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ABSTRACT  25 

Highly pathogenic Staphylococcus aureus strains produce phenol-soluble modulins (PSMs), 26 

peptides which are formylated N-terminally. Nanomolar concentrations of PSMα2 are recognized 27 

by formyl peptide receptor 2 (FPR2), but unlike the prototypic FPR2 agonist WKYMVM, PSMα2 28 

is a biased signaling agonist. A shortened N-terminal PSMα2 variant, consisting of the five N-29 

terminal residues, is selectively recognized by the closely related FPR1, showing that the C-30 

terminal part of PSMα2 confers FPR2 selectivity, while the N-terminal part may interact with the 31 

FPR1 binding site. In the present study, a combined pharmacological and genetic approach, 32 

involving primary neutrophils and engineered FPR “knock-in” and “knock-out” cells, was used to 33 

gain molecular insights into FPR1 and FPR2 recognition of formyl peptides and the receptor 34 

downstream signaling induced by these peptides. In comparison to the full-length PSMα2, we 35 

show that the peptide in which the N-terminal part of PSMa2 was replaced by fMIFL (an FPR1-36 

selective peptide agonist) potently activates both FPRs for production of superoxide anions and β-37 

arrestin recruitment. A shortened analogue of PSMα2 (PSMα21-12), lacking the nine C-terminal 38 

residues activated both FPR1 and FPR2 to produce ROS, whereas β-arrestin recruitment was only 39 

mediated through FPR1. However, a single amino acid replacement (Gly-2 to Ile-2) in PSMα21-12 40 

was sufficient to alter FPR2 signaling to include β-arrestin recruitment, highlighting a key role of 41 

Gly-2 in conferring FPR2 biased signaling. In conclusion, we provide novel structural insights into 42 

FPR1 and FPR2 recognition as well as the signaling induced by interaction with formyl peptides 43 

derived from PSMα2, originating from Staphylococcus aureus bacteria.   44 

 45 

 46 

47 
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INTRODUCTION 48 

Neutrophils constitute the first line of our host defense against invading microbes and tissue injury, 49 

and they rely on detection of pathogen-associated molecular patterns (PAMPs) and danger-50 

associated molecular patterns (DAMPs) produced by bacteria and/or damaged host tissues (1, 2). 51 

Peptides containing an N-formyl methionine residue is such a molecular pattern, characteristic for 52 

bacterial and mitochondrial proteins/peptides, since their biosynthesis is initiated with an N-53 

formylated methionine (3). The specific recognition of these “non-self” peptides is achieved by 54 

their high-affinity interaction with the two formyl peptide receptors (FPR1 and FPR2), which are 55 

most abundantly expressed by human neutrophils (3, 4). The  molecular structures that determine 56 

receptor selectivity are not known in detail, however, it is clear that both neutrophil FPRs recognize 57 

N-formyl peptides of different size and amino acid composition, peptides that elicit NADPH-58 

oxidase activation to produce reactive oxygen species (ROS) (3). The essential role of FPRs in 59 

host defense has been clearly illustrated by the fact that FPR-deficient mice are more susceptible 60 

to bacterial infections than wild-type animals (5, 6).  61 

Staphylococcus aureus is a major opportunistic human pathogen that causes diseases ranging from 62 

minor skin infections to severe organ damage (7, 8). Successful immune evasion by S. aureus is 63 

accomplished via a complex interplay involving interactions of bacterial immunomodulatory 64 

compounds and numerous virulence factors with components of the host defense systems (9, 10). 65 

Among these, fMIFL and phenol-soluble modulin α (PSMα) are such N-formylated peptides that 66 

are preferentially recognized by FPR1 and FPR2, respectively (4, 11-14). PSMα peptides secreted 67 

by community-associated methicillin-resistant S.aureus (CA-MRSA) strains have dual effects, 68 

since they in higher concentrations are cytotoxic and lyse both viable and apoptotic neutrophils, 69 

while at nanomolar concentrations they act as selective FPR2 agonists, stimulating pro-70 
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inflammatory responses (15-17). In addition, PSMα peptides contribute to biofilm development 71 

and trigger rapid formation of neutrophil extracellular traps (NETs) (18, 19). Hence, neutrophil 72 

FPR activation by PSMα peptides undoubtedly contributes to the outcome being either a successful 73 

elimination of bacteria by the innate immune system of the host or establishment of a persistent 74 

infection leading to tissue inflammation.  75 

The formyl peptide-sensing FPRs belong to the large family of G protein-coupled receptors 76 

(GPCRs), and they share many of the signaling pathways and regulatory mechanisms typically 77 

associated with this receptor class. Recently, we showed that PSMα peptides are biased FPR2 78 

agonists, which similarly to many FPR2-interacting lipopeptides induce: (i) a transient rise in the 79 

cytosolic concentration of Ca2+, (ii) ERK1/2 phosphorylation, and (iii) an activation of the ROS-80 

producing enzyme system, whereas they, (iv) lack the ability to induce recruitment of b-arrestin 81 

(13, 20, 21). This is in line with the emerging concept of biased signaling and functional selectivity 82 

described for many GPCRs, also including FPR1, which can adopt multiple activation states and 83 

mediate biased signaling, i.e., in favor of one or another among multiple downstream signaling 84 

pathways (22, 23). It could be hypothesized, that the ability to produce biased signaling FPR2 85 

agonists that affect neutrophil functions, has been evolved by S. aureus bacteria to avoid host 86 

defense activities (24). Therefore, understanding of FPR recognition and downstream signaling 87 

upon interaction with formyl peptides is highly relevant when designing novel FPR-based 88 

immunomodulatory therapeutics. The recently published structure of FPR2, crystalized in its 89 

active conformation complexed with the high-affinity agonist WKYMVm (a dual agonist for both 90 

FPRs, but with a preference for FPR2), revealed the residues critical for high affinity in ligand 91 

binding (25, 26). The crystal structure of FPR1 is currently not available, but studies with 92 

computational docking and receptor mutagenesis have suggested that the N-terminal fMet residue 93 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 26, 2021. ; https://doi.org/10.1101/2021.10.26.465826doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.26.465826
http://creativecommons.org/licenses/by-nc-nd/4.0/


