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Abstract
Formyl peptide receptors (FPRs) are a family of G protein-coupled receptors found on
monocytes, polymorphonuclear leukocytes, dendritic cells, macrophages, and in other
tissues. FPRs have been shown to have a putative role in both the acute inflammatory
response and chronic inflammation. WKYMVM and its D-enantiomer WKYKVm
(W-peptides) are a pair of synthetic hexapeptides that are promiscuous agonists of FPRs.
Previous studies have shown that WKYMVm has anti-inflammatory and proresolving
effects via activation of the formyl peptide receptor subtype, FPR2. Since both peptides
have short half-lives, in order to develop peptide analogs as a potential therapeutic, more
stable and long-acting analogs are needed. In this paper, an established MTL/SMAL
strategy was used to generate novel lipidated analogs of WKYMVM and WKYMVm.
Both lipidated peptides exhibited enhanced potency and wash-resistance in cell based
assays. The two peptides also showed a potency shift in the presence of albumin,
suggesting adherence to albumin. This is an important property which has previously
been shown to enhance the in vivo half-life of other lipidated peptides. The current study
describes a practical way in which the potency of both W-peptide enantiomers were
enhanced using lipidation, a strategy which may extend the half-life of the ligands.

In

summary, we have successfully converted W-peptides into more promising therapeutic
candidates which can be subsequently tested as modulators of FPR2 in vivo.
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Introduction
1.1 Inflammation and resolution
Inflammation is a complex and protective response of the body to infection and/or tissue
injury [1] characterized by a release of mediators and an influx of polymorphonuclear
leukocytes (PMNs). The acute inflammatory response is

followed sequentially by

phagocytosis via monocytes-macrophages, leukocyte clearance and eventual resolution.
[2]. Dysregulation of these crucial processes may lead to morbidity, and/or cause
premature death. [3]. Allergic airway disease, obesity, and Alzheimer's are all

examples

of diseases associated with uncontrolled inflammation [3, 4].
Normally, an acute inflammatory response is considered beneficial [4]. However if such a
condition persists, the inflammatory process evolves into a chronic pathological state.
Traditionally, the shift from acute to chronic inflammation is considered to be the result
of an excess of proinflammatory mediators [1]. More recent investigation suggests that
inflammation does not switch off in a passive manner [5]. Instead, the resolution of
inflammation involves a series of unique mechanisms, in which multiple proresolving
mediators actively dismantle the inflammatory cascade, leading to the restoration of
normal tissue homeostasis and function. [2]. Chronic inflammation and the failure to
move into the resolution phase may result from aberrant function of endogenous
proresolving molecules [1]. In addition to traditional anti-inflammatory compounds
1

which trigger inhibition of pro-inflammatory chemical mediators, there is also a relatively
unexplored opportunity to develop anti-inflammatory therapies based on targeting
endogenous pro-resolving mediators and their pathways.

Such novel therapeutics can

trigger specific target proteins and corresponding downstream pathways to accelerate the
resolution of inflammation [5].

1.2 Formyl peptide receptors
The Formyl peptide receptor (FPR) family, a group of G protein-coupled receptors, are
characterized by high affinity binding of highly conserved peptides, those which posses
an N-formyl methionine [3]. These receptors modulate many biological functions,
including the control of multiple physiological/ pathophysiological pathways (including
cell migration; oxidative burst; xenobiotic engulfment) in the inflammatory response [3].
Initially, the FPR receptor family was discovered for its role in distinguishing “self” from
“non-self”. A N-formyl methionine segment in a protein is recognized as non-self, as the
N-formyl peptides have been identified as a characteristic motif in bacterial products.
However, since the discovery of several members in this receptor family, it has been
found that a variety of mediators can target FPRs.
small molecules with unrelated structures.

These include lipids, proteins and

Through these ligands it has become evident

that the FPRs are involved in a series of biological programs mediated by both agonists
and antagonists [3]. Depending on the FPR, the ligand and the targeted tissues, receptor
2

modulation may result in pro- or anti-inflammatory as well as proresolving effects.In
humans, the FPR family has three members, FPR1 (previously named FPR), FPR2
(previously named FPRL1/ALXR), and FPR3 (previously named FPRL2). These three
receptor subtypes have been identified in a variety of cell types and tissues, including
monocytes, macrophages, immature dendritic cells (iDCs), and polymorphonuclear
leukocytes (PMNs) [3]. In addition to these, FPR2 is also widely expressed in selected
tissues and cell types, including epithelial cells, spleen, lung, and liver [3]. Specific
receptor subtypes have been associated with different diseases. For example, variations in
the FPR1 gene appears to be associated with an increased risk of aggressive periodontitis
[6]. Ligand activation of FPR2 can trigger therapeutic effects on diabetic wounds [7] and
exhibit tissue-protective function [8]. For FPR3, much less is known regarding disease
association [3].

1.3 FPR ligands
Our studies focused on developing and characterizing novel ligands targeting FPR1 and
FPR2. FPRs mediate pro-inflammatory or anti-inflammatory effects through different
ligands, i.e. pro-inflammatory or anti-inflammatory mediators. For both FPR1 and FPR2,
there are multiple known agonists and antagonists, which include endogenously
expressed and synthetic ligands. Previous studies have shown that a naturally occurring
FPR2 agonist, a fatty acid derivative Lipoxin A4 (LXA4) has anti-fibrotic and
3

anti-scarring properties and can thus enhance wound healing and limit fibrosis by
modulating fibroblast function [9].

In addition, the endogenous protein agonist Annexin

A1 (Anx-A1) and its N-terminal peptide Ac2-50 can accelerate the resolution of
inflammation and enhance macrophage efferocytosis after sterile injury [10]. Moreover,
the synthetic peptide, WKYMVm has anti-inflammatory effects on diabetic wounds by
stimulating angiogenesis and infiltration of immune cells [7]. CGEN-855A, a 21-amino
acid synthetic FPR2 agonist exhibits beneficial effects in mouse/rat models of
ischemia-reperfusion-mediated cardiovascular damage [11].
Taken together, these findings suggest that FPR2 agonists have potential as
anti-inflammatory and proresolving mediators and may thus open new avenues as
therapeutics for inflammatory disease.
Our studies focused on modifying synthetic FPR agonists WKYMVm (a D-enantiomer)
and its corresponding L-enantiomer, WKYMVM, for potential use as therapeutics. This
pair of molecules was originally identified by high-throughput screening of a peptide
library, where Trp-Lys-Tyr-Val-Met and Trp-Lys-Tyr-Val-D-Met were found to bind
FPR2 with high affinity. [3]. The rationale for choosing these peptides as starting points
(i.e. template ligands) for our studies included the following considerations: 1) The
ligands are short with only 6 amino acids, thus enabling expedited synthesis and a wide
range of delivery options [12] 2) The chirality of the two C-terminal methionines could
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be utilized to make direct comparisons between effects of L- and D-enantiomers. Upon
initiation of these studies, it was unclear if the chirality would affect the potency of
soluble and/or modified peptides 3) Most importantly, the WKYMVm peptide has been
found to have anti-inflammatory and proresolving effects in wound healing [7], ulcerative
colitis [13], ischemic tissue injury and neovascularization [8], as well as other kinds of
disease or pathological models, making it a promising drug candidate for the control of
inflammation.

