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Abstract

Venom-derived compounds are of broad interest in neuropharmacology and drug development. 

α-Conotoxins are small disulfide-containing peptides from Conus snails that target nicotinic 

acetylcholine receptors (nAChRs) and are in clinical development for non-opioid based treatment 

of intractable pain. Although refined by evolution for interaction with target prey receptors, 

enhancements of pharmacological properties are needed for use in mammalian systems. Therefore 

we synthesized analogs of α-conotoxin RgIA using a combination of selective penicillamine 

substitutions together with natural and non-natural amino acid replacements. This approach 

resulted in a peptide with 9000-fold increased potency on the human α9α10 nAChR and improved 

resistance to disulfide shuffling compared to the native peptide. The lead analog, RgIA-5474, 

potently blocked the α9α10 nAChR, but not opioid- or other pain-related targets. In addition, 

RgIA-5474 effectively reversed chemotherapy-induced neuropathic pain.
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INTRODUCTION

Compounds produced by venomous predators are notable for their diverse structure, activity, 

and pharmacology. Minimal quantities of individual components may be sufficient to 

incapacitate prey or defend against a predator.1 A substantial fraction of venom components 

are small proteins and peptides; the latter are particularly amenable to solid-phase synthesis 

and potential drug development. Examples include angiotensin converting enzyme inhibitors 

for hypertension (e.g. captopril), antiplatelet drugs for heart attack (e.g. eptifibatide), and 

glucagon-like peptide 1 (GLP-1) agonists (e.g. exenatide) for treatment of type-II diabetes.2

Conus are predatory marine snails that hunt polychaete worms, mollusks and fish. There 

are over 830 known species of cone snails, each of which produces a unique cocktail 

of hundreds of distinct peptides targeted to a variety of receptors and ion channels.3 α­

Conotoxins (α-Ctx), a subset of Conus peptides, are inhibitors of nicotinic acetylcholine 

receptors (nAChRs). nAChRs are pentameric ligand-gated ion channels with diverse 

receptor subtypes found in tissues, including neurons, immune cells, and skeletal muscle.4 

Selective block of one particular subtype, the α9α10 nAChR, was shown to not only acutely 

alleviate neuropathic pain but also to accelerate recovery from nerve injury.5

Over 53 million people worldwide use opioids. With over 450 deaths per day from opioid 

overdoses,6 finding non-opioid drugs to treat severe to chronic pain is an urgent priority. 

Current clinically available medications treat pain but do not modify the underlying disease 

state. Previous studies have shown that the cone snail venom derived peptides α-Ctx 

Vc1.17, 8, 9 and RgIA10–12 and GeXIVA13, 14 produce analgesic activity mediated via 

α9α10 nAChRs. The analgesia elicited by the second-generation analog, RgIA4, lasted 

for several weeks after the treatment had been stopped.15 These findings indicate that 

the α9α10 nAChRs are promising targets for the development of novel medications for 

neuropathic pain and that Conus derived peptides have great potential for progression into 

potent analgesics.

Gajewiak et al. Page 2

J Med Chem. Author manuscript; available in PMC 2022 July 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Although promising in animal models, native α-conotoxins generally show low potency for 

human nAChRs. To address this, we designed a series of analogs, in which we introduced 

the cysteine surrogate, penicillamine, and other non-proteinogenic amino acids. A subset 

of the resulting analogs had picomolar affinities that were three orders of magnitude more 

potent than the parent analog. The highest affinity analog had extremely high selectivity, 

greatly improved serum stability, and potent analgesic activity.

RESULTS AND DISCUSSION

RgIA is a 13 amino acid, positively charged, disulfide-rich peptide expressed in the venom 

of the marine snail Conus regius. The bioactive form of the peptide has a globular disulfide 

bond connectivity (2Cys-8Cys, 3Cys-12Cys), potently blocks rat α9α10 nAChRs (IC50 = 

1.49 nM),16 but shows a 300-fold decrease in potency on human α9α10 nAChRs. Previous 

studies with α-conotoxins have suggested the possible importance of the disulfide bridges 

not only for the overall structure stabilizing effect, but also for peptide interaction with 

the channel.17 A large decrease in activity was observed when either one of the RgIA 

cysteine bridges was replaced with a dicarba bridge.18 Trans- and cis-[3,12]-dicarba RgIA 

analogs exhibited over 600-fold loss of potency in blocking rat α9α10 nAChRs with IC50s 

of 1.15 μM and 1.47 μM respectively. No activity on α9α10 nAChRs was observed for 

both cis and trans analogs when such replacement was made for the [2,8]-disulfide bridge. 

