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Abstract

Bioactive apelin peptide forms ranging in length from 12 to 55 amino acids bind to and activate
the apelin receptor (AR or APJ), a class A G-protein coupled receptor. Apelin-12, -17, and -36
isoforms, named according to length, with an additional N-terminal cysteine residue allowed for
regiospecific and efficient conjugation of pyrene-maleimide. Through steady-state fluorescence
spectroscopy, the emission properties of pyrene in aqueous buffer were compared to those of the
pyrene-apelin conjugates both without and with zwitterionic or anionic micelles. Pyrene
photophysics are consistent with an expected partitioning into the hydrophobic micellar cores,
while pyrene-apelin conjugation prevented this partitioning. Apelin, conversely, is expected to
preferentially interact with anionic micelles; pyrene-apelin conjugates appear to lose preferential
interaction. Finally, Forster resonance energy transfer between pyrene and tryptophan residues in
the N-terminal tail and first transmembrane segment (the ARS55 construct, comprising residues 1—
55 of the AR) was consistent with efficient nonspecific pyrene-apelin conjugate binding to
micelles rather than direct, specific apelin-ARS5 binding. This approach provides a versatile
fluorophore conjugation strategy for apelin, particularly valuable given that even a highly
hydrophobic fluorophore is not deleterious to peptide behavior in membrane-mimetic micellar
systems.

Graphical Abstract
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Supporting Information. SDS-PAGE (Figures S1) and HPLC chromatogram (Figure S2) demonstrating Cys-apelin-36 expression,
SUMO cleavage and purification. Concentration dependent emission spectra of Py-Cys-apelin-17 in buffer and surfactant micelles
(Figure S3).
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INTRODUCTION

The apelin peptides! are cognate ligands to a class A G-protein coupled receptor (GPCR),
the apelin receptor? (AR; previously known as APJ, or the angiotensin-like receptor 1).
Apelin-AR binding and activation has attributed cardiovascular, adipoinsular axis, and
nervous system functions.? Expanding the complexity of this system, a second peptide
ligand to the AR, apela, was recently discovered.*™ In line with the membrane catalysis
hypothesis,® apelin interacts preferentially with and becomes structured upon binding to
anionic headgroups vs. to zwitterionic micelles.’ Interestingly, apela exhibits distinct

preferences in micellar interaction relative to apelin.®

The bioactive apelin peptides are processed as C-terminal fragments of the 77 amino acid

9-13 and amino acid substitution® 14

preproapelin precursor protein.? Through truncation
studies, it has been shown that the 12 C-terminal amino acids of the preproprotein are
required for apelin binding to the AR. Three primary bioactive apelin isoforms have been the
focus of pathophysiological and biophysical studies to date: apelin-13, -17 and -36, all
named according to the number of C-terminal residues retained. Expanding this family, and
correlating with mass spectrometry of colostrum and milk,!> we recently determined that
apelin-55 (previously denoted proapelin, the product of signal peptide removal from
preproapelin) is also bioactive.'® Akin to apelin, apela also may exist in multiple isoforms
from 11-32 residues in length,* although which of these are physiological remains an open
question. Two families of peptide ligands with varying lengths and physicochemical
properties capable of binding to and activating the same GPCR, with variation in potency
and affinity,? provide an ideal set of natural permutations for biophysical characterization of
ligand-receptor interactions.

Fluorophore conjugation to these peptides is highly appealing as a strategy to study ligand-
receptor interactions. In the case of apelin, fluorophore conjugation has been employed in a
number of studies by Llorens-Cortes and co-workers to provide a Forster resonance energy
transfer (FRET) partner for green fluorescent protein-conjugated AR in evaluation of apelin-
AR binding.!7-18 In these studies and others employing fluorescence microscopy to track
internalization, conjugation of a variety of fluorophores to the apelin-13 N-terminus have

been demonstrated to be non-perturbing to apelin function.!2 17-20
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Pyrene exhibits high sensitivity to microenvironment polarity. The relative intensities of the
pyrene emission bands are modulated, through the Ham effect,?! as a function of
environment.%2 Specifically, pyrene exhibits five distinct emission bands (referred to as
bands I-V), with the highest in energy of these (band I) being attributed to the 0-0 vibronic
transition with the intensity of this band increasing relative to the other bands as solvent
polarity is increased.22 The ratio of the intensity of band I to that of band III, the so-called
Py value, is particularly indicative of the polarity of the microenvironment.23 A Py value of
less than 1 indicates a highly hydrophobic environment surrounding the pyrene moiety, with
increasing Py values suggesting increasing hydrophilicity.

Two other features of pyrene photophysics are notable. First, excimer emission by pyrene is
also frequently employed as a probe for conformational change or binding, since this
phenomenon is contingent upon two pyrene rings being within ~10 A.2# Secondly, pyrene
acts as a FRET acceptor for tryptophan with a Forster distance of 28 A2 Ttis thus a strong
candidate for evaluation of a fluorophore-conjugated ligand—protein interaction.