Our objective was to improve the drug-like properties of this ligand.

The W-peptides are known to have a short half-life, thus large amounts of peptide and
multiple doses are required for in vivo efficacy [14].

1.4 MTL/SMAL strategy
Our laboratory has developed a streamlined approach to investigate and optimize peptide
ligands targeting G protein-coupled receptors.

In this strategy, we first generate

membrane tethered ligands (MTLs), recombinant proteins comprised of a transmembrane
domain anchor, an extracellular linker and a peptide ligand, to identify candidate receptor
modulators [15]. When expressed on the cell surface, the MTLs are anticipated to have
enhanced potency (due to high local concentration of ligand) compared to corresponding
free (untethered) ligands. MTLs provide a useful guide to identify functionally active
and/or modified anchored peptide sequence.

A major limitation of MTLs is their need

for recombinant expression in target cells, preventing administration as a drug.

To
5

circumvent this limitation, corresponding synthetic membrane anchored ligands (SMALs)
are generated to enable administration as an exogenous compound [15]. SMALs are
designed with a putative membrane anchor, a lipid-PEG linker, covalently attached to the
peptide ligand, with the objective of creating synthetic mimics of the MTLs [12]. SMALs
are also called “lipidated peptides” in reference to the addition of a lipid tail to a soluble
peptide. Theoretically, lipidation confers advantageous properties including enhanced
ligand binding, prolonged half-life [12] and protease resistance. Therefore, we anticipate
that SMALs will exhibit increased potency, and extended half-life relative to
corresponding unlipidated soluble peptides.
The combined MTL/SMAL strategy provides a highly efficient system to expedite the
development of peptide therapeutics [12]. In the current study, I have applied this
approach to WKYMVm and WKYMVM. Throughout this thesis I will describe that
process and the activities of MTLs and SMALs to stimulate the two related receptors,
FPR1 and FPR2.

Materials and Methods
2.1 Plasmids
Expression plasmids encoding FPR family receptors FPR1, FPR2, and FPR3 in
pcDNA3.1 were purchased from the cDNA Resource Center (www.cdna.org). Reporter

6

genes encoding luciferase under the control of either a serum response element
(5X-SRE-Luc-pest in pGL4.33) (Promega, Cat# Madison, WI) or a cAMP response element
(6X-CRE-Luc-pest in pGL4.22) reporter genes, as well as a construct encoding

β-galactosidase, have been prepared in the lab and were previously described [16, 17].
A plasmid encoding Gq5i, a chimeric Gαq protein containing the five carboxyl-terminal
amino acids corresponding to Gαi protein, was utilized in a complementary assay to
investigate ligand potency whereas Gq5i has Glycine residue in position 66, Gq5i G66V,
G66K, and G66D are variant contructs with a Val-, Lys-, or Asp- substitution at the
position position 66. Those variants which may enable enhanced signaling by selected
receptors, have been used in a previous study [18].
All MTL constructs encoded a backbone (consisting of either type I or type II
transmembrane domain, repetitive glycine-asparagine linker and a myc epitope tag) as
well as a peptide ligand [19]. type I and type II Annexin A1 2-26 MTL constructs
contained a nucleotide sequence that encoded amino acids 2-26 of human Annexin A1
(Genebank #301), with a free extracellular N-terminus for type I and a free extracellular
C-terminus for type II.

W-peptide MTLs were generated by site directed mutagenesis

using a uracil template method [20]. type I and type II WKYMVM MTL cDNA
constructs contained nucleotide sequence encoding amino acids WKYMVM with either a
free C- or N-terminus respectively, as previously described. For the glycine-extended
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MTL construct type II WKYMVMG, an additional glycine residue was added to the free
C-terminus of WKYMVM peptide using a corresponding oligonucleotide [20]. As ae
negative control MTL, a type II Met-enkephalin (tMet-Enk) was used that have been
previously prepared in the Kopin Lab (unpublished). The only difference compared to the
MTL plasmids described above is that the ligand segment was substituted by
corresponding nucleotide sequence encoding Met-enkephalin.
Since pcDNA1.1 and pcDNA3.1 were used as expression vectors for making MTL
constructs, these vectors were also used as negative controls (purchased from Thermo
Fisher Scientific, Waltham, MA).

2.2 Cell culture
Human embryonic kidney cells (HEK 293) were cultured in Dulbecco’s modified eagle
medium (DMEM, Life Technologies, Grand Island, NY) containing 100U/mL penicillin,
100µg/mL streptomycin (Life Technologies, Grand Island, NY), and 10% Fetal Bovine
Serum (FBS, Atlanta Biologicals, Lawrenceville GA). Cells were kept at 37 °C in a
humidified 5% CO2 atmosphere [15]. Poly-L-lysine (Sigma, Atlanta, GA) was used to
coat culture plates so that cells would adhere during wash steps in certain experiments.

2.3 Transfection
HEK 293 cells were plated (at 4000-6000 cells per well) in 96-well sterilized plates
8

(Costar) [21]. After overnight incubation and cell attachment, media were replaced with
serum free DMEM (25µl/well), containing 100U/mL penicillin, 100µg/mL streptomycin
(Life Technologies, Grand Island, NY) [19].
For MTL experiments, cells were co-transfected with cDNAs encoding: tethered ligand,
3ng of relevant receptor, 5ng of Gq5i or variant Gq5i, 25ng of luciferase reporter
construct under the control of a 5X-SRE-Luc-pest, as well as 10 ng of β-galactosidase as
a control for transfection efficiency [15].
For experiments to study soluble membrane anchored ligands (SMALs) using
Gq5i/SRE-LUC, cells were transfected as described above for MTLs, however tethered
ligand cDNAs were omitted. For experiments to study direct activation of endogenous
Gαi signaling, cells were transfected with cDNAs encoding: 3ng of relevant receptor, 5ng
of a luciferase reporter construct under the control of a 6X-CRE-Luc, as well as 10 ng of
β-galactosidase as transfection efficiency control [19].
Polyethylenimine (PEI) reagent was prepared as previously described [22] and was used
at the final concentration of 2µg/mL during transfections. cDNAs were incubated with
PEI for 20 minutes and were then added to cells into 96-well plates. The cells were
incubated with the transfection mix at 37°C for 24h.

