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C-terminal tails mimicking bioactive intermediates cause
different plasma degradation patterns and kinetics in
neuropeptides γ-MSH, α-MSH, and neurotensin
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Peptides are attractive drugs because of their specificity andminimal off-target effects.

Short half-lives are within their major drawbacks, limiting actual use in clinics. The

golden standard in therapeutic peptide development implies identification of a minimal

core sequence, then modified to increase stability through several strategies, including

the introduction of nonnatural amino acids, cyclization, and lipidation. Here, we inves-

tigated plasma degradations of hormone sequences all composed of a minimal active

core peptide and a C-terminal extension. We first investigated pro-opimelanocortin

(POMC) γ2/γ3-MSH hormone behavior and extended our analysis to POMC-derived

α-melanocyte stimulating hormone/adrenocorticotropic hormone signaling neuropep-

tides and neurotensin. We demonstrated that in all the three cases analyzed in this

study, few additional residues mimicking the natural sequence alter both peptide sta-

bility and the mechanism(s) of degradation of the minimal conserved functional pat-

tern. Our results suggest that the impact of extensions on the bioactivity of a peptide

drug has to be carefully evaluated throughout the optimization process.
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1 | INTRODUCTION

In the last years, a renewed interest has been raised around peptide-

based drugs because they offer both high specificity and selectivity

while keeping a low molecular weight that facilitates low cost

chemical synthesis.1–3 A total of 60 peptide-based drugs are currently

in the market,4 and a number of them are in active development.2

Inspired by the potential applications, peptide-based drugs have been

projected as a billion-dollar market.5

Despite the numerous advantages, there are a few challenges

associated with this class of therapeutics. The inherent weakness of

peptide drugs is their poor pharmacokinetic properties, in particular

the tendency to be subjected to rapid total proteolysis in vivo that

makes the peptide disappear from the bloodstream in a matter of

Abbreviations: ACTH, adrenocorticotropic hormone; MSH, melanocyte stimulating hormone;

NT, neurotensin.
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minutes.6,7 A large number of approaches have been proposed in an

attempt to stabilize the peptide backbone to make it resistant to

serum degradation. These include, among others, the use of non-

natural amino acids, cyclization, lipidation, incorporation of terminal

chemical groups, and alteration of the natural sequence.8–11 The

development of a peptide drug with an ideal half-life requires lead

chemistry optimization. The very first step is the identification of

the bioactive sequence. Next, the exact minimal active core is

defined by sequential removal of single amino acids. The minimal

unit that keeps full biological activity, normally assessed by in vitro

assays, is the unit that undergoes follow-up optimization. This

approach arises from the need to minimize side-effects, for example,

due to other parts of the molecule where the peptide is embedded

in and/or to make the process of drug production effective, “the

shorter, the cheaper.” On the other hand, while at the early begin-

ning of therapeutic peptides development their sequence never

exceeded 10 amino acids, the impressive improvements of peptides

selection, synthesis, and modification technologies led to significant

length increase of candidates which enter the clinical trials.12 Modi-

fications are indeed introduced to improve availability and half-lives

of each tested peptide drug. In parallel, comprehensive studies

cross-correlating stability/activity details are required. That is, activ-

ity cannot pay the price for better peptide stability. Efforts to iden-

tify the best drug candidate frequently rely on evaluating a large

number of compounds. To reduce the number of animal experi-

ments and to time-optimize the study, drugs stability is initially eval-

uated by in vitro plasma digestion, a widely accepted technique

providing reliable predictions of in vivo performance13.

In this scenario, an interesting peptide system is represented by

the pro-opiomelanocortin (POMC) protein complex (Figure 1A,B).

Recent studies conducted on peptides derived from bird species and

human POMC demonstrated γ3-MSH versus γ2-MSH residual activity

after incubation in blood plasma.14,15 The POMC system consists of α-,

β-, and γ-melanocyte stimulating hormones (MSHs) that activate five

melanocortin receptors (MC1-5R).16 MSHs are short peptides (11-18

residues), generated by proteolysis of the common POMC precursor.

Each peptide is initially produced as an intermediate extended form,

carrying an additional stretch of amino acids at the N- (β-MSH) or C-

terminus (γ-MSH and α-MSH). The extended intermediate forms

(γ-lipotropin, γ3-MSH, and ACTH) are then subjected to further

processing to yield the fully mature hormones (β-MSH, γ2-MSH, and

α-MSH) that contain the receptor binding motif “HFRW” (Figure 1A).17

Maturation of the different peptides occurs intracellularly, throughout

the secretory pathway till secretory granules, in a time- and

compartment-specific manner, catalyzed by prohormone convertases.

Biologically active species are stored in mature granules to be made

feasible by secretion upon stimulation.18 The alignment of γ-MSH

sequences reveals striking similarities within the γ2-MSH region. The

C-terminal is more variable, in particular an unusual Ser cluster is

observed, especially in the barn owl species complex (Tyto alba)

(Figure 1B).16 Numerous and diverse biological pathways are regulated

by the MC1-5R, including pigmentation, inflammation, energy homeo-

stasis, and steroidogenesis. Given their physiological roles, several

MSH-derived ligandswith various clinical applications have been devel-

oped, ranging from skin inflammation to arthritis and obesity.19–21 A

major problem facing the use of MSHs in clinic is limited plasma half-

life. Classical pharmaceutical chemistry structure-activity relationships

have been focused on the shorter peptide forms,22 whereas little is

known on the influence of the extra regions on the chemical-physical

and biological properties of the hormones per se.

