditions, we spiked NHS with hGIIA concentrations up to 150 
ng/ml. As expected, the spiked hGIIA had no effect on SYTOX influx or viability of 
MG1655 in the absence of NHS (Figure 2A, B). Interestingly, addition of 50 and 150 
ng/ml hGIIA to 0.3% NHS significantly increased SYTOX uptake, suggesting effects 
on the inner membrane (Figure 2A). The SYTOX uptake became much more 
pronounced with when added to 1% and 3% NHS (Figure 2A). Kinetics of SYTOX 
influx were similar to conditions without hGIIA, i.e. SYTOX influx started at 
approximately 30 minutes (Supplementary Figure S1 versus S2A). Of special interest 
is the condition of 1% NHS supplemented with 150 ng/ml hGIIA, where SYTOX influx 
is about 50% from the maximum SYTOX signal that is reached in conditions of 3% 
NHS supplemented with hGIIA (Figure 2A). This correlates with a roughly 50% 
reduction in CFU/ml observed for for this condition compared to 1% NHS alone 
(Figure 2B). Intriguingly, 3% NHS alone results in a approximately similar SYTOX 
influx as 1% NHS with 150 ng/ml hGIIA (Figure 2A), but this resulted in a 2-log 
reduction in CFU/ml that is fully NHS mediated. Addition of hGIIA to 3% NHS further 
enhances bacterial killing (Figure 2B), corresponding to increased SYTOX influx in 
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these conditions (Figure 2A). Results are not restricted to this single E. coli strain, 
since experiments with MC1061 yielded similar results as for MG1655 (Figure 2C, D 
and Supplementary Figure S2B). 

Figure 2.  Higher hGIIA concentrations enhance membrane degradation but generally has 
limited effect on E. coli viability. (A) SYTOX influx in and (B) bacterial killing of E. coli strain MG1655 
upon incubation with different NHS concentrations spiked with 0, 25, 50, or 150 ng/ml hGIIA at 
60 minutes. (C) SYTOX influx in and (D) bacterial killing of E. coli strain MC1061 upon incubation 
with different NHS concentrations spiked with 0, 25, 50, or 150 ng/ml hGIIA after 60 minutes. Data 
represent mean +/- SEM of three independent experiments. *, p ≤ 0.05; ***, p ≤ 0.001.

Sublytic MAC concentrations allow hGIIA to hydrolyze inner 
membrane phospholipids.
The fact that hGIIA contributes to SYTOX influx and bacterial killing demonstrates 
that hGIIA hydrolyzes membrane phospholipids in the outer- and/or the inner 
membrane. To visualize the effect of hGIIA and the MAC on the E. coli membranes, 
we used the perimCherry/CytoGFP E. coli MG1655 (Heesterbeek et al., accepted EMBO J, 
2018). This engineered E. coli strain expresses mCherry in the periplasm and GFP in 
the cytoplasm. We incubated the strain with C5-deficient serum, which results in the 
deposition of C5 convertases on the bacterial surface. Subsequently, purified C5, C6 
and C7 were added to initiate MAC formation. In line with expectations, this did not 
induce leakage of mCherry from the periplasm (Figure 3A). Similarly, the addition of 
1 µg/ml hGIIA by itself did not affect mCherry staining (Figure 3A). However, 
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completion of the MAC by addition of purified C5, C6, C7, C8, and C9 resulted in loss 
of mCherry signal, indicating a damaged outer membrane (Figure 3A). Addition of 1 
µg/ml hGIIA further reduced the mCherry signal to background levels, which 
indicates that also the mCherry residing in the cytoplasm was lost (Figure 3A). In the 
same experiment, we monitored SYTOX influx into these bacteria and the GFP 
leakage from the cytoplasm. Incomplete MAC or 1 µg/ml hGIIA did not result in 
SYTOX influx nor GFP leakage from the cytoplasm (Figure 3B, C). In contrast, 
complete MAC formation allowed influx of SYTOX, although GFP was retained in the 
cytoplasm (Figure 3D). This indicates that the intact MAC resulted in both outer- and 
inner membrane damage but not severe enough for GFP leakage. In contrast, 
addition of 1 µg/ml hGIIA to E. coli with a completed MAC resulted in both SYTOX 
influx as well as loss of GFP signal (Figure 3E), suggesting that inner membrane 
damage caused by hGIIA is more elaborate and vast enough to cause GFP leakage. 
In conclusion, we show that the MAC causes extensive outer membrane damage 
(Heesterbeek et al., accepted EMBO J, 2018) and that hGIIA requires formation of the 
MAC to cause inner membrane damage.

Figure 3. The MAC allows hGIIA entry into the periplasm and subsequent inner membrane 
degradation. (A) Histogram depicting mCherry signal of E. coli subjected to (in)complete MAC with 
or without 1 µg/ml hGIIA. Scatter of E. coli population with (B) non-completed MAC deposition, (C) 1 
µg/ml hGIIA, (D) completed MAC deposition and (E) completed MAC deposition and incubation with 
1 µg/ml hGIIA. The y-axis indicates SYTOX influx and the x-axis GFP signal in the bacterial cytosol. 
Data from a single experiment.
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The LplT/Aas repair system does not contribute to E. coli resistance 
against hGIIA.
The conserved phospholipid repair system LplT/Aas protects the inner membrane 
of E. coli from pGIB attack [27]. It was predicted that this system would also protect 
against the more specialized bactericidal hGIIA [27]. We therefore assessed whether 
disruption of this repair system, i.e. mutation of aas or lplT, would render E. coli 
more susceptible to MAC-dependent hGIIA-mediated killing. We first examined the 
sensitivity of the ΔlplT and Δaas mutants to killing by NHS. This is important, since 
both mutants, in addition to defects in phospholipid repair of the inner membrane, 
also differ in outer membrane integrity compared to WT [27]. WT and the aas mutant 
behaved similar with only moderate influx of SYTOX and no reduction in viability 
(Figure 4A, B). The moderate SYTOX influx depended on MAC formation and not 
hGIIA, since influx was prevented by addition of OmCI but not LY311727 (Figure 
4C). In contrast, the lplT mutant showed strongly increased SYTOX influx and a 
significant reduction in CFU after 1 hour in the presence of 1% NHS (Figure 4A, B). 
Because of the differential serum susceptibility of the lplT mutant, we only assessed 
the aas mutant for its susceptibility to be killed by hGIIA-spiked serum. The addition 
of 250 ng/ml hGIIA to 1% NHS caused a significant increase in SYTOX influx for both 
WT and aas mutant compared to only 1% NHS (Figure 4C). However, despite the 
observation that the added hGIIA caused a trend in decreased survival of WT E. coli, 
killing was not increased for the Daas mutant (Figure 4D). Taken together, these 
findings suggest that the LplT/Aas phospholipid repair system does not contribute 
to the resistance of E. coli against the bactericidal enzyme hGIIA.