Previous studies have used fluorophore conjugation to a single apelin isoform. Building of a
series of fluorophore-conjugated apelin peptides would effectively provide a molecular ruler,
with increased spacing between the functionally critical C-terminal region of the peptide and
the fluorophore provided, by virtue of increasing isoform length. Herein, we have used
pyrene as a model fluorophore to develop this strategy both because of its sensitivity to
variation in microenvironment and because of its potential to undergo FRET with
tryptophan. Given the demonstration that apelin isoforms interact with both zwitterionic and
anionic micelles, albeit differently,” modulation of this behavior through conjugation of a
hydrophobic pyrene is very possible. We therefore focus on a characterization of the
behavior of three pyrene-conjugated apelin peptides ranging from 13-37 residues in length
(Figure 1A) in the presence of surfactant micelles (Figure 1B). A segment of the AR (ARS5S5,
Figure 1C, comprising the first 55 residues of the GPCR?%) is also employed to test for
pyrene-tryptophan FRET. A combination of Py values, excimer formation, and FRET
between pyrene-conjugated apelin and AR55 imply that fluorophore conjugation promotes
efficient apelin-micelle interaction for zwitterionic and anionic micelles without inducing
significant fluorophore or peptide penetration into the hydrophobic core of the micelle.

EXPERIMENTAL SECTION

Materials

Acetonitrile, trifluoroacetic acid (TFA), ampicillin, isopropyl p-D-1-thiogalactopyranoside
(IPTG), reagents for lysogeny broth (LB) medium, and sodium dodecyl sulfate (SDS) were
purchased from Fisher Scientific (Ottawa, ON). Peptide synthesis reagents were obtained
from AAPPTec (Louisville, KY). Primers were purchased from Bio Basic Canada
(Markham, ON). BL21(DE3) strain ESCHERICHIA COLI cells were purchased from
Lucigen (Middleton, WI). Dodecylphosphocholine (DPC) was purchased from Anatrace
(Maumee, OH). The sodium salt of 1-palmitoyl-2-hydroxy-.Sn-glycero-3-phospho-(1’-Rac-
glycerol) (LPPG) was obtained from Avanti Polar Lipids (Alabaster, AL). All other
chemicals and solvents were obtained at reagent or high performance liquid chromatography
(HPLC) grade from Sigma-Aldrich Canada (Oakville, ON), unless otherwise stated.
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Cys-apelin-17 and Cys-apelin-12 synthesis and purification
Solid-phase syntheses of the Cys-apelin-12 and -17 peptides (sequences in Figure 1A) were
carried out as reported previously.2” After Iyophilization, each crude peptide product
mixture was solubilized in water and resolved using reversed-phase high performance liquid
chromatography (RP-HPLC) on a ProStar HPLC equipped with a diode array ultraviolet/
visible (UV/Vis) absorbance detector (Varian Canada, Mississauga, ON) through monitoring
of absorbance at 210 nm and 280 nm. For analytical purposes, a C{g matrix (5 pm particle,
4.6 mm x 250 mm Spirit Peptide column, AAPPTec, Louisville, KY) was employed with a
water:acetonitrile (A:B; both containing 0.1% TFA) gradient with B progressing from 2 to
98% in 40 min at 0.8 mL/min flow rate. A preparative Cig matrix (5 um particle, 20 mm x
250 mm Cosmosil column, Nacalai USA, San Diego, CA) employing the same gradient at a
flow rate of 8 mL/min was used for purification purposes. Purified product masses were
confirmed using positive mode electrospray ionization mass spectrometry (Dalhousie Mass
Spectrometry Laboratory, Department of Chemistry, Halifax, NS).

Recombinant Cys-apelin-36 production

A pET-HN vector (gift from Dr. Paul Xiang-Qin Liu, Dalhousie University) with an E. coli
codon-optimized apelin-36 open reading frame immediately downstream of and in frame
with the 6xHis-SUMO gene!® was modified by insertional mutagenesis (QuikChange
Mutagenesis Kit, Agilent Technologies Canada, Mississauga, ON) a codon for cysteine was
inserted immediately before that for the N-terminal leucine of apelin-36 (Figure 1A).
Mutagenesis was confirmed by DNA sequencing (GENEWIZ, South Plainfield, NJ).
BL21(DE3) E. coli cells were transformed with this expression plasmid, grown with shaking
(200 rpm) for 16 h at 37 °C in 30 mL of LB medium with ampicillin (100 pg/mL) and used
to inoculate 2 L of LB medium with ampicillin (100 pg/mL) grown to an optical density at
600 nm of 0.6 at 37 °C with shaking at 200 rpm. Protein expression was induced by IPTG
(final concentration 0.5 mM), cells were grown for 3 h at 37 °C, and then harvested by
centrifugation (6500g at 4 °C for 20 min). The resulting cell pellet was resuspended in 30
mL lysis buffer (50 mM NaH,POy, 300 mM NaCl, 10 mM imidazole, titrated to pH 8.0 with
NaOH) and the cells lysed using a French pressure cell press (American Instrument
Company, Silver Springs, MD). The lysate was centrifuged at 15,000g for 30 min at 4 °C.

6xHis-SUMO-Cys-apelin-36 was purified from the supernatant using immobilized metal
affinity chromatography with a Ni2*-nitrilotriacetic acid agarose column (Qiagen, Toronto,
ON) pre-equilibrated with lysis buffer. The column was washed with 4 column volumes of
wash buffer (50 mM NaH;POy4, 300 mM NaCl, 20 mM imidazole, pH 8.0), and then the
column-bound protein was collected upon addition of elution buffer (50 mM NaH,POy, 300
mM NacCl, 300 mM imidazole, pH 8.0). Column flow-through, wash, and elution fractions
were analyzed using SDS-polyacryalamide gel electrophoresis. Elution fractions were
combined, and the 6xHis-SUMO expression tag was cleaved from the protein using 200 pL
of recombinantly expressed SUMO protease (vector from Addgene, Cambridge, MA) and 1
nM dithiothreitol (DTT), with incubation at room temperature for 4 h. The cleavage product
was lyophilized and resuspended in H,O and Cys-apelin-36 was purified using RP-HPLC
(Varian ProStar) on a Cg semi-preparative matrix (5 pm particle, 10 mm x 250 mm
Cosmosil column) with a water:acetonitrile (A:B; both containing 0.1% TFA) gradient with
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B progressing from 2 to 100% in 23 min with a non-linear gradient (20—42.5% B from 0-18
min, 42.5-100% B from 18-23 min) at 3.5 mL/min flow rate. The product mass was
confirmed using positive mode electrospray ionization mass spectrometry (Dalhousie Mass

Spectrometry Laboratory).