2.4 Peptides
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The L-enantiomer WKYMVM-NH2 (W(L)) and D-enantiomer WKYMVm-NH2 (W(D))
peptide were purchased from Tocris Bioscience (Cat#1799, UK) and AnaSpec, Inc
(Cat#AS-27069, San Jose, CA), respectively. All synthetic, amidated peptides
(s-GG-WKYMVM-NH2, s-GG-WKYMVm-NH2, WKYMVM SMAL, WKYMVm
SMAL) were synthesized by the Kumar Lab at Tufts University. Both of the soluble (i.e.
non-lipidated)

control

peptides

s-GG-WKYMVM-NH2

(s-GG(L))

and

s-GG-WKYMVm-NH2 (s-GG(D)) included a GG spacer at the N terminus of W(L) or
W(D), respectively, enabling the attachment of PEG8-palmitic acid when generating
corresponding SMALs. The general procedure of synthesizing peptides relied on solid
phase peptide synthesis using Fmoc chemistry on a resin. Lipidation was performed on
resin before a SMAL was released. After that, it was purified using semi preparative
RP-HPLC. MALDI was used to determine the molecular weight and analytical RP-HPLC
was used to verify purity. Lipidated peptides were dissolved in DMSO and
concentrations were determined using a NanoDrop 2000 spectrophotometer (Cat#
ND-2000) with samples diluted 10 times in PBS . The chemical structure and some other
features of two soluble peptides and two SMAL peptides are shown in Table 1.
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Table 1 Chemical structure, abbreviation, and molecular weight of synthesized peptides

Ligand Name

soluble
1

W(L)

1

W(D)

WKYMVM

soluble
WKYMVm

WKYMVM
SMAL2,3

WKYMVm
SMAL2,3

Abbreviation

Molecular
weight

Chemical structure4

856.11

856.11

C16-GG(L)

1632.63

C16-GG(D)

1632.63

m* are D- amino acids.

1.Two soluble peptides were purchased commercially.
2.Two SMALs were generated by the Kumar Lab.
3.GG spacer coupled to the N terminus of the peptide before pegylation.
4.Of note, N-terminus is on the left hand side of all peptides, and there is a C-terminal
amidation on the right hand side (soluble peptides).

2.5 Luciferase assay
For soluble and lipidated ligand stimulation, transfected cells were incubated with
indicated ligand in the serum-free DMEM for 4 hours and then luciferase activity was
quantified using SteadyLite Plus reagent(PerkinElmer, CT) [12]. For forskolin assays, 10
minutes after ligands were added, the cells were additionally exposed for forskolin
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(Cat#344270, Sigma-Aldrich, NJ) at the indicated concentration for the 4-hour incubation.
Luciferase activity was read using a TopCount NXT™ Microplate Scintillation and
Luminescence Counter (PerkinElmer, CT). β-galactosidase was measured using a
SpectraMax Plus 384 Microplate Reader (Molecular Devices, CA). Luciferase levels
were normalized using expression of β-galactosidase, as previously described [16]. To
assess effcacy of membrane tethered ligands, luciferase activity was quantified and
normalized as described above.
Wash experiments:
Bovine serum albumin (BSA) conditioned media was prepared by adding powdered BSA
(Sigma-Aldrich,Cat#A7906, NJ) to serum-free DMEM at the a concentration of
45mg/mL. 15 minutes after addition of ligands to transfected cells, media was aspirated
and the same amount (100µl) of fresh BSA-containing or BSA-free media was added;
this process was repeated three times. Finally 100µl of corresponding media was added
and plates were incubated for 4 hours before measuring luciferase activity.

2.6 Data Analysis
Data were analyzed and graphed to the nonlinear dose-response curves were calculated
using Graphpad prism 5 and 6 (La Jolla, CA). All primers, oligonucleotides and
subcloning strategies were designed using the Benchling website (benchling.com).
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Results
3.1 FPR2 activation through Gαi signaling pathway can be measured using the
chimeric G protein Gq5i
FPR2 signaling pathway is endogenously mediated by Gαi G proteins, thus
down-regulating cyclic AMP (cAMP) levels. In our reporter gene assay this
down-regulation further results in a decrease of cAMP-dependent luciferase activity
measured using a 6X-CRE-Luc-pest reporter. A complementary approach that was used
to test Gαi linked FPR2 signaling is to introduce a chimeric G protein, Gq5i when
co-expressed with 5X-SRE-Luc-pest reporter gene construct. The 5 amino acid segment
at the carboxyl-terminus of Gq5i is sufficient to enable interaction with Gαi coupled
receptors while directing receptor-mediated signaling to the Gαq pathway. The latter can
be detected using the 5X-SRE-Luc-pest reporter gene construct [21]. A technical
advantage of this approach is that a positive readout with ligand stimulation is detected,
which enables a more robust readout than Gq5i-mediated inhibition of signaling (as
Figure 1).

13

A

B

Figure 1 Cartoon representing a GPCR signaling via either the Gαi or Gαq5i mediated
pathways
A) Assessment of the G-protein signaling pathway through Gαi, triggering inhibition in
cAMP levels, leading to a decrease in the level of luciferase activity. B) Assessment of
G-protein signaling pathway using Gαq5i. In this assay, Gαq5i was introduced to cells, by
co-transfection with a Gαq-responsive reporter. The signal is transmitted through Gαq5i
triggering activation of the SRE. Using this method the activation of receptor was
reflected by an increase in the level of luciferase activity.

3.2 Gq5i variants were tested to determine which construct coupled to FPR2 most
14

efficiently

Figure 2 Optimization of Gαq5i/SRE-luciferase assay
A) Co-expression of Gαq5i variants result in different levels of FPR2 signaling with a
fixed concentration of W(L) agonist (10µM). HEK293 cells were transfected with cDNA
encoding either WT or variant Gαq5i, an SRE-luciferase reporter construct, and
β-galactosidase. After 24 hours, cells were stimulated with W(L) for 4 hours. Luciferase
activity was quantified and normalized relative to β-galactosidase expression.
B) Concentration response curve, activating FPR2 with W(L) in cells expressing Gαq5i
G66V. 50µl of a series of ten fold dilutions of W(L) was added to cells 20 hours after
transfection; the duration of ligand stimulation was 4 hours. Data points represent the
mean ± SEM from one single experiment performed in triplicate.
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While using the Gq5i pathway to measure activation of FPR2, 4 different Gq5i variants
(WTG66, G66K, G66V, G66D) were used to optimize the assay, in order to examine the
detected level of activation at the same G-protein expression level. The G66V variant was
found to induce the highest levels of W(L)-stimulated FPR2 activation with the range of
Gq5i variants tested (Figure 2A). Receptor activities in the absence of ligand are not
significant different when measured with either of the Gq5i variants (data not shown),
reflecting comparable levels of basal signaling. In Figure 2B, a concentration response
curve of W(L) is shown using Gq5i G66V, which indicates an EC50 value of 10µM. This
experimental setup provides a practical Gq5i assay to test the function of
membrane-tethered ligands (MTLs) in the next step.