F IGURE 1 (A) Overview of human pro-
opiomelanocortin (POMC) processing pathway in

the hypothalamus and the active hormones
deriving from such precursor [19]. The primary
structure of γ3-MSH and γ2-MSH* is reported,
with receptor binding motif highlighted in red.
(B) Alignment of human POMC γ3-MSH peptide
sequence with representative homologues from
other species
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Other studies detected a clear difference in stimulatory activity

half-life of barn owl and human γ2-MSH and γ3-MSH peptides

when exposed to plasma.16,17 Indeed, in the cell-based assay, the

human YVMGHFRWDRFG-NH2 (γ2-MSH, in the commercially

available amidated form is named γ2-MSH*) loses its ability to

stimulate the melanocortin receptor 3 (MC3R) in a few minutes,

whereas the analogous YVMGHFRWDRFGRRNSSSSGSSGAGQ

(γ3-MSH) peptide exhibits a prolonged stimulatory activity under

identical conditions. γ2-MSH* and γ3-MSH peptides share identical

N-terminus which accommodates the HFRW binding site

(Figure 1). As a consequence, the polySer C-terminal extension of

γ3-MSH (RRNSSSSGSSGAGQ) has been proposed as a protecting

agent causative of the extended biological activity.17 The issue that

arises is if the polySer tail determines this remarkable change in

peptide half-lives or they were affected by the different peptides

size or conformation. In the present work, we used a combined

approach of liquid chromatography and mass spectrometry (MS) to

investigate the different behavior in plasma of the human

γ2-MSH* and γ3-MSH peptides at the molecular level and to ana-

lyze the nature and abundance of the derived species in time

course experiments. Our studies not only confirm that the

extended peptide does persist intact in human plasma longer when

compared with the shorter version but, surprisingly, highlight a

completely different degradation mechanism for γ2-MSH* and

γ3-MSH, despite they share a large portion of sequence including

the recognition site in the N-terminal part. Moreover, to analyze

the effect of size or length to explain the different behavior of

peptides, we extend our study to other hormone systems, applying

the same approach to POMC-derived α-MSH/ACTH and neuro-

tensin signaling peptides. We found that both shorter version of

the two peptides (α-MSH and neurotensin 1-13) have limited half-

lives when compared with the longer analogues, in agreement with

α-MSH/ACTH activity profiles determined by Dores.17 In both

cases, the effect can be attributed to the C-terminal extensions.

2 | MATERIALS AND METHODS

2.1 | Materials

Peptides were custom-made and purchased from Top-peptide Bio-

technology (Shanghai, China), GenScript (Piscataway, NJ, USA), and

Bachem (Bubendorf, Switzerland). Human plasma (reconstituted from

lyophilized plasma, treated with citrate), enzymes, and enzyme inhibi-

tors were obtained from Sigma-Aldrich (Buchs, Switzerland). All other

chemicals were of analytical reagent grade and were obtained from

Sigma-Aldrich (Buchs, Switzerland).

2.2 | Spectroscopic studies

Peptide concentrations were evaluated from absorption measurements at

280 nm on a Lambda-25 spectrophotometer (Perkin Elmer, Norwalk, CT,

USA). The extinction coefficients at 280 nm of γ3-MSH and γ2-MSH*

peptides are 6,990 M−1 cm−1 (2.419 g/l) and 6,990 M−1 cm−1 (4.619 g/l),

of NT1-20 and NT1-13 are 7,450 M−1 cm−1 (2.794 g/l) and

2,980 M−1 cm−1 (1.763), and of ACTH and α-MSH* are 8,480 M−1 cm−1

(1.867 g/l) and 6,990 M−1 cm−1 (4.158 g/l) calculated with the method of

Gill and von Hippel.23 Fluorescence emission measurements, after excita-

tion at 280 nm, were conducted with a Perkin Elmer model LS-50B spec-

trofluorimeter (Norwalk, CT, USA), utilizing a 1-mm × 10-mm path length

cuvette. For each measurement, a peptide concentration of 15 μM and a

phosphate buffer at pH 7.5, 2.5, or containing 0.2% sodium dodecyl sul-

fate (SDS) were used. Circular dichroism (CD) spectra were obtained on a

J-810 Jasco spectropolarimeter (Tokyo, Japan), equipped with a

thermostated cell holder. For the CD measurements, a cell of 1 mm and a

peptide concentration of 35 μM were used with a phosphate buffer at

pH 7.5 and 2.5 or containing 0.2% SDS.

2.3 | Interaction of peptides with plasma

Peptide species were added to human plasma, buffered with tri-

ethanolamine (TEA) to pH 7.4, to obtain a final concentration of 40 μM.