A similar effect was observed for α-Ctx Vc1.1, a potent antagonist of α9α10 nAChRs and 

GABABRs.19, 20, 21

Our approach involved the use of penicillamine (Pen). We reasoned that this β,β-dimethyl 

substituted cysteine might introduce small, but favorable, local spatial constraints on the 

disulfide bridge as well as the overall peptide conformation. As a template for this study, 

we used RgIA4 a previously described analog of RgIA.22 Initially, each Cys residue in 

RgIA4 sequence was sequentially substituted with an L-Pen residue and tested on the human 

α9α10 nAChRs (Table 1).

The position of the Pen residue had a very substantial effect on peptide potency. Substituting 
2Cys or 8Cys, in the first disulfide bridge, with L-Pen resulted in over 800- or 600-fold 

drop in potency on the human α9α10 nAChR, respectively, compared to RgIA4 (IC50= 1.5 

nM).22 The disulfide bridge between 2Cys and 8Cys has been proposed to be important for 

the interaction between α-conotoxins and neuronal nAChRs.17 The bulky β-methyls of Pen 

may disrupt that interaction. NMR studies may help determine what conformation effects 

are induced by the two methyl groups of the Pen residue. In contrast, substituting 12Cys 

in the second bridge only yielded an approximately 16-fold loss of potency. A comparable 

effect was observed when two L-Pen residues were introduced to replace the first and the 

second cysteine bridge, although 3Cys–12Cys tolerated such modification much better (IC50 

>33 nM) than 2Cys–8Cys (IC50 >1000 nM). However, substitution with L-Pen in position 3 

led to the RgIA-5408 analog that retained low-nanomolar affinity (IC50= 1.3 nM). The same 

trend was observed when 3Pen was introduced in another potent analog of RgIA, RgIA5.22 

The resulting peptide, RgIA-5432, blocked the human α9α10 nAChRs equipotent to RgIA5 

(IC50 = 0.39 nM and IC50= 0.44 nM, respectively).
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Penicillamine was previously used to increase conformational rigidity in oxytocin,23–26 

a peptide hormone involved in different human physiological functions;27 while L-Pen 

substitution for 6Cys maintained agonistic activity,24 replacement of 1Cys resulted in a 

change from agonistic to antagonistic activity.2325 Pen incorporation into somatostatin 

analogs resulted in substantial gain-of-function at the off-target μ-opioid receptor.28 In 

contrast, use of L- and D-Pen in encephalin provided an order of magnitude increased 

selectivity for δ-opioid receptors.29

In the present study, substitution with Pen resulted in widely varying effects depending 

on which of the four Cys residues was substituted. Three of the four positions caused 

large losses in activity. In contrast, substitution of 3Cys entirely preserved the activity. This 

indicates that selective Cys substitution can be essential for desired high affinity.

The spatial orientation of each cysteine’s side chain also plays an important role.30 As 

reported by Ren et al, individually substituting each L-Cys with D-Cys in the native RgIA 

led to inactive analogs on human α9α10 nAChRs when 2Cys or 12Cys were mutated (IC50 

>10 μM), and analogs with drastic decreases in potency for 3Cys and 8Cys (IC50 = 6440 

nM and 6950 nM respectively).31 We observed similar effects when each individual Cys in 

the sequence was replaced with D-Pen. The resulting analogs showed little or no activity on 

human α9α10 nAChRs at 10 μM. (data not shown).

Since the RgIA5 Pen-containing analog RgIA-5432 was the most potent out of the initially 

tested group of analogs we used it as a template to design the next set of peptides. The 

incorporation of Pen residues caused increased hydrophobicity of 3Pen RgIA-5432, and 

made it prone to precipitation. The addition of a positively charged L-Arg at the C-terminal 

position 14 improved the peptide’s solubility without affecting potency (Table 2). When 

both 13Tyr and 14Arg were substituted by D-Tyr and D-Arg, a minor ~4-fold drop in potency 

was observed for RgIA-5433, suggesting that spatial orientation of those C-terminal residues 

affects the peptide’s ability to bind to the receptor.

A previous RgIA structure-activity relationship (SAR) study indicated that residues in the 

first loop: 5Asp, 6Pro, and 7Arg, were responsible for orienting the peptide for binding to 

the nAChR and 9Arg, was important for selectivity towards the α9α10 subtype of nAChR.32 

Previous SAR data also revealed that an Arg13Tyr mutation can enhance RgIA potency.22, 33 

We sought to potentially capitalize on these findings. β-amino acids are homologs of natural 

α-amino acids, with an extra methylene group immediately before the carboxylic group 

in the backbone of the amino acids. The side chain can be positioned either on the α- or 

β-carbon (β2- or β3-analog, respectively), or can be present in both positions. These amino 

acids have been used to synthesize peptidomimetics (in combination with or without α­

amino acids) with retained biological activity and improved resistance to proteolysis.343536 

Therefore in order to maintain the side-chain position of 13Tyr, we substituted this residue 

with β3-homo tyrosine (β3hY), yielding the analog RgIA-5474 with an IC50 = 0.0504 nM. 