AR55 and AR55 Mutant Production

Employing an E. coli codon optimized gene encoding C-terminally Hisg-tagged ARS55
(amino acid sequence in Figure 1C) cloned into the pEXP5-CT vector, site-directed
mutagenesis (QuikChange Mutagenesis Kit) was used to generate independent vectors
containing open reading frames encoding for AR55 with single tryptophan residues mutated
to phenylalanine at positions W24 and W51 (i.e., W24F-ARS5S5 and W51F-ARSS5). Mutations
were confirmed through sequencing (GENEWIZ). Expression and purification for wildtype
and mutant ARSS5 protein constructs followed our previously detailed inclusion body
preparation-based method,2® with each product mass confirmed using positive mode
electrospray ionization mass spectrometry (Dalhousie Mass Spectrometry Laboratory).

Pyrene Conjugation to Apelin Peptides

Purified Cys-apelin-12, -17 or -36 was dissolved in DMF (3 mg/mL) and incubated for 3 h
at room temperature with 2—5 molar equivalents of N-(1-pyrenyl)maleimide (NPM)
dissolved in 100 uL DMF. The reaction of Cys-apelin-36 included 5 mM DTT. Reactions
were monitored using RP-HPLC (Varian ProStar) through absorbance at 210 nm and 340 nm
using a Cg matrix (5 pm particle, 4.6 mm x 250 mm Spirit Peptide column) with a
water:acetonitrile (A:B) gradient with B progressing from 2 to 100% in 25 min at 0.8
mL/min flow rate. The reaction mixture was purified on a preparative Cg matrix (5 um
particle, 20 mm x 250 mm Cosmosil column) using the same gradient with 8 mL/min flow
rate. Product (Py-Cys-apelin-12, -17, or -36) masses were confirmed using positive mode
electrospray ionization mass spectrometry (Dalhousie Mass Spectrometry Laboratory).

Emission Spectroscopy Experiments

Stock solutions of each Py-Cys-apelin conjugate were prepared in methanol, with the
conjugate content quantified using the Beer-Lambert law by UV/Vis absorbance
spectrophotometry (Hewlett Packard 8452A) using a molar extinction coefficient (&) of
40,000 M~! cm~! at 338 nm for pyrene.?® Following lyophilization, final samples were
prepared through stock solution preparation and dilution to 1 uM peptide and (where
appropriate) 100 mM surfactant in 20 mM sodium phosphate buffer containing 60 mM NaCl
at pH 7.0, unless otherwise stated. Pyrene control samples were prepared identically for each
condition, with 1 uM pyrene substituted for Py-Cys-apelin.

Steady-state fluorescence spectroscopy experiments were carried out using a
QuantaMaster-4CW spectrofluorometer (HORIBA Canada, London, ON) controlled using
Felix32 software (HORIBA) with data analysis in GraphPad Prism 6 (GraphPad Software,
San Diego, CA). Samples were analyzed in 3 mm X 3 mm quartz microcuvettes (Hellma
Analytics, Markham, ON) using 150 pL volumes at 37 °C. Both excitation and emission
monochromators were set at 4 nm slit widths. The excitation wavelength for all pyrene-
labeled samples was 340 nm and emission spectra were recorded from 350 nm — 550 nm
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with an integration time of 0.25 nm/s. Each experiment was repeated three times using fresh
samples and spectra were averaged and blank subtracted.

For Py-Cys-Apelin—ARS55 FRET Experiments, samples containing 20 pM ARS55 and 3.5
mM LPPG in 20 mM sodium phosphate buffer with 60 mM NaCl at pH 7 were prepared
with Py-Cys-apelin-17 concentration increasing from 0 to 200 uM. Steady-state fluorescence
spectroscopy experiments were carried out in an identical manner to that above, except that
both excitation and emission monochromators were set at 5 nm slit widths, an excitation
wavelength of 295 nm was employed, and emission spectra were recorded from 300 nm to
500 nm (for Py-Cys-apelin-17 concentrations ranging from 0 to 40 uM) or 300 nm to 360
nm (for Py-Cys-apelin-17 concentrations greater than 40 uM) with an integration time of 0.1
nm/s. As with above, each experiment was repeated three times and spectra were averaged.

Py Value and FRET Efficiency Calculation

Py values were calculated for each spectrum using the emission maximum in the 375 nm —
385 nm range (also, in all cases, the overall emission maximum) taken as band I (intensity
Fp). The band III intensity (Fyyy) for all spectra was taken at a 10 nm red-shift from band I.

After background signal subtraction, the Py value was calculated?? as:

P.y_l ;/ .
! o (1)

The donor (i.e., tryptophan) emission intensities at each Py-Cys-apelin-17/ARSS titration
point (i.e., Fpa) and for a given ARSS5 construct in the absence of Py-Cys-apelin-17 (i.e.,
Fp) were taken as the intensity at the tryptophan emission maximum (i.e. the emission
maximum over the 300 nm — 330 nm range). FRET efficiency (E) was then determined?’ as:

Fpa

B=1-fpa. )

Py values and FRET efficiencies from each experimental replicate were averaged, with
results reported as the mean + standard error of the mean (SEM).