As a control, milliQ water was added to human plasma. Aliquots from

each sample were collected at different times, added to a solution of

6.5% trichloroacetic acid (TCA), and incubated at 4�C for 15 min. To

allow the complete precipitation of plasma proteins, the samples were

centrifuged at 13,000 rpm for 2 min, at room temperature. The super-

natant was collected and analyzed by RP-HPLC (Agilent, mod. 1200,

Santa Clara, CA) with a C18 Jupiter column (150 × 4.6 mm, 5 μm,

Phenomenex, CA, USA), eluted with a gradient of acetonitrile/0.085%

TFA versus water/0.1% TFA from 2% to 38% in 30 min, at a flow rate

of 0.6 mL/min. The effluent was monitored by recording the absor-

bance at 226 nm. The identity of eluted peaks was assessed by MS

equipped with an electrospray ionization (ESI) source and a quadrupole

(Q)-time-of-flight (TOF) (Micromass, Waters, Manchester, UK) ana-

lyzer. The MS analyses were conducted at 1.2 to 1.5 kV capillary volt-

age and 30 V cone voltage. The pellet was washed with milliQ water

and centrifuged at 13,000 rpm for 2 min. MilliQ water was then

removed, and 400 μl of 8MGnd-HCl, pH 1.5, was added and incubated

overnight at 37�C to allow complete pellet dissolution. Centrifugal fil-

ters (Amicon Ultra 10000 NMWL, Merck, Darmstadt, DE) were used to

fractionate the sample according to their molecular weight. The solubi-

lized pellet was added to filter and centrifuged at 14,000 g for 30 min.

The eluate was separated by RP-HPLC, and the chromatographic peaks

were analyzed byMS. Phosphoramidon inhibition experiment was con-

ducted adding 10 μM inhibitor to the plasma before the incubationwith

the peptides.24

2.4 | Susceptibility to proteolysis

The proteolysis reactions with endoproteinase AspN (EC 3.4.24.33),

proteinase K (pK) from Tritirachium album (EC 3.4.21.64), and endo-

proteinase GluC (Staphylococcus aureus Protease V8) (EC 3.4.21.19)
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were conducted at specific pH and temperature (pH 7.5 and 37�C for

AspN; pH 7.5 and 22�C for pK; pH 5.5 and 37�C for GluC) by using a

molar enzyme:substrate (E:S) of 1:500 or 1:1,000. Aliquots from the

proteolysis mixtures were withdrawn at indicated time of incubation,

and the reactions were quenched with an equal volume of aqueous

TFA at 0.2%. The different time points were collected and analyzed

by RP-HPLC (Agilent, mod. 1,200, Santa Clara, CA) with a C18 Jupiter

column (150 × 4.6 mm, 5 μm, Phenomenex, CA, USA), eluted with the

following acetonitrile/0.085% TFA-water/0.1% TFA gradient: 2% to

40%, 30 min. The identity of the peptide fragments separated by RP-

HPLC was assessed by ESI-MS with a Q-Tof micro mass analyzer

(Micromass, Manchester, UK).

2.5 | Aggregation experiment

To verify intrinsic tendency to aggregate, peptides were dissolved in

phosphate buffer saline buffer, pH 7.5, or in the same buffer con-

taining 6 M guanidine hydrochloride (Gnd-HCl). Aliquots from the

solution were withdrawn and analyzed by RP-HPLC. The analyses

were conducted by using a C18 Jupiter column (150 × 4.6 mm,

5 μm, Phenomenex, CA, USA), eluted with the following acetoni-

trile/0.085% TFA-water/0.1% TFA gradient: 2% to 40%, 30 min.

The effluent was monitored by recording the absorbance at

226 nm.

3 | RESULTS AND DISCUSSION

3.1 | Human γ2-MSH*peptide is degraded faster
than γ3-MSH in human plasma

Tyto alba and human to -MSH peptides retained longer biological

activity in plasma when including C-terminal natural extensions.14,15

Here, we opted for the (bio)-chemical analysis of synthetic

human analogues γ2-MSH* (YVMGHFRWDRFG-NH2) and γ3-MSH

(YVMGHFRWDRFGRRNSSSSGSSGAGQ) (Table 1, Figure 1B). Since

biological activity is a downstream readout to the actual concentration

of the MSHs, we first investigated whether this reading directly corre-

lates with a different decay of the two peptides in plasma. Briefly,

γ2-MSH* and γ3-MSH were incubated at 37�C with human plasma

buffered at pH 7.4 and samples collected at several time points over

few hours. Aliquots were subjected to precipitation by TCA to elimi-

nate plasma components. The pellets were resuspended in acidic and

denaturing conditions and filtered prior to chromatographic separa-

tion, while the supernatants were directly analyzed by RP-HPLC. The

peptide components were identified by electrospray (ESI)–quadrupole

Q-Tof MS.

As shown in Figure 2B,C, γ2-MSH* (retention time [RT] 43.7 min)

decreased over time more rapidly than γ3-MSH (RT 41.2 min). The

shorter but not the longer peptide underwent a massive decay in the

very first minutes of incubation (�80% vs. �25% at 15 min,

Figure 2C). Analysis of the pellet showed that both peptides precipi-

tate with plasma, accumulating in the insoluble fraction. Moreover, a

fraction of deamidated (+1 Da) γ2-MSH* was also found in the pellet

(Figure 3). To exclude that the chemical treatment with TCA could act

as major precipitating agent, recovery yields of peptides from plasma

were calculated (Table 2). The recovery yield was obtained evaluating

the area of the HPLC peptide peaks after their incubation with

plasma, pretreated by pan-protease inhibitors, and it was estimated to

be approximately 29% and 12%, for γ3-MSH and γ2-MSH*, respec-

tively (Table 2). Such results could be explained by the interaction of

both peptides with plasma proteins. Indeed, when TCA was added to

the pure peptide solution, γ3-MSH and γ2-MSH* recovery in the

supernatant was at least three times higher. In order to verify if pep-

tides underwent self-aggregation under our experimental conditions

(pH 7.4), γ3-MSH and γ2-MSH* samples were incubated either in PBS

pH 7.4 or in the same buffer supplemented with 6 M Guanidine-HCl.