Together the changes present in the RgIA-5474 analog account for over 9000-fold increased 

potency over the native RgIA on the human α9α10 nAChR.
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At saturating concentrations (10 nM) RgIA-5474 was characterized by very slow off-rate 

kinetics compared to RgIA, with 3% (±1.7) recovery after 5 min peptide washout compared 

to > 99% recovery for RgIA at 10 μM (data not shown). These results suggest that the 
14Arg residue confers high affinity, in part, via modulation of the koff. When D-Arg was 

incorporated in position 14 the potency dropped 7-fold (IC50 = 0.36 nM) (Table 2) compared 

to the all-L analog, further implicating the importance of the optimal positioning of 14Arg 

side chain within the receptor.

In order to investigate the role of C-terminal Arg, we prepared a series of RgIA-5474 

analogs where 14Arg was substituted by other positively charged, neutral, or negatively 

charged amino acids (Table 3). Substitution with 14Lys and 14Orn (ornithine, a non­

proteinogenic amino acid with a side chain one methylene group shorter than Lys that 

terminates with a primary amine) resulted in analogs with a 7- and 5-fold drop in potency, 

respectively. A neutral 14Cit (citrulline, an uncharged arginine analog, terminating in a 

carbamoyl amino group) substitution led to an 8-fold potency drop. Thus, the addition of 
14Arg may enable formation of one or more hydrogen-bonds via its guanidinium group 

with receptor residues at or adjacent to the core binding site. Substitution with a negatively 

charged Glu in position 14 caused a ~28-fold drop in potency, with an IC50 of 1.4 nM for 

RgIA-5687.

The combined data suggest that there are several components contributing to the high 

potency of RgIA-5474: the original mutations introduced into the first (Ser4Thr) and second 

(Tyr10I3Tyr, Arg11Gln) loop of the peptide, combined with the C-terminal modification 

(Arg13Tyr). In the new set of analogs, β3-homo tyrosine positioned the side chain of 
14Arg by one methylene group farther from the peptide’s core, potentially allowing for 

more optimal interaction between the guanidinium group and the channel. The observed 

increase in potency of RgIA-5474 also appeared to be a result of the presence of Pen in 

the sequence. To assess this, we synthesized an analog of RgIA-5474 in which the 3Pen 

residue was replaced by 3Cys. That substitution led to 17-fold drop in potency consistent 

with the importance of 3Pen (RgIA-5711, IC50 of 0.85 nM, 95% CI = 0.51–1.4 nM; the 

concentration-response curve and the Hill slope value are shown in Figure S9 and Table 2 

respectively).

We also examined the stability of RgIA-5474 in human serum and compared it to RgIA4. 

Twenty-five percent serum concentration was utilized to assure that the reaction speed was 

linearly dependent on the serum concentration and that the peptide concentration was not 

rate limiting.37 As illustrated in Figure 1, RgIA-5474 retained its integrity, with 94% (±0.7) 

globular form and only 6% (±0.7) ribbon form present at 24 h, whereas substantial disulfide 

reshuffling of RgIA4 occurred with 64% (±0.5) of the globular form and 36% (±0.5) of the 

ribbon form present (calculated based on the area under the HPLC peak, n= 6). These data 

indicate a protective effect of the penicillamine on the disulfide bridge, potentially by the 

β,β-dimethyl groups providing steric hindrance and slowing down the reshuffling process.

Analog RgIA-5474 was the most active peptide from this series of analogs and was highly 

selective for the α9α10 nAChR. We tested the lead compound on several different subtypes 

of the human and rat nAChR (Table 4) and found it to be inactive (IC50 >10,000 nM) on 
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all subtypes tested, with the exception of the human α7 nAChR, for which it had 2000-fold 

lower potency compared to the human α9α10 nAChR. RgIA-5474 retained its potency for 

rat α9α10 nAChR with an IC50 of 0.39 nM, and a significant decrease in potency was 

observed for rat α7. RgIA-5474 was additionally tested against μ-, δ- and κ-opioid receptor 

subtypes, N- and L-type Ca2+ channels, serotonin-, and norepinephrine-transporters, and 

a wide panel of relevant receptors and ion channels and showed low or no activity at 

micromolar levels (Table S3–S7, Supporting Information). Thus, RgIA-5474 is a highly 

selective peptide.