Discussion

Antibiotic-resistant Gram-negative bacteria are on the rise and new treatment 
strategies are required [30]. Currently, studies often disregard antimicrobials that 
do not directly act against Gram-negative bacteria in in vitro assays, which is often a 
consequence of restricted access to the periplasm. However, our and other studies 
highlight the importance of the complement system, that is present in vivo and 
able to efficiently disrupt the outer membrane, enabling other components access 
to the periplasm. Here, these components can exert their functions on critical 
cell wall components or on the cell membrane [31–33]. For example, the “Gram-
positive”-specific antimicrobials lysozyme and hGIIA are anti-bacterial against 
Gram-negative bacteria in the presence of the MAC [22,34]. The MAC also sensitizes 
Gram-negative bacteria for the “Gram-positive”-specific antibiotics nisin and 
vancomycin (Heesterbeek et al., accepted Scientific Reports, 2019). Understanding 
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the underlying mechanisms behind the cooperation between the MAC and other 
antimicrobials may pave the way for new treatment strategies or (re)discovery of 
antibiotics that were considered ineffective against Gram-negatives. 

Here, we focused on the suggested cooperation between hGIIA and the MAC against 
the model Gram-negative organism E. coli. We employed two main methods to 
unravel the cooperative mechanism. First, we determined SYTOX influx kinetically 
over a 60-minute time frame. Second, we determined bacterial killing by counting 
CFUs using classical plating assays. For a proper interpretation of the data it is 
important to appreciate the technical differences between the SYTOX influx and 
the CFU counting. SYTOX is a DNA dye that enters, and stains DNA, upon outer and 
inner membrane damage, which we can detect immediately. Subsequently, the 
bacterial suspensions are serially diluted and plated for CFU counting approximately 
16 hours later. Theoretically, the effect of potential bactericidal agents is therefore 
prolonged for 16 hours while the bacteria are incubated on plate. During this period, 
bacteria could still be killed by incorporated MAC, while the induced membrane 
damage by hGIIA may be repaired by a membrane repair system such as LplT/

Figure 4. The phospholipid repair system LplT/Aas has minimal influence on hGIIA resistance 
of E. coli. (A) SYTOX influx and (B) bacterial survival in 1% NHS for WT, ΔlplT, and Δaas strains 
after 60 minutes. (C) SYTOX influx in 1% NHS for WT and Δaas in the absence or presence of hGIIA 
inhibitor LY311727, MAC formation inhibitor OmcI or addition of 250 ng/ml hGIIA after 60 minutes. 
(D) Bacterial survival of WT and Daas strains in 1% NHS plus 250 ng/ml hGIIA. Data represent mean 
+/- SEM of three independent experiments. *, p ≤ 0.05; ***, p ≤ 0.001.



138

Ch. 5 | hGIIA mode of action against Gram-negative bacteria

Aas. Complementary strategies could provide a clearer picture. For example the 
application of DiOC2(3), a dye that monitors membrane potential [35,36]. Such an 
approach could provide a more accurate indication of membrane destabilization 
by hGIIA, whereas SYTOX requires actual membrane damage. Additionally, the use 
of a bioluminescent bacterial strain could provide a more direct measurement of 
bacterial killing [37]. Nonetheless, both the SYTOX influx data and CFU bacterial 
killing provide interesting additional information to the current knowledge regarding 
the cooperation between serum and hGIIA. In a previous study this cooperation was 
only assessed at the level of phospholipid degradation without acknowledging the 
possibility that this may not be sufficient for bacterial killing [22]. 

To assess whether hGIIA can cooperate with other NHS components to kill E. coli, we 
first determined that 1% NHS is a non-lethal NHS concentration, whereas 3% NHS 
induces significant CFU loss. Although we observed that endogenous hGIIA slightly 
contributes to inner membrane damage, NHS-dependent killing of E. coli was not 
reduced when hGIIA was blocked. This is not surprising since the hGIIA concentration 
in NHS is approximately 3 ng/ml [9], which is further diluted since we dilute our 
NHS in the experimental set-up. hGIIA concentrations in the pg/ml range have, so 
far, never been shown to be bactericidal. To determine the role of hGIIA-mediated 
membrane damage in patients with severe invasive infections, we spiked NHS with 
physiologically relevant hGIIA concentrations [38,39]. NHS spiked with hGIIA caused 
more extensive inner membrane damage, which correlates with a loss in CFU. We 
determined that SYTOX influx mediated by 150 ng/ml hGIIA in combination with 
1% NHS correlates with approximately 50% additional bacterial killing. Interestingly, 
similar SYTOX influx levels were reached by 3% NHS and this resulted in 2-log 
killing. A technical issue could be responsible for this discrepancy as described 
above; killing mediated by 3% NHS possibly continues or is irreparable, whereas the 
hGIIA-mediated killing is effectively repaired while bacteria are recovered on plates. 
Furthermore, 3% NHS might induce SYTOX influx in a larger population compared to 
1% NHS, but the hGIIA added to 1% NHS causes significant bigger inner membrane 
damage leading to significantly more SYTOX influx per bacterium compared to 
bacteria treated with 3% NHS. This difference in SYTOX influx per bacterium could 
be determined by flow cytometry. Of additional interest would be the effect of hGIIA 
in combination with NHS against MAC-resistant Gram-negative bacteria.

To determine whether the synergy between NHS and hGIIA on Gram-negative 
bacteria is dependent on the MAC, we used the an E. coli MG1655 strain that 
expresses mCherry in the periplasm and GFP in the cytoplasm (perimCherry/CytoGFP). 
We demonstrate that the MAC perforates the outer membrane and destabilizes the 



139

5

inner membrane (loss of mCherry signal and SYTOX influx). However, whereas the 
MAC alone did not trigger GFP leakage, the combination of MAC and hGIIA results 
in significant GFP loss. Therefore, the data indicate that hGIIA is able to traverse 
through the MAC and, upon contact with the inner membrane, is able to degrade 
phospholipids resulting in membrane damage severe enough for GFP leakage. 
This concept could also apply to other compounds that can damage the outer 
membrane, e.g. the last resort antibiotic colistin, in ways sufficient for hGIIA to enter 
the periplasm and act against Gram-negative bacteria [32].