 6 

reaches deep into the ligand-binding pocket, and that high-affinity binding most likely involves 94 

multiple non-contiguous residues that must be properly positioned via the folding of all 95 

extracellular and transmembrane receptor domains (25). Earlier studies have suggested that the 96 

size of the proposed binding pocket, available for FPR1, is limited to peptides with four or at the 97 

most five amino acid residues (27). Nevertheless, our earlier studies strongly suggest that FPR 98 

preference is not determined solely by the amino acids which are directly inserted into the 99 

presumed agonist binding pocket of the receptor, but also by peptide parts not directly in contact 100 

with this pocket (14).  101 

In the present study, we aimed to gain knowledge on FPR recognition of formyl peptides and 102 

ligand-directed FPR signaling, leading to ROS production and β-arrestin recruitment. We 103 

performed structure-activity relationship (SAR) analysis with a number of variants of the PSMα2 104 

peptide in primary neutrophils and in genetically modified FPR “knock-in” and “knock-out” cells 105 

in order to compare their ability to trigger one or the other of the signaling pathways. Our data 106 

reveal critical roles of both the N-terminal part (in particular the second residue) and the C-terminal 107 

part of PSMα2 in determining receptor selectivity and FPR2 biased agonism. These structural 108 

insights into how PSMα peptides interact with one or both FPRs in innate immune cells to evoke 109 

either balanced or biased signaling may assist design of new therapeutics for treating S. aureus 110 

infections by inducing desirable inflammatory responses.  111 

112 
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MATERIALS AND METHODS  113 

Ethics statement  114 

This study, conducted at the Sahlgrenska Academy in Sweden, includes blood from buffy coats of 115 

healthy individuals obtained from the blood bank at Sahlgrenska University Hospital, Gothenburg, 116 

Sweden. According to the Swedish legislation section code 4§ 3p SFS 2003:460 (Lag om 117 

etikprövning av forskning som avser människor), no ethical approval was needed since the buffy 118 

coats were provided anonymously and could not be traced back to a specific donor.   119 

 120 

Reagents and peptide synthesis 121 

Dextran and Ficoll-Paque were obtained from GE-Healthcare (Waukesha, WI, USA). Isoluminol 122 

was purchased from Sigma-Aldrich and horse radish peroxidase (HRP) was from Roche 123 

Diagnostics (Bromma, Sweden). The hexapeptides WKYMVM/m were purchased from Alta 124 

Bioscience (University of Birmingham, Birmingham, United Kingdom), while formyl-125 

mitocryptide COX1 was a kind gift from Hidehito Mukai (Nagahama Institute of Bio-Science, 126 

Japan). A sample of PSMa2 (fMGIIAGIIKVIKSLIEQFTGK) was obtained from EMC 127 

microcollection GmbH (Tuebingen, Germany), while another sample and all PSMa2 analogues 128 

were synthesized in house using procedures previously reported (28). All peptide stocks were 129 

made in DMSO and further dilutions were made in Krebs-Ringer phosphate buffer containing 130 

glucose (10 mM), Ca2+ (1 mM) and Mg2+ (1.2 mM) (KRG, pH 7.3). Cyclosporin H (CysH) was 131 

kindly provided by Novartis Pharma (Basel, Switzerland). The FPR2-specific peptidomimetic 132 

antagonist (CN6: RhB-[Lys-βNPhe]6-NH2; where RhB = Rhodamine B and  βNPhe =  N-133 

phenylmethyl-β-alanine) was synthesized as described (29). Ficoll-Paque was obtained from 134 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 26, 2021. ; https://doi.org/10.1101/2021.10.26.465826doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.26.465826
http://creativecommons.org/licenses/by-nc-nd/4.0/


 8 

Amersham Biosciences. RPMI 1640, fetal calf serum (FCS), penicillin/streptomycin (PEST) and 135 

G418 were from PAA Laboratories GmbH, Austria.  136 

 137 

FPR-mediated β-arrestin recruitment assay 138 

The ability of FPR2 agonists to promote β-arrestin recruitment was evaluated in the PathHunter® 139 

eXpress system with CHO-K1 FPR cells and accompanying reagents from DiscoverX (Fremont, 140 

USA), as described (21, 30). In brief, CHO cells overexpressing FPR1 or FPR2 were diluted in 141 

Cell Plating Reagent before seeded in tissue culture treated 96-well plates (10.000 cells/well) and 142 

incubated for approximately 20 h (37°C, 5% CO2). Cells were then stimulated with agonists for 143 

90 min at 37°C followed by addition of detection solution for 60 min after which 144 

chemiluminescence was measured using a CLARIOstar platereader (BMG Labtech, Germany).  145 

 146 

Isolation of blood-derived neutrophils and culture of FPR1- and FPR2-deficient neutrophil-like 147 

HL60 cells  148 

Blood neutrophils were isolated as described by Böyum (31, 32) using buffy coats from healthy 149 

volunteers. After dextran sedimentation at 1 × g, hypotonic lysis of the remaining erythrocytes, 150 

the neutrophils obtained by centrifugation in a Ficoll-Paque gradient were washed twice in KRG. 151 

The cells were resuspended in KRG (1 × 107/ml) and stored on ice until use.  152 

The HL60 cells were cultured in RPMI-1640 medium supplemented with 10% FBS, 1% Penicillin-153 

Streptomycin and 2 mM L-glutamine at 37°C, 5% CO2. For differentiation into neutrophil-like 154 

cells, DMSO (1%) was added to cell culture and the cells were allowed to differentiate 6 days. On 155 

the day of experiments, cells were washed once and then resuspended in KRG, and stored on ice 156 

until use.   157 
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FPR1- and FPR2-deficient HL60 lines were created as described (33). In brief, PCR amplicons 158 

were designed to amplify and sequence the CRISPR targeted regions out of genomic DNA isolated 159 

from HL60 cells. CRISPR gRNAs were designed and oligos synthesized, annealed, and cloned 160 

into the all-in-one Cas9-2A-GFP/sgRNA vector pXPR004 (BROAD Institute). NEON 161 

electroporation (THERMO) was used to deliver the Cas9/sgRNA constructs into HL60 cells and 162 

clones were expanded. Cells were differentiated in 1% DMSO for 6 days into neutrophil-like cells 163 

and used for ROS production experiments.  164 

 165 

Measurement of superoxide anion production  166 

The production of superoxide anion by the neutrophil NADPH-oxidase was measured by 167 

isoluminol-amplified chemiluminescence (CL) in a six-channel Biolumat LB 9505 (Berthold Co, 168 