RESULTS AND DISCUSSION

Pyrene-apelin conjugation

As expected on the basis of native apelin-12 and -17 isoform production,2’ Cys-apelin-12
and -17 were readily produced through solid-phase peptide synthesis and RP-HPLC purified.
Recombinant Cys-apelin-36 production as a C-terminal fusion to Hisg-SUMO was
produced, with efficient immobilized metal affinity chromatography, SUMO protease
cleavage, and RP-HPLC purification steps providing a final yield following HPLC of ~2 mg
of Cys-apelin-36 per L of LB medium (Figures S1-S2). This method follows from our
recombinant production of wildtype human apelin-36.1°

J Phys Chem B. Author manuscript; available in PMC 2018 May 11.
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For all Cys-apelin peptides, NPM conjugation in DMF proceeded efficiently at room
temperature (Figure 2), with DMF serving as an excellent co-solvent both for NPM and the
apelin peptides. A stoichiometry of 2:1 to 5:1 (NPM:apelin) allowed for robust conjugation,
a significantly reduced (although not unprecedented??) stoichiometry relative to typical
protocols.?0-3! In the case of Cys-apelin-36, addition of DTT was required, presumably to
reduce disulfide-linked dimers and allow for NPM conjugation. Thus, the addition of a
cysteine residue at the N-terminus of three different isoforms of apelin allows for efficient
and specific labeling at >95% efficiency (Figure 2) with a fluorescent probe.

This technique can be modified to suit the particular experiment of interest. Because of the
versatility of DMF as a solvent, the relatively low stoichiometric excess required vs. typical
literature protocols, and the variety of fluorescent probes with maleimide linkers that are
commercially available, it is likely that this method could be used for any number of
different fluorescent dyes, making it possible to conjugate a dye with specific spectral
properties tailored to the desired experiment. It would also be feasible to synthesize or
mutate apelin isoforms with a cysteine residue in different positions in the sequence to probe
other areas of the peptide. In particular, probes may be valuable in close proximity to the
RPRL motif or at the C-terminus, segments within apelin-13 that have been shown to be
sensitive to amino acid substitution® 14 and which we have previously shown to be relatively
conformationally restricted.”> 27

Emission spectroscopy

To provide a reference for pyrene behavior, steady-state emission spectroscopy experiments
were carried out using pyrene in buffer and in each micellar environment (Figure 3).
Surfactant concentrations were maintained at 100 mM, considerably exceeding the reported
critical micelle concentrations (CMCs) of ~4 mM,32 ~1.1 mM,33 and ~0.02 mM33 for SDS,
DPC, and LPPG, respectively. Based upon reported aggregation numbers of 59-68 for SDS,
3475-80 for DPC,?3 and 125 at low salt®® to 160170 at 150 mM NaCl3> for LPPG,
micelles are in very high stoichiometric excess relative to the 1 uM fluorophore
concentration used in these experiments. In all environments, pyrene exhibits the expected3’
five bands between ~370 and 430 nm.

Notably, pyrene emission increases in intensity in each micellar environment relative to
buffer (Figure 3). Correspondingly, at the pyrene:micelle stoichiometries employed, no
evidence of excimer formation is seen (i.e., no significant emission intensity was observed
above 480 nm). Increased pyrene emission intensity in the presence of micelles is hence
consistent with literature behavior in SDS micelles of bound vs. free pyrene monomers well
above the critical micelle concentration.>® Beyond a general increase in intensity, pyrene
also exhibits an expected?% 3% increase in intensity of bands II-V relative to band I. This
photophysical behavior is consistent with partitioning into the hydrophobic core of the
micelle. 23 39

Fluorescence emission spectra were acquired for all three pyrene-conjugated isoforms of
apelin (Py-Cys-apelin-12, -17, and -36; 1 uM) in buffer both without surfactant and in the
presence of SDS, DPC and LPPG micelles (100 mM surfactant concentration; Figure 4).
Notably, in buffer, excimer formation was observed in Py-Cys-apelin-36; conversely, Py-
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Cys-apelin-12 and Py-Cys-apelin-17 exhibited no excimer bands (Figure 4). Free pyrene
also exhibited no excimer at 1 uM concentration (Figure 3). Given an identical pyrene
concentration of 1 uM for each of these samples, this implies a drive for self-association of
the sparingly soluble*” pyrene in buffer that is modulated by the nature of the conjugated
peptide.

To further examine the dependence of pyrene self-association upon apelin isoform, emission
properties of Py-Cys-apelin-12 and -17 were investigated in a concentration dependent
manner. With Py-Cys-apelin-17, excimer bands were not enhanced over 1-10 uM of
peptide-conjugate in either buffer or micellar solution, although slight enhancement of lower
energy emission band intensity relative to band I was observed in DPC and LPPG micelles
(Figure S3). With Py-Cys-apelin-12, conversely, excimer formation was enhanced as a
function of peptide-conjugate concentration, leading to an excimer emission intensity almost
equivalent to that of monomeric band I upon increase to 11 pM Py-Cys-apelin-12 (Figure 5).
The caveat should be noted that these data were acquired in sub-CMC (1 mM) SDS, rather
than in buffer. In the case of Py-Cys-apelin-36, where excimer emission is observed in
buffer, the region proximal to the conjugation site is relatively hydrophobic (Figure 1A). It is
therefore possible that self-association is driven by hydrophobicity, which is counteracted
through micellar interactions. This corresponds to the solubility of free pyrene in buffer,
with the 1 uM employed being near maximal.*? With Py-Cys-apelin-17, the entire isoform is
relatively hydrophilic and the pyrene conjugation site is proximal to a highly cationic
segment (Figure 1A). This appears to be sufficient to keep the pyrene functionality soluble
as a monomer in aqueous solution. Finally, with apelin-12, although the peptide itself is
relatively hydrophilic (Figure 1A), it appears that this is insufficient to counteract the
propensity for aqueous environment-induced pyrene self-association but sufficient to prevent
the precipitation expected*? for free pyrene at similar concentrations.