A highly conserved repair mechanism that has been described also in the context 
of PLA2-dependent killing is the LplT/Aas phospholipid repair mechanism [27]. 
This system transports lyso-phospholipids from the periplasm towards the inner 
leaflet of the inner membrane where they are acylated and reincorporated into 
the membrane [25]. This repair mechanism in Gram-negative bacteria could be 
the reason why Pseudomonas aeruginosa can stimulate hGIIA production to kill 
Staphylococcus aureus without damage to itself [40]. In addition, E. coli lplT and aas 
mutants are more susceptible to pGIB-mediated killing in combination with ascetic 
fluid [27]. Surprisingly, we did not observe any difference in hGIIA susceptibility 
between WT E. coli and an aas mutant strain. Possibly, the experimental conditions 
need to be further optimized to observe meaningful differences. For example, we 
could increase the incubation time to two hours similar to the incubation time used 
by Lin and colleagues [27]. Additionally, we could increase the hGIIA concentration, 
although higher hGIIA concentrations would be less physiologically relevant. 
Therefore, it appears plausible that the LplT/Aas phospholipid repair system does 
not act as a resistance mechanism for hGIIA-mediated killing as suggested previously 
[25]. Instead, it is of great interest to find out what other mechanisms are involved 
in hGIIA resistance, for example by using the Keio E. coli transposon mutant library.

In conclusion, we show that the formation of the MAC on the outer membrane of 
Gram-negative bacteria allows hGIIA access to the periplasm. Here, hGIIA migrates 
through the thin peptidoglycan layer followed by degradation of the inner membrane 
phospholipids, similar to its action against Gram-positive bacteria. At “inflamed” hGIIA 
concentrations this action contributes to NHS-mediated killing of Gram-negative 
bacteria. Future studies may reveal other immune system components or antibiotics 
that can facilitate access of hGIIA into the periplasm. These combination studies could 
be considered as new strategies to treat infections caused by Gram-negative bacteria. 
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Materials and Methods

Materials
Informed consent for blood draw was obtained from healthy volunteers and approved 
by the Medical Ethics Committee of the University Medical Center Utrecht (METC-
protocol 07–125/C approved on March 1, 2010). Normal human serum was obtained 
from blood as described previously [6]. Recombinant hGIIA was produced as 
described previously [41]. OmCI was produced in HEK 293T cells and purified as 
described previously [42]. SYTOX Nucleic Acid stain and RMPI 1640 was purchased 
from ThermoFisher. Antibiotics used in this study and the specific hGIIA inhibitor 
LY311727 were purchased from Sigma Aldrich.

Bacterial strains and growth conditions
All bacterial strains used in this study (Table 1) were grown in Lysogeny broth (LB) 
at 37°C while shaking. For experiments, bacterial strains were grown overnight and 
subcultured the next day in fresh LB medium to an optical density of 0.5 at 660 nm 
(OD660), which represents logarithmic phase.

Table 1. Overview of strains used in this study.

E. coli strain Description Source

MC1061 Lab collection

MG1655 Lab collection

perimCherry/CytoGFP MG1655 100 µg/ml ampicillin
Grown with 0.1% L-arabinose

Heesterbeek et al. accepted EMBO J, 2018

K-12 Lab collection

K-12 ΔlplT 15 µg/ml kanamycin Coli Genetic Stock Center (JW2803-2)

K-12 Δaas 15 µg/ml kanamycin Coli Genetic Stock Center (JW2804-1)

SYTOX influx and bacterial killing assay
Bacteria at OD660 ~ 0.5 were collected by centrifugation and resuspended in RPMI 
supplemented with 0.05% human serum albumin (RPMI-0.05% HSA) to OD660 of 
1.0. One µM final concentration SYTOX Green Nucleic Acid stain was added to the 
bacterial suspension. Bacteria were mixed 1:1 with NHS diluted in RPMI-0.05%, 
which was supplemented with either recombinant hGIIA or 50 µM LY311727 (final 
concentration). Fluorescence was measured in a microplate reader (FLUOstar 
OPTIMA, BMG Labtech) for 60 minutes at 37°C. Subsequently, samples were serially 
diluted in 1x phosphate buffered saline (7.0 pH; PBS) and 20 µl droplets were plated 
on LB agar plates. Bacterial killing was determined by CFU count.
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Flow cytometry

perimCherry/CytoGFP E. coli MG1655 overnight cultures were subcultured in LB broth 
supplemented with 0.1% L-arabinose and grown until OD660 ~ 0.5. Bacteria were 
centrifuged and the pellet was resuspended in RPMI-0.05% HSA until OD660 of 1.0. 
Bacteria were diluted 10-fold and incubated with 10% C5-deficient NHS for 30 
minutes at 37°C. Bacteria were washed twice with RPMI-0.05% HSA and subsequently 
incubated with recombinant C5, C6, and C7 (20 nM final concentration) for 30 
minutes at 37°C. Bacteria were washed twice in RPMI-0.05% HSA after which pellet 
was resuspended in RPMI-0.05% HSA supplemented with SYTOX blue Nucleic Acid 
stain (final concentration 1 µM) and C8 and C9 (final concentration 20 nM and 100 
nM, respectively) and/or 1 µg/ml recombinant hGIIA. After an incubation period 
of 30 minutes at 37°C, fluorescence was measured using the MACSQuant (Miltenyi 
biotech). Data were analyzed using FlowJo, where mCherry signal loss is correlated 
to severe outer membrane damage, SYTOX blue influx is regarded as limited inner 
membrane damage, and GFP loss as extensive inner membrane damage.

Statistical analysis
Statistical analysis was performed using GraphPad Prism 7.04. We used the Student’s 
t-test and one- and two-way ANOVA’s with Bonferroni statistical hypothesis testing 
to correct for multiple comparisons. All values are reported as mean with standard 
error of the mean (SEM). p < 0.05 was considered statistically significant.
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Supplementary figures

Supplementary Figure S1. Kinetics of SYTOX influx after incubation with 1% NHS and 
LY311727. SYTOX influx in MC1655 and MC1061 upon incubation in 1% NHS in the absence or 
presence of hGIIA-specific inhibitor LY311727. Data represent mean +/- SEM of three independent 
experiments. *, p ≤ 0.05; **, p ≤ 0.01; ***, p ≤ 0.001.

Supplementary Figure S2. Kinetics of SYTOX influx after incubation with 1% NHS spiked with 
hGIIA. SYTOX influx in (A) MC1655 and (B) MC1061 upon incubation in 1% NHS alone or spiked with 
different concentrations hGIIA. Data represent mean +/- SEM of three independent experiments. *, 
p ≤ 0.05; **, p ≤ 0.01; ***, p ≤ 0.001.
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Introduction

Infectious diseases still cause about 18% of deaths globally. In conjunction with the 
rise in antibiotic resistance, it is important to develop new treatment strategies [1,2] 
to counter the projected increase in infection-related deaths [3]. We anticipate that 
insight into the mechanism of resistance to endogenous “antibiotic-like” proteins 
of the host could uncover such new treatment strategies. First, targeting bacterial 
resistance molecules or pathways by so-called anti-virulence drugs could sensitize 
(antibiotic-resistant) bacteria to clearance by the host’s immune system. Second, it is 
expected that antimicrobial host protein acts additive or synergistic with commonly-
used antibiotics enhancing killing of antibiotic-resistant bacteria. 

