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A B S T R A C T   

The analgesic peptide DD04107 (Pal-EEMQRR-NH2) and its acetylated analogue inhibit α-calcitonin gene-related 
peptide (α-CGRP) exocytotic release from primary sensory neurons. Examining the crystal structure of the 
SNARE-Synaptotagmin-1(Syt1) complex, we hypothesized that these peptides could inhibit neuronal exocytosis 
by binding to Syt1, hampering at least partially its interaction with the SNARE complex. To address this hy
pothesis, we first interrogate the role of individual side-chains on the inhibition of α-CGRP release, finding that 
E1, M3, Q4 and R6 residues were crucial for activity. CD and NMR conformational analysis showed that linear 
peptides have tendency to adopt α-helical conformations, but the results with cyclic analogues indicated that this 
secondary structure is not needed for activity. Isothermal titration calorimetry (ITC) measurements demonstrate 
a direct interaction of some of these peptides with Syt1-C2B domain, but not with Syt7-C2B region, indicating 
selectivity. As expected for a compound able to inhibit α-CGRP release, cyclic peptide derivative Pal-E-cyclo 
[EMQK]R-NH2 showed potent in vivo analgesic activity, in a model of inflammatory pain. Molecular dynamics 
simulations provided a model consistent with KD values for the interaction of peptides with Syt1-C2B domain, 
and with their biological activity. Altogether, these results identify Syt1 as a potential new analgesic target.   
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1. Introduction 

Pain is an unpleasant physical distress produced by tissue or neural 
damage or by certain diseases [1]. Often, it remains even after resolution 
of the initial damage or disease, thus chronifying and becoming a disease 
itself [2]. Because of a significant subjective component, pain is difficult 
to be objectively measured, poorly understood in many cases, and 
particularly resistant to current therapies [2]. Most common analgesic 
drugs, nonsteroidal anti-inflammatory drugs (NSAIDs) and opioids, do 
not provide acceptable pain relief for chronic pain, particularly neuro
pathic pain, and their use is limited because of unwanted side effects, 
including the potential of dependence and drug abuse for opioids [3]. In 
the past, the discovery of a plethora of molecular mediators involved 
in pain signaling and transmission identified potential novel molecular 
targets for drug intervention and to interrogate specific pain mecha
nisms [4]. 

As a pivotal case in point, it is well established that the α-calcitonin 
gene related peptide (α-CGRP), through the interaction with specific 
receptors, contributes to neurogenic inflammation and nociceptor 
sensitization [5,6], playing a main role in inflammatory chronic pain 
[7,8]. Consequently, botulinum neurotoxin A (BoNTA), a neurotoxin 
that blocks the exocytotic release of calcitonin gen-related peptide 
(α-CGRP) and other neurotransmitters by targetting the SNARE 
neuronal complex in peripheral nociceptors, produces pain relieve [8,9]. 
Thus, it is not surprising that BoNTA is currently used in the clinics for 
the treatment of chronic inflammatory and neuropathic pain [10–12], 
thus validating the SNARE complex as a valuable therapeutic target. 

Although BoNTA is a potent drug, its therapeutic use is limited 
because of its high toxicity [13,14]. As a therapeutic strategy to 
circumvent BoNTA toxicity, we previously designed small peptides that 
mimicked the BoNTA action by destabilizing the assembly of the SNARE 
complex. Notably, peptide DD04107 (Palmitoyl-EEMQRR-NH2, 1) 
inhibited α-CGRP exocytotic release from primary sensory neurons with 
micromolar potency, and blocked the inflammatory recruitment of 
transient receptor potential vanilloid type 1 (TRPV1) ion channels to the 
plasma membrane of nociceptors [15,16]. Furthermore, peptides 

patterned after the N-terminal domain of SNAP25 (6–20-mer), a protein 
component of the SNARE complex, appear to interfere with the SNARE 
complex formation/stabilization that is essential for Ca2+-dependent 
exocytosis in excitable cells. As a consequence, DD04107 (1) produced 
dose-dependent, in vivo analgesic effects in chronic models of inflam
matory and neuropathic pain, including inflammation and mechanical 
hyperalgesia induced by carrageenan, Freund’s adjuvant (CFA) and 
osteosarcoma, and some peripheral neuropathies (chemotherapy, dia
betes) [17]. The N-acetyl analogue of DD04107 (Ac-EEMQRR-NH2, 2, 
Ac-DD04107) is also an inhibitor of neuronal exocytosis, although with a 
lower potency than BoNTA and DD04107 (1) [15,18]. Peculiarly, this 
peptide is being used as a safe BoNT mimetic by the cosmetic industry 
for the reduction of expression wrinkles [19], and DD04107 (1) is 
currently active in phase II clinical trials for neuropathic pain [20]. 

For Ca2+ exocytosis, the SNARE complex, formed by two domains of 
SNAP25, synaptobrevin (vesicle-associated membrane protein 2, 
VAMP2) and syntaxin-1 proteins, interacts with the C2B domain of the 
Ca2+ sensor synaptotagmin 1 (Syt1) through a primary interface 
comprising two regions that establish polar interactions, as shown in the 
3D structure of pdb code 5KJ7 (Rattus novergicus, Fig. 1) [21]. The first 
hot-spot involves residues E37, K40, N159, M163 and D166 in the N- 
and C-domains of the complexed SNAP25 and residues E295, K297, 
N336 and Y338 of Syt1 [21]. The second region comprises a series of 
acidic residues of SNAP25 (D51, E52 and E55) and syntaxin-1A (D231, 
E234 and D238), and a positively charged region in Syt1 (R281, K288, 
R398 and R399). This second hot-spot was identified by NMR studies as 
the primary binding mode between Syt-1 and the SNARE complex [22]. 
In addition, protein SNAP25 needs the interaction with syntaxin-1 to 
adopt the characteristic head-to-tail structure observed in the SNARE 
complex, while N-terminal truncation of SNAP25 or syntaxin prevented 
the formation of the ternary complex with VAMP2 [23]. 

As indicated above, at the first hot-spot, the interaction of Syt1 with 
the SNARE complex is largely mediated by contacts with the two do
mains of SNAP25, with two acidic, a basic, an Asn and a Met residues as 
key connecting points. These residues, or conservative substitutions, are 
present in the primary structure of DD04107 (1) and its acetyl derivative 

Fig. 1. Overview of the primary interface structure of the complex between SNARE and Syt1 C2B domain (pdb code 5KJ7). SNAP25 (N-terminal, pink; C-terminal, 
yellow); Syntaxin (cyan); VAMP2 (green). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Ac-DD04107 (2). This led us to hypothesize that these peptide de
rivatives could, at least partially, inhibit neuronal exocytosis by pre
venting/modifying the interaction of Syt1 with the SNARE complex, by 
binding to the Ca2+ sensor, and uncoupling/difficulting Ca2+-dependent 
exocytosis. 

To test this hypothesis, herein we investigate Ala mutants and cyclic 
derivatives of peptide (Ac-DD04107 (2, Fig. 2), in order to uncover the 
role of individual side-chains on the inhibition of α-CGRP release from 
nociceptors, and for identifying possible bioactive conformations. We 
use ITC experiments to examine in vitro the interaction of DD04107 (1) 
and its analogues to Syt1 protein. Finally, we perform induced fit 
docking (IFD) and molecular dynamic studies to visualize the potential 
interaction of these peptides with Syt1. 

2. Results and discussion 

2.1. Peptide synthesis 

Model peptides DD04107 (1) and its acetyl analogue Ac-DD04107 
(2) were synthesized manually in parallel on a low load rink amide 
(MBHA) polystyrene resin. Protecting groups were those normally used 
in the Fmoc/tBu strategy and peptides were elongated on the resin using 
HCTU as coupling agent [24]. After incorporation of the last amino acid 
and Fmoc removal, the resin was splitted in two, palmitoylated and 
acetylated, respectively, and treated with the cleavage cocktail TFA/ 
EDT/H2O/TIS (94:2.5:2.5:1) to afford crude peptides 1 and 2 (Scheme 
1). These compounds were finally purified by reverse phase MPLC using 
C18 SPE cartridges to obtain high purity peptides (>98%, HPLC), which 
were characterized by ESI+ MS and HRMS. 

