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Abstract

Several bifunctional peptides were synthesized and characterized based on the pentapeptide-
derived ligand NP30 (1: Tyr-DAla-Gly-Phe-Gly-Trp-O-[3’,5°-BzI(CF3),]). Modification and
truncation of amino acid residues were performed, and the tripeptide-derived ligand NP66 (11:
Dmt-DAla-Trp-NH-[3',5'-(CF3),-BzI]) was obtained based on the overlapping pharmacophore
concept. The Trps residue of ligand 11 works as a message residue for both opioid and NK1
activities. The significance lies in the observation that the approach of appropriate truncation of
peptide sequence could lead to a tripeptide-derived chimeric ligand with effective binding and
functional activities for both mu and delta opioid and NK1 receptors with agonist activities at mu
and delta opioid and antagonist activity at NK1 receptors, respectively.
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The opioid receptors have been a target for study due to their direct antinociceptive
properties and have generated a wealth of information concerning ligand design elements.!
In doing this, the desire for specificity of agonists has been examined in order to decrease
the side effects associated with known therapies. While this strategy has yielded promising
results, the eradication of the side effects has remained an elusive goal. Subsequently,
agonists affecting both the delta opioid receptor (DOR) and mu opioid receptor (MOR) have
been explored in order to exploit the desired characteristics of each of these receptors. The
MOR has been the traditional target of drug research because of its dominating efficacy in
antinociception. However, this receptor has undesirable affects such as dependence,
depressed respiratory response, dysphoria and constipation. Moreover, while ligands
affecting specifically the DOR show decreased respiratory depression, dependency or
dysphoria, they also have decreased efficacy in pain management. In exploring chimeric
ligands that bind to both the MOR and DOR, it may be possible that a ligand designed for
the delta/mu specificity might produce a highly efficacious compound which will have
decreased dependency and dysphoria, as was found for biphalin (H-Tyr-DAla-Gly-Phe-NH-
NH-Phe-Gly-DAla-Tyr-NH5).2 In general design principles, the presence of a Tyr and Phe
in the message region accompanied by constraints have proven to have antinociceptive
properties which are highly selective and efficacious.3 Interestingly, prolonged exposure to
morphine enhanced release of substance P.* Combining the agonist effects at opioid
receptors together with blocking signals through the neurokinin 1 (NK1) receptors has
shown enhanced antinociceptive effect in acute pain animal models and has prevented the
opioid-induced tolerance in chronic trials.

While signaling through the opioid receptor is involved in the mitigation of pain, other
receptors are also involved in pain pathways such as the NK1. An important common
endogenous ligand for the NK1 receptor is the 11 amino acid peptide substance P (Arg-Pro-
Lys-Pro-GIn-GIn-Phe-Phe-Gly-Leu-Met-NH>), which causes an excitatory response in pain
pathways. The mechanism for this involves the release of substance P when an external
nociceptive stimulus is applied. The release of substance P causes the reduction in the
transport properties of the potassium channels which in turn makes the nerve cell more
responsive.® Therefore, agonists for the NKI receptor are involved in systemic pain
signaling. Thus in theory, the administration of an NK1 antagonist should regulate pain by
shutting down pain signaling pathways before reaching the specific site of brain. However,
administration of such antagonist has not proven effective as a stand-alone therapy in
clinical trials against acute pain.”

Presently, opioids are the primary drugs for the treatment of neuropathic pain, and an
increased dosage is needed to combat neuropathic pain which inevitably leads to tolerance
and dependence. Therefore, we have proposed that a chimeric ligand involving opiate mu
and delta agonist activity with an NK1 receptor antagonist can produce pain relief, including
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neuropathic pain, without opiate-induced hyperalgesia and associated antinociceptive
tolerance.8 It has been postulated that different receptor systems are responsible for the
regulation of pain in the different types of pain, and that substance P (NKI) antagonists can
regulate neuropathic pain. We have been pursuing this approach and have recently designed
peptidomimetic ligands that have potent delta/mu agonist activity and potent NK1 receptor
antagonist activity all in a single molecule, including conformational analysis, to obtain
insight into the conformational properties critical for the bioactivity profile and to cross the
blood brain barrier.82

The desirable pharmacological activities of our ligand would include potent analgesic affects
in both acute pain and in neuropathic pain states without the development of tolerance. In
fact, our lead compound TY005 (Tyrl-DAla2-Gly3-Phe?-Met>-Pro6-Leu’-Trp8-0-[3’,5°-
BzI(CF3),]) and TY027 (Tyrl-DAla2-Gly3-Phe*-Met>-Pro-Leu’-Trp8-NH-[3’,5’-
BzI(CF3)2]) have been shown to reverse neuropathic pain in a rodent model, no sign of
opioid-induce tolerance, and no development of reward liability, validating our hypothesis
that a single compound possessing opioid agonist/NK1 antagonist activities could be an
effective treatment against neuropathic pain.1% An additional advantage of this hybrid
approach is that administration of one compound instead of a specific ratio of two or three
separate ligands will provide synergy in bioactivity. While it is possible to administer two
separate peptides, the pharmacokinetic distribution for these two ligands generally will
result in two different bioavailabilities.