3.3 Glycine-extension of a W-peptide MTL showed agonist activity at FPR2
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Figure 3 Comparison of tethered ligands activation on FPR2
A) Type II WKYMVM, B) Type II WKYMVM with a glycine-extension (Type II
WKYMVMG), C) Type I WKYMVM, and D) Concentration response curve of soluble
W(L) (control). HEK293 cells were transiently co-transfected for 24 hours with cDNAs
encoding: FPR2, Gαq5i G66v, a 5X-SRE-Luc-pest reporter construct (pGL4.33),
corresponding tethered ligand (as indicated), and a β-galactosidase gene to control for
transfection variability. Luciferase activity was quantified and normalized relative to a 4
hour stimulation with a saturating concentration of W(L) (10µM=100%) (D). Data points
represent the mean ± SEM from one single experiment performed in triplicate.

Now that the receptor-signaling assay was established, we tested MTLs on FPR2. Both a
type I and a type II WKYMVM MTL were generated and tested using luciferase assay.
No signal was observed for either MTL as shown in Figure 3 A and B. However, when
an additional glycine residue was added to the free C-terminus of type II WKYMVM, an
17

MTL-induced increase in luciferase activity was seen (Figure 3C). These observations
suggested that glycine extention of the tethered ligand was required to partially activate
FPR2. In our experience, glycine extention can mimic C-terminal amidation of a
particular ligand [15]. The partial activity observed with membrane-tethered WKYMVM
only after addition of a glycine residue suggests that C-terminal amidation in this context
is probably important for receptor activation.

3.4 Comparison of soluble (untetherd, unlipidated) ligand activaties at different
FPR family receptors

Figure 4 W(L)/W(D) show variable potencies in activating FPR1, 2, and 3
Both W(L) and W(D) soluble peptides showed activity on A) FPR1 and B) FPR2, but not
C) FPR3. HEK293 cells were transiently transfected with cDNAs encoding (i) FPR1,
FPR2 or FPR3, (ii) a 5X-SRE-Luc-PEST reporter gene, (iii) a Gαq5i G66V, and (iv) a
β-galactosidase control. Twenty-four hours after transfection, cells were stimulated with
ligand for 4 h. Luciferase activity, determined as described under "Materials and
Methods", was normalized relative to the maximal value observed using saturating
concentrations of W(D) on FPR2 (10µM=100%). Data points represent the mean ± SEM
from at least three independent experiments, each performed in triplicate.
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Both W(L)

and W(D) were used to characterize FPR family receptors (FPR1-3).

For

FPR1 and FPR2, ligand-induced luciferase activity was observed. W(D) showed higher
potency compared to W(L) for both FPR1 and FPR2 (Figure4A,B). Neither ligand
induced detectable FPR3 stimulation (Figure 4C).

3.5 Comparison of SMALs and soluble ligands on cells expressing different
receptors

Figure 5 Lipidated analogs have higher potency than corresponding soluble peptides for
both FPR1 and FPR2.
A) C16-GG(L) is more potent than W(L) in activating FPR1. B) C16-GG(D) is more
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potent than W(D) in activating FPR1. C) C16-GG(L) is more potent than W(L) in
activating FPR2. D) C16-GG(D) is more potent than W(D) in activating FPR2. HEK293
cells were transiently transfected with cDNAs encoding (i) FPR1 or FPR2, (ii) a
5X-SRE-Luc-PEST reporter gene, (iii) Gαq5i G66V, and (iv) a β-galactosidase control.
Twenty-four hours after transfection, cells were stimulated with ligand for 4 h. Luciferase
activity, determined as described under "Materials and Methods". was normalized
relative to the maximal value observed using saturating concentrations of corresponding
soluble ligand on corresponding FPR subtype (10µM =100%). Data points represent the
mean ± SEM from at least three independent experiments, each performed in triplicate.

Table 2 Summary of potency of various ligands in activating different FPR subtype

Ligand1,

EC50 of FPR12,3

EC50 of FPR22,3

nM

nM

W(L)

888

17

W(D)

15

0.47

C16-GG(L)

2.5

0.94

C16-GG(D)

0.86

0.43

1. ligand are used in a concentration range between 10^-5 and 10^-12M.
2. Gq5i assay, N=3
3. 3ng receptor cDNA transfected

Previous studies have shown that the activity of recombinant MTLs can be recapitulated
using SMALs, which integrate into the cellular membrane via a lipid moiety that is
attached to a synthetic peptide ligand [12, 23, 24]. SMALs were generated based on the
activity of type II MTL on FPR2. Although W(D) was found to have higher potency than
W(L) (Figure 4), we further investigated the corresponding SMALs potency for both
ligands. For FPR1, the WKYMVM SMAL (C16-GG(L)) best-fit curve is shifted left
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compared to W(L) (Figure 5A), indicating that there is a significant increase in potency
of C16-GG(L) as a result of lipidation. WKYMVm SMAL (C16-GG(D)) also displayed
higher potency compared to its corresponding W(D), although the shift was less
pronounced (Figure 5B). Similar trends as observed with FPR1 were found with FPR2
stimulation, in which C16-GG(L) showed significantly increased potency (Figure 5C).
However, C16-GG(D) showed similar potency as that of W(D) with regard to FPR2
stimulation, suggesting that lipidation of W(D) in this case does not further enhance
ligand function. All peptides had higher affinity for FPR2 compared to FPR1when
comparing either soluble (nonlipidated) or SMAL (lipidated) forms at either receptor
(EC50 shown in Table 2). In this experiment, the soluble control peptides, s-GG(L) and
s-GG(D), were also tested. They both included a GG spacer coupled to the N-terminus to
allow attachment of PEG8-palmitic acid. The activities of s-GG(L) and s-GG(D)
exhibited no significant difference than W(L) and W(D), respectively, i.e. corresponding
peptides without the addition of glycine spacers (Data not shown).

3.6 SMAL activities persisted following serial washes
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Figure 6 Lipidation of W(L) and W(D) peptides resulted in wash resistant activation of
FPR1.
Activities with and without washing were compared for A) W(L), B) C16-GG(L), C)
W(D), and D) C16-GG(D). Signaling of lipidated analogs persists despite serial washes
(B, D), whereas activities of the soluble counterparts are minimal (A, C). HEK293 cells
were transiently transfected with cDNAs encoding: (i) FPR1, (ii)a 5X-SRE-Luc-PEST
reporter gene, (iii) Gαq5i G66V, and (iv) β-galactosidase control. Twenty-four hours after
transfection, cells were stimulated with increasing concentrations of the indicated ligands
for 15 min. Selected wells were then washed three times with serum-free media and
plates were further incubated for 4 h. Luciferase activity, determined as described under
"Materials and Methods", was normalized relative to the maximal value observed using
saturating concentrations of W(D) in cells that were unwashed (10µM =100%). Data
points represent the ± SEM from at least three independent experiments, each
performed in triplicate.
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Table 3 Summary of potency of various ligands in activating FPR1 at different conditions

Ligand1

EC50 of

EC50 of

Fold

ligand at

ligand at

change of

No Wash

3X Wash

potency

No BSA

No BSA

shift

condition

2,

condition

2,

because of

EC50 of
ligand at
No Wash
BSA
condition2, 3

EC50 of

Fold

ligand at

change of

No Wash

potency

BSA

shift

condition

because of

3

3

nM

nM

nM

nM

W(L)