Following the same procedure, a parallel divergent synthesis was 
performed to prepare the Ala scan peptides 3–8. These peptides, in 
which each residue in Ac-DD04107 (2) is individually substituted by 
Ala, were prepared to shed light on the importance of each side-chain in 
the biological activity. Acetylated derivatives were selected over pal
mitoylated analogues because of the easier purification and better sol
ubility in order to facilitate the subsequent conformational studies. To 
elucidate possible preferred conformations for the bioactivity, we also 
prepared three cyclic derivatives 9–11, by formation of side-chain amide 
bonds between residues 1–5, 2–5 and 2–6, respectively. To this end, the 
regioselective functionalization of the resin-bound peptides was ach
ieved by incorporation of Fmoc-Glu(OAll)–OH at residues 1 or 2 and 
Fmoc-Lys(Alloc)–OH at positions 5 or 6, as required. Allyl and Alloc 

groups can be orthogonally deprotected with [PhSiH3/Pd(PPh3)3 to 
subsequently proceed to the on-resin lactamization using (7-Azabenzo
triazol-1-yloxy)trispyrrolidinophosphonium hexafluorophosphate 
(PyAOP)/1-Hydroxy-7-azabenzotriazole (HOAt) as coupling system, 
either at room temperature or under microwave irradiation [25]. 

2.2. CD and NMR conformational studies 

The conformational behavior of the synthesized peptides was first 
assessed through circular dichroism (CD). As shown in Fig. 3, model 
compound Ac-DD04107 (2) shows a characteristic profile of non- 
defined structure (random coil) in water, while a certain tendency to 
adopt an α–helix-like structure appears in the presence of the structuring 
solvent trifluoroethanol (TFE, 30%), with a maximum peak at ~ 190 nm 
and minimum bands at 208 and 222 nm (Fig. 3). Similar behaviors are 
observed for Ala derivatives 5–8, but the incorporation of Ala residues at 
C-terminal positions, as in 3 and 4, seems to destabilize the secondary 
structure. As for cyclic peptides, cyclization through 1–5 or 2–6 posi
tions (cyclic peptides 9 and 11, respectively) results in highly structured 
compounds in H2O, with typical helix conformations that did not change 
upon TFE addition (Fig. 3). However, cyclization through 2–5 positions 
(cyclic peptide 10), is mainly random coil in both H2O and 30% TFE 
(Fig. 3). 

To get further details into the conformations, we performed a 
structural NMR study of selected compounds in aqueous solution and in 
the presence of TFE (30%). Once assigned the NMR spectra (see 
Methods), the secondary structure of the peptides was delineated from 
the conformational shifts (or chemical shift deviations), which are 
defined as the differences of the observed 1Hα, 13Cα, and 13Cβ chemical 
shifts from the values characteristic of random coil peptides (Δδi = δi

obs 

– δi
RC, ppm). Conformational shifts characteristics of α-helices are ΔδHα 

< 0, ΔδCα > 0, and ΔδCβ < 0, and those of extended β-strands display 
opposite signs [26–28]. It should be noted that |ΔδHα| ≤ 0.05 ppm, 
|ΔδCα| ≤ 0.5 ppm, and |ΔδCβ| ≤ 0.5 ppm are not significative, because 
they are within the experimental errors. Ac-DD04107 (2), which was 
studied as representative of linear peptide derivatives, showed ΔδHα, 
ΔδCα, and ΔδCβ values indicative of a low populated α-helix in equilib
rium with random conformations, with the α-helix more favored in the 
presence of 30% TFE (Figs. 4 & 5), as indicated by the ΔδHα (Fig. 4), 
ΔδCα, and ΔδCβ (Fig. 5) conformational shifts being larger in absolute 
value. The Δδ/ΔT values of amide protons provide us additional struc
tural data. Their simplest interpretation is that |Δδ/ΔT| > 5•10-3 ppm 
corresponds to solvent-exposed amide protons, and that |Δδ/ΔT| <
5•10-3 ppm are likely involved in intramolecular H-bonds [29,30]. Thus, 
the obtained Δδ/ΔT values for peptide Ac-DD04107 (2) in aqueous so
lution (all with absolute values > 4.5 ppb; Table 1) pointed out that they 
are totally exposed to the solvent, which is characteristic of peptides 
without structure or random coil. However, in 30% TFE, the values for 
the M3, Q4, R5 and R6 NH protons, whose absolute values are < 4.5 ppb, 
indicated their involvement in intramolecular H-bonds. This is 
compatible with an α-helix, in which the first H-bond would be estab
lished between the CO group of the Ac moiety and the NH of the i + 4 
residue (M3). The fact that one of the two protons of the C-terminal 
amide also have a small Δδ/ΔT absolute value (Table 1) suggests that 
this proton might be H-bonded to the CO group of the i + 4 (Q4). The 
conformational shifts for cyclic peptides 9 and 11 (Figs. 4 and 5), as well 
as the Δδ/ΔT values (Table 1) clearly showed that these peptides form 
α-helix structures both in aqueous solution and in 30% TFE. In contrast, 
the conformational shifts and the Δδ/ΔT values of the cyclic analogue 
10 were indicative of a predominantly random coil peptide, both in H2O 
and 30% TFE (Figs. 4, and 5 and Table 1). The helix populations esti
mated from the conformational shifts are much greater in 9 and 11 
(67–78%; Table S2) than in Ac-DD04107 (2), either in aqueous solution 
or in the presence of 30% TFE (21% in H2O and 28% in 30% TFE; 
Table 2). Those of the cyclic peptide 10 are quite small (15% in H2O, and 
21% in 30 %TFE; Table 2). These NMR results are in perfect agreement 

Fig. 2. Sequences of model peptides 1 (DD04107) and 2 (Ac-DD04107), and 
new analogues. Changes relative to peptide Ac-DD04107 (2) are highlighted in 
red. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 
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with those of CD. Thus, as reported in other peptide systems [31], the i, i 
+ 4 cyclization is helix-stabilizing, but not the i, i + 3. 

Apart from conformational shifts and Δδ/ΔT values, the set of NOEs 
provide the strongest evidence about structure formation in peptides 
[26,33]. Thus, the non-sequential NOEs, which are αN(i,i + 3), αN(i,i +
4), and/or αβ(i,i + 3), observed for peptide Ac-DD04107 (2) and for the 
cyclic peptides 9 and 11 demonstrated that they form α-helical struc
tures (Figure S1, SM). These non-sequential NOEs are intense in 9 and 
11, and weak in 2, which is in agreement with the helix being less 
populated in the linear peptide Ac-DD04107 (2). No non-sequential NOE 
was observed in the case of 10 (Figure S1, SM), which provides further 
confirmation of this peptide being mainly random coil. More interest
ingly, the features of the helices formed by peptides 2, 9 and 11 can be 
visualized by performing structure calculations based on the distance 
constraints derived from the observed sets of NOEs (see Methods). 
Structure calculation was not performed for the cyclic peptide 10, 
because of its very low helix population and the absence of non- 
sequential NOEs in both H2O and 30% TFE. The resulting structures 
for peptides 2, 9 and 11 are well-defined helices (see Figure S2 and 
Table S9, SM). It is interesting to notice that in the helix formed by Ac- 
DD04107 (2) E1 and R5 sidechains, as well as E2 and R6 sidechains are 
spatially close, which explains that peptides 9 and 11, with the 1–5 and 
2–6 bridges, form quite stable helices (Table 2). However, E2 and R5 
sidechains are not close in the peptide 2′s helix (Figure S2, SM), so it 
seems reasonable that the formation of a 2–5 bridge has to lead to a 
somehow distorted helix. This agrees with our experimental finding 
about peptide 10, with the 2–5 bridge, being less helical than the linear 
peptide (see Table 2). 