Finally, we examined the peptide for analgesic activity (Figure 2). Chemotherapy-induced 

peripheral neuropathy is a major side effect of platinum-containing drugs used to treat 

various cancers. The consequent pain can be disabling and is associated with a significant 

increase in opioid use. In most cases, the pain is only partially reversible; symptoms 

may last for years, and neuronal damage may be permanent.38 At present, there are 

no approved drugs to prevent or treat neuropathy, often forcing premature cessation of 

chemotherapy treatment. We tested RgIA-5474, using a well-established mouse oxaliplatin­

induced peripheral neuropathy model.22, 39 RgIA-5474 successfully reversed chemotherapy­

induced cold-allodynia or painful cold sensitization.

A principle problem with the opioid class of medications is the development of tolerance. 

Chronic use of opioids results in decreased therapeutic effect and the need for a higher 

dose to produce the initial analgesia. This phenomenon frequently leads to accidental 

overdose when an opioid is stopped and is subsequently re-initiated at the higher dose. 

It is interesting to note that tolerance was not observed with a constant dose of RgIA-5474. 

Indeed, the therapeutic effect was not apparent until after 15 doses of drug were given over 

a period of three weeks. Furthermore, the therapeutic effect of RgIA-5474 persisted for 

four-weeks after cessation of treatment. This remarkable enduring analgesia is consistent 

with a disease-modifying effect that has been observed for other compounds that target the 

α9α10 nAChR.40

CONCLUSIONS

Utilizing selective incorporation of penicillamine and β3-homo tyrosine we dramatically 

improved the activity of the naturally occurring peptide, making it more potent, selective and 

resistant to disulfide reshuffling. We also validated the important role of the disulfides on the 

activity of this class of peptides and indicated additional residues contributing to the potency 

on the α9α10 nAChRs. Thus, RgIA-5474 represents a novel template for the development 

of high potency, selective, non-opioid analgesics.

Experimental Section

All experiments referred to in the manuscript are described in detail in the supporting 

information. Experiments involving the use of animals were approved and performed 

in compliance with the Institutional Animal Care and Use Committee (IACUC) of the 

University of Utah that conform to the National Institutes of Health Guide for the Care 
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and Use of Laboratory Animals. The IACUC protocols were as follows: #20-07003 and 

#20-07005.

Solid Phase Peptide Synthesis.

All peptides described herein were synthesized on 0.05 mmol scale using an Apex 

396 automated peptide synthesizer (AAPPTec; Louisville, KY), applying standard solid­

phase Fmoc (9-fluorenylmethyloxycarbonyl) protocols using Fmoc-Tyr(tBu) Wang resin 

(0.49 mmol/g load; Peptides International, Louisville, KY), Fmoc-Arg(Pbf)-Wang resin 

(0.3 mmol/g load; Peptides International), Fmoc-Lys(Boc)-Wang resin (0.3 mmol/g load; 

Peptides International), Fmoc-Orn(Boc)-Wang resin (0.73 mmol/g; Bachem, Torrance, 

CA), Fmoc-Cit-Wang resin (0.42 mmol/g; Santa Cruz Biotechnology, Dallas, TX), Fmoc­

Glu(OtBu)-Wang resin LL (Millipore Sigma, Burlington, MA) and Fmoc-Asp(OtBu)-Wang 

resin (0.51 mmol/g, Peptides International). All standard amino acids, Fmoc-Pen(Trt)-OH 

(Pen), Fmoc-Cit-OH and Fmoc-beta-HTyr(tBu)-OH were purchased from AAPPTec except 

for Fmoc-3-iodo-L-Tyr-OH (Peptides International)(I3Y). Side-chain protection for the 

following amino acids was as follows: Arg, 2,2,4,6,7-pentamethyl-dihydrobenzofuran-5­

sulfonyl (Pbf); Thr, Tyr, beta-HTyr, tert-butyl (tBu); Lys, tert-butyloxycarbonyl (Boc); Gln, 

trityl (Trt). To promote the correct folding of the disulfide bridge a trityl protected Pen 

residue was paired either with another Pen (Trt) or with trityl protected Cys residue, 

while the other pair of Cys residues were acetamidomethyl (Acm) protected. Coupling 

activation was achieved with 1 eq of 0.4 M benzotriazol-1-yloxytripyrrolidino-phosphonium 

hexafluorophosphate (ChemImpex; Wood Dale, IL) and 2 eq of 2 M N,N-diisopropylethyl 

amine (Millipore Sigma, St. Louis, MO) in N-methyl-2-pyrrolidone (Fisher Scientific; 