~679

ND

~265

ND

W(D)

25

ND

1.1

ND

C16-GG(L)

6.2

~581

95X

32

ND

>300X

C16-GG(D)

0.61

5.5

9X

0.37

13

34X

washing

3

2,

washing

1. ligand are used in a concentration range between 10^-5 and 10^-12M.
2. Gq5i assay, N=3
3. 3ng receptor cDNA transfected

Next we examined the extent of lipid anchoring of SMALs to the cell membrane by
washing experiments. After ligands were added to cells, the cells was washed three times
and then receptor activation was measured. For FPR1, following stimulation with W(L)
and after three successive washes, maximal receptor activation was decreased from 100%
to about 10% (Figure 6A), suggesting that most of the soluble (unlipidated) W(L) was
washed away and thus could not stimulate the receptor. In contrast, although C16-GG(L)
could still fully activate FPR1 after washing, the concentration-response curve was
shifted to the right (Figure 6B). This suggests that while washing did reduce potency,
C16-GG(L) had markedly wash resistance compared to the soluble (unlipidated) peptide.
Similarly, C16-GG(D) also was able to fully activate FPR1 after washing (Figure 6D) in
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contrast to W(D) (Figure 6C), which had little if any wash resistance. The potency
observed with and without washing was compared for each lipidated ligand (C16-GG(L)
and C16-GG(D)). For C16-GG(L) there was 95 fold decrease as a result of washing,
whereas for C16-GG(D) the potency decrease was only 9-fold (Table 3). These findings
indicate thatd that C16-GG(D) had better wash-resistance than C16-GG(L) for FPR1.

Figure 7 Lipidation of W(L) and W(D) peptides resulted in wash resistant activation of
FPR2.
Activities were compared among A) W(L), B) C16-GG(L), C) W(D), and D) C16-GG(D)
with and without washing. Signaling of two lipidated analogs (B,D) and W(D) (C)
persists despite serial washes, whereas activity of soluble counterpart W(L) is minimal
(A). HEK293 cells were transiently transfected with cDNAs encoding: (i) FPR2, (ii)a
5X-SRE -Luc-PEST reporter gene, (iii) Gαq5i G66V, and (iv) β-galactosidase control.
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Twenty-four hours after transfection, cells were stimulated with increasing concentrations
of the indicated ligands for 15 min. Selected wells were then washed three times with
serum-free media and plates were further incubated for 4 h. Luciferase activity,
determined as described under "Materials and Methods", was normalized relative to the
maximal value observed using saturating concentrations of W(D) in cells that were
unwashed (10µM =100%). Data points represent the mean ± SEM from at least three
independent experiments, each performed in triplicate.

For FPR2, except W(L), whose luciferase activity did not reach 100% (Figure 7A),
three other ligands—W(D), C16-GG(L) and C16-GG(D), fully activated FPR2 (by
showing 100% activation) after the cells was washed (Figure 7B,C,D). This observation
suggested that these three ligands are relatively wash resistant. The wash resistance of
these three ligands, based on potency loss induced by cell washing, was as follows:
C16-GG(D) >W(D) > C16-GG(L).
It should be pointed out that for both FPR1 and FPR2, C16-GG(D) always exhibited
higher potency than C16-GG(L) (Figure 6B, D and Figure 7B, D). Moreover, even after a
washing step, each peptide still retained higher potency for FPR2 than for FPR1. In this
experiment (i.e. assessment of wash resistance), the activities of s-GG(L) and s-GG(D)
were tested and exhibited no significant difference than W(L) and W(D), respectively
(Data not shown).

3.7 Presence of Albumin affects ligand affinity of W peptide analogs.
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Figure 8 Lipidation of W(L) and W(D) peptides resulted in albumin wash resistant
activation of FPR1.
Activities with and without washing were compared for A) W(L), B) C16-GG(L), C)
W(D), and D) C16-GG(D). With the addition of BSA, only signaling of C16-GG(D)
persists despite serial washes (D), whereas activity of C16-GG(L), and two soluble
counterparts W(L) and W(D) are minimal. HEK293 cells were transiently transfected
with cDNAs encoding: (i) FPR1, (ii) a 5X-SRE-Luc-PEST reporter gene, (iii) a Gαq5i
G66V chimera, and (iv) β-galactosidase control. Twenty-four hours after transfection,
cells were stimulated with increasing concentrations of the indicated ligands with
BSA-conditioned media for 15 min. Selected wells were then washed three times with
BSA-conditioned media and plates were further incubated for 4 h. The final
concentration of BSA in all plates is 45 mg/ml. Luciferase activity, determined as
described under "Materials and Methods", was normalized relative to the maximal value
observed using saturating concentrations of W(D) in cells that were unwashed (10µM
=100%) incubated without BSA ( see Figure 6). Data points represent the mean ± SEM
from at least three independent experiments, each performed in triplicate.
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Figure 9 Lipidation of W(L) peptides resulted in albumin wash resistant activation of
FPR2, which is not the case for W(D).
Activities were compared among A) W(L), B) C16-GG(L), C) W(D), and D) C16-GG(D).
With the addition of BSA, signaling of two lipidated analogs (B,D) and W(D) (C) persists
despite serial washes, whereas activity of soluble counterpart W(L) is minimal (A).
HEK293 cells were transiently transfected with cDNAs encoding: (i) FPR2, (ii) a
5X-SRE-Luc-PEST reporter gene, (iii) a Gαq5i G66V chimera, and (iv) β-galactosidase
control. Twenty-four hours after transfection, cells were stimulated with increasing
concentrations of the indicated ligands with BSA-conditioned media for 15 min. Selected
wells were then washed three times with BSA-conditioned media and plates were further
incubated for 4 h. The final concentration of BSA in all plates is 45 mg/ml. Luciferase
activity, determined as described under "Materials and Methods", was normalized
relative to the maximal value observed using saturating concentrations of W(D) in cells
that were unwashed (10µM=100%) incubated without BSA ( see Figure 7). Data points
represent the mean ± SEM from at least three independent experiments, each performed
in triplicate.
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Table 4 Summary of potency of various ligands in activating FPR2 at different conditions

Ligand1

EC50 of

EC50 of

Fold change

ligand at

ligand at

of potency

No Wash

3X Wash

shift

No BSA

No BSA

because of

condition

2,

condition

2,

washing

EC50 of
ligand at
No Wash
BSA

EC50 of

Fold

ligand at

change of

3X Wash

potency

BSA

shift

condition

2,

because of

3

3

condition2, 3

nM

nM

nM

nM

W(L)

30

ND

5.3

ND

W(D)

0.54

3.0

6X

0.054

0.81

15X

C16-GG(L)

1.0

21

20X

1.5

37

25X

C16-GG(D)

0.74

3.0

4X

0.080

1.6

20X

-5

3

washing

-12

1. ligand are used in a concentration range between 10^ and 10^ M.
2. Gq5i assay, N=3
3. 3ng FPR2 cDNA transfected