2.3. Biological activity examined by inhibition of α-CGRP release 

To test the importance of Ala substitutions and cyclization, all 
compounds were assayed for their ability to inhibit in vitro α-CGRP 
release from rodent nociceptors (Table 3). In this assay, compounds 
DD04107 (1) at 10 μM and Ac-DD04107 (2) at 100 μM inhibited 
capsaicin-induced release of α-CGRP by approximately 45%. A signifi
cant inhibition at 100 μM (≈30%) was also obtained for peptide de
rivatives 4 and 7, with R5A and E2A mutations, thus indicating that E2 
and R5 residues are not crucial for the activity. In contrast, mutation of 
the other four residues afforded Ala derivatives with highly reduced (3 
and 5) or total loss (6 and 8) of the inhibitory activity. These results 
indicate that within this series of peptides side-chains of Q4 and R6, and 
especially E1 and M3, are pivotal for inhibiting neuronal exocytosis. In 
good accordance, masking one of these important side-chains through 
cyclization, as E1 in cyclic peptide 9 and R6 in cyclic analogue 11, 
resulted in a drastic reduction of the inhibitory properties compared to 
the corresponding linear analogue Ac-DD04107 (2). On the contrary, 
cyclization through the two unimportant residues, at positions 2 and 5, 
led to cyclic peptide 10 that recovers the inhibitory properties of the 
linear model compound. The fact that 10 is mainly random-coil in so
lution seems to suggest that the helical conformation observed for model 
compound Ac-DD04107 (2) in the presence of the membrane-like 
environment of TFE is not required for the inhibitory activity of these 
peptides. 

Scheme 1. General strategy for the solid-phase synthesis.  
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Fig. 3. CD spectra of peptides 2–11 in aqueous solution (blue line) and in 30% TFE (green line) at pH 5.5 and 5 ◦C. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.) 

Fig. 4. Bar plots showing the ΔδHα (ΔδHα = δHα
observed – δHα

RC, ppm) values as a function of sequence for peptides Ac-DD04107 (2), 9, 10 and 11 in aqueous solution 
(blue bars) and in 30% TFE (green bars) at pH 5.5 and 5 ◦C. Dashed lines indicate the random coil (RC) ranges, and random coil values were taken from J. Biomol. 
NMR 1995, 5, 67–81 [32]. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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2.4. Isothermal titration calorimetry (ITC): Syt1-CB2 binding ability and 
specificity 

Next, we addressed the hypothesis of a direct interaction of these 
peptides with Syt1 that could underlie their inhibitory activity. For this 
purpose, we recombinantly expressed and purified the C2B domain of 
Syt1 (Syt1-C2B domain) and used ITC as a methodology that directly 
and sensitively measures ligand–protein interaction, and allows to 
determine the equilibrium constant (KD) (Table 3, Fig. 6). Analysis of the 

ITC data indicated that DD04107 (1) and its acetyl analogue Ac- 
DD04107 (2) are able to bind to the Syt1-C2B domain with an iden
tical KD value (i.e. 2.4 μM), suggesting that the fatty acid chain does not 
directly participate in the interaction with the protein. 

The interaction of linear and cyclic analogues of Ac-DD04107 (2) 
with Syt1 was also investigated by ITC (Table 3, Fig. 6). As shown, most 
of these peptides bind the purified Syt1-C2B domain protein, and reveal 
an overall positive correlation between the percentage of α-CGRP inhi
bition and the KD. With the exception of peptide 4, KD values higher than 

Fig. 5. Bar plots showing the ΔδCα (ΔδCα = δCα
observed – δCα

RC, ppm) values and ΔδCα (ΔδCα = δCα
observed – δCα

RC, ppm) as a function of sequence for peptides Ac- 
DD04107 (2), 9, 10 and 11 in aqueous solution (blue bars) and in 30% TFE (green bars) at pH 5.5 and 5 ◦C. Dashed lines indicate the random coil (RC) ranges, 
and random coil values were taken from J. Biomol. NMR 1995, 5, 67–81 [32]. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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5.0 μM resulted in lack of exocytosis inhibition (<5%). 
Peptides 5 and 6 do not show interaction with Syt1-C2B domain, thus 

validating a key role of M3 and Q4 residues for the biological activity of 
DD04107 (1). The KD values for peptides 3 and 4 are lower than those of 
DD04107 (1) and Ac-DD04107 (2), indicating a role of R6 and R5 res
idues in the binding with the protein, more important for R5 (compound 
4). However, this do not correlate with the ability of these peptides to 
inhibit α-CGRP release, with peptide 4 showing better activity than 3. 
The inactivity of compound 3 cannot be attributed solely to the KD value 
of 5.2 µM, which is lower than that of 4, but to other parameters such as 
a different cell penetration or an inappropriate positioning of crucial 
side-chains, like those of residues M3 and Q4. Similarly, both E-to-A 
mutants 7 and 8 are able to bind the Syt1-C2B domain, although com
pound 8, which shows a higher KD value (5.8 μM), fails to inhibit 
α-CGRP exocytotic release (Table 3). As for compound 3, the inactivity 
of compound 8 in the cellular assay could be related to lower membrane 
permeability. All cyclic peptides are able to bind to Syt1-C2B domain, 

with the best KD value for the 2–5-cyclic peptide 10, which also displays 
the most potent inhibitory activity, thus substantiating that residues 2 
and 5 are not crucial neither for Syt1-C2B binding nor for inhibiting 
α-CGRP release. As shown in Fig. 6, tritration injections of cyclic peptide 
10 are similar to those of linear model peptide Ac-DD04107 (2), while 
for regioisomeric cyclic analogues 9 and 11 the interaction is visibly 
weaker. The affinity values of cyclic peptides 9 (cyclo-1–5) and 11 (cyclo 
2–6) correlate quite well with those of the corresponding linear ana
logues 4 and 3, with Ala residues at positions 5 and 6, respectively. 
However, considering that 9 and 11 are stable α–helical peptides while 
10 displays a random coil conformation in solution, the low activity of 9 
and 11 in the cellular assay is plausibly due to the lack of residues E1 and 
R6, respectively, along with a possible inappropriate three-dimensional 
disposition of residues M3 and Q4, forced by the α–helical structure. 

Next, we explored the specificity for Syt1-C2B domain through ITC 
experiments with Syt7-C2B, which was selected as representative of Syt 
proteins non homologous with Syt1 in the region that accommodate the 
first hot-spot (Figure S3, SM). Thus, the pattern of E295, K297, N336 and 
Y338 of Syt1-C2B15 is only repeated in Syt2, Syt5, and Syt8 (Figure S3, 
SM), while became K, R, N, I, respectively, in Syt7-C2B, with the K 
residue present in most other C2B domains of Syt proteins. The ITC 
experiments demonstrated that none of our peptides were able to bind to 
recombinantly expressed and purified Syt7-C2B, thus supporting that 
the indicated region of the Syt1-C2B domain is most likely the inter
acting partner of DD04107 (1) and its analogues. 

2.5. Attenuation of thermal hyperalgesia 

CFA-induced inflammatory pain model has been widely used for 
describing the effectiveness of different types of analgesics. In this 
experimental model, the intraplantar (i.pl.) administration of Freund’s 
adjuvant (CFA) provoked a marked thermal hyperalgesia, indicated by 
the important decreased latency to a heat source, while no effects were 
observed in the contralateral paw. For central acting analgesics, there 
are controversial reports on their effectiveness in inflammatory pain 
states [34,35], and the antinociceptive effect of morphine against 
thermal hyperalgesia seems to follow a different mechanism from that of 
mechanical allodynia [36]. The effect of NSAIDs, like ibuprofen, on 
inflammatory hyperalgesia is mediated either by the cyclooxygenase 
pathway and up-regulation of Nav1.7 and 1.8 ion channels [37]. 