Waltham, MA) as the solvent. For each coupling reaction, a 10-fold excess of the standard 

amino acid and 5-fold excess of the special amino acid was used, and the reaction was 

carried out for 60 and 90 min respectively. Fmoc deprotection was performed for 20 min 

with 20% (v/v) piperidine (Alfa Aesar; Tewksbury, MA) in N,N-dimethylformamide (Fisher 

Scientific). We note that the use of non-natural amino acids increases the cost of materials 

for synthesis of linear peptide. For a 0.05 mmol scale synthesis, the approximate cost per 

residue, based on the price of the amino acids and resins, is $1.2 for RgIA, $2.9 for RgIA4 

and RgIA5 and $9 for RgIA-5474.

Peptide Cleavage, Purification and Oxidative Folding.

The protocols described for RgIA-5474 cleavage from the resin, purification and two-step 

oxidative folding were used for all newly synthesized peptides describe herein.

RgIA-5474 Cleavage and Purification.

The peptides were cleaved from the resin using Reagent K consisting of trifluoroacetic 

acid (TFA)/phenol/ethanedithiol/thioanisol/H2O (9:0.75:0.25: 0.5:0.5 by volume)(Fisher 

Scientific, Millipore Sigma, Millipore Sigma and Acros Organics respectively). Next, the 

cleavage mixture was filtered and precipitated with 150 mL of cold methyl-tert-butyl ether 

(MTBE; Fisher Scientific). The crude peptide was then precipitated by centrifugation at 

7,000 × g for 7 min and washed twice with 150 mL cold MTBE. The crude peptide was 

diluted with 50 mL of the HPLC buffer B and purified by reverse-phase (RP) HPLC using a 

preparative C18 Vydac column (218TP101522, 250×22 mm, 5-μm particle size) eluted with 
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a linear gradient ranging from 10% to 50% buffer B in 40 min at a flow rate 20 mL/min. The 

HPLC buffers were 0.1% (vol/vol) TFA in water (buffer A) and 0.092% TFA (vol/vol) in 

60% aqueous acetonitrile (Fisher Scientific) (vol/vol) (buffer B). The eluent was monitored 

by measuring absorbance at 220/280 nm. Purity of the peptide was assessed by analytical 

C18 Vydac RP-HPLC (218TP54, 250×4.6 mm, 5-μm particle size) using the same gradient 

as described above with a flow rate 1 mL/min. From ~200 mg resin cleaved 4,318 nmols 

of linear RgIA-5474 was prepared. The HPLC trace of the linear RgIA-5474 is provided in 

Figure S1, Supporting Information.

RgIA-5474 First Disulfide Bond Formation (3Pen-12Cys).

In a solution consisting of 20 mM potassium ferricyanide (0.659 g; 2 mmol; Millipore 

Sigma) and 0.1M Tris base (1.21 g; 10 mmol; Millipore Sigma), dissolved in 100 mL of 

nano-pure water, 4,318 nmols of linear RgIA-5474, diluted with buffer A to total volume 

of 150 mL, was added drop-wise (peptide final concentration was approximately 20 μM 

and the pH was 7.5). The reaction was carried out for 45 min at room temperature, then 

terminated by diluting it with 250 mL buffer A to drop the pH. The reaction mixture was 

then passed through a disposable C18 cartridge (Thermo Fisher, Hypersep Spe C18 1000 

mg/8 mL), and the peptide was eluted using buffer B. The efficiency of the reaction as well 

as the purity of the peptide was analyzed by analytical RP-HPLC as described for the linear 

peptide. From 4,318 nmols of the linear peptide, of 2,387 nmols of monocyclic RgIA-5474 

was obtained 55 % yield, 85 % purity). The HPLC trace of the monocyclic RgIA-5474 is 

provided in Figure S2, Supporting Information.

RgIA-5474 Second Disulfide Bond Formation (2Cys-8Cys).

Removal of the acetamidomethyl groups and the second disulfide bridge formation was 

accomplished by iodine oxidation. 76 mg of iodine (2 mmols; Acros Organics) was added 

to 15 mL of acetonitrile and stirred until completely dissolved. Then, 45 mL of nanopure 

water was added followed by 1.8 mL of TFA. The monocyclic RgIA-5474 solution of 

2,387 nmols diluted with 90 mL buffer A, was dripped into 60 mL of the 10 mM iodine 

solution (prepared as described above) and allowed to react for 10 min at room temperature. 