Wildbad, Germany) as described earlier (34). In short neutrophils or neutrophil-like HL60 cells 169 

were mixed (in a total volume of 900 µl containing 1 – 2.5 × 105 cells) with HRP (4 U/ml), and 170 

isoluminol (6 × 10-5 M) in KRG, pre-incubated at 37°C after which the stimulus (100 µl) was 171 

added. The light emission was measured continuously. When required, the specific receptor 172 

antagonists were included in the CL mixture for 5 min at 37°C before stimulation. 173 

 174 

Data collection and statistical analysis 175 

Data analysis was performed using GraphPad Prism 9 (Graphpad Software, San Diego, CA, USA). 176 

EC50 values for PSMα2 analogues were determined by fitting a sigmoidal dose-response curve 177 

with variable slope to data normalized to the maximal response (100%) using the “log (agonist) 178 

versus normalized response” in GraphPad Prism. The statistical analysis was performed on raw 179 

data-values by using a two-tailed paired Student's t-test or a repeated measures one-way ANOVA 180 
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followed by Dunnett's multiple comparison test. Statistical significance is indicated by *p < 0.05.  181 

 182 

  183 
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RESULTS 184 

Dissection of the involvement of FPR1 and FPR2 in neutrophil recognition of peptide agonists 185 

– a pharmacological approach  186 

Neutrophils have evolved FPR1 and FPR2 for the recognition of peptides containing an fMet group 187 

at the N-terminus (4). These peptides are a hallmark of bacterial and mitochondrial protein 188 

synthesis, and they are recognized by the innate immune system as pathogen-associated molecular 189 

patterns (PAMPs) and danger-associated molecular patterns (DAMPs) (3). A common 190 

pharmacological approach for determining receptor preference for a formyl peptide is to apply 191 

receptor antagonists with known selectivity for either FPR1 or FPR2, respectively (35). This is 192 

clearly illustrated by the effects of the potent FPR1-selective antagonist CysH that inhibits 193 

NADPH-oxidase generation of ROS in human neutrophils upon stimulation with the FPR1-194 

selective agonist fMLF (Fig. 1A and D). Expectedly, CysH had no effect on ROS release, when 195 

triggered by the FPR2-selective peptide agonist WKYMVM (Fig 1B and D). In contrast, the most 196 

potent FPR2-selective antagonist, the peptidomimetic CN6 (i.e., RhB-[Lys-βNPhe]6-NH2), 197 

designed by combining structural elements of two potent FPR2 antagonists (i.e., PBP10 and Pam-198 

[Lys-βNspe]6-NH2 (29)), inhibited the WKYMVM- but not the fMLF-induced response (Fig 1A,B 199 

and D). As opposed to the inhibition profiles observed for fMLF and WKYMVM, the two 200 

antagonists had very small effects on responses induced by the N-terminal fragment of the 201 

mitochondrial COX1 protein or the hexapeptide WKYMVm with a D-Met as C-terminus (Fig 1C 202 

and D). A complete inhibition of the activation induced by either of these agonists could be 203 

achieved only when the two antagonists were applied in combination (Fig 1C, D), clearly showing 204 

that COX1 as well as WKYMVm are recognized by both FPRs when expressed in human 205 

neutrophils.  206 
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Genetic “knock-in” and “knock-out” approaches in dissection of the engagement of FPR1 207 

and FPR2 208 

An alternative to the pharmacological characterization described above, is to use a genetic 209 

approach to determine receptor preference for a formyl peptide. In the present study, we applied 210 

both FPR “knock-in” and “knock-out” strategies to overexpress and abolish individual FPRs, 211 

respectively. For the “knock-out” strategy, human neutrophils cannot be used due to the fact that 212 

these cells are very short-lived, and therefore very difficult to manipulate genetically. Instead, the 213 

CRISPR-Cas9 technique was applied to HL60 cells to generate FPR knock-out (FPR-/-) neutrophil-214 

like cells after DMSO differentiation (33). Using these neutrophil-like cells, we show that the 215 

known FPR1-selective agonist fMLF activated the FPR2-/- cells, but not the FPR1-/- cells to produce 216 

ROS (Fig 2A, B). In contrast, the FPR1-/- cells, but not the FPR2-/- cells, were activated by the 217 

FPR2-selective agonist WKYMVM (Fig 2A, B). The kinetics of ROS production from these 218 

genetically modified FPR-/- neutrophil-like cells was very similar to that obtained from primary 219 

human neutrophils (Fig 1), i.e., with a rapid onset and termination within five minutes. Also, and 220 

in agreement with the receptor profile obtained using the pharmacological approach with human 221 

neutrophils (Fig 1), the dualism of COX1 and WKYMVm was confirmed; both these peptides 222 

activated FPR1-/- as well as FPR2-/- cells (Fig 2C). For the “knock-in” strategy we used CHO cells 223 

(that lack endogenous expression of the two FPRs) overexpressing FPRs that were co-expressed 224 

with β-arrestin, which allowed us to study FPR downstream β-arrestin recruitment as described 225 

previously (21). By using this system, we confirmed the receptor preference for the FPR1-selective 226 

agonist fMLF, which initiated signals that promoted recruitment of β-arrestin in FPR1 cells, but 227 

not in FPR2-overexpressing cells (Fig 2D). In contrast, the FPR2-selective agonist WKYMVM 228 
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induced β-arrestin recruitment solely in FPR2 cells, but not in FPR1-overexpressing cells, while 229 

the dual FPR agonist COX1 induced β-arrestin recruitment in both cell types (Fig 2D).  230 

Collectively, these data clearly show that we with the genetic approach confirm receptor selectivity 231 

for the most commonly used FPR-targeting pharmacological tool compounds, and the cells used, 232 

thus, constitute excellent models for in-depth mechanistic studies.  233 

 234 

Both FPR1 and FPR2 recognize N-formyl peptides in which the C-terminal part plays a critical 235 

role in determining receptor preference  236 

The precise structural features that determine whether a formyl peptide is selectively recognized 237 

by FPR1 and/or FPR2 remain largely unknown, except for the findings that the fMet residue plays 238 

an essential role for recognition and that the size of the peptide is important (3, 4). S. aureus 239 

releases several formyl peptides including the short fMIFL and the 21-residue PSMa2 (Table 1A), 240 

which are selectively recognized by FPR1 and FPR2, respectively (4). In agreement with this, we 241 

show that neutrophils were activated by PSMα2 through FPR2, as illustrated by a complete 242 

inhibition by the FPR2-selective antagonist CN6, but not by the FPR1-selective antagonist CysH 243 

in the neutrophil ROS release system (Fig 3A). Despite the FPR2 preference for the longer PSMα2, 244 

the receptor preference for the 5-residue N-terminal fragment, PSMα21-5 (i.e., fMGIIA) was 245 

changed. Similar to fMIFL (the other S. aureus-produced FPR1 agonist) PSMα21-5 (Table 1A) 246 

selectively activated FPR1 with respect to neutrophil superoxide release, but only at much higher 247 