As indicated above, peptide DD04107 (1) is an inhibitor of the CGRP 

Table 1 
Δδ/ΔT (10-3 ppm) for amide protons of peptides Ac-DD04107 (2), 9, 10 and 11 in aqueous solution and in 30% TFE at pH 5.5. Values below 4.5 ppb are shown in bold.  

Residue 2 (Ac-DD04107) 9 (c1,5–2) 10 (c2,5–2) 11 (c2,6–2) 

H2O 30 %TFE H2O 30 %TFE H2O 30 %TFE H2O 30 %TFE 

E 1 − 6.9 − 6.4 − 7.8 − 8.5 − 6.4 − 5.6 − 7.6 − 7.7 
E 2 − 5.9 − 4.7 − 8.5 ¡0.9 − 6.6 − 6.2 − 6.4 − 6.9 
M 3 − 6.4 ¡3.0 ¡4.2 ¡3.3 − 7.3 − 5.5 ¡1.9 ¡1.4 
Q 4 − 6.0 ¡2.8 ¡3.1 ¡2.6 − 6.6 − 4.9 ¡4.4 ¡3.3 
R/K 5 − 7.3 ¡4.0 ¡2.4 ¡2.9 − 9.6 − 7.7 ¡3.3 ¡4.4 
R/K 6 − 7.2 ¡3.1 þ1.1 ¡0.9 − 9.3 − 8.6 ¡0.4 ¡1.0 
CONH2 − 6.1,− 5.3 − 5.7,¡2.8 − 6.9,þ0.5 − 7.9,¡0.6 − 6.2,− 6.6 − 6.4,− 6.0 − 7.8,þ0.6 − 7.0,¡0.3  

Table 2 
Estimated helix populations for peptides Ac-DD04107 (2), 9, 10 and 11 in aqueous solution and in 30% TFE at pH 5.5 and 5 ◦C.  

Peptide Conditions Averaged ΔδHα, ppm % helix from ΔδHα Averaged ΔδCα, ppm % helix fromΔδCα Averaged % helix 

2(Ac-DD04107) H2O − 0.09 24 0.54 18 21 ± 2  
30% TFE − 0.12 30 1.21 25 28 ± 2 

9 (c1,5–2) H2O − 0.28 61 2.37 77 69 ± 5  
30% TFE − 0.30 76 2.44 79 78 ± 1 

10 (c2,5–2) H2O − 0.06 15 0.43 14 15 ± 0  
30% TFE − 0.06 16 0.77 25 21 ± 3 

11 (c2,6–2) H2O − 0.24 72 1.93 62 67 ± 3  
30% TFE − 0.26 66 2.11 68 67 ± 1  

Table 3 
Biological activity and Syt1-CB2 binding of DD04107 (1) and analogues.  

Compd. Formula Inhibition CGRP 
(%) 

ITC (Syt1) KD 

(µM) 

1(DD04107) Pal-E1E2M3Q4R5R6- 
NH2 

47.0 ± 20 2.4 ± 0.6 

2(Ac- 
DD04107) 

Ac-EEMQRR-NH2 44.6 ± 10.3 2.4 ± 0.5 

3(R6A-2) Ac-EEMQRA-NH2 3.8 ± 3.8 5.2 ± 0.9 
4(R5A-2) Ac-EEMQAR-NH2 27.0 ± 1.2 8.0 ± 2.0 
5(Q4A-2) Ac-EEMARR-NH2 4.9 ± 4.9 NIa 

6(M3A-2) Ac-EEAQRR-NH2 0.0 NIa 

7(E2A-2) Ac-EAMQRR-NH2 31.6 ± 1.4 4.2 ± 0.7 
8(E1A-2) Ac-AEMQRR-NH2 0.0 5.8 ± 0.8 
9(c1,5–2) Ac-cyclo[EEMQK]R- 

NH2 

1.8 ± 1.8 10.0 ± 3.0 

10(c2,5–2) Ac-E-cyclo[EMQK]R- 
NH2 

51.3 ± 1.9 3.5 ± 0.5 

11(c2,6–2) Ac-E-cyclo[EMQRK]– 
NH2 

5 ± 1.9 6.0 ± 0.9 

12(c2,5–1) Pal-E-cyclo[EMQK]R- 
NH2 

45 ± 29.7 NDb  

a NI: No interaction observed. 
b Not determined because this peptide precipitates in the buffer used for ITC 

experiments. Pal = Palmitoyl. 
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release that shows analgesic activity in different models of inflammatory 
and neuropathic pain.15 Thus, DD04107 (1) mitigated the inflammation 
and mechanical hyperalgesia induced by carrageenan, showing anti- 
inflammatory activity similar to ciclofenac. This peptide derivative 
also attenuated thermal hyperalgesia and mechanical allodynia induced 
either by CFA or osteosarcoma, decreased mechanical hyperalgesia 
induced by vincristine and paclitaxel chemotherapeutic agents, and 
ameliorated diabetic neuropathy. More importantly, DD04107 (1) did 
not act on opioid receptors, neither displayed blockade of hERG currents 
at therapeutic doses, showing a safe profile. It was also described that 
the non-palmitoylated peptide displayed lower pain attenuation, most 

probably due to a reduced permeability.15 Since cyclic peptide 10 
showed good inhibitory neuronal exocytosis, slightly higher than its 
linear analogue 2, we were interested in evaluating the antinociceptive 
activity of the corresponding palmitoylated analogue. To this end, we 
prepare cyclic peptide Pal-E-cyclo[EMQK]R-NH2 (12), cyclic analogue 
of DD04107 (1) and palmitoylated analogue of cyclic peptide derivative 
10. Peptide 12 shows similar inhibition of CGRP release, compared to 
model peptide 1. The in vivo analgesic activity of peptide 12 was 
measured in the indicated model of CFA-induced inflammatory pain in 
mice. Injection of cyclic peptide 12 (1 µg, i.pl.) in the ipsilateral paw 
induces a fast, significant increase of the thermal latencies, still 

Fig. 6. Interaction of Syt1-C2B domain with peptides 1–11. Titration injection heats are shown in the upper part of each panel and binding isotherm of integrated 
binding enthalpies in the lower part of each panel. KD values are shown in Table 1. 

D. Butrón et al.                                                                                                                                                                                                                                  



Bioorganic Chemistry 115 (2021) 105231

9

important after 2 h, compared to vehicle-treated animals. In addition, 
peptide 12 did not modify thermal latencies in the non-inflamed left paw 
of treated animals (Fig. 7). These results indicate that peptide 12, a 
cyclic analogue of DD04107 (1), displays local anti-hyperalgesic activity 
against inflammatory pain. Compared to DD04107 (1), peptide 12 
showed faster analgesic activity, probably due to the local administra
tion, and similar duration. To the best of our knowledge, the involve
ment of Syt-1 in inflammatory pain has never been described, but a 
recent paper correlates the expression of Syt-1 to neuropathic pain and 
its attenuation by electroacupuncture [38]. 