Human Group IIA secreted phospholipase A2 (hGIIA) is one of these “antibiotic-like” 
host proteins that is most renowned for its ability to kill Gram-positive bacteria [4]. It 
is the only member of the secreted phospholipase A2 (sPLA2) enzyme family that is 
constitutively expressed in the circulation at a low ng/ml concentration range [5–7]. 
hGIIA is considered an acute phase protein and upon inflammation the expression 
is induced by the pro-inflammatory cytokines TNF-α, Interleukin (IL)-1, and IL-6 [8,9]. 
Concentrations can reach up to 1 µg/ml, although the concentration usually ranges 
from 250 – 500 ng/ml [10]. At sites of the body where bacteria enter the body, such 
as the eye, hGIIA concentrations are even higher [7,11–13]. 

The susceptibility to hGIIA varies greatly among bacteria. The most resistant 
bacterium currently known is the opportunistic pathogen Group A Streptococcus 
(GAS), whereas the antibiotic resistant methicillin-resistant Staphylococcus aureus 
(MRSA) is intermediately resistant to hGIIA compared to other Gram-positive bacteria 
[4,14,15]. Gram-negative bacteria are intrinsically resistant to physiological hGIIA 
concentrations, however, in combination with other immune system components 
their viability is affected by hGIIA [11,16–19]. The mechanisms developed by bacteria 
to evade hGIIA-mediated killing have been reviewed in chapter 1. 

The ability to break bacterial resistance to hGIIA mentioned in the previous 
paragraph could be of great importance in treating the infections these bacteria can 
cause. Although GAS is still susceptible to antibiotics, this susceptibility is not always 
sufficient to treat patients with severe, rapidly progressing, invasive diseases. For 
MRSA, the fast rate of antibiotic resistance development is the number one reason 
why alternative treatment strategies are required. Similarly, Gram-negative bacteria 
are acknowledged to gain antibiotic resistance and at a fast rate [20].  
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We aimed to identify hGIIA resistance mechanisms of GAS (chapter 2) and MRSA 
(chapter 4) using transposon libraries. Transposon libraries are either pooled or 
arrayed. When working with a pooled transposon library it is possible to perform Tn-
seq experiments. This technique is based on massive parallel sequencing and allows 
for the determination of susceptible and resistant transposon mutants to a specific 
condition, in this case hGIIA stress. Tn-seq screens are unbiased and thus a powerful 
screening method. Arrayed transposon mutant library experiments do not require 
any sequencing. Additionally, when in possession of an arrayed transposon mutant 
library it is possible to select specific mutants for a more targeted approach. This 
approach was used in chapter 5 to determine whether a specific phospholipid repair 
mechanism in Gram-negative bacteria contributed to hGIIA resistance. Inhibition of 
the resistance mechanisms could be used as an alternative treatment strategy as this 
will (re-)sensitize bacteria to killing by the host.

The interplay between GAS and hGIIA
A previous study identified that sortase A is one of the hGIIA resistance mechanism of 
GAS [14]. Sortase A is a highly conserved enzyme among Gram-positive bacteria that 
resides in the cell membrane. It links proteins that contain a LPXTG motif covalently 
to peptidoglycan [21]. Depending on the specific strain, GAS harbors approximately 
15 LPXTG-containing proteins and it was hypothesized that one of these proteins 
was involved in the observed sortase A-dependent resistance to hGIIA. In chapter 
2, we used a pooled GAS transposon mutant  library [22] in combination with Tn-
seq as an unbiased approach to possibly determine which specific LPXTG protein 
is responsible for the hGIIA resistance. In addition, this approach would allow 
identification of additional GAS resistance mechanisms against hGIIA-mediated 
killing.

Our Tn-seq screen did, however, not identify any LPXTG-containing proteins to be 
involved in hGIIA mediated killing [23]. This can indicate that multiple LPXTG proteins 
are involved in the hGIIA mediated resistance. For example, missing multiple or 
even all 15 LPXTG proteins in the cell wall could increase the permeability of the 
cell wall for antimicrobials. A more porous cell wall can be ‘visualized’ by atomic 
force microscopy [24] but also by methods used in chapter 2 where the DNA dye 
SYTOX and the membrane potential probe DiOC2(3) were used to determine hGIIA 
penetration rate. Alternatively, it is also possible that sortase A itself is a factor in 
GAS hGIIA resistance. Sortase A was not a hit in the Tn-seq screen because in the 
competing environment of the library, sortase A is an essential gene. Inhibition of 
sortase A with a chemical agent [25] or overexpression of an enzyme-dead sortase A 
could verify whether this enzyme is directly responsible for the reported GAS hGIIA 
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resistance of the mutant; in that case, if non-functional sortase A does not render 
GAS more susceptible the resistance is due to presence sortase A and not to the 
anchoring of LPXTG proteins. 

We determined that the dlt operon is involved in GAS hGIIA resistance. The dlt 
operon is already linked to cationic antimicrobial resistance and therefore served as 
a reassuring control for our experimental set-up [26,27]. In addition, we identified 
other possible resistance mechanisms of which we were able to confirm one; LytR. 
LytR belongs to the LytR/CspA/Psr (LCP) protein family, which is highly conserved 
among Gram-positive bacteria [28]. LytR is annotated as a transcriptional regulator 
and the function in GAS is currently unknown. LCP proteins in other bacteria are 
known to anchor cell wall carbohydrates, such as wall teichoic acid (WTA), to 
the peptidoglycan [28–33]. In addition, LytR homologues in Bacillus subtilis and 
Streptococcus mutans negatively regulate autolysin expression, i.e. without LytR 
function autolysin activity is increased [34,35]. Of the two proposed LytR functions, 
negative regulation of autolysins is the most likely function that is responsible for the 
increased hGIIA susceptibility. A previous study showed that an autolysin deficient 
S. aureus strain is more resistant to hGIIA mediated killing [36]. They hypothesized 
that hGIIA can activate autolysins that reside within the cell wall. The activated 
autolysins than degrade the peptidoglycan allowing faster hGIIA penetration. In 
similar fashion, inhibition/deletion of LytR could lead to more autolysins present 
within the cell wall that can be activated by hGIIA and thereby sensitizing GAS for 
hGIIA mediated killing. Inhibition of LytR could sensitize GAS for clearance by the 
host and is therefore important investigate further.