Peptide final concentration was kept close to 20 μM. The reaction was quenched by adding 

5–10 drops of 1 M freshly prepared ascorbic acid (0.176 g, 1 mmol; Research Products 

International, Mount Prospect, IL) solution in water (1 mL) until the reaction mixture 

became transparent. The reaction was then diluted 5-fold with buffer A and subsequently 

purified by RP-HPLC using a preparative C18-column as described for the linear peptide 

to obtain 1,568 nmols of the fully folded RgIA-5474. Purity and final yield of RgIA-5474 

was determined by RP-HPLC using analytical C18 column using the gradients described 

earlier for linear peptides and was determined to be 96% and 36% (based on the starting 

amount of the linear peptide) respectively. The calculated mass of RgIA-5474 [MH]+1= 

1887.75 was verified to be [M+H]+1= 1887.59 by matrix-assisted laser desorption ionization 

time-of-flight (MALDI-TOF) mass spectrometry or electrospray ionization (ESI) at the 

Mass Spectrometry and Proteomics Core Facility at the University of Utah. The HPLC 

trace of the fully folded RgIA-5474 is provided in SI Figure S3. The purity for all for all 

fully folded peptides was ≥95% and was determined using analytical RP-HPLC. Mass Spec 
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results, purity and retention times (RT) for all fully folded peptides are provided in Table S1, 

Supporting Information.

Two-Electrode Voltage-Clamp Recording.

Xenopus laevis (Xenopus1, Dexter, MI) oocytes were used to heterologously express cloned 

rat or human nAChR subtypes. Recordings were made 1–5 d post-injection. Oocytes were 

voltage-clamped at −70 mV at room temperature and pulsed for 1 second, every 60 seconds, 

with a bolus of acetylcholine, RgIA analogs were flowed on as described previously in 

detail.41, 42 Where noted, Ba2+ was substituted for Ca2+ to reduce current run-up following 

antagonist block. Concentration-response curves for the inhibition of α9α10 and α7 nAChR 

with the Hill slope values are shown in Supporting Information, Figures S6–S11 and Table 

S2 respectively.

Serum-Stability Assay.

A modified protocol reported by Zheng et al was followed.43 150 nmols of RgIA4 and 

RgIA-5474 were dissolved in 250 μL water and this solution was added into 750 μL of 

human serum solution (from human male AB plasma, sterile filtered and defrosted only once 

and pre-centrifuged 15 min to remove lipids, 250 μL of supernatant was added to 500 μL 

water; Millipore Sigma) making a total solution of 25% human serum. Twenty-five percent 

serum concentration was utilized to assure that the reaction speed was linearly dependent 

on the serum concentration and that the peptide concentration was not rate limiting.37 Final 

concentration of the peptides in the solution was 150 μM. The peptide-serum solution was 

incubated at 37°C and an individual 100 μL sample of the solution was removed at 24 h, 

treated with 50 μL ice cold acetonitrile (HPLC grade) and cooled on ice for 15 mins. The 

suspension was then centrifuged at 13,000 rpm for 5 mins at room temperature. Next 10 μL 

of the supernatant was removed and diluted in 90 μL of buffer A (0.1% TFA in water) to 

make the HPLC sample. The samples were analyzed by RP-HPLC with a linear gradient of 

10–50% buffer B over 40 mins. Peptide peak areas were integrated at 280 nm and the % 

of peptide left, compared to the initial was graphed. The serum stability experiments were 

repeated 2 times in triplicates for each peptide. The synthesis of the reference peptide RgIA4 

was described previously22 and the ribbon RgIA4 was synthesized following the protocol 

described for RgIA4, and was obtained with 99% purity (RT and MS data are provided 

in SI Table S1). The ribbon RgIA-5474 was prepared synthetically, following the protocol 

described for RgIA-5474, with the disulfide bridge formed in the following order: 3Pen-8Cys 

first and 2Cys-12Cys second. The ribbon RgIA-5474 was obtained with 99% purity (RT and 

MS data are provided in SI Table S1).

Receptor Pharmacology.

Synthetic RgIA-5474 was tested on non-nAChRs targets in the CYP Inhibition assays 

by Eurofins Cerep, Pharma Discovery Service, Celle l’Evescault, France. Automated patch­

clamp electrophysiology was used for assessing the human ether-a-go-go–related gene 

(hERG) function. RgIA-5474 was also tested at the Dept. of Veterans Affairs Medical Center 

Research Service (R&D-22) in Portland, OR on serotonin, dopamine, and opioid receptors, 

as well as biogenic amine transporters. Detailed description of the assays and the data are 

presented in the SI Tables S3–S7.
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Oxaliplatin-Induced Peripheral Neuropathy in Mice.