2.6. A model for peptide/Sy1-CB2 interaction 

To get insight into the binding mode of this family of peptides to 
Syt1, induce fit docking (IFD) studies were carried out by the Schro
dinger suite of programs [39–44], using model compound Ac-DD04107 
(2) and the Syt1-C2B domain from the structure of Syt1-SNARE complex 
(pdb code 5KJ7) [45]. Based on our initial hypothesis, and on the fact 
that Ac-DD04107 (2) is able to bind to Syt1 and not to Syt7, we selected 
Syt1 residues E336, K297, D366 and Y338 (first hot-spot) as part of the 
binding site. This site is different from that recently suggested from an 
exclusively theoretical study (10 ns MD simulation), in which peptide 2 
bound in a cleft between the C2A-C2B interface [46]. However, our ITC 
studies demonstrated experimentally that Ac-DD04107 (2) is able to 
bind to the C2B domain alone. Our IFD results were analyzed to select 
those poses that fulfil the experimental requirements deduced from the 
Ala scan on peptide Ac-DD04107 (2). The selected poses were then 
submitted to molecular dynamic (MD) simulations in a TIP3P water box, 
using Amber program [47,48]. MD studies showed that Ac-DD04107 (2) 
binding site is overlapping with that of the first hot-spot of SNARE-Syt-1 
interface. Ac-DD04107 (2) is bounded to Syt-1 through a network of 
polar interactions and hydrophobic contributions (Fig. 8). Thus, the 
α-NH protons of E2 and Q4 act as H-bond donors to Syt1 A402 (CO) and 
E295 (sidechain CO), respectively, whereas the acetyl CO group forms a 
H-bond with the backbone NH of W404. These three H-bonds, and the 
electrostatic interaction between the R6 guanidinium group and the 
side-chain CO2H group of Syt1 D275, have occupancies over 90% along 
the simulation (Figures S4, S5, SM). Other H-bonds (around 50–60% 
occupancy) are the indol NH of Syt1 W404 and backbone COs of E2 and 
Q4, and the side-chain NH2 of Q4 and the side-chain CO of Sty1 E295. 
These polar interactions are in agreement with our Ala scan studies, in 
which the mutation of R6 and Q4 to A in peptide 2 (derivatives 3 and 5, 
respectively) led to a considerable decrease in the KD values (Table 1). 
There is also hydrophobic contributions to the binding, since M3 in Ac- 
DD04107 (2) is surrounded by Syt1 residues C277, L294, and the 

hydrophobic part of E295, Y338 and W404. Interestingly, peptide Ac- 
DD04107 (2) is not able to bind to Syt7, in which E295 and Y338 
have been replaced by K and I, respectively. The binding pocket of M3, 
and more importantly the H-bonds between both backbone and side- 
chain NH of Q4 and Syt1 CO2 group of E295, might explain the lack 
of interaction with Syt7. It is worth to mention that E295 in the complex 
with SNAP25 (pdb code 5KJ7) establishes H-bonds with K40 and N159 
(Fig. 1) [21]. In the binding site, peptide conformation is stabilized by a 
series of intramolecular H-bonds, mainly between R5 and E1. However, 
the 3D disposition does not correspond to a regular secondary peptide 
structure, in agreement with the good ITC binding of the non-structured 
cyclic peptide 10. The guanidinium moiety of R5 is involved in H-bonds 
with the backbone CO group of E1 (61% occupancy, Figure S6, SM). 
Additionally, R5 guanidinium is also salt-bridged with the side-chain CO 
of E1 (35%). The stabilizing role of R5 might account for the decrease in 
affinity of peptide 4, in which this residue has been mutated to A. 

Based on this MD model and the observed selectivity for Syt1 over 
Syt7, it is expected that Ac-DD04107 (2) could bind preferentially to 
only four out of seventeen members of the Syt family. The sequence 
alignment of the seventeen Syt proteins (Figure S3, SM) shows that just 
Syt 1, 2, 5 and 8 have a glutamic acid residue at the Syt1 E295 equivalent 
position, while other members have a basic residue. In addition, only the 
above mentioned four Syt proteins have C and Y residues at the corre
sponding positions in Syt1 (C277 and Y338). This means that key resi
dues M3 and Q4, situated at the middle of the peptide sequence, are not 
only important for Syt1 affinity, but also for selectivity. 

3. Conclusions 

Peptide DD04107 (1) inhibits α-CGRP exocytotic release and dis
plays interesting analgesic properties, probably through interference 
with the SNARE complex formation. After the publication of the SNARE- 
Syt1 complex and the identification of the main hot-spots on the inter
action surface, we hypothesized that DD04107 (1) and its acetyl 
analogue Ac-DD04107 (2) could interfere in the formation of this 
complex through the interaction with Syt1. First, we performed an Ala 
scan on peptide Ac-DD04107 (2) to explore the role of the individual 
side-chains in the inhibition of α-CGRP release (peptides 3–8), and study 
the conformational behaviour of these linear peptides and some cyclic 
analogues (9–11) to get insight into the bioactive conformation. From 
these studies, we learn that E1, M3, Q4 and R6 side-chains are important 
for the activity, while the tendency to adopt helical conformation could 
not be correlated neither with the potency to inhibit α-CGRP exocytotic 
release nor with the KD value for the interaction with Syt1. ITC experi
ments with this series of linear and cyclic peptides allowed us to prove 

Fig. 7. Analgesic effect of the palmitoylated cyclic peptide 12 (Pal-E-cyclo[EMQK]-E-NH2) on the thermal hyperalgesia of the ipsilateral paw of inflamed mice taken 
by using a plantar test. Measurements were taken 24 h after administration of the CFA. Peptide 12 was administered i.pl. at 1 µg in the ipsilateral paw (25 µL). Data 
are given as mean ± SD (n = 5). ****, p < 0.0001, compared to saline injected CFA paw. Peptide 12 did not modify thermal latencies in the non-inflamed left paw. 
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their direct and selective interaction with the Syt1-C2B domain, thus 
unravelling a possible mechanism of action. This interaction was ratio
nalized through molecular dynamics simulations, indicating that the 
binding site for these peptides partially overlaps to the first hot-spot 
identified in the SNARE-Syt-1 complex, involving N- and C-terminal 
SNAP25 interface. A similar network of polar and hydrophobic in
teractions was found. This interacting model explains the KD values and 
the selectivity towards Syt7 protein. Interestingly, the palmitoylated 
2,5-cyclic peptide 12 displays in vivo analgesic activity in a model of 
thermal hyperalgesia provoked by Freund’s adjuvant (CFA). To the best 
of our knowledge, this is the first experimental evidence of analgesic 
peptides acting by direct interaction with the Syt1 protein. The results 
from this work represent a significant advancement in the understand
ing of the mechanism of action of DD04107 (1) and congener exocytotic 
peptides. Taken together, these results indicate that Syt1 could be 
considered a new target toward improved peptide/peptidomimetic 
analgesic agents. 

4. Experimental procedures 

4.1. Synthetic procedures 

General: All reagents were of commercial quality. Amino acid de
rivatives: Fmoc-Ala-OH, Fmoc-Arg(Pbf)–OH, Fmoc-Gln(Trt)–OH, Fmoc- 
Met-OH, Fmoc-Glu(tBu)–OH, Fmoc-Glu(OAll)–OH, Fmoc-Lys(Alloc)– 
OH (IRIS BIOTECH and BACHEM). Other reagents used Ac2O, EDT, TFA, 
Pd(PPh3)4 and PhSiH3, TIS (ALDRICH), PyAOP, HOAt, HCTU, DIEA, Pd 
(PPh3)4 and PhSiH3 (FLUKA) and Rink Amide MBHA resin (100–200 
mesh, 0.34 mmol/g) from NOVABIOCHEM. 

Resins were swollen in DCM/DMF (3 × 0.5 min). 