Aliquots of the samples were collected at specific times and analyzed

by RP-HPLC (Figure S1). The RT, intensity, and shape of RP-HPLC

peaks from both samples incubated at pH 7.4 and under denaturing

conditions overlapped and did not change over time (5 h), showing a

scarce tendency of the peptides to aggregate within the considered

experimental interval of time.

TABLE 1 Sequence and chemical characterization of the peptide species used in this work

Name Sequence MW (Da)

γ2-MSH* YVMGHFRWDRFG 1,568.75

γ3-MSH YVMGHFRWDRFGRRNSSSSGSSGAGQ 2,888.33

NT1–13 QLYENKPRRPYIL 1,688.94

NT1–20 QLYENKPRRPYILKRDSYYY 2,664.38

α-MSH SYSMEHFRWGKPVG 1,679.79

ACTH1–39 SYSMEHFRWGKPVGKKRRPVK

VYPNGAEDESAEAFPLEF

4,541.13

Note. The masses are calculated referring to the amino acid sequence and using the residue monoisotopic weight. For ACTH, the averaged molecular

weight is reported.

Abbreviations: ACTH, adrenocorticotropic hormone; MSH, melanocyte stimulating hormone; NT, neurotensin.
*C-terminal amino acid is in the amidated form.
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F IGURE 2 (A) Scheme of the experimental set up: the kinetic analysis was performed by RP-HPLC of samples collected from the peptide-
plasma mixture at defined time intervals. Aliquots were subjected to precipitation by trichloroacetic acid (TCA) to eliminate plasma components.
Resulting supernatants were analyzed by RP-HPLC and peptides were identified by MS. (B) RP-HPLC profiles of γ3-MSH and γ2-MSH* samples
analyzed at defined incubation time intervals; plasma contribution (blank run) has been subtracted from all the HPLC profiles. The peaks
highlighted by a black triangle correspond to the full-length peptide species. (C) Trend of γ3-MSH (empty circles) and γ2-MSH* (black circles)
peptides half-life. The curves were obtained plotting the area of the peaks relative to the full-length peptides estimated by RP-HPLC versus
incubation time. The reported values have been calculated from triplicates
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F IGURE 3 (A) RP-HPLC time course analysis of γ3-MSH and γ2-MSH* peptides incubated with human plasma. The fractions corresponding
to 0, 15, and 90 min, treated as reported in Figure 2A, and separated in pellet and supernatant are reported. RP-HPLC analysis of both solubilized
pellet and supernatant samples are shown side by side in the picture. The empty circle indicates peaks deriving from plasma contribution. For

clarity, only the most significant retention time intervals have been selected and reported. (B) Scheme of fragmentation yield of γ3-MSH (left) and
γ2-MSH*(right) upon incubation with plasma. The first column refers to the identified peptide, the second to its sequence, and the third to the
relative distribution of peptide species after different incubation times in plasma (0, 15, and 90 min). The groups of peptides starting (red) or
ending (blue) with the same residue are highlighted. The peptide yield has been normalized for each peptide species to the highest amount of this
species at any of the three time points using a scale from 0 (−) to 1 (++++) with the following intermediate points: 0.25 (+), 0.5 (++), and 0.75 (++
+). The symbol black triangle indicates species found in the pellet
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3.2 | The mechanism of degradation of γ2-MSH*
implies N-terminal proteolysis and splitting at aromatic
residues level

After confirming the shorter half-life of γ2-MSH*, in order to clarify

the molecular mechanism, we focused our attention on the numerous

RP-HPLC peaks generated by plasma incubation (Figures 2 and 3).

Each fragment was identified by MS (Table 3) and, if necessary, by

MS/MS (not shown). We found that N-terminal truncated fragments

followed the rapid disappearance of full length γ2-MSH*. Removal of

each amino acid was sequential, suggesting the action of plasma

amino-peptidase(s) (Figure 3, Table 3). The mechanism implies that

each newly generated species serves as substrate for the following N-

terminal residue cleavage (Figure 3B, right). All truncations, from 2-12

to 10-12 fragments, were recovered from the supernatant, with the

exception of the 6-12 fragment, detectable only in the pellet. The rel-

ative amount of the species was calculated by evaluating the area of

the RP-HPLC peaks obtained at 226 nm at each time point. Over time,

species truncated up to residue Arg7 accumulated and later (90 min)

disappeared upon incubation. An opposite trend was observed for the

species truncated after Arg7 (Figure 3). Endo-protease activity was

also present, although to a less significant degree, to give 5HF, 7RW8,

and 9DRF11 fragments (Table 3). All these peptides share an aromatic

residue at the C-terminus, opening to the possibility that the protease

responsible for the cleavage privileges F/W/Y at P1. A likely candidate

is neprilysin (NEP), a Zn metallo-protease anchored to the plasma

membrane and eventually shed into the blood stream.25,26 The

enzyme has a preference toward peptides over proteins and is well

known as degrading agent of a variety of physiologically relevant hor-

mones such as enkephalins, tachykinins,27 and amyloid peptides.28

Blocking NEP activity is clinically relevant. For example, Sacubitrilat is

a Food and Drug Administration (FDA)–approved inhibitor of NEP

used to treat heart failure via blocking vasodilatation.29 Given the role

of γ-MSHs in natriuresis30 and therefore vasodilatation, and the pres-

ence of a “NEP cleavage signature” upon plasma incubation, we inves-

tigated whether this endo-protease is involved in γ2-MSH*

degradation. To this aim, we used the commercially available pho-

sphoramidon inhibitor.24 Overall, there is a slow-down formation of

specific fragments. Sequences carrying aromatic residues at the C-

terminus were delayed or, as in the case of 5-6 and 9-12 fragments,

TABLE 2 Yield (percent) of recovery of γ-MSH peptides after
plasma (P) exposure and treatment with trichloroacetic acid (P + TCA)
or withTCA only (TCA)