Neuropathy in mice was induced as described by Cavaletti et al.44 Oxaliplatin (MedChem 

Express, Monmouth Junction, NJ) was dissolved at 0.875 μg/μL in 0.9% NaCl, sterile 

filtered. RgIA-5474 was dissolved at 0.01 and 0.001 μg/μL in 0.9% NaCl, sterile filtered. 

Mice were divided into four equally sized groups (n = 8 animals) and injected with saline 

(i.p.) + saline (s.c.), oxaliplatin (3.5 mg/kg i.p.) + saline (s.c.), oxaliplatin (3.5 mg/kg, i.p.) 

+ RgIA-5474 (40 μg/kg, s.c.), and oxaliplatin (3.5 mg/kg, i.p.) + RgIA-5474 (4 μg/kg, 

s.c.). Mice were injected once per day on Wednesday, Thursday, and Friday, and again on 

Monday and Tuesday. Mice were injected 5 times per week rather than 7 times per week, 

for convenience, based on prior data with a related compounds.22 We did not assess if the 

analgesic effect was superior with a 7 times vs. 5 times per week dosing. Mice were tested 

on Wednesdays before daily injection occurred (24-h post last injection). This injection 

pattern was repeated for an additional 2 weeks until the 22nd day; and then mice were 

tested weekly on Wednesdays to track the effects. Testing was conducted using a cold-plate 

test chamber (IITC, Inc. Life Science). Animals were allowed to acclimate in the chamber 

at room temperature (23 °C) for 2–5 min. Temperature was then lowered at a rate of 10 

°C per minute. The testing was stopped when the animal lifted both forepaws and shaking 

or licking occurred. Alternating lifting of forepaws was not scored. Throughout the study 

period, experimenters were blinded as to the identity of the injected compounds. Data was 

analyzed with one-way ANOVA using Dunnett’s multiple comparison test (GraphPad Prism, 

GraphPad Software, San Diego, CA).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

nAChRs nicotinic acetylcholine receptors

α-Ctx α-conotoxin

Pen L-penicillamine

GABABRs γ-Aminobutyric acid type B receptors

β3hY β3-homo tyrosine

I3Y 3-iodo-L-tyrosine
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Cit L-citrulline

Orn L-ornithine

RP-HPLC reverse-phase high-performance liquid chromatography

RT retention time

hERG human ether-a-go-go–related gene
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Figure 1. 
Stability of RgIA4 and RgIA-5474 in 25% human serum. Top panel: HPLC traces of 

a mixture (~1:1) of the globular and ribbon forms of the reference peptides RgIA4 and 

RgIA-5474. Bottom panel: serum stability at 24h (n=6). The reaction was monitored by 

RP-HPLC, using a C18 column and the gradient: ranging from 10% to 50% of buffer B in 

40 min, with a flow rate of 1mL/min. Serum stability data for RgIA5 is shown in Figure 

S10.
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Figure 2. 
Effect of RgIA-5474 in oxaliplatin-induced peripheral neuropathy in mice. Mice were 

injected i.p. with oxaliplatin (ox; 3.5 mg/kg) daily as described in Materials and Methods. 

Control animals were treated with vehicle. RgIA-5474 was dissolved in sterile saline (sal) 

and injected s.c. daily. Withdrawal latency was used as a measure of cold allodynia. The cold 

allodynia test was performed on days 8, 15, and 22 at 24 h after RgIA-5474 administration 

at 4 μg/kg (panel A) and 40 μg/kg (panel B). Values are expressed as the mean ± SEM 

from eight mice for each experimental determination. ***P < 0.001, **P < 0.01, *P < 0.05 

significantly different from vehicle.

Gajewiak et al. Page 15

J Med Chem. Author manuscript; available in PMC 2022 July 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Gajewiak et al. Page 16

Table 1.

L-Cys to L-Pen substitution in RgIA4 and their activity on human α9α10 nAChRs.

Analog Sequence IC50 (nM)
a 95% CI (nM)

RgIA-5439 G(Pen)CTDPRC(Cit) I3YQCY >1200 702–2200

RgIA-5408 GC(Pen)TDPRC(Cit) I3YQCY 1.3 1.03–1.6

RgIA-5440 GCCTDPR(Pen)(Cit) I3YQCY >1000 ND

RgIA-5409 GCCTDPRC(Cit) I3YQ(Pen)Y 24 11–50

RgIA-5493 G(Pen)CTDPR(Pen)(Cit) I3YQCY > 1000 ND
b

RgIA-5446 GC(Pen)TDPRC(Cit) I3YQ(Pen)Y > 33 ND

RgIA-5432
c GC(Pen)TDPRCR I3YQCY 0.39 0.27–0.59

a
Data were collected by applying 100 μM ACh to Xenopus oocytes heterologously expressing the receptor. IC50 and 95% confidence intervals 

(CI) are expressed as the mean ± SEM from more than three separate oocytes. Ba2+ containing ND-96 buffer was utilized unless otherwise noted. 
Blue colored residues indicate change introduced into the sequence in this series of analogs. Amino acid abbreviations: Pen, L-penicillamine; Cit, 

L-citrulline, I3Y, 3-iodo-L-tyrosine. The C-terminus of each peptide depicted in this table is a free carboxyl group;

b
ND, not determined;

c
Data was collected in Ca2+ containing ND-96 buffer. Concentration-response curves and Hill slope values are shown in Figure S6 and Table S2.
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Table 2.