4.1.1. General coupling procedure 
Rink Amide MBHA (100 mg, 0.034 mmol) previously swollen, was 

treated with 20% piperidine in DMF (1 × 5 min) and (1 × 20 min) and 
washed with DMF/DCM/DMF (5 × 0.5 min). Then a solution of the 
corresponding C-terminal amino acid (0.068 mmol) in anhydrous DMF 
(1 mL), O-(1H-6-Chlorobenzotriazole-1-yl)-1,1,3,3-tetramethyluronium 
hexafluorophosphate (HCTU, 28 mg, 0.068 mmol) and DIEA (12 μL, 
0.068 mmol) were added. The coupling was allowed to proceed at rt for 
1 h. Each coupling was checked by the Kaiser test and repeated if 

Fig. 8. Upper panel. Superposition of the docking model of Syt1 (white) bound to peptide Ac-DD04107 (2) (pink) with the SNAP25 protein (orange, pdb code 5KJ7 
[30]; this pdb structure encompass SNAP25 and Syt1, among other proteins). Lower panels: Close views of the docking model of Syt1 (white)-peptide Ac-DD04107 
(2), pink) complex. The H-bonds are depicted as grey lines. Only polar hydrogens are shown [49]. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.) 
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necessary. After the coupling is finished, the resin was drained and 
washed with DMF/DCM (5x 0.5 min). Manual synthesis was performed 
repeating the cycle described above for each amino acid until the 
sequence is completed. 

4.1.2. General acetylation procedure 
The Fmoc-resin-bound peptide, previously swollen, was treated with 

20% piperidine in DMF (1 × 5 min) and (1 × 20 min) and washed with 
DMF/DCM/DMF (5 × 0.5 min). Then, a solution of Ac2O (20 eq), dii
sopropylethylamine (DIEA, 20 eq) in DMF (1 mL) was added and reacted 
at rt for 1 h. 

4.1.3. General palmitoylation procedure 
The Fmoc-resin-bound peptide, previously swollen, was treated with 

20% piperidine in DMF (1 × 5 min) and (1 × 20 min) and washed with 
DMF/DCM/DMF (5 × 0.5 min). Then, it was treated with palmitic acid 
(2 equiv), HCTU (2 equiv), DIEA (2 equiv) in anhydrous DMF (1 mL) for 
1 h. 

4.1.4. General procedure for removing of Alloc and OAll protecting groups 
The resin bound derivative, previously swollen, was purged with Ar 

and treated with a solution of Pd(PPh3)4 (10 mg, 0.008 mmol) and 
PhSiH3 (0.1 mL, 0.82 mmol) in DCM (2 mL). The reaction mixture was 
stirred for 45 min. This procedure was repeated once more. The resin 
was washed with DCM/DMF/Et2NCS2Na (0.02 M)/DMF/DCM (4 × 0.5 
min). 

4.1.5. Cyclization reaction 
After removing of OAll and Alloc protecting groups, the resin-bound 

peptide (100 mg, 0.034 mmol), previously swollen, was treated with a 
solution of PyAOP (177 mg, 0.34 mmol), HOAt (46 mg, 0.34 mmol), 
DIEA (0.12 mL, 0.68 mmol) in anhydrous DMF (2 mL). The reaction was 
allowed to proceed at room temperature or under microwave irradiation 
(120 ◦C) for 1 h, until ninhydrine test was negative. The resin was 
washed and drained with DMF/DCM/DMF/DCM (4 × 0.5 min). 

4.1.6. General cleavage procedure 
The resin bound peptide was treated with 1 mL of TFA/ethanedithiol 

(EDT)/H2O/TIS (94:2.5:2.5:1) for 3 h at room temperature. The resin 
was filtered off and crude products were precipitated with cold Et2O. 
The resulting solid was centrifuged and washed twice with ether, and 
then lyophilized. 

Peptides were isolated in high purity (95–99%) after reverse phase 
MPLC using SNAP 12 g KP-C18-HS cartridges in an ISOLERA ONE 
(BIOTAGE). Acetyl linear peptides (2–8) and cyclo peptides (9–11) were 
purified with a gradient of CH3CN:H2O (0.05% TFA) from 0:100 to 
100:0 and palmitoyl peptide (1) with an initial gradient 2–5% of CH3CN, 
with a flux of 12 mL/min and visualization at 200–214 nm. The purity of 
all peptides was analyzed using an analytical HPLC Agilent, with a 
column ACE 5 C18-300 (4,6 mm × 150 mm, 300A) at 1 mL/min, with a 
gradient of CH3CN[solvent A]:H2O (0.005% TFA) [solvent B] of 2–30% 
of A in 15 min for acetylated derivatives and 20–95% in 15 min for 
palmytoylated analogues. 

The purity of all peptides and their characterization was performed 
by HPLC-MS (Waters) coupled to a single quadrupole ESI-MS (Micro
mass ZQ 2000) at 1 mL/min with a SUNFIRETM column C18 (3.5 µ, 4.6 
× 50 mm), gradient of CH3CN (0.005% HCO2H) [solvent A]:H2O 
(0.005% HCO2H)[solvent B] as mobile phase in 15 min. Acetyl peptides 
and cyclo peptides were studied with a gradient from 2 to 10 and the 
palmitoyl analogue with a gradient from 2 to 95 of solvent A. HRMS (EI 
+ ) was carried out in an Agilent 6520 Accurate-Mass Q-TOF LC/MS 
equipment. 

4.1.7. Characterization of compounds 1–8 
Peptides 1–8 were obtained following the general coupling and 

acetylation procedure. After cleavage, they were purified by reverse 

phase MPLC as described above in the general methods. 
Pal-EEMQRR-NH2 (1): Yield: 31%. Purity: 99%. HPLC-MS: tR =

10.74 min. EM-MS: Calculated 1085.64; Experimental, 1086.06 
[M+H]+, 543.42 [M+2H/2]2+. Exact Mass calculated for 
C48H88N14O12S: 1084,64269, found: 1084.64308. 

Ac-EEMQRR-NH2 (2): Yield: 53%. Purity: 99%. HPLC: tR = 9.53 
min. EM-MS: Calculated, 889.00; Experimental, 889.7 [M+H]+, 445.21 
[M+2H/2]2+ . Exact Mass calculated for C34H60N14O12S: 888.42358, 
found: 888.42402. 

Ac-EEMQRA-NH2 (3): Yield: 85%. Purity: 97%. HPLC: tR = 11.28 
min. EM-MS: Calculated, 803.89, Experimental, 805.6 [M+H]+, 402.83 
[M+2H/2]2+

. Exact Mass calculated for C31H53N11O12S: 803.35959, 
found: 803.36107. 

Ac-EEMQAR-NH2 (4): Yield: 59%. Purity: 95.5%. HPLC: tR = 10.23 
min. EM-MS: Calculated, 803.89, Experimental, 804.60 [M+H]+. Exact 
Mass calculated for C31H53N11O12S: 803.35959, found: 803.36187. 

Ac-EEMARR-NH2 (5): Yield: 69%. Purity: 97%. HPLC: tR = 11.48 
min. EM-MS: Calculated, 831.95, Experimental, 832.58 [M+H]+, 
416.81 [M+2H/2]2+

. Exact Mass calculated for C32H57N13O12S: 
831.40212, found: 831.39974. 

Ac-EEAQRR-NH2 (6): Yield: 53%. Purity: 97%. HPLC: tR = 3.81 
min. EM-MS: Calculated, 828.89, Experimental, 829.51 [M+H]+, 
415.27 [M+2H/2]2+

. Exact Mass calculated for C32H56N13O14: 
828.42021, found: 828.42147. 

Ac-EAMQRR-NH2 (7): Yield: 82%. Purity: 97%. HPLC: tR = 7.92 
min. EM-MS: Calculated, 830.96, Experimental, 831.67 [M+H]+, 
416.32 [M+2H/2]2+

. Exact Mass calculated for C32H58N14O10S: 
830.41810, found: 830.41933. 

Ac-AEMQRR-NH2 (8): Yield: 60%. Purity: 97%. HPLC: tR = 8.82 
min. EM-MS: Calculated, 830.96, Experimental, 831.67 [M+H]+, 
416.32 [M+2H/2]2+

. Exact Mass calculated for C32H58N14O10S: 
830.41810, found: 830.41370. 