The design of a bifunctional ligand relies on the correct placement and attachment of the
message and address moieties of the various pharmacophore structures.8-® The importance
of this concept is that the message-address region must be placed and oriented correctly in
the receptor binding pocket for proper signaling to occur. While this is primarily controlled
within the ligand itself, the role of the linker residue, which is located between the two
message pharmacophores, is also an important consideration for the design of multivalent
ligands. In fact, our previous study clearly demonstrated that the linker works as address
region for both pharmacophores. Moreover, opioid agonist pharmacophore works as an
address region for NK1 antagonist activity, and vice versa (Fig 1).°

Previously, we reported the truncation of peptide sequence of octapeptide-derived TY005,
and hexapeptide-derivative NP30 (1: Tyr-DAla-Gly-Phe-Gly-Trp-O-[3’,5’-BzI(CF3),]) was
obtained with balanced functional activities as delta/mu opioid agonist and NK1 antagonist,
and with significant antinociceptive and antihypersensitive activities.1! In this paper, we
would like to discuss further contraction of the peptide sequence of 1. The short peptides
have several advantages over long peptides for easier synthesis, lower preparative cost, and
being the better template to be orally-available small molecule peptide mimetics.11: 12 To
this end peptides were synthesized with the specific intention of evaluating the linker residue
or the overlap of two message pharmacophores along with the truncation, and the
conformation it induces in the peptide.

Our design of bifunctional ligands is based on a simple concept of conjoining two message
pharmacophores, namely the opioid and the NK1 pharmacophores. Residues such as Gly, 8-
Ala and Nle were further incorporated between the message pharmacophores to investigate
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any distance-based effects that the two respective messaging pharmacophores may produce.
DADLE (H-Tyr-DAla-Gly-Phe-DLeu) or biphalin-derived modified enkephalin sequence
Tyr-DAla-Gly-Phe was chosen as the opioid message pharmacophore. Trp-O-[3’,5’-
BzI(CF3)2] was chosen as the NK1 receptor antagonist which is a simple but optimized
aromatic ester of tryptophan highly optimized with respect to its structure and its potent
nature in in-vitro13

As reported previously, 1 (Figure 1) has Gly as the residue to conjoin the minimal opioid
and NKI message pharmacophores. Compound 2 shares common pharmacophores except
that B-Ala replaces the Gly, while in 3 we used Nle as the linker. These changes in structures
were made to evaluate the effect of a linker on the bioactivities of the different
pharmacophore structures. These changes have proven to give interesting results as shown in
Table 1. Compound 2 showed a greater than 5-fold decreased binding to the DOR and MOR
receptors compared to 1, with similar results in GTPyS binding assay. In the case of the rat
NK1 receptor (rNK1), the binding affinity improved from 4.2 nM (Gly linker) to 1.6 nM (-
Ala linker). In contrast, the binding affinity in the human NK1 receptor (nNK1) decreased
from 0.0057 nM (Gly residue) to 0.057 nM (B-Ala residue). This demonstrates that the
rodent and human NK1 receptors possess variations which partly affect the binding of the
ligands. Interestingly, when Nle is used as the linker residue (3) binding at the hNK1
receptors is nearly identical to the one at the rNK1 receptor. Comparing the binding affinity
of the ligands with the MOR vs DOR by changing the linkers causes changes in the
specificity for the opioid receptor. Compound 1 and 2 have selectivity for the MOR whereas
for the 3 the selectivity is for the DOR. In all these cases, it should be remembered that the
actual message pharmacophore moieties for the ligands have not been changed, only the
linker residue, which works as the address region for both pharmacophores. The GTPyS
binding assays were performed to see if the change in the linkers led to changes in second
messenger functions. For compound 1, GTPyS binding was 27 and 10 nM, respectively, at
the DOR and MOR whereas changing the linker to -Ala (2) led to decreased GTPyS
binding for both the MOR (59 nM) and the DOR (160 nM) (Table 1). However, changing
the linker to Nle caused a 70-fold increase in the GTPyS for the DOR (0.38 nM) and only a
2-fold decrease at the MOR (25 nM) compared to 1. In the isolated tissue-based assays 3
showed consistent opioid agonist activities in the GPI and MVD assays (IC5¢ = 6.0 and 1100
nM, respectively) with the 13 nM Ke value for the GPI assay for substance P stimulation.