(100-fold) concentrations (Fig 3B, C). The receptor preferences, determined by applying the 248 

pharmacological inhibition approach, were fully supported by data obtained with the genetically 249 

modified HL60 cells deficient in either FPR1 or FPR2. Thus, FPR1 was activated by nanomolar 250 

(nM) concentrations of fMIFL and micromolar (µM) concentrations of PSMα21-5, and both 251 
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peptides induced ROS production in the FPR2-/- cells only (Fig 3D, E). In comparison to PSMα21-252 

5 that required µM concentrations to activate FPR2-/- cells, fMIFL was more potent with a maximal 253 

response in FPR2-/- cells at a concentration as low as 0.1 nM, whereas FPR1-/- cells were activated 254 

by fMIFL at concentrations >50 nM (Fig 3D, E). In contrast to the activation by these two short 255 

formyl peptides, the longer PSMa2 peptide selectively activated cells that express a functional 256 

FPR2, and it lacked effect on FPR2-/- cells even at concentrations ≥500 nM (Fig 3F). These data 257 

clearly show that the 5-residue N-terminal fragment of PSMa2 was selectively recognized by 258 

FPR1, and that the C-terminal part of PSMa2 plays a critical role for its preference for FPR2.     259 

 260 

The two neutrophil FPRs recognize a 21-residue chimeric formyl peptide and both the N- and 261 

C-terminal parts are important  262 

Despite the fact that fMIFL and PSMα2 are potent FPR1- and FPR2-selective agonists, 263 

respectively, the 21-residue chimeric peptide fMIFL-PSMa25-21 (in which three amino acids in the 264 

N-terminal part (i.e., G2I3I4 of PSMa2 were replaced with IFL), retained the neutrophil activating 265 

capacity (Fig 4A, B). However, only a very low level of inhibition was achieved when either of 266 

the two FPR subtype-selective antagonists CysH or CN6 were applied alone, and an increased 267 

inhibition was obtained when the antagonists were applied together (Fig 4A, B). These data 268 

suggest that fMIFL-PSMa25-21 interacts with both FPRs and, compared to PSMa2, gained affinity 269 

for FPR1 while retaining affinity for FPR2. Its neutrophil activation potency was also increased 270 

(EC50 ~ 1 nM; Fig 4C), compared to that of PSMa2 (EC50 ~ 50 nM, (14)). The receptor recognition 271 

profile of fMIFL-PSMa25-21, as determined in the neutrophil ROS production assay, was 272 

confirmed in experiments with the “knock-out” HL60 cells, showing that the chimeric fMIFL-273 

PSMa25-21 activated both FPR-/- cells, but with a higher potency for FPR2 than FPR1 (Fig 4D).  274 
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The ability of these formyl peptides to recruit β-arrestin upon FPR recognition was further 275 

investigated by using the “knock-in” strategy (Fig 2D). In agreement with the receptor recognition 276 

data, the two short peptides fMIFL and fMGIIA promoted recruitment of β-arrestin in FPR1-277 

overexpressing cells (Fig 4E) and the former being the more potent. When fMIFL was conjugated 278 

with the C-terminal part of PSMa2, the chimeric fMIFL-PSMa25-21 peptide triggered β-arrestin 279 

recruitment by both FPRs with some preference for FPR2 over FPR1 (Fig 4F). This was in contrast 280 

to the full-length PSMa2 that lacked the ability to trigger any β-arrestin recruitment (Fig 4F). 281 

These findings infer that the biased FPR2 signaling capacity is determined by the N-terminal part 282 

of the peptide.  283 

In summary, both the N-terminal and the C-terminal parts of the two 21-residue long peptides 284 

(PSMa2 and fMIFL-PSMa25-21) play critical roles for FPR preference and downstream signaling.  285 

 286 

The C-terminal truncated PSMα21-12 peptide activates the ROS-producing system down-stream 287 

of both FPR1 and FPR2, whereas β-arrestin is recruited only by FPR1   288 

To investigate the structural basis for recognition of peptide agonists by FPRs in more detail, we 289 

generated a C-terminal truncated PSMa2  peptide (PSMa21-12; Table 1A) and some 290 

chimeric/variant analogues of this (Table 1B). In addition to fMIFL-PSMa25-12 (i.e., displaying 291 

G2®I2, I3®F3, and I4®L4 substitutions), six 12 amino acids long N-terminal peptides-variants 292 

(i.e., G2I3I4 adjacent to fMet) were generated and included in the study (Table 1B). Similar to 293 

PSMa2, also the shorter PSMa21-12 activated neutrophils to produce ROS, but based on the 294 

antagonist inhibitory effects this peptide classifies as a dual FPR agonist since both antagonists 295 

were needed to achieve complete inhibition (Fig 5A). Interestingly, the chimeric peptide fMIFL-296 
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PSMa25-12, in which the three amino acids G2I3I4 adjacent to fMet were replaced by I2F3L4, proved 297 

to be a more potent agonist but with the receptor dualism retained (Fig 5A).   298 

In agreement with the receptor profiles obtained from the experiments with human neutrophils, 299 

the dual agonistic properties of the shorter PSMa21-12 and the chimeric fMIFL-PSMa25-12 peptides 300 

were evident also with cells in which one of the FPRs was genetically deleted (Fig 5B and C). The 301 

potencies in activation (as measured by EC50 values) of PSMa21-12 for both FPRs were ~ 700 nM 302 

(596 – 838 nM for FPR1-/- cells and 645 – 809 nM for FPR2-/- cells with 95% CI). In comparison 303 

to PSMα21-12, the chimeric fMIFL-PSMa25-12 variant was a considerably more potent agonist in 304 

both FPR1-/- cells (EC50 ~5 nM; 95% CI: 4 – 7 nM) and FPR2-/- cells (EC50 ~20 nM; 95% CI: 22 – 305 