4.1.8. Characterization of compounds 9–12 
After elongation of the peptides and acetylation following general 

procedure, the Alloc and OAll groups were removed from the resin- 
bounded derivatives. Then, lactamization reaction was allowed to pro
ceed at room temperature overnight or MW (120 ◦C) for 1 h. After 
cleavage, the cyclo peptides were purified by reverse phase MPLC, as 
described above in the general methods. 

Ac-cyclo[EEMQK]R-NH2 (9): Yield: 15%. Purity: 96%. HPLC-MS: 
tR = 7.69 min. EM-MS: Calculated, 842.97, Experimental, 844.00 
[M+H]+, 422.00 [M+2H/2]2+. Exact Mass calculated for 
C34H58N12O11S: 842.40687, found: 842.40680. 

Ac-E-cyclo[EMQK]R-NH2 (10): Yield: 25%. Purity: 97%. HPLC- 
MS: tR = 5.83 min. EM-MS: Calculated, 842.97, Experimental, 843.64 
[M+H]+, 422.38 [M+2H/2]2+. Exact Mass calculated for 
C34H58N12O11S: 842.40687, found: 842.40366. 

Ac-E-cyclo[EMQRK]–NH2 (11): Yield: 18%. Purity: 93%. HPLC- 
MS: tR = 6.39 min. EM-MS: Calculated, 842.97, Experimental, 844.00 
[M+H]+, 422.00 [M+2H/2]2+

. Exact Mass calculated for 
C34H58N12O11S: 842.40687, found: 842.40372. 

Pal-E-cyclo[EMQK]R-NH2 (12): Yield: 7%. Purity: 96%. HPLC-MS: 
tR = 11.45 min. EM-MS: Calculated, 1039.35, Experimental, 1040.1 
[M+H]+, 520.6 [M+2H/2]2+. Exact Mass calculated for 
C48H86N12O11S: 1038.6259, found: 1038.6292. 

4.2. Circular dicroism 

CD spectra were recorded on a Jasco J-810 instrument equipped with 
a Peltier temperature control unit using a quartz glass cell of 0.1 cm path 
length. Ellipticity was measured between 250 and 190 nm for samples at 
peptide concentrations of 50 µM in both H2O and in 30% TFE–H2O so
lutions at 5 ◦C. Four repeats scans at a scan rate of 50 nm.min− 1, 2 s 
response time and 1 nm band width, were averaged for each sample and 
for the baseline of the corresponding peptide-free sample. Once the 
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baseline is corrected, CD data were converted into mean residue ellip
ticities [θ] (deg.cm2.dmol− 1). CD spectra are shown in Fig. 2 and Fig. S1, 
SM. 

4.3. NMR structural study 

NMR samples were prepared by solving the amount of lyophilized 
peptide required to get an approximately 1 mM concentration in either 
H2O/D2O (9:1 v/v) or in 30% vol. 2,2,2-trifluoroethanol (TFE) in H2O at 
pH 5.5. Sample pH was measured with a glass microelectrode, not cor
rected for isotope effects and adjusted, if necessary, by adding minimal 
amounts of NaOD or DCl. Sodium 2,2-dimethyl-2-silapentane-5-sulfo
nate (DSS) was added as an internal reference. 

NMR spectra were recorded on a Bruker AV-600 spectrometer 
operating at a 600.13 MHz proton frequency and equipped with a 
cryoprobe. Probe temperature was calibrated using a methanol sample. 
1D 1H spectra were recorded using 32 K data points, which were zero- 
filled to 64 K prior to Fourier transformations. 2D spectra, i.e., phase- 
sensitive correlated spectroscopy (COSY), total correlated spectros
copy (TOCSY), nuclear Overhauser enhancement spectroscopy 
(NOESY), rotating frame nuclear Overhauser spectroscopy (ROESY) and 
1H–13C heteronuclear single quantum coherence spectra (HSQC) at 
natural 13C abundance, were acquired by standard pulse sequences 
using the time-proportional phased increment mode. Presaturation was 
used to suppress the water signal. Mixing times were 60 ms for TOCSY, 
150 or 200 ms for NOESY, and 200 ms for ROESY. Spectra were pro
cessed using the TOPSPIN program [50]. 2D data matrices, which were 
acquired with 2048 × 512 points in t2 and t1, respectively, were 
multiplied by a square-sine bell window function (a sine-bell in COSY 
spectra) with the shift optimized for every spectrum and zero-filled to 2 
× 1 K complex matrices prior to Fourier transformation. Baseline was 
corrected in both dimensions. The 13C δ-values were indirectly refer
enced using the IUPAC-recommended 13C/1H ratio 0.251 449 53 [51]. 

1H and 13C chemical shifts were assigned in aqueous solution and in 
30% TFE (v/v) at 5 and 25 ◦C (see Tables S1-S8, SM) by joint analysis of 
2D COSY, TOCSY, NOESY and ROESY spectra following the standard 
sequential strategy [52], which were examined in combination with 2D 
1H–13C HSQC spectra using the program Sparky (SPARKY). 

The Δδ/ΔT values for the amide HN protons were obtained from the 
chemical shifts measured at 5 and 25 ◦C (Tables S1-S8). 

Quantification of helix populations was done from the ΔδHα and ΔδCα 
values averaged for the helical residues (all residues were considered in 
peptides 2, 9–11), as previously described [53,54]. ΔδHα and ΔδCα 
values are defined as follows: ΔδHα = δHα

observed – δHα
random coil , ppm, 

and ΔδCα = δCα
observed – δCα

random coil, ppm; being δHα
random coil and 

δCα
random coil taken from reference 22. The reference values for 100% 

helix were − 0.39 ppm [27] and + 3.09 ppm [55] for ΔδHα and ΔδCα, 
respectively. 

Structures for peptides 2, 9 and 11 were calculated using the CYANA 
program [56,57], and on the basis of: i) distance constraints derived 
from the experimentally observed NOE/ROE, and ii) ϕ,ψ dihedral angle 
restraints obtained from the 1Hα, 13Cα and 13Cβ chemical shifts using the 
TALOS-N server [58]. To get the distance restraints, NOESY and ROESY 
peak volumes were obtained by the automatic integration function of 
Sparky [59]. The structures of peptides 9 and 11, which exhibit a large 
helix population in aqueous solution (about 70%; Table S10, SM), were 
calculated by applying the automatic protocol implemented in CYANA 
[56]. The protocol consists of seven iterative cycles of automatic NOE 
assignment and structure calculation, followed by a final step of stan
dard structure calculation. Each cycle starts from 100 randomized 
conformers, and for each peptide the final structure is composed of the 
20 lowest target function conformers resulting at the final step. This 
automatic protocol was not applied to peptide 2 because of its low helix 
population even in 30% TFE (28%; Table S10, SM). In these cases, non- 
helical conformers affect the intensity of intra-residue and most 
sequential NOEs. Therefore, as done in other cases of low-populated 

structures [52], calculation was done using only the distance restraints 
derived from the non-sequential and the helix-characteristic NH-NH 
sequential NOEs, plus the ϕ,ψ dihedral angle restraints, and following a 
standard CYANA annealing structure calculation. Structures were visu
alized and analyzed using the MOLMOL program [60]. 

4.4. Expression and purification of Syt1 C2B and Syt7 C2B 

Expression vectors to obtain rat synaptotagmin 1 and synaptotagmin 
7 C2B domains (residues 271–421 and 260–403 respectively) as GST 
fusion proteins were kindly provided by Dr. J. Rizo. The previously 
described expression and purification steps were followed [61,62]. 
Briefly, BL21(DE3) E. coli strain was transformed and cells containing 
the vectors were grown at 37 ◦C in LB medium. Once the cells reached 
the exponential growth step, the protein expression was induced adding 
Isopropyl β- D − 1-thiogalactopyranoside (IPTG) 0.4 mM. After 4 h cells 
were lysated by sonication and the lysate was incubated at 4 ◦C with 
glutathione-agarose beads. After several wash steps thrombin was added 
to the beads and the eluted mobile phase containing the cleavaged 
protein was collected and polished by cation exchange chromatography. 