Peptides recovery

P + TCA (%) TCA (%)

γ3-MSH 29.4 ± 6 93.2 ± 5

γ2-MSH* 11.7 ± 4 74.4 ± 8

Note. Plasma contained a mixture of protease inhibitors. The calibration

curve was obtained from the areas of the peptides alone.

Abbreviations: MSH, melanocyte stimulating hormone; TCA, trichlor-

oacetic acid.

TABLE 3 Chemical characterization of γ-MSH peptide species
upon exposure to plasma collected from the supernatant or contained
in the pellet isolated by RP-HPLC (Figure 3)

RTa

(min)

Molecular Mass (Da)
Peptide
speciesFoundb Calculatedc

γ3-MSH 30.1 319.12±0.01 319.12 8-9

30.8 1812.81

±0.03

1812.83 8-24

1609.78

±0.02

1609.78 7-19

1666.85

±0.02

1666.80 7-20

31.0 302.11±0.01 302.14 5-6

33.1 475.31±0.01 475.22 7-9

436.21±0.01 436.21 9-11

34.7 360.31±0.01 360.19 7-8

39.5 759.41±0.01 759.35 5-9

41.2 2889.01

±0.02

2888.33 1-26

43.0 1726.04

±0.02

1725.83 1-13

1753.77

±0.04

1753.84 7-21

43.3 1209.80

±0.02

1209.54 1-9

1192.33

±0.01

1192.59 8-16

γ2-MSH* 30.2 493.34

±0.01d
492.24 9-12

30.9 302.15±0.01 302.14 5-6

33.1 436.27±0.01 436.21 9-11

33.7 378.21

±0.02d
377.21 10-12

34.8 360.33±0.01 360.19 7-8

36.9 678.46±0.02 678.32 8-12

37.5 834.45±0.01 834.42 7-12

40.9 1176.41

±0.01d
1175.57 4-12

41.2 1119.64

±0.01d
1118.55 5-12

41.9 1307.27

±0.01d
1306.61 3-12

981.30±0.01 981.49 6-12

42.5 1406.40

±0.01d
1405.68 2-12

43.7 1568.91

±0.01

1568.75 1-12

Abbreviations: MSH, melanocyte stimulating hormone; RT, retention time.
aPeptides are listed in order of RT in RP-HPLC.
bExperimental molecular masses determined by ESI-QTOF-MS.
cTheoretical masses calculated on the base of the amino acid sequence.
dThese masses refer to free acid form of the peptide.

PALAZZI ET AL. 7 of 14



absent (Figure S2), suggesting γ2-MSH* as a novel NEP substrate.

Eventually, the inhibition did not block the disruption of the peptide

by plasma proteases. The results were in line with expectations since

γ2-MSH* degradation most likely involves amino peptidases which

act upstream and/or independently from the formation of NEP frag-

ments. The physiological role of NEP/γ-MSH interaction, here pro-

posed, must be further investigated to be validated.

The rapid destruction of the HFRW motif no more conserved in

any of the detected species after 15 min of incubation justifies the

likewise rapid decay of the reported biological activity in plasma15.

3.3 | γ3-MSH degradation requires endo-proteolysis
to generate WD dipeptide as main cleavage product

γ3-MSH peptide digestion was performed and analyzed in parallel to

γ2-MSH*, using identical conditions and protocols. Overall, we faced

a strikingly different scenario: (a) the supernatant was not fully rep-

resentative of most of the degradation products; (b) by RP-HPLC,

some fragments coeluted with plasma molecules (Figure A,

Table 3). The former aspect made the overall analysis challenging

because the expected sequences fully disappeared from the soluble

and insoluble fractions. By comparison, all γ2-MSH* products but

one were represented in the supernatant of γ3-MSH. The RP-

HPLC profiles, supported by MS analysis, uncovered an unexpected

mechanism of digestion of γ3-MSH in comparison with γ2-MSH*

peptide. First of all, γ3-MSH showed a longer half-life than

γ2-MSH*. Furthermore, despite the peptides exhibited an identical

N-terminal sequence, they underwent a completely different cleav-

age pattern. In fact, upon prolonged incubation of γ3-MSH with

plasma, the main fragments were 7RWD9 and 8WD9 that were not

found in γ2-MSH* mixture. In total, 13 different peptide fragments

were identified (Table 3). Two out of 13 started from Trp residue

at position 8, four ended at Asp residue at position 9, and four

fragments started from Arg residue at position 7 (Figure 3B, left).