42 nM).  306 

The ability of these two peptides to recruit β-arrestin was examined in the receptor “knock-in” 307 

system. Similar to the full-length PSMα2, also the shorter PSMα21-12 lacked the ability to trigger 308 

b-arrestin recruitment in FPR2-overexpressing cells (Fig 5D). In contrast, but in agreement with 309 

the data showing that PSMα21-12 was a dual agonist that activates also FPR1, the peptide dose-310 

dependently induced b-arrestin recruitment in FPR1-overexpressing cells (Fig 5D). The chimeric 311 

fMIFL-PSMa25-12 proved not only to be a potent dual FPR agonist in activation of the NADPH-312 

oxidase with an EC50 in the low nanomolar range, but the peptide also recruited β-arrestin in both 313 

FPR1- and FPR2-overexpressing cells, with a higher potency for FPR1 (Fig 5E).  314 

Taken together, these data show that the FPR2-selective agonist PSMα2 and its non-selective 315 

shorter analogue PSMα21-12 transduce biased signals downstream from FPR2, leading to ROS 316 

production, but not to β-arrestin recruitment. In contrast, the chimeric fMIFL-PSMa25-12 variant 317 

is a potent dual FPR agonist with respect to both induction of ROS production and b-arrestin 318 

recruitment.  319 
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 320 

Amino acid substitutions in the N-terminus of the PSMa21-12 peptide change the receptor 321 

activation profile as determined by FPR1- and FPR2-mediated ROS release and b-arrestin 322 

recruitment 323 

To further elucidate how the amino acids in the N-terminal of PSMα21-12 affect FPR1 and FPR2 324 

signaling leading to ROS production and β-arrestin recruitment, we designed different PSMa21-12 325 

analogues/variants that all retained the fMet residue, but displayed substitutions in the adjacent 326 

three positions (i.e., the G2I3I4 triplet); the eight C-terminal residues were kept/identical in all 327 

peptide variants (Table 1B). Like the parental PSMa21-12, which induce activation of the NADPH-328 

oxidase through both FPRs (Fig 5B), all these substituted analogues activated neutrophil-like cells 329 

expressing FPRs to produce ROS (Fig 6A), albeit to different levels and receptor preference. 330 

Regarding the interaction with FPR1, all variants except the I4®L4 substitution were full ROS 331 

activation agonists and the peptides containing two of the IFL amino acids were the most potent, 332 

with EC50 values close to that of chimeric fMILF-PSMα25-12 peptide (Fig 6A). The potency of the 333 

peptides in which one of the amino acids in PSMα21-12 was changed were less potent than fMILF-334 

PSMα25-12 with the analogue displaying an I4®L4 substitution being the least potent (Fig 6A). 335 

This peptide was also the least potent agonist to recruit b-arrestin down-stream of FPR1. All the 336 

other peptides variants were as potent with respect to b-arrestin recruitment as fMILF-PSMα25-12 337 

(Fig 6C).  338 

Regarding the interaction with FPR2, the three peptides in which G2 in PSMa21-12 was replaced 339 

by an Ile (i.e., G2®I; G2I3®IF; G2I4®IL) were all full agonists with increased potencies as 340 

compared to PSMα21-12 with EC50 values fairly similar to that of fMILF-PSMα25-12 (Fig 6A). In 341 

contrast, the three peptides lacking the Ile2 residue in position 2 were low (seen for I3®P; I3I4®PL) 342 
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or very low-ROS activating (I4®L) peptides (Fig 6A and B).  This clearly shows that many 343 

alterations close to the N-terminus confer retained ability to engage both FPRs for ROS production. 344 

The analogue with an I4®L4 substitution is FPR1-selective as almost no ROS production was 345 

induced in the FPR1-/- cells even when a concentration of 2 µM was used to activate the cells (Fig 346 

6B). This suggests that I4 in PSMa21-12 plays a key role in determining FPR subtype selectivity. 347 

Noticeably, all analogues displaying Ile in position 2, including the peptide with only this 348 

substitution, were not only FPR1 agonists, but also induced ROS production through FPR2 (Fig 349 

6A), suggesting that the second residue has a critical role in conferring FPR2 interaction.   350 

Next, we examined the ability of these substituted analogues to promote b-arrestin recruitment 351 

downstream of activation of FPR2. The three peptides in which G2 in PSMa21-12 was retained 352 

(I3®F; I4®L; I2I4®PL) shared the inability of the parent PSMa21-12 to promote FPR2 to recruit 353 

b-arrestin (Fig 6C). The three peptides in which G2 in PSMa21-12 was replaced by an I (G2®I; 354 

G2I3®IF; G2I4®IL) triggered, however, a dose dependent recruitment of b-arrestin in FPR2-355 

overexpressing cells (Fig 6D), suggesting a critical role of Ile in position 2 for conferring an ability 356 

to trigger b-arrestin recruitment through FPR2 activation.   357 

In summary, the data presented show that all PSMα21-12 analogues with one or more residues (I, F 358 

and/or L) from fMIFL display an improved FPR1 activation potency in both ROS release and b-359 

arrestin recruitment. Critical roles of amino acids in the N-terminal part of PSMα21-12 were 360 

disclosed also for activation of FPR2.  361 

  362 
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Discussion 363 

In the present study, we investigated how the N- and C-terminal parts of the S. aureus-produced 364 

PSMα2 formyl peptide influence the recognition by FPRs and the receptor downstream signaling 365 

leading to an activation of the NADPH-oxidase and β-arrestin recruitment. Our results show that 366 

both termini of the peptide constructs used, play important roles in determining FPR2 selectivity 367 

and biased signaling, as well as for conferring an ability to activate not only FPR2 but also FPR1. 368 

These conclusions were drawn from our characterization data and comparison of several modified 369 

PSMα2 analogues, differing in length and amino acid composition of the N-terminal part (i.e., the 370 

three amino acids adjacent to the fMet residue). Overall, the present results show that both FPR1 371 

and FPR2 recognize formyl peptides, but with different recognition and signaling profiles. The 372 

finding that FPR1 is a high-affinity receptor for formyl peptides is well-established, while there is 373 

no consensus as to whether formyl peptides are endogenous ligands also for FPR2; this is mainly 374 

due to the fact that FPR2 originally was shown to recognize non-formyl peptides as well as non-375 

peptide agonists (3, 4).  376 

The molecular basis for FPR recognition of formyl peptides remains elusive, albeit earlier studies 377 

have suggested that the binding pocket available in FPR1 is limited to four or at the most five 378 

residues, and that fMet is directly involved in this interaction with multiple non-contiguous 379 

residues positioned via proper folding of all extracellular and transmembrane domains in the 380 

receptor (3, 4, 25, 27). Recently, the crystal structure of FPR2 was resolved in an active signaling 381 

state (complexed with the high-affinity agonist WKYMVm), which revealed the presence of a 382 

widely open and deep ligand binding pocket created through conformational rearrangements, 383 

initiated by an outward shift of helix VI (25, 36). It should be noticed that although the co-384 

crystalized WKYMVm peptide is recognized preferentially by FPR2, it is a dual agonist that 385 
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potently activates also FPR1 (37). Thus, it is reasonable to assume that FPR1 and FPR2 may 386 

possess similar binding sites also for formyl peptides, however, with somewhat different 387 

restrictions on which specific molecular features that can fit the respective agonist binding pocket.  388 