When albumin is introduced into the assay media, the basal activity, represented by
luciferase activity at the "no ligand" point, was elevated in all experiments (Figure 8, 9).
For FPR1 without washing treatment, W(L) had higher potency; the EC50 shifted from
679nM to 265nM when albumin was added (Figure 6A versus 8A; Table 3). Similar
results were seen with W(D) and C16-GG(D) (Figure 6C versus 8C, 6D versus 8D; Table
3), whereas C16-GG(L)'s potency was 5-fold decreased (EC50: from 6.2nm to 32nm)
with the addition of

albumin (Figure 6B versus 8B; Table 3). Showing in a similar

patthern, with FPR2 without washing, W(L), W(D), and C16-GG(D), all increased in
potency upon addition of albumin (Figure 7A versus 9A, 7C versus 9C, 7D versus 9D;
Table 4), while C16-GG(L)'s potency slightly decreased after treatement with albumin
28

(Figure 7B versus 9B; Table 4). In this experiment (i.e. assessment of wash resistance in
the presence of albumin), the activities of s-GG(L) and s-GG(D) were again included as
controls, and no significant difference compared to W(L) and W(D), respectively, were
noted (data not shown).

3.8 Presence of albumin results a partial loss of wash resistance.
With FPR1, using a combination of washing and albumin treatments for W(L), W(D),
and C16-GG(L), only minimal receptor activities were detected at the highest ligand
concentration (Figure 8A,B,C) suggesting that the presence of albumin make ligands
easier to wash away. Only C16-GG(D) could fully activate the receptor even washing
with albumin (Figure 8D). For C16-GG(D), there was a 34 fold potency loss after
washing in the presence of BSA (Figure 8D), compared to a 9 fold potency loss after
washing without BSA(Figure 6D; Table 3). This observation suggests that the addition of
albumin reduced the ligand's wash resistance.
For FPR2, using a combination of washing and albumin treatment, W(D), C16-GG(L)
and C16-GG(D) all retained the ability to fully activate the receptor (Figure 9B,C,D). For
W(D), when the loss of potency after washing without BSA (a 6 fold change) (Figure 7C)
and with BSA (a 15 fold change) (Figure 9C; Table 4) were compared, albumin still
interfered with its wash resistance to some extent. Similar trends can be observed for
C16-GG(L) and C16-GG(D).
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3.9 Optimization of FPR receptor activation through the Gαi signaling pathway

Figure 10 Optimization of forskolin concentration to examine FPR1 signaling.
Two concentrations, A) 0.5µM and B) 1µM, were tested using FPR1 with W(L) to find
an appropriate forskolin concentration to be used for subsquent investigations. HEK293
cells were transiently transfected with cDNAs encoding: (i) FPR1, (ii) a
6X-CRE-Luc-PEST reporter gene, and (iii) β-galactosidase control. Twenty-four hours
after transfection, cells were stimulated with increasing concentrations of W(L) for 10
min. Selected concentration of forskolin were then added to cells and plates were further
incubated for 4 h. Luciferase activity was read out and graphed using the actual number
of luminescence Counts. The final concentration of forskolin was 1µM. Data points
represent the mean ± SEM from one single experiment performed in triplicate.

After characterizing potency and wash resistance properties of W peptide analogs using
Gq5i G66V and the Gαq signaling pathway, we next examined whether the SMALs were
functional through their endogenous Gαi signaling pathway.
The complementary approach used to confirm Gαi coupled FPR signaling was to
stimulate cells with forskolin, which results in an increase in cAMP level, reflected by an
elevation in CRE-responsive luciferase activity. Upon the addition of ligand to stimulate
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the receptor, leading to activation of Gαi, a significant decrease in forskolin-induced
cAMP levels can be observed, reflected by a corresponding reduction in luciferase
activity [21]. Thus, by measuring the luciferase activity with addition of increasing
concentrations of ligands, we can observe the concentration dependent response through
the endogenous Gαi signaling pathway (Figure 10).
To perform this assay, we first we needed to determine an appropriate forskolin
concentration. Based on previous studies [21], we tried both 0.5µM and 1µM forskolin. A
1µM forskolin treatment provided better results with a higher signal to noise ratio (Figure
10B).

3.10 Wash resistance and receptor activation through the Gαi signaling pathway
Table 5 Summary of potency of various ligands in activating different FPR subtype
through the Gαi signaling pathway

Ligand1,

EC50 of FPR12,3

EC50 of FPR22,3

nM

nM

W(L)

18

0.64

W(D)

0.14

0.0082

C16-GG(L)

0.28

0.024

C16-GG(D)

0.14

0.031

1. ligand are used in a concentration range between 10^-5 and 10^-12M.
2. Forskolin assay, N=3
3. 3ng receptor cDNA transfected
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Figure 11 Both soluble peptides and lipidated analogs showed activity on FPR1 and
FPR2.
Complete data set for A) activation of FPR1, and B) activation of FPR2 with soluble and
lipidated ligands, with concentration ranging from 10-12 M to 10-5 M. C) and D) are
plotted with the same data, but only considering ligand concentration from 10-12M to
10-6M and 10-8M, respectively. HEK293 cells were transiently transfected with cDNAs
encoding: (i) FPR1 or FPR2, (ii) a 6X-CRE-Luc-PEST reporter gene, and (iii)
β-galactosidase control. Twenty-four hours after transfection, cells were stimulated with
increasing concentrations of corresponding ligand for 10 min. Forskolin were then added
to cells with final concentration of 1µM and plates were further incubated for 4 h.
Luciferase activity, determined as described under "Materials and Methods", was
normalized relative to the maximal forskolin-induced value in the absence of ligand for
the corresponding receptor subtype. Data points represent the mean ± SEM from one
single experiment performed in triplicate.

Next we tested the two soluble ligands and the two SMALs in activating FPR1 and FPR2
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through the Gαi pathway. We observed similar or higher potency for each ligand for both
FPR1 and FPR2 when assessed via Gαi (Table 5) compared to parallel experiments using
Gq5i/ SRE-Luc based signaling readout (Table 2). Of note, at higher concentration of
lipidated ligands at FPR1 and of all ligand on FPR2, luciferase activity began to increase,
precluding generation of a concentration response curve (Figure 11 A, B). However, if
we only considered the ligand concentrations in the lower range, best fit of inhibition
curves still could be determined (Figure 11 C, D) and potency of different ligands was
calculated accordingly (Table 5). Based on previous studies, high ligand concentration or
repeated stimulation by agonists can lead to receptor desensitization [3, 25]. We speculate
that high concentrations of a potent ligand may result in receptor desensitization or
internalization, leading to loss of inhibition of FPR function. Alternatively, high peptide
concentrations may activate an endogenous HEK cell GPCR that is coupled to
Gs-mediated stimulation of cAMP production.