Of note, the first cleavage sites (15 min) were located at the level

of Arg7-Trp8 and Asp9-Arg10 peptide bonds. After prolonged incu-

bation time (90 min), two different proteolysis patterns were visi-

ble. In one case, fragments ending with the residue Asp9 or

starting with Arg7 underwent further proteolysis giving rise to the

species 7RWD9 and 8WD9, as the main cleavage products, indicat-

ing that these fragments were produced only after that their termi-

nal residue was available. In the other case, peptides still

containing the C-terminal tail became progressively more suscepti-

ble to the proteolysis losing one by one the amino acid from the

C-terminal. Overall, we observed an unexpected mechanism of deg-

radation for γ3-MSH. The uniqueness of our discovery relies on

the observation that two peptides sharing identical N-termini

undergo completely different pathways of cleavage when exposed

to the same degradative conditions. The very soft spot at the N-

terminus of γ2-MSH* becomes somehow very resistant when few

amino acids are added at the C-terminus (γ3-MSH). Notably, the

tail is located more than 10 residues far away from the cleavage

site. In turn, new bonds are made more susceptible to cleavage,

taking the degradative profile upside-down.

3.4 | γ2-MSH* and γ3-MSH are intrinsically
recognized by proteases in a different manner

It appears clear that the two γ2-MSH* and γ3-MSH peptides are dif-

ferently digested in plasma and that γ3-MSH shows a striking resis-

tance when compared with the shorter homologue. These

experiments are challenging since several factors can contribute to

the final effect; so to verify the intrinsic peptide susceptibility to pro-

tease attack, we used a very simplified system where the only vari-

ables were the enzymes and their substrates. Asp-N, endoproteinase

GluC, and proteinase K (pK) were the three enzymes used in this set

of experiments.31 AspN is a very well-characterized endoproteinase

used to produce protein digests for peptide mapping and protein

sequence.32 AspN cleaves primarily before the Asp residue which is

present in both γ2-MSH* and γ3-MSH within the shared sequence.

Peptides were incubated with AspN in phosphate buffer and samples

collected over 300 min to monitor cleavability and kinetics of

processing. MS analysis confirmed cleavage occurred only at Asp9,

according to expectations (Figure S3, Table S1). Both peptides were

susceptible to AspN activity and fully digested. However, γ2-MSH*

required more than 1 h to disappear, whereas γ3-MSH was processed

very quickly, with an estimated greater than 50% degradation within

the very first 5 min of incubation with the protease (Figure 4A;

Figure S3). Thus, the Ser-rich tail in γ3-MSH was not only incapable of

protection, but it seemed to favor the process of peptide processing.

This finding is in line with the observation that cleavage around 8WD9

was very favorable only for the γ3-MSH peptide. Indeed, in plasma,

γ3-MSH is not degraded from the N-terminal, in contrast with

γ2-MSH, which is primarily substrate for the plasma aminoproteases.

We next digested both peptides with GluC, an endoproteinase

which recognizes and cleaves after acidic residues.33 GluC prefers Glu

over Asp, and specificity can be switched using the appropriate buffer.

Thus, γ2-MSH* and γ3-MSH were incubated in phosphate buffer

pH 5.5 to favor cleavage after Asp residue and the digestion was moni-

tored as reported above. Interestingly, none of the substrates were

cleaved by GluC (Figure S3). Further attempts were made changing

conditions and prolonging the time of incubation up to 24 h, but no

cleavage products were observed (Figure S3). On-target enzymatic

activity of GluC was verified by human albumin, digested in parallel to

peptides. Despite the presence of acidic residues on both sequences,

GluC exposure did not affect peptides stability, and such behavior is in

line with a not strictly predictable degradation profile, simply based on

sequence features. Finally, the two peptides were incubated with pK,

an enzyme with preference toward aliphatic/aromatic residues

(Figure S3). Proteinase K is commonly used for its broad specificity;

indeed, it usually catalyzes the hydrolysis of peptides formed by the

most diverse amino acid residues within a disordered region of a pro-

tein.34We found that γ2-MSH* and γ3-MSHwere cleaved at Arg6with

similar kinetics (Figure 4B). Indeed, the percentage of cleavage at 5 min
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is approximately 62% for γ2-MSH* and approximately 60% for

γ3-MSH (Figure S3), resulting in comparable [1-6]/[7-12] and [1-6]/

[7-26] fragment ratios, respectively. Longer incubations induced fur-

ther fragmentations with appearance of multiple shorter sequences

(Figure S3, Table S1). 1YVMGHF6 was the most unstable and got

attacked after Met3 to eventually disappear as for γ2-MSH*. In con-

trast, 7RWDRFG12 showed an unexpected persistence in γ2-MSH*.

The more extended 7RWDRFGRRNSSSSGSSGAGQ26 γ3-MSH frag-

ment was resistant and underwent cleavage limited to the Asn residue.

Overall, we showed that γ2-MSH* per se is not more cleavable

than γ3-MSH. On the contrary, the longer peptide is more (AspN) or

equally (GluC and pK) susceptible to degradation when compared with

the shorter analogue. Our studies infer that the presence of the polySer

tail enhances γ3-MSH propensity to be processed in close proximity to

the WD motif. In this context, we should mention that Trp containing

bioactive dipeptides have been the subject of recent studies. In particu-

lar, both WE (Trp-Glu) and WR (Trp-Arg) have been demonstrated to

bind and stimulate the activity of peroxisome proliferator-activated

receptor (PPAR) α, inducing a cascade of events which cause reduced

lipid accumulation in hepatocytes.35,36 Such findings open the hypothe-

sis of a biological role, other than MCR3 stimuli, for γ3-MSH hormone,

which should be investigated in the future.