In addition to identifying resistance mechanisms, we describe in chapter 2 that the 
Tn-seq screen identified mutants that rendered GAS even more resistant to hGIIA-
mediated killing. This indicates that these mutants lack structures that are required 
by hGIIA for full bactericidal efficacy. Three of these resistant mutants had transposon 
insertions in genes of the GAC gene cluster; gacH (chapter 3), gacI (chapter 2), and 
gacJ. The WT GAC was until then believed to consist of a poly-rhamnose backbone 
with alternating N-acetylglucosamine (GlcNAc) side chains [37]. Only gacI was 
characterized and a mutation of this gene results in a modified GAC consisting 
of only the poly-rhamnose backbone [38]. Using several molecular techniques in 
combination with lipidomics analysis, we were able to determine that hGIIA requires 
the GAC GlcNAc side chains for optimal penetration through the GAS cell wall [23]. 
This was remarkable at the time because it was previously determined that hGIIA 
penetration is charge-dependent, however, GlcNAc is not a charged molecule. In 
addition, we also determined that Group B Streptococcus (GBS) lacking the Group B 
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Carbohydrate (GBC) are more resistant to hGIIA-mediated killing. From this a more 
global picture emerged, where Lancefield antigens on streptococcal species are 
preferred structures for hGIIA to efficiently perform its function. The GBC actually 
contains many negatively-charged phosphate groups, which could indicate that 
hGIIA migrates through the GBS cell wall using this modification on the GBC [39].

The mystery of the GAC GlcNAc side chain in hGIIA resistance was solved inin 
chapter 3, were we determined that the GAC actually contains GroP modifications 
that are attached to the GlcNAc side chains. These modifications provide the 
GAC with a negative charge. The gene responsible for this modification is gacH, 
which was picked up in the Tn-seq screen discussed in chapter 2. In chapter 3, 
we describe two other screens with the same GAS transposon mutant library in 
which gacH was identified. In the first screen, the transposon library was subjected 
to a lethal concentration of hGIIA and we recovered only 47 resistant colonies. 
Sequencing identified that 43% of these mutants had a transposon insertion in 
gacH. Additionally, a Tn-seq screen for zinc susceptibility also revealed gacH as a 
resistance determinant. The latter observation could have been foreseen since WTA, 
a GAC functional homologue, is involved in ion homeostasis [40–42]. Important 
to note is that Zn2+ inhibits PLA2-like protein activity by binding to the calcium 
binding site. Although Zn2+ is unlikely to inhibit hGIIA function in vivo as Zn2+ is 
used in the immune defense during neutrophil phagocytosis whereas hGIIA is not 
expressed by neutrophils [43,44]. Other streptococcal species were identified that 
express gacH homologues, which conferred a similar function in relation to hGIIA 
and Zn2+ resistance. For Streptococcus mutans strain Xc, we determined that the 
gacH homologue sccH is indeed similarly responsible for a GroP modification on the 
serotype C carbohydrate. We concluded that GacH homologues form a new, distinct 
clade of GroP transferases. 

Chapter 3 discusses two important implications of the GroP modification. First, the 
presence of an abundant polyanionic structure within the streptococcal cell wall 
is likely to be important in physiological events, e.g. the bacterial cell cycle. It was 
previously thought that for streptococcal species, these events were orchestrated 
by other polyanionic structures, such as LTA. However, the fact that the GAC, and 
other Lancefield antigens, have a GroP modification allows them to be involved in 
these events. Additionally, since bacterial anionic surface structures are main targets 
for cationic antimicrobial peptides, the GAC can now be regarded as such a target. 
HGIIA therefore likely uses the GroP modification on the GAC for trafficking through 
the GAS cell wall as described in chapter 2. Inasmuch, the GAC side chain-deficient 
mutant used in this chapter (GAS ΔgacI) concomitantly lacks the GroP modification. 
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Second, it was previously thought that the GlcNAc epitope of the GAC underlies 
cross-reactive antibodies involved in post-infectious autoimmune diseases 
associated with GAS infection [45]. This has stalled the development of GAC-based 
vaccines against GAS. However, the GroP-modified GlcNAc may be a perfect epitope 
for vaccine development since this epitope is absent in humans. 

MRSA hGIIA resistance mechanisms
Different from GAS, MRSA represents a big concern with regard to antibiotic resistance, 
at least at the global level. New treatment strategies have to be developed in order 
to battle MRSA infections. HGIIA was shown to be important in clearing lethal S. 
aureus infections in vivo [46]. Therefore, we proposed in chapter 4 that interference 
with hGIIA resistance mechanisms could possibly sensitize MRSA for clearance by 
the host. Using the MRSA arrayed Nebraska transposon mutant library (NTML) [47], 
we identified the genes mprF, graS, graR, vraF, and vraG to be involved in hGIIA 
resistance. These genes were a perfect control for our experimental set-up. MprF 
was already directly linked to S. aureus hGIIA resistance [15]. In addition, graS and 
graR form a two-component system that regulate the dlt operon in S. aureus, which 
was also directly linked with hGIIA resistance [15,48]. VraF and vraG encode the ABC-
transporter that is linked with the GraRS two-component system [49]. Additionally, 
we identified lspA as a new hGIIA resistance gene of MRSA. LspA is involved in the 
maturation of lipoproteins, of which S. aureus expresses about 50-70, by cleaving 
off the signal peptide [50–52]. In addition to increased hGIIA susceptibility, a MRSA 
LspA mutant also exhibited increased daptomycin susceptibility, but not increased 
LL-37 susceptibility. This is remarkable since all three are cationic and kill bacteria via 
an interaction with the bacterial membrane, and in particular phosphatidylglycerol 
(PG) [53–55]. The main differences between hGIIA/daptomycin and LL-37 is the fact 
that the latter is not calcium-dependent, however, this does not directly explain the 
observed phenotype. Although the data implies that hGIIA and daptomycin can 
exploit the fact that lipoproteins have their signal peptide not cleaves whereas LL-37 
cannot do this. Further studies should focus on a broader panel of antimicrobials and 
antibiotics to determine the spectrum for which lspA mutants are more sensitive.  

Our finding also has translational aspects. The “Gram-negative”-specific antibiotic 
globomycin sensitized both MSSA and MRSA to hGIIA-mediated killing. Globomycin 
inhibits LspA, whic is lethal to Gram-negative bacteria but not to Gram-positive 
bacteria [56,57]. However, LspA active site residues are conserved among bacterial 
species. Therefore it is expected that globomycin also inhibits MRSA LspA [57]. 
Nog wel even aangeven dat het ook heeft gewerkt in chapter 4!! Analogous of 
globomycin were shown inhibit growth of Gram-positive bacteria although this is 
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likely due to the analogue being non-specific since inhibition op LspA is non-lethal 
for Gram-positive bacteria [58]. Future studies should explore….meer active/specific 
inhibitors

The Membrane Attack Complex and hGIIA
The rational to perform experiments described in chapter 5, was the limited 
knowledge of the synergy between the Membrane Attack Complex and hGIIA [59]. 
Although hGIIA-mediated bacterial killing of Gram-negative bacteria was previously 
determined in combination with bactericidal/permeability-increasing protein (BPI), 
in combination with the MAC only phospholipid degradation but not bacterial 
viability was analyzed [59,60]. We now confirmed that the MAC allows hGIIA to 
hydrolyze phospholipids in the outer- and/or inner membrane and this consequently 
increases bacterial killing when hGIIA concentrations are high enough.