Upon addition of surfactant micelles, regardless of the micelle type and apelin isoform
length, evidence of excimer formation was not observed. Going beyond the simple micelle
to peptide stoichiometry argument above, this provides further evidence that the micelle-to-
peptide ratio is sufficient to ensure at most one peptide per micelle. The presence of
surfactant monomers in solution at the CMC is also not a contributing factor, as tested with
Py-Cys-apelin-12 and SDS at ratios of up to 1:100 peptide-conjugate:surfactant (Figure 5).
In all, the loss of excimer in the presence of all micelles also implies that there is not a
significant driving force for the amphipathic Py-Cys-apelin molecules to self-associate into
micelles in solution; rather, association with surfactant micelles is favored.

Excluding isoform-dependent excimer formation in buffer, the same general trends were
observed for each sample type across all three peptides. First, emission intensity increased
with the addition of each of the three micelles relative to buffer. Intensity was observed to
increase from buffer to SDS to LPPG and DPC. In the case of Py-Cys-apelin-12, a distinct
increase in emission intensity from LPPG to DPC was observed, while each of the longer
Py-Cys-apelin isoforms in LPPG and DPC exhibited practically indistinguishable emission
intensities. One mechanism for increased intensity would be loss of monomeric emission
quenching by excimer formation for the shorter apelin isoforms. However, this phenomenon
was observed for all three isoforms of pyrene-labelled apelin (as well as the two control
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samples), implying that the primary source of increased intensity is attributable38 to pyrene-
micelle binding.

Secondly, similar emission spectrum red-shift behavior was observed with each Py-Cys-
apelin isoform. The emission spectra for all three apelin isoforms were significantly red-
shifted compared to pyrene, with additional red-shifts of small magnitudes as a function of
increasing apelin isoform length (Figure 4; Table 1). Modified photophysics as a result of
deviating from a symmetric pyrene to an asymmetric Py-Cys-apelin species is a likely
source of the red-shifts observed relative to pyrene.*! The differences observed between the
Py-Cys-apelin isoforms, conversely, may arise from the differences in propensity for

excimer formation.38

Pyrene and each of the Py-Cys-apelin isoforms also exhibited a similar red shift behavior
between buffer and the surfactant micelle conditions. This, again, is consistent with pyrene
monomer emission behavior in other micelles.38 In general, SDS produced a red-shift of
lesser magnitude than either DPC or LPPG. In comparison to the difference in behavior
between the apelin-conjugated vs. control molecules, these shifts are extremely minimal
(Table 1).

Microenvironment assessment

In the case of pyrene, a clear increase in emission intensity and modulation of band pattern
is apparent from buffer to SDS to LPPG to DPC (Figure 3). The ratio of the intensities of
band I to band III gives the so-called Py value (eq. 1). Py values were calculated for each
condition (Table 2), with pyrene exhibiting a decrease from ~1.5 in buffer to ~1.2 in DPC
and ~1.0 in SDS and LPPG. These values are similar to reported values for pyrene in
water>? (with the caveat that higher values have also been reported?3), phosphatidylcholine
bilayers in the liquid-disordered phase,*? and SDS micelles>®> 43 (again, with variations in
the literature38).

The general trend observed for pyrene corresponds to a decrease in the effective dielectric
constant of the microenvironment23- 3% in the move from buffer to zwitterionic DPC micelles
to anionic LPPG and SDS micelles. This is consistent with strongly favored partitioning of
the pyrene into the hydrophobic micelle core in each instance. Given this partitioning, which
has been extensively described in the literature (e.g., 38), the distinct Py value for DPC
micelles relative to the anionic micelles may stem either from differences in the headgroups
or in the micellar core (Figure 1B). The dipole moment of DPC is calculated to be ~15 D#
(all dipole moments reported as tabulated in the Pitt Quantum Repository using the MP6
semiempirical quantum chemical model*> as implemented in MOPAC), whereas that of SDS
is expected to be much smaller at ~4.7 D.40 The molecule, [(1R)-1-[[[(2.5)-2,3-
dihydroxypropoxy]-hydroxy-phosphorylJoxymethyl]-2-hexadecanoyloxy-ethyl] (2)-
octadec-11-enoate has the same headgroup as LPPG but two alkyl chains instead of one is
calculated to have a dipole moment of ~5.3 D,*’ highly comparable to that of SDS. In all
instances, the dipole moment is primarily due to the headgroup, rather than the alkyl
tailgroup(s) of the molecule. Hence, it seems likely that the elevated Py of pyrene in DPC
micelles relative to the anionic micelles arises from the properties of the headgroup. An
alternative hypothesis, based on the potential for hydrophobic cores of micelles allow for
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significant water penetration (e.g., *®), would be partitioning of a higher mole fraction of
water into the DPC micelle core relative to either SDS or LPPG.