In conclusion, the sequence extension of γ3-MSH is capable of

modulating the half-life of the peptide and, most importantly, its

mechanism of degradation. Local conformation seems not to con-

tribute to this phenomenon for γ-MSH peptides. The outcomes

depend on the complex interaction of the extended substrate with

specific proteases.

F IGURE 4 Structural characterization of
γ-MSH peptides. (A and B) Proteolysis
susceptibility analysis. The profiles of γ3-MSH
(empty circle) and γ2-MSH* (black circle) peptides
consumption upon in vitro incubation with
proteases, (A) AspN and (B) pK, are represented.
The area of the peaks, estimated by RP-HPLC , is
plotted against incubation time. Conformational
characterization of γ3-MSH and γ2-MSH*

peptides by circular dichroism in the (C and D) far
UV and (E and F) fluorescence spectroscopy.
Molar ellipticity has been recorded between
195 and 250 nm; tryptophan fluorescence has
been excited at 280 nm, and emission signal was
registered between 290 and 500 nm. Peptides
structural changes has been followed at pH 7.5,
2.5 and upon 0.2% SDS detergent treatment with
both techniques
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F IGURE 5 The case of α-melanotropin/adrenocorticotropin, α-MSH/ACTH peptides. (A) RP-HPLC kinetic analysis of ACTH and α-MSH
peptides incubated with human plasma. RP-HPLC chromatograms of fractions collected at different times (0, 15, and 120 min), treated as
described for γ-MSH peptides. The empty circle indicates peaks deriving from plasma. Most significant retention time intervals have been
reported. (B) Scheme of fragmentation of ACTH/α-MSH peptides incubated with human plasma, as deduced from RP-HPLC and MS analysis. The
first column refers to the peptide, the second to the sequence of the peptide, and the third to time of incubation with plasma (0, 15, and
480 min). Peptides starting (red) or ending (blue) with the same residue are shown. The peptide yield has been normalized by the scale described
in Figure3
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F IGURE 6 The case of Neurotensin, NT1-13/NT1-20 peptides. (A) RP-HPLC kinetic analysis of NT1–13/NT1–20 peptides incubated with human
plasma. RP-HPLC chromatograms of fractions collected at different times (0, 10, and 90 min), treated as described for γ-MSH peptides. The
empty circle indicates peaks deriving from plasma. (B) Most significant retention time intervals have been reported. Scheme of fragmentation of

NT1-13/NT1-20 peptides incubated with human plasma, as deduced from RP-HPLC and mass spectrometry (MS) analysis. The analysis was
conducted as described in Figures 3 and 5. The suffix p refers to the pyroglutamic form of the peptide, and the triangle indicates the peptide
isolated and identified in the pellet
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3.5 | γ2-MSH* and γ3-MSH are disordered in
solution

It is commonly accepted that the peptide structure around the cleav-

age site can alter the kinetics of proteolysis.37,38 We next investigated

whether the C-terminal tail was determinant for inducing or disrupting

specific conformations, for example, β-turns, important for peptide

processing.38,39 To this aim, γ2-MSH* and γ3-MSH were analyzed by

far UV-CD spectroscopy in several means (pH 7.5, pH 2.5, 0.2% SDS).

All the tested conditions revealed the absence of any structure and

clear propensity to adopt random conformation for both peptides

(Figure 4C,D). Studies were further extended to intrinsic fluorescence

analysis to better understand the accessibility of Trp8. This tryptophan

represents the soft spot within the γ3-MSH peptide.40 The emission

maximum at 350 nm suggested that the aromatic residue is exposed

to solvent and characterized by a very similar exposure in both

γ2-MSH* and γ3-MSH at pH 7.5 and 2.5. In the presence of 0.2%

SDS, fluorescence profiles persisted, except a slight shift toward

shorter wavelength, meaning a randomness state of the polypeptide

chains (Figure 4E,F).

Taken together, we state the inability of the polySer tail to induce

preference toward any specific conformation. The shorter hormone is

found in a random conformation that persists also in the longer version.

Thus, it is conceivable that the tail may rather influence the interaction

among peptide and plasma proteins, including plasma proteases.

3.6 | The protection mechanism can be translated to
other peptide systems

Human γ3-MSH survives in plasma longer than γ2-MSH*, showing

slower degradation kinetics but also singular sites of attack. Data at

hand suggest that γ3-MSH of two species at least—human and barn

owl—do share identical protection thanks to the polySer tails which,

nonetheless, differ among each other significantly.14 Also, adrenocor-

ticotropic hormone (ACTH) displayed higher stability than α-MSH.15 It

may be conceivable that such mechanism of protection is indepen-

dent from the exact nature of amino acids sequence/length, and

therefore it can be applied to further peptide species. To this aim, we

analyzed two couples of peptides: α-MSH with its precursor ACTH

and neurotensin hormone (NT1–13) with its precursor (NT1–20)