A recent study established that interference with a conserved phospholipid repair 
system in Gram-negative bacteria, LplT/Aas, rescues E. coli from snake venom sPLA2 
and pig sPLA2-IB [61,62]. This sparked the hypothesis that these mutants would also 
be more efficiently killed by hGIIA in the presence of the MAC. We ordered the E. 
coli LplT and Aas mutant from the Coli Genetic Stock Center, which are originally 
from the E. coli Keio arrayed transposon mutant library [63]. With our experimental 
set-up, we did not observe an obvious increased susceptibility to hGIIA of the aas 
mutant compared to WT. However, these experiments are not conclusive since we 
only tested one experimental set-ups. Higher hGIIA concentrations are not advised 
since that would not be biologically relevant. Possibly, a longer incubation time 
in combination with different serum concentrations? is something that could be 
explored. Another course of action would be to develop compounds that specifically 
inhibit this phospholipid repair mechanism and thereby hypothetically sensitizing 
Gram-negative bacteria for hGIIA killing. Alternatively, the LplT/Aas repair system 
is not involved in hGIIA resistance. In this case, a screen of the entire Keio arrayed 
transposon mutant library would possibly identify new resistance hGIIA resistance 
mechanisms.

A comparison of the transposon library screens
In chapter 2, 3, 4, and 5 we used different molecular techniques with transposon 
libraries that were discussed in chapter 1. In chapter 2 and 3, we used a pooled 
transposon mutant library of GAS to determine new hGIIA and zinc resistance 
mechanisms. In addition, we used the pooled library to determine which surface 
structure is required for full hGIIA bactericidal efficacy. In chapter 4 we used 
an arrayed transposon mutant library of MRSA to determine hGIIA resistance 
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mechanisms whereas in chapter 5 we used an arrayed transposon mutant library of 
E. coli to test two transposon mutants for hGIIA susceptibility. Both the pooled and 
arrayed transposon mutant library screens had their pros and cons. 

The pooled library screens, in particular the Tn-seq experiments, are very time 
consuming and the sequencing involved is still expensive. This is in contrast 
compared to the arrayed transposon mutant library screen of chapter 4. This is 
relatively cheap, depending on reagents used, and the results are available within 
days. In addition, it is extremely easy to verify the results since it is possible to pick 
the mutants from the library that showed a possible phenotype whereas in order to 
verify the Tn-seq results it is necessary to construct mutant strains individually or 
“fish” the transposon mutants from the pooled library. 

An benefit from the Tn-seq analysis is that statistical analysis can be performed, 
which can be viewed as a sort of ranking. In chapter 2 we also described in detail that 
the results include susceptible and resistant hits. In an arrayed screen with a similar 
set-up as chapter 4 this is not possible, however, with the correct experimental set-
up it is possible to gain insight into resistant transposon mutants, e.g. subjection to 
lethal hGIIA concentrations for WT strains. 

Results described in this thesis using these different library set-up have provided 
substantial insight into the hGIIA resistance mechanisms of GAS as well as MRSA. 
The results even show some overlap. For example, in chapter 2, we identified and 
confirmed that the dlt operon is a hGIIA resistance mechanism for GAS, similar to S. 
aureus [15]. We did not, however, pick up any genes of the dlt operon in the MRSA 
screen, since they were not present in the NMTL. However for MRSA, we did identify 
the two-component system responsible for the dlt operon regulation, GraRS [48]. 
For GAS, the two-component system that regulates the dlt operon is not known 
and unfortunately our Tn-seq screen did not identify any two-component system 
either. A possible reason could be that this two-component system regulates other, 
physiologically important operons and is therefore essential. 

Conversely, the GAS Tn-seq screen did not identify lspA as a novel hGIIA resistance 
mechanism although this was a verified hit for MRSA. Of course, this could just 
indicate that lspA is not a conserved hGIIA resistance mechanism for all Gram-
positive bacteria, which is plausible given the many differences between species. 
Specific inquiries for lspA (M5005_Spy_0637) in the GAS Tn-seq library screen showed 
that this gene had very few transposon insertions in the control pool, indicating 
a growth defect of these mutants. Consequently, these mutants are outcompeted 
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during the growth steps of the experiment and can therefore not be assessed for 
their contribution. 

In similar fashion, our MRSA arrayed screen did not identify LytR as a novel hGIIA 
resistance mechanism in contrast to GAS. MRSA expresses three LCP proteins; LcpA 
(SAUSA300_1257), LcpB (SAUSA300_2259), and LcpC (SAUSA300_0958), of which 
the two latter are present in the NTML. Looking back at the raw data, i.e. the growth 
of these mutants on plate, there may be a slight growth reduction for LcpB mutant 
(data not shown). This immediately highlights a disadvantage of our experimental 
set-up as in chapter 4: the selection of possible hGIIA-susceptible mutants is not 
very sensitive and without any replicates it is difficult to identify all possible hits. 
With this knowledge, it would be advisable to specifically assess hGIIA susceptibility 
for specific transposon mutants of LcpB and LcpC.  