33

Figure 12 Lipidation of W(L) resulted in wash resistant activation of FPR2 using the
forskolin inhibition assay.
A) Activation of FPR2 with W(L). B) Activation of FPR2 with C16-GG(L) (complete
data set) and C) Data showing only the lower range of ligand concentration for activation
of FPR2 with C16-GG(L). Signaling of lipidated analog persists despite serial washes (C),
whereas inhibition of luciferase activity induced by soluble peptide after washing is
minimal (A). HEK293 cells were transiently transfected with cDNAs encoding: (i) FPR2,
(ii) a 6X-CRE-Luc-PEST reporter gene, and (iii) β-galactosidase control. Twenty-four
hours after transfection, cells were stimulated with increasing concentrations of
corresponding ligand for 10 min. Forskolin was then added to cells with a final
concentration of 1µM and plates were further incubated for 4 h. Luciferase activity,
determined as described under "Materials and Methods", was normalized relative to the
maximal forskolin-induced value in the absence of ligand for FPR2. Data points represent
the mean ± SEM from one single experiment performed in triplicate.
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Table 6 Summary of potency of various ligands in activating FPR2 at different conditions
through the Gαi signaling pathway

EC50 of ligand at No EC50 of ligand at 3X
Ligand

1

Wash No BSA
condition

2, 3

Wash No BSA
condition

2, 3

Fold change of
potency shift because
of washing

nM

nM

nM

W(L)

0.56

16

29X

C16-GG(L)

0.023

0.34

14X

1. ligand are used in a concentration range between 10^-5 and 10^-12M.
2. Forskolin assay, N=3
3. 3ng FPR2 cDNA transfected

To further examine the wash resistance properties of W peptide analogs, we adapted a
washing protocol for the forskolin assay and applied this for characterizing ligand
properties at FPR2. Based on the previous results showing increase in signals at the
higher ligand concentrations, we limited our experiments to lower concentrations of
ligands in the range of 10-14 to 10-7M. The increase in luciferase activity at the higher
concentrations of ligands was still noted with C16-GG(L). However, after exclusion of
these concentrations a best fit could be determined (Figure 12 B, C). After washing
treatment, the best-fit curves for both W(L) and C16-GG(L) are shifted to the right,
suggesting a significant loss of potency. For W(L), there was a 29-fold decrease
(EC50:from 0.56nM to 16nM) after washing (Table 6), where as there was only a 14-fold
decrease (EC50:from 0.023nM to 0.34nM) for C16-GG(L) (Table 6). This result suggests
C16-GG(L) is wash resistant at FPR2 using this assay as well. In this experiment (i.e.
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assessment of wash resistance in forskolin assay), the activities of s-GG(L) (with and
without washing) were tested and exhibited no significant difference vs. W(L) (data not
shown).

3.11 Examination of receptor desensitization

Figure 13 Control experiment examining activity of soluble and lipidated peptides in
HEK293 cells without expression of recombinant FPRs.
HEK293 cells were transiently transfected with cDNAs encoding: (i) pcDNA3.1 , (ii) a
6X-CRE-Luc-PEST reporter gene, and (iii) β-galactosidase control. Twenty-four hours
after transfection, cells were stimulated with increasing concentrations of corresponding
ligand for 4 h. For a column of wells that had no ligand, forskolin (1µM) was added and
incubated for 4h. Luciferase activity level in these wells was considered as 100% for
normalization (data sets not shown). Luciferase activity in other wells with ligand
stimulation, determined as described in "Materials and Methods", was normalized
relative to the forskolin control mentioned above. Data points represent the mean ± SEM
from one single experiment performed in triplicate.
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As mentioned above, 6xCRE-luciferase activity increased when ligands were added at
higher concentrations. Hence, we designed an experiment to test if there is activation of
an endogenous Gαs coupled receptor other than FPR1 or FPR2 in HEK293 cells. Cells
were transfected with reporters but without receptor and then stimulated with ligands.
Forskolin was only added in control wells without ligands, luciferase activity of which
was considered as 100%. In other wells, corresponding ligands were added in a
concentration-dependent manner (from 10-9M to 10-5M) in the absence of forskolin.
Luciferase activity was found to be at a very low level (Figure 13), suggesting that there
is no activation of an endogenous Gαs-coupled receptor that can cause an increase in the
level of luciferase activity. After excluding this possibility, we believe that the increase in
cAMP-dependent luciferase activity observed at the higher ligand concentrations in
FPR-expressing cells is more likely caused by receptor desensitization or internalization.
Alternatively, it is possible that FPR receptors couple to Gαs-mediated signaling as a
secondary pathway that is only activated at much higher agonist concentrations that those
needed for triggering Gαi-mediated signaling.

Discussion
As an initial step, I have utilized a robust approach to characterizing ligands by
converting an inhibitory signal (i.e. decrease in cAMP) into a stimulatory signal. In this
approach, the Gα5i protein is used to convert Gai mediated signaling into a positive
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response, i.e. an increase in luciferase activity. To optimize the method in order to get
higher resolution of luciferase activity, I demonstrated that the Gq5i 66v variant provided
the highest signal to noise ratio at eachconcentration of ligand This construct was
therefore used in all subsequent experiments. Also, a novel two-step MTL SMAL
strategy was applied to develop ligands with high affinity to FPRs based on the previous
success shown in the literature to enhance activity of low potency peptides [12, 15].
Previous studies in the literature highlighted the fact that MTLs are good predictors of the
activity of SMALs [12, 15, 23]. Therefore, recombinant MTL constructs of W(L) were
generated and characterized. Due to the methodological limitations i.e. the endogenous
translation machinery in mammalian cells, MTLs expressing the D enantiomer could not
be generated as a recombinant construct. Neither the type I nor the type II W(L) MTLs
showed agonist activity in stimulating the FPR2 receptor. However this was not
completely unexpected given the known importance of C-terminal amidation for the
function of numerous biologically active peptides [15]. Using an approach from a
previous study showing that the addition of a C-terminal glycine residue can compensate
for the lack of peptide amidation and increase ligand activity [15], I added a glycine
residue to the free C-terminus of type II W(L) MTL. As anticipated, the glycine-extended
MTL showed increased activity. Generation of this active MTL suggests that a
corresponding SMAL may have enhanced function and could be considered as a potential
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probe in activating FPR, based on the MTL/SMAL strategy [12, 15, 23, 24]. Also,
increased activity of the glycine extended type II MTL informed the strategy to move
forward in making SMALs with a C-terminal amidation and lipidation at the N-terminus.
Synthetic chemistry enables us to bypass the limitation of the cellular translation
machinery in failing to introduce unnatural D-amino acids. Introduction of D amino acids
confers resistance to proteases.

Synthetic versions of the W-peptide with either D or L

amino acids were thus generated.