All three Py-Cys-apelin isoforms in sodium phosphate buffer in the absence of surfactant
exhibited Py values of ~1.4 (Table 2), similar to the Py value of pyrene in buffer at 1.49.
Upon addition of SDS micelles, the Py values for both Py-Cys-apelin-12 and -36 increased
to ~1.6 while that for Py-Cys-apelin-17 increased to ~1.8. The Py values for all three
isoforms in the presence of both zwitterionic DPC micelles and anionic LPPG micelles were
of similar magnitude, at ~1.8. As observed for Py-Cys-apelin-17, this behavior is fully
consistent over peptide concentrations of 1-10 uM (Figure S3). The general trend for all
three isoforms of pyrene-labelled apelin is a significant increase in Py value with the
addition of anionic or zwitterionic surfactant micelles. Notably, this is opposite to the trend
observed with pyrene.

We previously showed that apelin-12 and -17 bind favorably to anionic SDS and LPPG
micelles, and show a weaker, and likely more transient, interaction with zwitterionic DPC
micelles.” In the present study, it is not possible to distinguish between the types of
interactions taking place with anionic vs. zwitterionic micelles. The slightly greater Py
values observed in DPC samples with both Py-Cys-apelin-12 and -36 relative to those
observed in anionic micelle samples cannot be directly related to propensity for binding. The
Py value is a function of the interaction between pyrene and the surrounding environment
and is influenced by several factors, including hydrogen bonding and dipole moment of the
solute and solvent.3” Of all of these factors, it has been suggested that the dipole moment of
the surrounding molecules influences Py most prevalently.3® Hence, the increased Py value
may be attributable to the much greater dipole moment of ~15 D for DPC vs. ~5 D for either
of the anionic surfactants. Therefore, even if the binding between the peptide and micelle is
weaker or less prevalent with DPC, the dipole-dipole interaction would be stronger, resulting
in a greater Py value. As noted above, the potential confounding effect of differences in
water partitioning as a function of headgroup*® also cannot be ruled out.

In comparing the behavior of the pyrene-conjugated apelin peptides to pyrene, it is clear that
the Py values exhibit opposite behavior in micelles vs. buffer. With pyrene itself, the
decreased Py value in micellar solution is consistent with fluorophore partitioning into the
hydrophobic core of the micelle, albeit with some variation in Py as a function of surfactant
headgroup indicative of relative proximity to the polar headgroups. The observation of
exactly the opposite trend for all three of the Py-Cys-apelin isoforms implies that the pyrenyl
group is not partitioning into the micelle core; instead, its behavior in all isoforms is
consistent with a close proximity to the polar headgroups accentuating band III at the
expense of band I. The N-terminal regions of both apelin-17 and -12 are predominantly
composed of basic residues (Figure 1A), providing a reasonable barrier for partitioning of
the pyrenyl-maleimide-Cys group to the micelle interior. However, this behavior is notably
retained even for Py-Cys-apelin-36, where the N-terminal residues of the isoform are a
hydrophobic Leu-Val sequence (Figure 1A). This is consistent with our structural and
biophysical characterization of apelin-17 binding to micelles, where no evidence of peptide
partitioning to the micelle interior was observable through paramagnetic relaxation
enhancement-based NMR experiments even for hydrophobic segments of the peptide.”
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Importantly, therefore, there is a stronger driving force for the peptide to remain in a polar
environment than to permit the otherwise spontaneous partitioning of the pyrenyl group into
the hydrophobic micelle interior.

It should be noted that one argument for this difference in behavior could be the increased
polarity introduced in proximity to the pyrene through the maleimide functionality. Contrary
to this hypothesis, pyrene-maleimide-conjugated a-synuclein exhibited a Ca2*-dependent
decrease in Py value indicative of partitioning into a hydrophobic microenvironment in
vesicles.*” The lack of hydrophobic partitioning by the pyrenyl group of the Py-Cys-apelin
species, therefore, appears to be indicative of the fundamental properties of the apelin
peptides themselves, rather than of the pyrene-maleimide group.

Py-Cys-apelin—Trp FRET in micelles

The ARSS region comprising the N-terminal tail and first transmembrane segment has been
structurally characterized in DPC,2% SDS (PDB entry 2L.OT), and LPPG micelles (PDB
entry 2LOV). A pair of acidic residues (E20 and D23; colored red, Figure 1C) in the AR N-
terminal tail has been implicated in apelin-AR binding through mutagenesis,>® with this
region exhibiting structural convergence to provide an anionic patch.26 AR55 has two Trp
residues, located in such a manner to place them proximal to each face of the membrane
(colored blue, Figure 1C).2° Emission spectra of each ARS5 sample in the absence of Py-
Cys-apelin-17 exhibit similar emission maxima (~320-321 nm; Figure 6), implying that
relatively similar environments are experienced by each tryptophan in the wild-type ARSS.
A blue-shift of this magnitude, relative to the anticipated ~340-350 nm for a tryptophan
sidechain exposed to water, would be consistent with both W24 and W51 being found in
relatively non-polar environments (e.g., in proximity to the micellar headgroup®! or buried
in the micellar core3?).