(Table 1). The latter example is for proof of principle investigation of

the stabilizing mechanism since the natural C-terminal extension

NT1-20 has been shown to be active despite altering the signaling pro-

file in cell-culture-based assays.17 α-MSH/ACTH are very well-known

hormones, deriving from POMC (Figure 1A),18 as it is the case of

γ2-MSH*/γ3-MSH. NT1-13/NT1-20 are endocrine peptides cut out

from the neurotensin/neuromedin N precursor,41 Along the same

lines described above, the synthetic peptides were incubated in

human plasma to monitor their degradation over time. Supernatants

and pellets were treated separately. We found that both shorter pep-

tides have reduced half-lives when compared with the longer ana-

logues, and this is strikingly evident in the case α-MSH/ACTH

(Figures 5 and 6). α-MSH peptide rapidly disappeared with estimated

half-life of about 7.4 min and following a mechanism duplicate of that

described for γ2-MSH*, indeed a progressive N-terminal processing is

observed (Figure 5, Table 4). According to the expectations, ACTH did

not undergo any attack at the N-terminus (Figure 5C), despite sharing

1 to 14 residues with α-MSH (Table 1). Of note, ACTH was extremely

stable in human plasma (Figure 5), half-life resulting longer than

250 min. These data corroborated our hypothesis of a protection

mechanism disconnected to the identity and length of the additional

C-terminal stretch. Next, we focused our attention on a system

unrelated to POMC. Similarly, we found that NT1-13 was degraded at

the N-terminus (Figure 6A,B; Table 5). NT1-13 and NT1-20 show a

reduction to 50% of the starting amount of the full-length peptides at

6.8 and 11 min, respectively. In contrast, no fragments corresponding

to aminopeptidase activity were detected in the case of the longer

NT1-20 (Figure 6A,B). The latter was rather attacked at the C-terminus,

resulting in the release of multiple small C-terminal fragments. NT1-13

and NT1-20 shared only a mere cleavage product, generated by

TABLE 4 Chemical characterization of ACTH peptide species
isolated by RP-HPLC upon exposure to human plasma (Figure 5)

RTa

(min)

Molecular mass (Da)
Peptide

speciesFoundb Calculatedc

ACTH 31.6 2,659.28 ± 0.07 2,659.00 14-37

32.6 2,877.73 ± 0.49 2,878.24 15-39

2,343.86 ± 0.46 2,344.18 17-37

40.1 1,807.97 ± 0.27 1,807.88 1-15

1,557.87 ± 0.06 1,557.79 3-15

1,429.53 ± 0.49 1,429.69 3-14

1,720.95 ± 0.26 1,720.85 2-15

42.8 2,188.14 ± 0.43 2,188.08 18-37

980.55 ± 0.18 980.37 23-31

3,226.57 ± 0.39 3,226.69 9-37

43.5 4,265.20 ± 0.42 4,264.84 1-37

45.8 3,502.82 ± 0.01 3,502.98 9-39

4,540.98 ± 0.34 4,541.13 1-39

46.4 2,464.18 ± 0.03 2,464.19 18-39

47.0 2,211.18 ± 0.12 2,211.04 20-39

2,248.04 ± 1.00 2,248.18 1-18

2,317.39 ± 0.09 2,317.12 18-38

47.4 1,983.91 ± 0.01 1,983.87 22-39

α-MSH 38.3 1,211.63 ± 0.01 1,211.62 5-14

38.6 1,082.11 ± 0.01 1,082.58 6-14

39.7 1,342.54 ± 0.03 1,342.66 4-14

39.7 1,429.63 ± 0.05 1,429.69 3-14

40.8 1,680.06 ± 0.02 1,679.79 1-14

Abbreviations: MSH, melanocyte stimulating hormone; RT, retention time;

TCA, trichloroacetic acid.
aPeptides are listed in order of RT in RP-HPLC.
bExperimental molecular masses determined by ESI-QTOF-MS.
cTheoretical masses calculated on the base of the amino acid sequence.
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processing at Arg8 (Table 5). Of note, a single stable peak of NTs

(pNTs) was detectable, corresponding to the full-length peptides car-

rying a cyclized glutamic acid (pyroGlu, pGlu) at position 1. This phe-

nomenon is very well described in literature as a spontaneous

modification occurring to Glu residues.42 As a proof-of-concept, the

pNT113 was almost stable over 90 min, confirming that the major

route of degradation of the shorter hormone involved recognition at

the N-terminus. On the contrary, the pNT1-20 did decrease over time

(estimated �25%), in line with the hypothesis that the longer peptide

is degraded starting from the C-terminus.

4 | CONCLUSIONS

In this study, we investigated the plasma degradation profile of three

signaling peptides: γ2/γ3-MSH, α-MSH/ACTH hormones, both deriv-

ing from the pro-opimelanocortin (POMC) precursor, and NT1-13/

NT1-20 neurotensin. C-terminal extensions present in the long forms

(γ3-MSH, ACTH, and NT1–20) of such hormones result beneficial to

prolong the plasma-based half-life of peptides. Our study strongly

supports the idea that length of peptide impacts on stability because

it affects the peptide degradative pattern both in terms of kinetics

and cleavage products profiles. Likely, the additional tail modulates

the docking to specific serum proteins—enzymes or car-

riers/shielders—therefore regulating either the rate of conversion to

products and/or the effective peptide bioavailability to degradation. It

is the combination of the tail and specific plasma proteins that gener-

ates the “receipt” of a given peptide half-life. Our observations sug-

gest that, along with other parameters, the consequences of

extensions on the bioactivity of the drug has to be carefully evaluated.

In particular, for the delivery of novel peptide drugs, an optimal design

should consider, as a crucial step, the evaluation of the plasma degra-

dation profile due to modifications added to the minimal active con-

served sequence.
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