4.5. CGRP release assay 

Exocytotic CGRP release was determined as described [16]. Neonatal 
dorsal rootganglia from Wistar rats (3–5 days-old) were isolated and 
located into a Petri dish containing DMEM-glutamax with 1% P/S (5000 
U/mL). After removing roots, ganglia were digested with 0.25% (w/v) 
collagenase (type IA) in DMEM-glutamax with 1% P/S for 1 h (37 ◦C, 5% 
CO2, ThermoScientific incubator). After digestion, DRGs were mechan
ically dissociated using a glass Pasteur pipette. Single cell suspension 
was passed through a 100 μm cell strainer, and washed with DMEM 
Glutamax plus 10% FBS and 1% P/S. After centrifugation at 300xg for 5 
min, cells were resuspended in DMEM glutamax, 10% FBS and 1% P/S, 
supplemented with 50 ng/mL 2.5 s NGF and 1.25 μg/mL cytosine 
arabinoside. Cells seeded in 96-well plate previously coated with poly-L- 
lysine (8.33 μg/ml) and laminin (5 μg/ml) at 50.000 cells/well in 200 
μL. After 48 h seeding (37 ◦C, 5% CO2), medium was replaced by 
external solution in mM: 140 NaCl, 4 KCl, 2 MgCl2, 2 CaCl2, 10 Hepes, 5 
Glucose, 20 D-Mannitol, pH 7.4. After medium removal, cells were 
incubated for 1 h (37 ◦C, 5% CO2) with peptides at 100 µM, dissolved in 
37 ◦C extracellular fresh solution. Then, cells were carefully washed 
with extracellular solution and incubated with 100 µL of 1 µM capsaicin 
in external solution for 10 min (37 ◦C, 5 %CO2). CGRP content was 
determined in supernatants using the commercially available CGRP EIA 
(Spi-Bio Inc). Animal procedures approved by the University Miguel 
Hernández de Elche Institutional Animal and Ethical Committee in 
accordance with the guidelines of the Economic European Community. 
Each peptide was tested in parallel in 3 independent primary cultures of 
nociceptors. The number of neonatal Wistar rats used per primary no
ciceptor culture was 3 (total number 9 animals). 

4.6. Isothermal titration calorimetry (ITC) 

Interaction of Syt1 C2B and Syt7 C2B with the peptides was analyzed 
with an Auto-iTC200 isothermal titration calorimeter (MicroCal, 
Malvern-Panalytical) at a constant temperature of 25 ◦C. Protein solu
tion was used at a final concentration of 40 μM in buffer 5 mM MES pH 
6.1, 20 mM NaCl, 2 mM CaCl2. Peptide solutions at 400 μM in the same 
buffer were injected following programmed sequences of 2 μL injections 
(0.5 μL/s injection rate) with a spacing of 150 s and a stirring speed of 
750. Two independent calorimetric titrations (n = 2) were performed for 
each interaction, in order to assess reproducibility, as well as to estimate 
average values for the dissociation constants and their errors. The 
dissociation constants were obtained through nonlinear least squares 
regression analysis of the experimental data to a model considering a 
single ligand binding site each peptide in Syt1. Appropriate controls 
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were performed: 1) calcium-EDTA titrations to test the calorimeter; and 
2) peptide dilution into buffer in order to evaluate the heat effect 
associated with that process. 

4.7. Thermal hyperalgesia in vivo assay 

4.7.1. Animals 
Swiss male mice (28–32 g) from the Animalario of the Universidad 

de Oviedo (Reg. 33,044 13A) exposed to a light–dark cycle of 12 h and 
with free access to water and food were used. Experiments were 
approved by the Comité Ético de Experimentación Animal of the Uni
versidad de Oviedo (Spain) and carried out in accordance with the EU 
Directive 2010/63/EU for the Protection of Laboratory Animals. Mice 
were employed only once. 

4.7.2. Drugs 
For intraplantar (i.pl.) injection animals were carefully immobilized 

in a small plastic tube leaving the hindpaw exposed for the injection. 
Inflammation was induced by i.pl. administration into the right hind 
paw of 25 μL of complete Freund’s adjuvant (CFA, Sigma). Control mice 
received an i.pl. injection of the same volume of saline. Nociceptive 
responses were tested 24 h after CFA injection. Peptide 12 stock was 
dissolved in DMSO (Sigma) and diluted in saline for injections. 

4.7.3. Unilateral hot plate 
As previously described [17,63], mice were gently restrained and the 

plantar side of the tested paw placed on a hot plate (IITC Life Science) set 
at 48.6 ◦C. Measurements of withdrawal latencies from the heated sur
face of each hind paw were made separately at 2-min intervals, and the 
mean of two measures was considered. A cut-off of 30 s was established. 

4.7.4. Statistics 
GraphPad Prism (Graph- Pad Software Inc., San Diego, CA) software 

were used for all statistical analyses. Two-way ANOVA with Bonferroni 
post hoc test. *P < 0.05;**** P < 0.0001. 

4.8. Molecular docking studies 

Ligands and proteins were prepared using LigPrep [39] and Protein 
Preparation Wizard applications [40,41], respectively, in the 
Schrödinger Suite release 2017–3 (LigPrep, Schrödinger, LCC, New 
York, NY, 2017). The 3D structure of Syt1 was got from the Syt1-SNARE 
complex (pdb code 5KJ7) [45]. 

The docking site was defined as a cubic box, the inner box of 10 Å 
centered on residues E295, K297, N336, Y338 and W404 of Syt1. For 
these studies we applied the Induced Fit Docking protocol33-35 within 
the Schrödinger suite of programs that allow certain flexibility of the 
protein. Initially, this protocol docked the ligand into the fixed protein 
using Glide, and to reduce steric clashes the van der Waals radii (rdW) of 
both protein and ligands are scaled to 0.5. Next, to optimize the side- 
chains of the residues within 5 Å of the ligand poses, Prime was used. 
Finally, the ligands were redocked using Glide into the new receptor 
conformations generated using the default rdW radii. The poses are 
ranked using IFD score. The selection was based on the best ranked 
conformation of each ligand and visual inspection. 

The best poses were selected for simulated annealing molecular dy
namics studies, to allow for flexibility of the whole complexes. In these 
studies, we used the Amber 16 and the FF12B force field [47,48]. The 
complexes were solvated in a octahedral box using TIP3P water mole
cules extended 10 Å away from any protein atom. The system was 
neutralized by Cl- counter ion and periodic boundary conditions were 
used. The structures were minimized by steepest descent for 5000 steps, 
then switches to conjugate gradient for another 5000 steps. Subse
quently, the system was heated gradually from 0 K to at 300 K over 100 
ps, using positional restrains, starting with a restraint weight of 5.0 Kcal 
mol_1 A_2 and an integration time step of 1.0 fs. In the first 25 ps, the 

water and counter-ions were equilibrated, while the solutes were 
restrained, then, progressively weaker restraints were applied till all 
were removed in the last 100 ps under the NPT ensemble. The temper
ature was maintained at 300 K using Langevin dynamics. Once the 
system was equilibrated, 60 ns of production simulation was running, 
with an integration time step of 2.0 fs and hydrogen bonds constrained 
using the SHAKE algorithm. The particle Mesh Ewald method was used 
for the calculation of electrostatic interactions. The analysis of the mo
lecular dynamics studies led to the identification of the complex 
depicted in this paper. 

For visualization and making figures the PyMOL Molecular Graphic 
System v1.8 [49] was used. 
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