Notably, the ARS5 emission intensity is lower than would be expected from summing the
contributions of the individual mutants. The kinked nature of the ARS5 transmembrane
segmentZ® including in LPPG (PDB entry 2LOV), alongside the relative plasticity expected
of a micellar environment,>> mean that motion of the two structured micelle-embedded
helical segments may undergo significant conformational sampling. In the LPPG NMR
ensemble for ARSS, the average W24-W51 sidechain Nel distance is 35 £ 4 A. However, in
one ensemble member, this approach is as close as 19 A. Trp-Trp homotransfer has been
reported for distances on this order,>* for this interaction. This phenomenon extending just
beyond the upper-end Rg would, in turn, lead to apparent Trp quenching in the ARSS5
construct containing two Trp residues vs. the single-Trp mutants. Although other
mechanisms cannot be ruled out, this seems a plausible source of the less pronounced
increase in intensity observed for ARSS5 relative to the two single-Trp mutants.

Pyrene-Trp FRET, with an R of 28 A% provides an alternative means to test for membrane
binding by Py-Cys-apelin peptides. Using LPPG micelles, the ability of Py-Cys-apelin-17 to
act as a FRET donor for Trp residue(s) in AR55 was tested both for the wildtype protein and
for two single-Trp ARS55 mutants, W24F and W51F. LPPG was chosen both because of its

low CMC (~0.02 mM?33) and because it is largest of the three micelles employed herein, with
a small-angle X-ray scattering profile consistent with an oblate ellipsoid of axial dimensions
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of 19-20 A for the minor semi-axis and 28.4-29.4 A for the major semi-axis.”>> The former
property is beneficial for minimization of free surfactant in the FRET samples while the
latter property provides the largest potential for distance-based contrast between FRET due
to specific apelin-AR binding and non-specific apelin-micelle binding.

For all FRET experiments, AR55 was maintained at constant concentration (20 uM) with
LPPG at a concentration (3.5 mM) providing 1.1-1.5 stoichiometric equivalents of micelles
per ARS5 based upon the reported aggregation number range of 125-170.35-3¢ Py-Cys-
apelin-17 was titrated into these samples at a stoichiometry ranging from 0.05:1 to 10:1
relative to AR55. Wildtype and both mutant ARS5 proteins exhibited substantial FRET, as
evidenced by Py-Cys-apelin-17 concentration-dependent quenching of ARS55 Trp
fluorescence (Figure 6).

FRET efficiencies (eq. 2) and Py values (eq. 1) were determined at each apelin:ARS5S5
stoichiometry (Table 3). In each case, Py values converged to ~1.9, falling within one
standard deviation of the Py value observed for Py-Cys-apelin-17 in LPPG micelles. At the
lowest Py-Cys-apelin-17 concentration of 1 uM, Py value determination was likely
convoluted by Trp emission; at higher ligand concentrations, the relative contribution of Trp
emission in the region at 385 nm and above becomes negligible. In short, the ensemble-
averaged environment experienced by the pyrene probe is not significantly perturbed in the
presence of ARSS relative to that without. Tryptophan, conversely, exhibited a blue shift as a
function of FRET-based quenching (Table 3).

FRET efficiency in each instance increased as a function of Py-Cys-apelin-17 concentration
to a plateau, with an E of 0.5 achieved between 1 and 2 equivalents of ligand relative to
ARS55/micelle in each instance. In each case, the E observed is reflective of the ensemble-
averaged population of Trp residues as a linear combination of the proportion quenched by
FRET and of that not quenched. FRET may occur either by Py-Cys-apelin-17 being brought
into proximity with AR55 through non-specific apelin-micelle binding, apelin-ARS55
binding, or a combination of both. Based upon our ensemble of ARS5S5 structures in LPPG
micelles, the average W24-WS51 sidechain Nel distance is 35 £ 4 A If apelin were tightly
binding specifically to the E20/D23 region of AR55, the typical distance of 8.5 A from
either the E20 or D23 sidechain carboxylates to the W24 Nel imply a pyrene-Trp distance
always shorter than Rg. Alternatively, the structural ensemble imply that the average distance
to W51 from either of these acidic sidechains would be ~25-29 A longer than to W24.
Hence, given the sterically necessary extension of the N-terminal Py-maleimide-Cys further
from the acidic residues (given a lack of micelle-embedding implied by Py values), a
situation of strictly apelin-ARSS5 binding would produce pyrene-W51 distances likely to
typically be longer than Ry,

In the context of these structurally-imposed distances, if apelin were specifically binding to
ARSS, significantly more efficient FRET would be expected in the W51F mutant than in the
W24F mutant. The similar FRET behavior of both mutants, therefore, implies that this is
likely due primarily to apelin-micelle binding. This is further upheld by the wildtype ARSS,
with both Trp residues, where there is not a substantial difference in the FRET behavior
relative to the single mutants implying that FRET is arising from a non-specific apelin-
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micelle interaction. The FRET process, therefore, should have a corresponding dependence
upon apelin-micelle binding affinity and stoichiometry rather than upon apelin-ARS55
affinity and stoichiometry.