Notably, the formyl peptides used in the above docking studies were very short, and thus only 389 

involved a limited number of molecular contacts with the receptors. Hence, the models developed 390 

from these experiments may not be suitable for prediction of how longer peptides interact with the 391 

receptors. Future approaches aiming to understand the structural basis for FPR1 and FPR2 392 

recognition of not only short peptide agonists, but also for longer formyl peptides, may eventually 393 

provide more specific molecular details of FPR-ligand interactions.  394 

With respect to the impact of the length of formyl peptides on FPR1 and FPR2 recognition, it 395 

seems that FPR1 preferentially interacts with shorter peptides. In contrast, FPR2 exhibits a 396 

preference for longer peptides. This is supported by the fact that in addition to the 21-residues long 397 

PSMα2, FPR2 selectively recognizes a number of longer formyl peptides arising from the N-398 

terminal parts of mitochondrial DNA-encoded proteins, including the 15-residue MCT-2 peptide 399 

(from cytochrome b) and the 20-residue ND4 (from the NADH dehydrogenase subunit 4) (38). 400 

Shorter C-terminally truncated variants of these peptides are either inactive or activate solely FPR1 401 

or both FPRs (14, 39-41). It is clear that the removal of a fairly large part of the C-terminal of 402 

PSMα2 and fMIFL-PSMα25-21, affects receptor recognition and activation. The ability of the 403 

deleted part to fit to and directly interact with the receptor parts suggested to define the agonist 404 

binding pocket of the FPRs, must be fairly limited (25, 26). Earlier computer modeling and site-405 

directed receptor mutagenesis experiments have suggested that different structural determinants 406 

exist for FPR1 and FPR2 with respect to interaction with short formyl peptides (i.e., 3 to 5 amino 407 
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acids). Also the length of such peptides and the composition of the C-terminal part was found to 408 

be of importance for FPR2 but not critical for FPR1 binding (42).  409 

In the current study, we show that in contrast to the PSMα2 peptide generated by S.aureus bacteria, 410 

C-terminally truncated analogues (i.e., PSMα21-5 and PSMα21-12) activate FPR1, albeit they were 411 

not very potent agonists (i.e., EC50 values >500 nM). In addition, the chimeric fMIFL-PSMα25-21 412 

was found to act as a potent dual agonist for both FPR1 and FPR2, suggesting that even though 413 

longer formyl peptides often gain in FPR2 selectivity, this does not exclude recognition by FPR1. 414 

Clearly, recognition of formyl peptides by both FPRs is not determined solely by the N-terminal 415 

4-5 amino acids, suggested to fit directly into the binding pocket, since also the C-terminal part 416 

was found to contribute. The importance of the C-terminal part in conferring FPR subtype 417 

selectivity is in fact supported by earlier studies, showing that a peptide, in which the hydrophobic 418 

Ile11 positioned close to the C terminus of a dual FPR agonist was removed (or replaced with Ala), 419 

was no longer recognized by FPR2 whereas its ability to be recognized by FPR1 was retained (14).  420 

In the present study, we applied in addition to a traditional pharmacological approach, also a 421 

genetic approach by generating HL60 cells deficient in FPR1 or FPR2 (33). These model cells 422 

were used to gain insights into FPR signaling, leading to activation of the neutrophil ROS- 423 

producing NADPH-oxidase. The results obtained via this approach, regarding receptor selectivity 424 

for the different formyl peptides, essentially confirmed those obtained with subtype-selective FPR 425 

inhibitors in human neutrophils expressing both FPR1 and FPR2. The respective receptor 426 

selectivity for the two S. aureus-produced formyl peptides PSMα2 and fMIFL was confirmed by 427 

using these FPR-deficient cells. Thus, while the fMIFL peptide was a potent activating agonist in 428 

FPR2-/- cells, these cells were non-responsive to PSMα; in contrast fMIFL was only weakly active 429 

in FPR1-/- cells even at ~ 50.000-fold higher concentrations (Fig 4). The genetic approach was 430 
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particularly useful for dissecting the engagement of individual FPRs when a peptide agonist 431 

displayed affinity for both FPRs. We could thus, not only confirm that PSMα21-12 activated both 432 

FPR1 and FPR2 for neutrophil ROS production with equal potency, but also clearly demonstrate 433 

that the shortened I4®L4 PSMα21-12 variant no longer was an FPR1 agonist. This finding suggests 434 

that Ile in position 4 within PSMα21-12 plays a critical role in enabling a FPR1-mediated response.  435 

Our results show that PSMα2 is biased FPR2 agonist not able to activate the receptor to recruit β-436 

arrestin, whereas signals that activate the NADPH-oxidase were generated. To understand the 437 

structural basis for this biased FPR2 signaling, we designed several variants of PSMα2. We found 438 

that the C-terminally truncated PSMα21-12 activated FPR2, and the PSMα2 signaling profile of the 439 

peptide was retained despite the truncation. Interestingly, when the N-terminal amino acid 440 

sequence G2I3I4 was replaced by I2F3L4 the signaling properties of new construct were changed. 441 

Thus, fMIFL-PSMα25-21 and its shortened analogue, fMIFL-PSMα25-12, both activated FPR2, 442 

generating signaling that activated the NADPH-oxidase activation system with concomitant 443 

recruitment of β-arrestin. In fact, a single amino acid substitution (G2®I2) was sufficient to trigger: 444 

(i) an enhanced ROS production, and (ii) FPR2 to recruit b-arrestin. Collectively, these findings 445 

show that the N-terminal residues in PSMα peptides play key roles in determining which signaling 446 

pathways become activated upon recognition by FPR2.  447 

Even if the N-terminus of formyl peptides is the part recognized by the binding pocket in FPR2 448 