Next, we examined the role of the Phe in the opioid moiety. This Phe has been well
established as an important pharmacophore moiety in opioid ligands. Therefore, changes in
the Phe residue of this peptide would be expected to modify the binding affinity towards the
opioid receptors. In this series, the Phe residue was substituted with a pF-Phe and pCl-Phe,
both of which can enhance opioid binding affinity. Changing the Phe residue to a pF-Phe 4
increased the mu opioid potency. The GTP functional assay values for 4 also show an
increase in GTPyS binding and at both the MOR and DOR. Interestingly, the binding
affinity for the rNKZ1 also increased 100-fold with only a slight effect on the hNK1 receptor,
compared to those in 1. However, one can say that binding affinity of the ligand based solely
on these residues enhanced the rNK1 receptor binding. The Ke value in isolated tissue-based
assay against substance P stimulation was increased from those of 1 (10 nM). When the Phe
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residue was altered to pCI-Phe (5), its biological properties did not significantly change as
compared to those of 1. Therefore, changes in the binding affinity due to halogenation of the
Phe residue seem to be dependent on the electronegativity of the halogen atom. It should be
mentioned that changing this one residue has had a global effect on the entire multimeric
ligand, namely both for opioid and NK1 antagonist activities.

Because of the large effects on binding at both opioid and NK1 receptors a ligand was
prepared in which the linker was removed. Thus a compound with the most important
features of the two address pharmacophores was incorporated designing towards a shorter
sequence of the pentapeptide-derived compound 6. Compound 6 showed decreased binding
affinities and functional activities for opioid and NK1 receptors compared to those of 1.
Further truncation was made to design the tetrapeptide-derivative 7 with deletion of Phe
residue which is an important address pharmacophore of opioid antagonist activity. As
expected, the opioid agonist affinities and activities of 7 were drastically decreased from
those of 1 or 6, especially at the DOR. This result suggested that this Phe residue is
indispensable for the opioid agonist activity, and Trp could not work as its substituting
residue in this case. While, 7 displayed good affinity at the hNK1 receptor and excellent
antagonist activity in GPI assay using substance P stimulation (K; = 0.030 nM and Ke = 5.0
nM, respectively), indicating this truncation provide minor influence on human and guinea
pig NK1 affinities. In another tetrapeptide-derivative 8, pF-Phe was used as overlapping
message residue for both opioid and NK1 pharmacophores. Interestingly, 8 maintained
antagonist activity against substance P stimulation in the GPI assay compared to 1,
indicating that pF-Phe works as the replacement of Trp residue for guinea pig NK1 receptor.
However, 8 has decreased affinities for hNK1 and rNK1 receptors as well as for DOR and
MOR.

Tripeptide based enkephalins have been known to not only bind MOR and DOR but also
exhibit potent functional agonism.1# Thus the most optimizable short sequence required for
the opioid ligand would be to eliminate the Gly spacer from the tetrapeptide. Since DAla is
required and crucial to maintain the conformation of the two aromatic residues, respectively,
for Tyr and Phe. Therefore compound 9 was synthesized in order to see what the absence of
the Gly linker from ligand 7, and also Gly between the DAIa and Phe would have on
pharmacological properties. Results show that the binding affinity across both opioid
receptor systems decreased with the negligible agonism in MVD and GPI isolated tissue-
based assays. While the binding affinity improved at the NK1 receptors with slightly higher
substance P antagonist activity in the GPI assay than those of 1.