Combining all of these findings, pyrene-apelin conjugation modulates the behavior of both
the hydrophobic fluorophore and the cationic peptide. Incorporation of an N-terminal
cysteine provided a robust means of pyrene conjugation to bioactive apelin isoforms from 12
to 36 residues in length. Of all of these isoforms, only the Py-Cys-apelin-36 conjugate
showed evidence of pyrene self-association and corresponding excimer formation under
typical experimental conditions. At higher peptide conjugate concentrations, Py-Cys-
apelin-12 also exhibited excimer formation in excess sub-CMC SDS. Upon incubation with
micelles, excimer formation was lost, demonstrating greater favorability of peptide
conjugate-micelle interactions vs. pyrene-pyrene self-association. Unlike the pyrene
controls, where partitioning into the hydrophobic micellar core is implied, Py-Cys-apelin
conjugates exhibited pyrene photophysics consistent with micellar binding and an increase
in the dielectric of the environment — likely through close proximity to the charged micellar
headgroup. This also contrasts with unconjugated apelin isoforms, where binding to anionic
over zwitterionic micelles is preferred, given that pyrene emission spectra of the peptide
conjugates were consistent with efficient binding in all cases. Using Py-Cys-apelin-17 and
the anionic LPPG micelles as a test case, pyrene-tryptophan FRET was employed with the
ARSS5 segment containing two tryptophan residues as well as two ARSS single-tryptophan
mutants. In all instances, efficient tryptophan quenching was observed as a function of Py-
Cys-apelin-17 concentration. Based upon the expected micellar dimensions and tryptophan
positioning inferred from NMR structural studies, this is indicative of efficient apelin
conjugate-micelle binding rather than specific apelin-ARSS interaction. For future
application, maleimide cysteine conjugation provides a versatile approach to tag apelin
isoforms with the extremely valuable potential to introduce a variable-length peptidic spacer
between the C-terminal motifs involved in AR binding and activation and the tag.
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Figure 1.
Depiction of the (A) three pyrene-maleimide-Cys apelin conjugates employed herein (using

one letter amino acid codes for compactness of apelin description); (B) the three surfactants
employed for peptide-micelle interaction studies; and, (C) the ARSS5 protein construct
(residues 1-55 of the apelin receptor (AR); topology based upon NMR structural studies and
molecular dynamics simulations2®) employed for pyrene-tryptophan FRET studies.
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Figure 2.
RP-HPLC following pyrene maleimide conjugation to Cys-apelin-12 (eluent peak denoted

by asterisk corresponds to Py-Cys-apelin-12, as confirmed by ESI-MS - deconvoluted mass
1822.8 Da vs. 1821.86 Da expected monoisotopic mass).
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Figure 3.

Wavelength (nm)

Steady-state fluorescence emission spectra (excitation at 340 nm; normalized in lower panel
to intensity of band I in given condition) of pyrene (1 uM with 100 mM of surfactant added).
Bands I-V (colored grey for the less distinct bands I and V) are labeled.
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Figure 4.

Steady-state fluorescence emission spectra (excitation at 340 nm) of Py-Cys-apelin-12 (A;
normalized in D), Py-Cys-apelin-17 (B; normalized in E), and Py-Cys-apelin-36 (C;
normalized in F). All samples contained 1 uM peptide conjugate and, where appropriate,
100 mM surfactant; normalization was with respect to intensity of band I in given condition.
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Figure 5.

Steady-state fluorescence emission spectra (excitation at 340 nm) of Py-Cys-apelin-12 at
indicated concentration (containing sub-CMC, 1 mM, SDS).
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Figure 6.

Stiady-state fluorescence emission spectra (excitation at 295 nm) of indicated ARSS5
construct (20 uM in 3.5 mM LPPQG) titrated with Py-Cys-apelin-17. The dashed grey boxes
(the tryptophan emission region) in the top row of spectra are expanded below each
spectrum.
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Band I emission maximum (nm) and, correspondingly, band III attribution (nm) in given condition.

Table 1

Buffer SDS DPC LPPG

I o | I I I om | I I
Pyrene 373 | 383 | 374 | 384 | 374 | 384 | 374 | 384
Py-Cys-apelin-12 | 381 | 392 | 382 | 392 | 383 | 393 | 383 | 393
Py-Cys-apelin-17 | 385 | 395 | 385 | 395 | 386 | 396 | 386 | 396
Py-Cys-apelin-36 | 386 | 396 | 385 | 395 | 386 | 396 | 386 | 396
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Py values (eq. 1, meantSEM, triplicate experiments) for a given sample in the indicated condition.

Table 2

Buffer SDS DPC LPPG
Pyrene 1.50£0.060 | 0.99+0.036 | 1.16+0.055 | 1.00+0.048
Py-Cys-apelin-12 | 1.38+0.025 | 1.59+0.002 | 1.76+0.013 | 1.73+0.039
Py-Cys-apelin-17 | 1.45+0.007 | 1.79+0.034 | 1.78+0.027 | 1.85+0.054
Py-Cys-apelin-36 | 1.45+0.044 | 1.64+0.039 | 1.79+0.028 | 1.75+0.010
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Table 3

Page 25

FRET efficiency (E, eq. 2; based upon Trp quenching), pyrene Py value (eq. 1), and wavelength of tryptophan

emission maximum (l;,,x) for given ARS5 construct at 20 uM in LPPG micelles titrated with Py-Cys-

apelin-17. (All values are averages from triplicates.)

ARS5 AR55-W24F AR55-W51F

[Apelin] (uM) E Py  Amax(nm) E Py  Apa(nm) E Py  Amax (nm)
0 0 - 321 0 - 320 0 - 321
1 0.032 1.71 329 0.062 1.66 323 0.0022 1.74 320
5 0.057 1.87 326 0.17 1.85 322 0.045 1.88 319
10 0.24 1.89 324 0.25 1.88 320 0.13 1.90 316
20 0.36 1.89 326 0.43 1.90 318 0.34 1.89 317
40 0.55 1.90 320 0.56 191 317 0.42 1.90 315
100 0.83 ND 318 0.81 ND 309 0.68 ND 309
200 0.94 ND ND 0.93 ND ND 0.88 ND ND
Plateau 0.94 - - 0.89 - - 0.88 - -
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