(26), this interaction appears to be modulated by the C-terminal part protruding from the binding 449 

pocket. Thus, the amino acids in both ends of the peptide affect the subsequent conformational 450 

change of the receptor, and by that determine the receptor down-steam signaling profile, and a 451 

fairly small structural modification of the activating agonist is obviously sufficient to alter 452 

signaling and the functional outcome of the activation.  453 
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Other FPR2 agonists, structurally unrelated to PSMα2, have earlier been shown to trigger a biased 454 

signaling/functional selective response (20, 21, 30, 43). The concept of biased signaling applies 455 

also to FPR1 as illustrated by the results presented in a recent study, showing that signaling induced 456 

by the novel FPR1-selective small-molecule agonist RE-04-001 was strongly biased toward the 457 

PLC-PIP2-Ca2+ and the ERK1/2 activation pathways, but away from β-arrestin recruitment (44). 458 

In addition, it has also been shown that a pyridazin-3(2 H)-one-based agonists, recognized by 459 

FPR1, display a strongly biased signaling toward ERK1/2 phosphorylation and away from Ca2+ 460 

mobilization (45).  461 

In conclusion, we present novel structural insights into FPR recognition of PSMα2 (a peptide 462 

produced by pathogenic S. aureus bacteria) and the induced downstream signaling. Our data reveal 463 

that both the N-terminal part (in particular the residue adjacent to fMet) and the C-terminal part of 464 

PSMα2 (and shortened analogues) play key roles in determining receptor selectivity and FPR2 465 

biased agonism. The full-length PSMα2 selectively activated FPR2 to induce ROS production, 466 

while no β-arrestin recruitment was triggered. The shorter PSMα2 analogues activated both FPR1 467 

and FPR2, but β-arrestin recruitment was only induced down-stream of activated FPR1. Finally, 468 

our results highlight that Gly in position 2 within PSMα21-12 appears to be a determinant for 469 

inducing a ligand-directed FPR2 sub-active conformation that promotes β-arrestin recruitment. 470 

These molecular insights obtained with two S. aureus-produced formyl peptides, capable of 471 

activating the innate immune system via the FPR pattern-recognition receptors, have increased our 472 

understanding of host-pathogen molecular interactions, which may facilitate design of potential 473 

therapeutics against severe infections.  474 

  475 
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Figure legends 650 
 651 
Figure 1. Determination of FPR-selective recognition of neutrophil-activating agonists using 652 

well-characterized receptor-selective antagonists  653 

Activation of the superoxide anion (O2-)-generating neutrophil NADPH-oxidase was measured. 654 

A-C) Neutrophils (105 cells) were incubated for 5 min at 37°C in the absence (no additive, solid 655 

lines) or presence of  FPR-selective antagonist(s). An activating agonist was added as indicated by 656 

the arrows. The antagonists used were CysH (FPR1-selective; 1 μM, dashed lines) and CN6 657 

(FPR2-selective; 100 nM; dotted lines). A) The FPR1-selective agonist was fMLF (100 nM); B) 658 

The FPR2-selective agonist was WKYMVM (100 nM); C) The dual FPR1/FPR2 agonist was 659 

COX1 (100 nM). One representative experiment out of three independent experiments is shown. 660 

D) Summary of the inhibitory effects of FPR antagonists on the response induced by 100 nM of 661 

fMLF, WKYMVM, or the two dual agonists COX1 and WKYMVm. Data are presented as  percent 662 

remaining O2- activity for each agonist in the presence of either one or both antagonists, while 663 

100% is the agonist response in the absence of any antagonists (n=3, mean + SEM).       664 

 665 

Figure 2. FPR selectivity as determined by genetic knock-in and knock-out approaches  666 

A-B) FPR agonist-induced O2- release from DMSO-differentiated neutrophil-like HL60 cells 667 

deficient in either FPR1 (i.e., FPR1-/-, A) or FPR2 (i.e., FPR2-/-, B) was measured. Cells were 668 

stimulated with fMLF (100 nM, solid lines) or WKYMVM (100 nM, dashed lines). One 669 

representative experiment out of three with different passages of HL60 cells is shown. C) The 670 

NADPH-oxidase activation induced by the dual FPR agonists WKYMVm (100 nM) and COX1 671 

(100 nM) in FPR1-/- cells (white bars) and FPR2-/- cells (black bars). Data are presented as percent 672 

of the control responses, induced by WKYMVM (100 nM) for FPR1-/- cells and by fMLF (100 673 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 26, 2021. ; https://doi.org/10.1101/2021.10.26.465826doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.26.465826
http://creativecommons.org/licenses/by-nc-nd/4.0/


 34 

nM) for FPR2-/- cells (mean + SEM, n=3. D) The ability of the FPR1-selective agonist fMLF (10 674 

nM), the FPR2-selective agonist WKYMVM (25 nM), and the dual agonist COX1 (100 nM) to 675 

recruit β-arrestin was measured in CHO cells overexpressing FPR1 (white bars) or FPR2 (black 676 

bars). The bar graphs show the b-galactosidase activity (relative light units, RLU), reflecting the 677 

degree of β-arrestin recruitment (mean + SEM, n=3).  678 

 679 

Figure 3. Recognition characteristics of PSMα2 and fMILF, two peptides produced by S. 680 

aureus  681 

Activation of FPRs by fMIFL, PSMa2 and the N-terminal fragment PSMa21-5 of the latter was 682 

measured as neutrophil O2- production induced by the agonists. The receptor mediating the 683 

response was determined by a pharmacological approach (A-C) and a genetic knock-out approach 684 

(D-F). A-B) Experiments performed with PSMa2 (50 nM; A) and fMIFL (1 nM; B) as agonists. 685 

The response induced in the absence of any antagonist (solid lines), in the presence of the FPR1 686 

antagonist (CysH; 1 µM, dashed lines) or the FPR2 antagonist (CN6; 100 nM, dotted lines) are 687 

shown. One representative experiment out of three independent experiments are shown. C) Peak 688 

neutrophil O2- production was determined when induced by PSMa21-5 (1 µM) alone and in 689 

presence of a FPR subtype-selective antagonist alone (CysH for FPR1; CN6 for FPR2) and when 690 

combined. D-F) Superoxide production induced in FPR2 expressing (FPR1-/-; white bars) and 691 