C-terminal substitutions and their impact on the potency of RgIA-5474 on blocking human α9α10 nAChRs.

Analog Sequence IC50
a
 (nM) 95% CI (nM)

RgIA-5624
b GC(Pen)TDPRCRI3YQCYR 0.51 0.34–0.75

RgIA-5433 GC(Pen)TDPRCRI3YQCyr 2.1 1.4–3.2

RgIA-5474 GC(Pen)TDPRCRI3YQC(β3hY)R 0.0504 0.037–0.069

RgIA-5477 GC(Pen)TDPRCRI3YQC(β3hY)r 0.36 0.28–0.46

a
Data were collected by applying 100 μM ACh to Xenopus oocytes heterologously expressing the receptor. IC50 and 95% confidence intervals (CI) 

are expressed as the mean ± SEM from 3–5 separate oocytes. Ba2+ containing ND-96 buffer was utilized. Blue colored residues indicate changes 

introduced into the sequence in this series of analogs. Amino acid abbreviations: Pen, L-penicillamine; I3Y, 3-iodo-L-tyrosine; y, D-Tyr; r, D-Arg; 

β3hY, β3-homo tyrosine. The C-terminus of each peptide depicted in this table is a free carboxyl group;

b
Data was collected in Ca2+ containing ND-96 buffer. Concentration-response curves and the Hill slope values are shown in Figure S7 and Table 

S2.
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Table 3.

The role of charge in position 14 of RgIA-5474 on blocking human α9α10 nAChRs.

Analog Sequence IC50 (nM)
a 95% CI (nM)

RgIA-5474 GC(Pen)TDPRCRI3YQC(β3hY)R 0.051 0.027–0.095

RgIA-5702 GC(Pen)TDPRCRI3YQC(β3hY)K 0.34 0.24–0.47

RgIA-5672 GC(Pen)TDPRCRI3YQC(β3hY)Orn 0.26 0.15–0.45

RgIA-5686 GC(Pen)TDPRCRI3YQC(β3hY)Cit 0.40 0.27–0.601

RgIA-5687 GC(Pen)TDPRCRI3YQC(β3hY)E 1.4 0.57–3.5

a
Data were collected by applying 100 μM ACh to Xenopus oocytes heterologously expressing the receptor. IC50 and 95% confidence intervals (CI) 

are expressed as the mean ± SEM from 3–5 separate oocytes. Ca2+ containing ND-96 buffer was utilized. Blue colored residues indicate change 

introduced into the sequence in this series of analogs. Amino acid abbreviations: Pen, L-penicillamine; I3Y, 3-iodo-L-tyrosine; β3hY, β3-homo 
tyrosine; Orn, L-ornithine; Cit, L-citrulline. The C-terminus of each peptide depicted in this table is a free carboxyl group. Concentration-response 
curves and the Hill slope values are shown in Figure S8 and Table S2.

J Med Chem. Author manuscript; available in PMC 2022 July 08.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Gajewiak et al. Page 19

Table 4.

Subtype selectivity of RgIA-5474.

Subtypes of nAChR human
a
 IC50 [nM] (95%CI) rat

a
 IC50 [nM] (95%CI)

α9α10 0.051 (0.027–0.095) 0.39 (0.33–0.48)

α2β2 >10,000 >10,000

α2β4 >10,000 >10,000

α3β2 >10,000 >10,000

α3β4 >10,000 >10,000

α4β2 >10,000 >10,000

α4β4 >10,000 >10,000

α6/α3β4 >10,000 >10,000

α6/α3β2β3 >10,000 >10,000

α7 115 (102–130) >333

α1β1δε >10,000
NA

b

a
Data was collected in Ca 2+ containing ND-96 buffer and 100 μM ACh application. IC50 and 95% confidence intervals (CI) are expressed as the 

mean ± SEM from 3–5 separate oocytes;

b
peptide was not tested on this subtype. Concentration-response curves and the Hill slope values are shown in Figure S11–12 and Table S2.
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