Overcoming antibiotic resistance through hGIIA
Because of the alarming increase in antibiotic resistance globally, we stressed in 
chapter 1 that new therapeutic strategies are needed. We investigated the intrinsic 
resistance mechanisms of potential pathogens towards the potential antimicrobial 
enzyme hGIIA. This enzyme can already be used as a biomarker of patients with 
sepsis and bacterial infections [64], however, it could also be used as a novel 
therapeutic strategy to treat these patients. One possibility is the use of snake 
venom PLA2-inspired antimicrobial peptides [65], although a big disadvantage 
of this is host toxicity, e.g. neurotoxicity and myotoxicity [66]. The top priority for 
snake venom PLA2-inspired antimicrobial peptides is therefore the detoxification 
while retaining antibacterial activity. Similarly, admission of hGIIA to patients with 
bacterial infections is not straight forward. Expression of hGIIA has been linked 
with inflammatory diseases such as arthritis, atherosclerosis, acute lung injury, 
sepsis, cancer, and Alzheimer’s disease [67–71]. We therefore suggest that inhibition 
of the bacterial hGIIA resistance mechanisms employed by pathogens as a novel 
therapeutic strategy. We already showed that this strategy is feasible in vitro in 
chapter 4. A benefit of this strategy would be that these inhibitors do not target 
essential products of the bacteria, i.e. resistance against these inhibitors is unlikely 
to evolve, and that there is little change of interference with host processes, i.e. 
limited toxicity. In addition, the concentration of conventional antibiotics can likely 
be reduced since their activity is enhanced in collaboration with the host immune 
system in clearing the bacteria.
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Iedereen is wel eens ziek, van een verkoudheid of een vervelende keelontsteking. 
In dit laatste geval wordt nog wel eens een antibioticum voorgeschreven door 
de dokter. Het antibioticum kan dan de bacteriën doden die de keelontsteking 
veroorzaken. Dit is vaak erg effectief maar de vraag is hoelang dit nog het geval is. 
Bacteriën hebben namelijk de nare eigenschap dat ze ongevoelig, of resistent, tegen 
antibiotica kunnen worden. Jaarlijks sterven er in Europa naar schatting ongeveer 
25.000 mensen aan een infectie met een antibioticum-resistente bacterie. Door het 
gevaar dat steeds meer bacteriën resistent worden, is de kans dat dit aantal stijgt 
erg groot. Daarom is het belangrijk dat er onderzoek wordt gedaan naar nieuwe 
behandelstrategieën om ook in de toekomst infectieziekte te kunnen behandelen 
en voorkomen.

Een mogelijke strategie kan zijn om de bacterie gevoeliger te maken voor het 
menselijke afweersysteem. Deze strategie heeft meerdere voordelen. Ten eerste zal 
de bacterie onder normale omstandigheden gewoon kunnen blijven leven. Hierdoor 
staat de bacterie niet onder druk om resistentie mechanismen te ontwikkelen tegen 
deze “aanval”. Ten tweede, het afweersysteem, dat toch al gestimuleerd is door de 
infectie, kan optimaal worden benut om de bacteriën te doden.

Een belangrijk bacteriedodend enzym van het menselijk afweersysteem is humaan 
Groep IIA uitgescheiden fosfolipase A2 (hGIIA). hGIIA komt hoog tot expressie 
op plekken waar bacteriën het menselijk lichaam binnen kunnen dringen, zoals 
bijvoorbeeld de ogen, de huid of in de darmen. Mochten er toch bacteriën het 
lichaam of zelfs de bloedbaan binnen dringen, dan wordt de hoeveelheid hGIIA 
enorm verhoogd. hGIIA doodt bacteriën door de fosfolipiden van het bacteriële 
membraan ‘op te eten’. Dit resulteert in een poreus membraan waardoor de bacterie 
‘ontploft’. Op zichzelf werkt hGIIA alleen tegen Gram-positieve bacteriën en niet tegen 
Gram-negatieve bacteriën. Dit komt doordat hGIIA niet door het buitenmembraan 
van Gram-negatieve bacteriën komt. Echter, als het buitenmembraan van Gram-
negatieve bacteriën poreus wordt gemaakt, bijvoorbeeld door het eiwit bactericidal/
permeability-increasing (BPI) of het Membrane Attack Complex (MAC), dan kan 
hGIIA ook Gram-negatieve bacteriën doden. 

De algemene onderzoeksvraag die wordt behandeld in dit proefschrift is welke 
resistentie mechanismes tegen hGIIA zijn ontwikkeld door verschillende bacteriën. 
Wij hebben gekeken naar Groep A streptokokken (GAS), meticilline-resistente 
Staphylococcus aureus (MRSA) en Escherichia coli (E. coli). GAS is een Gram-positieve 
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bacterie die van zichzelf erg resistent is tegen hGIIA. GAS is verder belangrijke 
veroorzaker van verschillende infecties, die jaarlijks wereldwijd voor veel doden 
zorgt (geschat wordt 0,5 miljoen). Vooral in ontwikkelingslanden raken veel mensen 
geïnfecteerd met deze bacterie. Ondanks dat GAS nog gevoelig is voor het veel 
gebruikte antibioticum penicilline, is er veel aandacht voor onderzoek naar nieuwe 
behandel methodes, vooral vaccines, die veel ziektelast en mortaliteit zouden 
kunnen voorkomen. MRSA is, net zoals GAS, een Gram-positieve bacterie die voor 
veel problemen zorgt, met name in de gezondheidszorg. Infecties met de MRSA 
bacterie zijn erg lastig te behandelen omdat MRSA erg resistent is tegen de meeste 
antibiotica. Daarom is het heel belangrijk dat er nieuwe behandelingen worden 
ontwikkeld. Zoals hierboven al aangegeven is het gevoeliger maken van MRSA voor 
hGIIA één van de mogelijkheden. In tegenstelling tot GAS en MRSA, is E. coli een 
Gram-negatieve bacterie en dus resistent tegen de werking van hGIIA. E. coli kan 
nare infecties veroorzaken maar is ook een belangrijk model organisme. Door E. coli 
te bestuderen kunnen dingen worden afgeleid voor andere en gevaarlijkere Gram-
negatieve bacteriën.

Om de resistentie mechanismes te onderzoeken bij deze bacteriën hebben we 
gebruik gemaakt van “transposon libraries”. De term ‘transposon’ beschrijft een 
mobiel stukje DNA dat willekeurig in het bacteriële genoom word ingebouwd, 
terwijl ‘library’ staat voor een grote collectie aan bacteriën. Doordat de transposon 
op willekeurige plaatsen in het genoom kan worden ingebouwd, ontstaat er een 
grote collectie van bacteriën met een transposon in het genoom waardoor je over 
vele genetische mutanten van een bepaalde bacterie soort beschikt. Deze collecties 
kunnen worden gebruikt om te onderzoeken welke mutanten gevoeliger, of juist 
resistenter, zijn tegen een bepaalde stress factor. In het geval van dit proefschrift 
hebben wij de gevoeligheid en resistentie van GAS en MRSA tegen hGIIA onderzocht 
mbv transposon libraries.