FPR1-expressing (FPR2-/-; black bars) HL60 cells by different concentrations of PSMa21-5 (D), 692 

fMIFL (E) and, PSMa2 (F). Data are presented as peak responses (mean + SEM, n = 3). N.D. 693 

non-detectable.  694 

 695 

Figure 4. FPR recognition pattern of the chimeric fMIFL-PSMα25-21 peptide  696 
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A-B) FPR preference for fMIFL-PSMa25-21 in human neutrophils as determined through the 697 

inhibitory effects of FPR-selective antagonists. A) The neutrophil production of O2- was measured 698 

when induced by fMIFL-PSMa25-21 (5 nM) in the absence (solid line) or presence of an FPR1 699 

antagonist (CycH; dashed), an FPR2 antagonist (CN6; dotted), or both antagonists in combination 700 

(dash-dotted). One representative experiment out of three independent experiments is shown. B) 701 

Summary of the effects of the FPR subtype-selective antagonists alone or in combination (black 702 

bars). The response induced by fMIFL-PSMa25-21 in the absence of any antagonist is also shown 703 

as control (white bar); the results are presented as the peak O2- response (mean + SEM, n = 3). C-704 

D) Concentration dependent activation of the O2- producing NADPH-oxidase (peak values) when 705 

induced by fMIFL-PSMa25-21 in neutrophils (C) and HL60 cells overexpressing FPR2 (FPR1-/-; 706 

open circles in D) or FPR1 (FPR2-/-; filled circles in D). Data are shown with EC50 values 707 

determined as normalized peak responses from 3 independent experiments (mean + SEM, n = 3). 708 

E-F) Recruitment of β-arrestin in CHO cells overexpressing FPR1 or FPR2 when induced by 709 

different peptide agonists. E) β-arrestin recruitment induced by different concentrations of fMIFL 710 

in FPR1-overexpressing cells (black bars; mean + SEM, n=3). The response induced by PSMa21-711 

5 (1 µM; white bar) is shown for comparison. Data are presented in percent of the response induced 712 

by the FPR1 agonist fMLF (100 nM). F) β-arrestin recruitment induced by the chimeric 21-residue 713 

fMIFL-PSMa25-21 in cells overexpressing FPR1 (white bars) or FPR2 (black bars). Data represent 714 

mean + SEM, n=3. The inability (ND) of PSMa21-21 (500 nM) to recruit β-arrestin is shown for 715 

comparison (ND = non-detectable).   716 

 717 

Figure 5. FPR recognition and signaling induced by the truncated PSMα21-12 peptide and the 718 

chimeric fMIFL-PSMα21-12 peptide  719 
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A) FPR preference for PSMa21-12 and fMIFL-PSMa25-12 in human neutrophils as determined by 720 

the inhibitory activity of FPR subtype-selective antagonists CysH (FPR1 selective) and CN6 721 

(FPR2 selective). Neutrophils were activated with PSMa21-12 (1 µM, black bars) or fMIFL-722 

PSMa25-12 (1 nM, white bars) in the absence or presence of an FPR selective antagonist alone or 723 

when the two were combined as indicated. Data are presented as the peak responses in the absence 724 

of any antagonist (No additive) and in the presence of one antagonist or the two combined (mean 725 

+ SEM, n=3). B-C) Production of O2- (peak values) induced in HL60 cells by different 726 

concentrations of PSMa21-12 (B) or fMIFL-PSMa25-12 (C). The activities in cells expressing FPR2 727 

(FPR1-/-; open circles) or FPR1 (FPR2-/-; filled circles) were determined; the data are presented as 728 

normalized responses with EC50 values determined from 3 independent experiments (mean + SEM, 729 

n = 3). D-E) Recruitment of β-arrestin induced by different concentrations of PSMa21-12 (D) or 730 

fMIFL-PSMa25-12 (E). Data are presented as percent of the activity induced by fMLF (100nM; for 731 

FPR1-overexpressing cells) and WKYMVM (100nM; for FPR2-overexpressing cells) and 732 

represent mean + SEM (n = 3).  733 

 734 

Figure 6. FPR recognition and signaling induced by PSMα21-12 and variants with 735 

substitutions in the N-terminal part  736 

A) Production of O2- induced by PSMa21-12 and variants of this peptide in FPR1- and FPR2-737 

deficient HL60 cells shown as EC50 values determined for each peptide from three independent 738 

experiments. B) Production of O2- in HL60 cells expressing FPR1 (FPR2-/-; black bars) and FPR2 739 

(FPR1-/-; white bars) when induced by different concentrations of the PSMa21-12 peptide variant  740 

in which I in position 4 was replaced by an L. Data are presented as percentage of the superoxide 741 

production (peak values) induced by WKYMVM (100 nM) in FPR1-/- cells and fMLF (100nM) in 742 
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FPR2-/- cells (mean + SEM, n = 3). C) Recruitment of β-arrestin in cells overexpressing FPR1 or 743 

FPR2 when induced by PSMa21-12 and variants of this peptide shown as EC50 values determined 744 

for each peptide from three independent experiments. EC50 was determined for each peptide (ND= 745 

non-detectable. D) Recruitment of β-arrestin in cells overexpressing FPR2 when induced by 746 

different concentrations of three PSMa21-12 variants having a G2®I2 substitution in common. The 747 

recruitment was compared to that induced by WKYMVM (100 nM; 100%) and expressed as mean 748 

+ SEM (n = 3).  749 

 750 

  751 
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Table 1.  
A 
Peptide length and amino acid sequence of the different PSMα2 variants  

Peptide name 1 2 3 4 5 6 7 8 9 10 11 12 13-21 
PSMα21-5 fM G I I A         
PSMα21-12 fM G I I A G I I K F I K  
PSMα2 fM G I I A G I I K F I K G – K* 
fMIFL-PSMα25-21 fM I F L A G I I K F I K G – K* 

 
*PSMα2 and fMIFL-PSMα25-21 contain the fragment GLIEKFTGK at positions 13 - 21  
 
B 
Peptide length and amino acid sequence of  
PSMα21-12 variants  

Peptide name 1 2 3 4 5-12 
[I2]-PSMα21-12 fM I I I A-K# 

[F3]-PSMα21-12 fM G F I A-K# 
[L4]-PSMα21-12 fM G I L A-K# 
[I2F3]-PSMα21-12 fM I F I A-K# 
[[I2L4]-PSMα21-12 fM I I L A-K# 
[F3L4]-PSMα21-12 fM G F L A-K# 
[l2F3L4]-PSMα21-12 fM I F L A-K# 

 
 
#The PSMα2 variants and fMIFL-PSMα25-21 contain the  
fragment AGIIKFIK at positions 5-12  
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