To test the difference between the two peptide

enantiomers in activating three different receptor subtypes, both non-lipidated and
lipidated peptides were synthesized, W(L), W(D), C16-GG(L) and C16-GG(D)
respectively. Two negative control, s-GG(L) and s-GG(D), were also tested. No ligand
showed activity in cells expressing FPR3 whereas, the soluble ligands W(L) and W(D)
showed variable potency at FPR1 and FPR2. W(D) has higher potency than W(L) at both
receptor subtypes. Moreover, lipidated peptides have increased potency but are less
receptor selective compared to corresponding soluble ligands. Two negative controls,
s-GG(L) and s-GG(D) were also tested and showed similar potencies as than
corresponding soluble peptides, W(L) and W(D), respectively. The latter observation
suggests that the GG spacer did not affect ligand potency. Notably, potency of each
soluble peptide in activating FPR 1 and 2, was increased after the addition of the
synthetic lipid membrane anchor, reinforcing that lipidation of peptides can be used as a
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strategy to develop high potency ligands [12, 15, 23, 24].
Previous studies have suggested that the increased potency of lipidated peptides was due
to membrane anchoring. Based on this precedent, I explored anchoring of our peptide
ligands using wash resistance as an index. As illustrated in the results, soluble ligands can
be washed away for both FPR1 (Figure 6A, C) and FPR2 (with the exception of W(D) in
FPR2) (Figure 7A), as indicated by a loss of activity. In contrast, the lipidated peptides
(Figure 6B, D and Figure 7B, D) and W(D) for FPR2 (Figure 7C) still can fully activate
the receptors, and their potency rank order persisted after the washing step. By comparing
the fold change of each ligand before and after washing, I can conclude that for each
receptor, the wash-resistance has a relation to the ligand's original potency, meaning that
the more potent the ligand, the more wash-resistance it appears to have. Moreover, as an
index of membrane anchoring, the wash-resistance of SMALs revealed that enhanced
potency of lipidated peptides was achieved by lipid anchoring to the cell membrane.
Albumin serves as an important role in affecting peptide drug potency and delivery mode.
All kinds of peptides adhere to albumin- the extent of interaction is dependent on the
specific sequence and structure of the peptide [26, 27]. Normally, lipidated peptides tend
to bind albumin to a greater extent than soluble (non-lipidated) peptides. As an example,
liraglutide has facilitated binding to albumin because of the addition of a fatty acid side
chain to a nature peptide, gluco-regulator GLP-1 [28].
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In defining potency, one confounding effect that should be considered is affinity for
plastic. Peptides are amphipathic and readily absorb to most surfaces (tubes, tips and
other containers) [29, 30]. This tendency to absorb may lead to the loss of peptides during
experiments, and the addition of BSA to peptide solutions was found to be an effective
way to improve the recovery of the potency by preventing peptides from attaching to
plastic surfaces [29]. There is also cell binding occurring with lipidated peptides which is
a unique property where the lipid tail anchors to the cell membrane. All of the data shown
in Tables 3 and 4 are affected by the combined impact of the above described properties
of both soluble and lipidated W peptides.
If I look at potency changes of ligands before and after the addition of BSA without
washing, non-lipidated ligands have increased potency in activating both FPR1 and FPR2
after addition of BSA. The increase in potency may result from the prevalent effect of
BSA in preventing W(L) and W(D) from attaching to plastic surfaces and a relatively
weak adherence of these non-lipidated peptides to BSA compared with adherence to cells
and binding to cognate receptors. In contrast, potency changes of lipidated ligands before
and after the addition of BSA without washing varies, depending on on whether it is
L-enantiomer or D-enantiomer of these molecules. For C16-GG(L) activating FPR1
(Figure 6B vs. Figure 8B; EC50: 6.2nM vs. 32nM EC50 as shown in Table 3) or
activating FPR2 (Figure 7B vs. Figure 9B; EC50: 1.1nM vs. 1.5nM as shown in Table 4),
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diminished potency in the presence of albumin may be explained as a consequence of
mixed attributes mentioned above. Due to more avid albumin binding of lipidated
peptides, effective concentration of these ligands that drives binding to receptors may be
diminished. In contrast, for C16-GG(D) activating FPR1 (Figure 6D vs. Figure 8D; EC50:
0.61nM vs. 0.37nM as shown in Table 3) or activating FPR2 (Figure 7D vs. Figure 9D;
EC50: 0.74nM vs. 0.080nM EC50 as shown in Table 4), an increased potency in the
presence of albumin is observed. One plausible explanation is that due to ligand
lipidation, the ability of ligand to adhere to cells and to BSA is both increased, with the
boost in ligand binding to cells being larger than the boost in ligand binding to BSA. As a
result effect, albuin binding may therefore increase the potency of C16-GG(D) of FPR2.
Notably, for every experiment that used lipidated ligands, two negative control s-GG(L)
and s-GG(D) were also tested in parallel. No appreciate difference in functional
properties between the negative controls and corresponding soluble peptides was found,
suggesting that the GG spacer did not affect ligand potency.
In addition to testing activity through the Gq5i signaling pathway, testing SMALs
directly through the Gαi pathway offers a complementary approach to further support the
validity of observed effects (i.e. wash resistance, enhanced potency) observed using Gq5i.
As shown in the results, the potency of each peptide for both FPR1 and FPR2 who rank
ordered using a Gq5i-based readout as follows: C16-GG(D)≈C16-GG(L)>W(D)>W(L).

42

This rank order is consistent with results using a readout that is based on coupling to
endogenous Gq5i. In addition, when the washing protocol is applied, C16-GG(L) is still
wash resistant with regard to Gq5i-mediated signaling while soluble ligands are not.
Therefore, the high potency and wash resistant properties of lipidated peptides are
confirmed with the endogenous Gαi pathway.
In summary, the successful identification and characterization of W(L) SMAL and W(D)
SMAL is the first step in developing peptide therapeutics with enhanced potency,
prolonged half-life and increased stability [12, 15, 23, 24]. We have successfully
characterized C16-GG(L) and C16-GG(D) in complementary assays that rely on either
endogenous Gαi or engineered Gq5i G proteins. We also performed a comprehensive
comparison among soluble peptides W(L), W(D) and lipidated peptides C16-GG(L) and
C16-GG(D). These results suggest advantageous properties of SMALs, such as stable and
local acting properties, which may be furher evaluated by future in vivo studies. In
follow-up investigations, one may utilize these two SMALs on A549 cells that
endogenously

express

chemokines

to

investigate

whether

our

candidate

anti-inflammatory ligands down-regulate the levels of IL-8 [31]. This would indicate that
like the endogenous FPR ligand Annexin A1, our lipidated W-peptides also have
potential as proresolving compounds [32]. Another future direction is to test the potential
cardio-protective effect of the SMALs in vivo by setting up a myocardial
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ischemia/reperfusion injury model in pigs, and treating the animals with SMALs to
measure beneficial effects [10, 11]. As the soluble W-peptide has already been shown to
have anticipated anti-inflammatory and proresolving efficacy in the disease model
mentioned above, it would be very informative to compare our SMALs in this animal
model. SMALs can surpass the function of corresponding unstable soluble counterparts
and exhibit long lasting activity in vivo. The successful characterization and generation of
SMAL peptides further supports the promise of using the MTL/SMAL strategy in
developing novel compounds targeting other GPCRs implicated in inflammation, as a
way of engineering a wide range of potential therapeutics.
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