In hoofdstuk 2 hebben wij de GAS “transposon library” Krmit blootgesteld aan een 
niet dodelijke hoeveelheid hGIIA. Er bleken negen transposon mutanten te zijn 
die toch gedood werden door deze hoeveelheid hGIIA. Hieronder zaten mutanten 
van bepaalde genen die al eerder waren gevonden voor betrokkenheid bij de 
resistentie tegen hGIIA zoals drie genen van het dlt operon. De producten van deze 
genen zorgen ervoor dat hGIIA wordt afgestoten van het bacteriële oppervlakte en 
daardoor niet kan binden aan de bacterie. Een andere gevoelige mutant die wij in dit 
hoofdstuk hebben kunnen bevestigen is de lytR mutant. Het moleculair resistentie 
mechanisme veroorzaakt door LytR hebben wij nog niet kunnen vaststellen maar is 
zeker interessant voor een vervolgonderzoek. 
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Uit het “transposon library” experiment kwamen ook zeven mutanten die juist 
minder gevoelig waren tegen het dodelijke effect van hGIIA. Dit wil zeggen dat 
deze mutanten iets missen dat hGIIA gebruikt om GAS te doden. Twee van deze 
mutanten hadden een mutatie in genen van de Groep A Koolhydraat (GAK). De GAK 
is een karakteristieke structuur van GAS en bevindt zich in grote hoeveelheid op het 
oppervlakte. De resultaten suggereerden dus dat deze structuur door hGIIA wordt 
gebruikt om GAS te doden. De vraag was alleen waarom hGIIA deze structuur nodig 
heeft; voor binding aan GAS, voor het bereiken van het bacteriële membraan of voor 
het afbreken van de membraan fosfolipiden? 

Uit meerdere moleculaire experimenten hebben wij kunnen afleiden dat hGIIA de 
GAK gebruikt voor penetratie van de celwand richting het bacteriële membraan. 
Naar aanleiding van deze resultaten beschrijven wij in hoofdstuk 3 dat de GAK een 
belangrijke modificatie heeft met glycerolfosfaat. Deze modificatie geeft de GAK 
een negatieve lading. Een negatieve lading is belangrijk voor de functionaliteit van 
hGIIA dat zelf positief geladen is. Daarnaast is deze bevinding belangrijk voor de 
ontwikkeling van een vaccin tegen GAS. Door deze modificatie heeft de GAK namelijk 
een uniek epitoop waardoor antilichamenen van het afweersysteem specifiek GAS 
kan herkennen. Dit maakt de GAK een uitermate geschikt doelwit voor een vaccin. We 
beschrijven eenzelfde modificatie aan de serotype C koolhydraat van Streptococcus 
mutans (S. mutans). Het missen van de glycerolfosfaat modificatie resulteert ook in een 
meer hGIIA resistente S. mutans. 

In hoofdstuk 2 beschrijven wij verder dat de Groep B Koolhydraat (GBK) van Groep B 
streptokokken (GBS) belangrijk is voor het dodelijke effect van hGIIA. De karakteristieke 
koolhydraten van Streptokokken lijken dus een ideale structuur voor hGIIA om aan 
streptokokken te binden en ze daarna te doden. 

In hoofdstuk 4 hebben wij de MRSA “transposon library” NTML blootgesteld aan 
een niet dodelijke hoeveelheid hGIIA. Door de opzet van de NTML library konden wij 
alleen mutanten vinden die extra gevoelig zijn voor het dodelijke effect van hGIIA. 
Zo vonden wij bijvoorbeeld dat MRSA mutanten in het regulatiesysteem van het 
eerder genoemde dlt operon extra gevoelig zijn (mutanten in dlt genen zelf zijn niet 
aanwezig in de library). Wij vonden ook mutanten die nog niet eerder beschreven 
waren met betrekking tot hGIIA resistentie. Van deze mutanten hebben wij ons 
gefocust op de MRSA mutant van Lipoproteïne signaal peptidase A (LspA). LspA is 
betrokken bij de formatie van lipoproteïnen waarvan MRSA er ongeveer 60 heeft. 
Lipoproteïnen worden naar het bacteriële membraan gebracht door middel van een 
signaal peptide. Eenmaal bij het membraan worden de lipoproteïnen geankerd in het 
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membraan waarna LspA het signaal peptide afknipt. Kennelijk zorgt de aanwezigheid 
van het signaal peptide ervoor dat MRSA gevoeliger wordt voor de werking van hGIIA.

Naast het gebruik van lspA mutanten, konden we MRSA ook gevoelig maken voor 
hGIIA door de bacterien eerst bloot te stellen aan globomycine. Globomycine is 
een antibioticum dat specifiek de werking van LspA remt. Eerdere studies hebben 
aangetoond dat de remming van LspA alleen dodelijk is voor Gram-negatieve 
bacteriën, en geen effect heeft op de vitaliteit van Gram-positieve bacteriën zoals 
MRSA. Echter tonen onze resultaten aan dat het remmen van LspA door middel van 
globomycine wel degelijk bij kan dragen aan het behandelen van MRSA infecties; 
namelijk globomycine maakt MRSA gevoeliger voor het eigen afweersysteem. Buiten 
de extra gevoeligheid voor hGIIA, is de lspA mutant van MRSA ook gevoeliger voor 
het antibioticum daptomycine, wat wordt gezien als laatste redmiddel voor de 
behandeling van MRSA infecties. 

In het laatste wetenschappelijke hoofdstuk, hoofdstuk 5, hebben we gekeken naar 
de synergie tussen de MAC en hGIIA. Er was al enige tijd bekend dat de MAC ervoor 
kan zorgen dat hGIIA de membraan van Gram-negatieve bacteriën kon afbreken. In 
dit hoofdstuk laten we zien dat dit komt omdat de MAC het buitenmembraan van 
Gram-negatieve bacteriën poreus maakt, waardoor hGIIA bij het binnen membraan 
kan komen. Zo kan hGIIA vervolgens de fosfolipiden in de membraan afbreken 
met de dood van de bacterie als gevolg. We gaan ook in op het fosfolipiden 
reparatiemechanisme van Gram-negatieve bacteriën; het LplT/Aas systeem. Er wordt 
in de literatuur gespeculeerd dat dit reparatiesysteem de schade aan de fosfolipiden, 
die veroorzaakt wordt door hGIIA, kan repareren. Echter, wij laten zien dat de E. coli 
lplT en aas mutanten niet gevoeliger zijn voor de combinatie van MAC en hGIIA dan 
een normale E. coli. 

In hoofdstuk 6 worden de resultaten van hiervoor genoemde hoofdstukken in een 
bredere context besproken. In het kort, we hebben in hoofdstukken 2-5 succesvol 
gebruik gemaakt van “transposon libraries” om vragen te beantwoorden over 
resistentie mechanismes van bacteriën tegen hGIIA. De gevonden mechanismen 
kunnen als doelwit gelden voor nieuwe therapeutische strategieën om bacteriën 
gevoeliger te maken voor het afweer systeem, maar ook voor al gebruikte antibiotica 
zoals bij MRSA en daptomycine. Als kers op de taart heeft, , het “transposon library” 
experiment met GAS er indirect ook voor gezorgd dat we een heel belangrijke 
modificatie op de GAK hebben ontdekt. Dit onderschrijft het succes van het 
experiment en de spannende bevinden die mogelijk nog gedaan kunnen worden 
aan de hand van onze resultaten.
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