Both the Phe? and Tyr? residues are critical for the binding and second messenger activities
of the enkephalins. Therefore, the final residue studied in this series was the Tyr which was
replaced with 2’,6’-dimethyltyrosine (DMT).% This residue has been shown to increase the
binding and signaling of many enkephalin derivatives, and therefore would be a good
candidate here to enhance these activities in our multivalent ligands. An added critical
property of lipophilicity is also introduced by incorporating DMT. Through our discussions
here the above designed ligands have been systematically optimized rationally by
introducing linker residues then increasing electronegative moieties on the Phe residue
followed by deletion of Gly residue. Following the same strategy one can modify the Tyr
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residue and also eliminate the fluoro-Phe residue, which leads to design of compound 10.
This design is plausible because of its integrated features that are maintained and required as
part of the pharmacophore features. The Trp-O-[3’,5’-BzI(CF3),] moiety satisfies the stand
alone NK1 pharmacophore feature, while Dmt and Trp of Trp-O-[3’,5’-BzI(CF3),] serves as
the new and modified pharmacophore for the opioid receptor. Compound 10 shows a 6-fold
increase in the binding to the DOR with negligible change in binding to the MOR.
Furthermore, this ligand shows enhanced binding at the rNKZ1 receptor while only slightly
decreased binding at the hNK1 receptor. The second messenger function of 10 shows
improvement of the GTPyS binding at the DOR going to 12 nM as compared to 27 nM for
1, but the Eax drops from 87% to 27%. The significance in these values lies in the fact that
two Gly and a Phe were eliminated from the ligand 1. As stated, the Phe residue also is
needed for the proper signal transduction of the enkephalins. Therefore the fact that there is
significant binding when there is no Phe present might be due to the Trp functioning at the
opioid receptor. This means that the Trp serves as a pharmacophore element for both the
NK1 receptor and the opioid receptors. Using one residue to serve in two separate receptors
(overlapping pharmacophores), one can design smaller and more intricate multimeric
ligands which would be simpler to synthesize, and might be a good template to design orally
available small molecules.

However, compared to the excellent affinities and functional activities for 10 in vitro, the
results of functional activities using isolated tissue-based assays were dramatically
decreased from those of 1. The ICsq value was 400 nM in the MVD. Only 20% inhibition
was observed in GPI for mu opioid agonism at 1 uM. The GPI assay against substance P
stimulation gave Ke value of 110 nM. We presumed that this decrease came from the
enzymatic cleavage of ester bond of the benzyl derivative at the C-teminus in the isolated
organs, and this replacement of the ester to an amide bond to avoid the degradation was
examined.? The resulting peptide 11 showed nanomolar range binding affinity at the MOR
(2.4 nM), and its EC5q value was improved from that of 1 in the GTPyS binding assay (5.2
nM). 1Csq value of 11 in the GPI assay for mu opioid agonism improved to 120 nM. For
DOR, the affinity of 11 was relatively low with a K; value of 64 nM. However, its second
messenger function was equipotent to that of 1 (ECsg = 24 nM), and functional activity in
the MVD showed an ICsg value of 41 nM, which was still in the same range with the ligand
1. The binding affinity for ANK1 of 11 was in the subnanomolar range, and the Ke value in
GPI assay against substance P stimulation was improved from 1. It should be stressed again
that 11 has no crucial Phe residue for opioid activity, but showed effective opioid agonist
function in second messenger assay as well as in the isolated tissues. These results clearly
indicated that Trp functions as the message region not only for the NK1 pharmacophore, but
also for the opioid pharmacophore. These results demonstrated that a truncated
multifunctional peptide-derivative with only three amino acid residues can have effective
functional activities for all three receptors.

In conclusion, we have been able to design, synthesize and characterize several truncated
multifunctional peptides based on pentapeptide-derived ligand 1. Modification and
truncation of amino acid residues were performed, and the most interesting result is that the
impact of changing one residue can have a significant effect on the affinities and activities
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for both mu and delta opioid and NK1 receptors. The contraction of peptide chain based on
overlapping pharmacophore concept was successfully provided a tripeptide-derived ligand
11, whose Trps residue works as a message residue for both opioid and NK1 activities. The
significance lies in the approach of appropriate truncation of peptide sequence that leads to
tripeptide-derived chimeric ligand with effective function for both opioid and NK1
receptors. Ligand 11 could be an interesting research tool for developing novel analgesic
drugs, and could be used as a good template to design novel orally-available peptide-
mimetic small molecules.
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Opioid phramacophore
Message Address

Address Message
NK1 phramacophore

2 (NP32): H-Tyr-DAla-Gly-Phe-B Ala-Trp-O-[3',5'-(CF3)2-BZ]

3 (NP35): H-Tyr-DAla-Gly-Phe-Nle-Trp-O-[3',5'-(CF3)2-BzI]

4 (NP45): H-Tyr-DAla-Gly-pFPhe-Gly-Trp-O-[3',5'-(CF3)2-Bzl]
5 (NP46): H-Tyr-DAla-Gly-pCIPhe-Gly-Trp-O-[3',5'-(CF3)2-BzI]

9 (NP43): H-Tyr-DAla-Trp-0-[3',5'-(CF3)2-BzI]

10 (NP48): H-Dmt-DAla-Trp-O-[3',5'-(CF3)2-BzI]
11 (NP66): H-Dmt-DAla-Trp-NH-[3',5'-(CF3)2-BZI]

Figure 1.
Sequences of multivalent ligands.
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