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Figure 7. CMDyscore with solvation on the full data set. (A) CMDyscore with solvation with default
CMDyscore settings. (B) CMDyscore after more extensive minimization of all datasets using solvation
(C) or default settings (D).

Figure 7 summarizes the CMDyscore results with the combined datasets. It is apparent in
Figure 7A that despite reasonable correlations in the individual datasets, cyclic peptides are shifted to
the right with respect to the other datasets, i.e., their calculated affinities are over estimated relative
to the helical peptides. In the combined dataset, the default CMDyscore parameters show good
correlation with the combined data set. It was thought that part of the problem was that different
protocols were used to minimize the complexes. All complexes were therefore run through another
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series of minimizations and rescored. First all but the peptide side chains were fixed and the complex
minimized. A second minimization step was done allowing all side chains to relax. Finally, a third
minimization was done with the protein fixed and the peptide completely free. The correlations did
improve. The R? for CMDyscore with solvation improved from 0.18 to 0.27. More impressive was the
performance of the default CMDyscore, which improved from an already respectable R? of 0.59 to 0.67.
To a large extent, this is because the default method better predicts the large cyclic peptide data set, but
one can also see from the graph for the default method, that the cyclic peptides are no longer shifted to
the right.

The most likely reason for the observed results is that the PBSA in YASARA uses a somewhat
ad hoc value for scaling the surface area. When used on data sets of similar size and composition, it
improves the correlation. For a more diverse data set it is not helpful. The results may improve by
better parameterization of the SA term. However, the focus of the article is on a rigorous examination
of the existing methods and exploring methods to improve the results after the fact is outside the scope.
Nevertheless, mutation and single point energy calculations following a mild minimization protocol
do provide reasonably good correlation with experiment.

2.2. Prospective Study

In addition to the retrospective calculations, the same methods were used to prospectively
estimate or to blindly predict the binding affinities of a series of analogs of ATSP-7041 (A8Q, QIL) to
MDM2. In particular, the calculations were performed on an Ala scan and novel D-amino acid scan
of an ATSP-7041 analog (having A8Q and Q9L modifications) prior to synthesis and experimental
binding affinity measurements. Undoubtedly, putting blind predictions in jeopardy of observational
falsification provides a more rigorous test of a computational method.

The predictions made using the sampling-based CMDboltzmann method and the single pose
scoring functions CMDyscore and CMDescore are shown in Table 4 and Figure 8. Importantly, all
three computational binding affinity prediction methods produced generally good agreement with the
experimentally measured Ala scan data of the ATSP-7041 analog binding to MDM2, with the R?s for
CMDescore, CMDyscore and CMDboltzmann being 0.67, 0.84 and 0.82, respectively.

Surprisingly, all three methods predicted that the mutation of Trp7 to dTrp7 would lead to only a
modest drop in potency. This prediction was eventually confirmed by experimental measurements.
Interestingly, CMDescore and CMDyscore were used to predict that the Phe3 to dPhe3 mutation would
have a small effect, while the application of CMDboltzmann predicted a strongly destabilizing effect.
The CMDboltzmann prediction was later confirmed by experimental measurement. Subsequently, a
crystal structure, 6aaw [20], was solved further validating the fit of the dTrp sidechain. The differential
prediction successes of CMDescore, CMDyscore and CMDboltzmann on the Phe3 and Trp7 mutants
helps to account for the R? values and trend obtained for the full MDM2-ATSP7041 D-amino acid scan
results (0.30, 0.09 and 0.38 for CMDescore, CMDyscore and CMDboltzmann, respectively).

When Phe3 is mutated to dPhe3, the aromatic rings of the two cases overlap almost completely.
It is thus not surprising that the empirical CMDescore scoring function displays problems here, as the
number of carbon-carbon contacts is identical. The dPhe3 mutation does result in short van der Waals
contacts with two residues in the protein, which ideally a physics-based force-field would identify as
unfavorable. As part of the CMDyscore binding energy calculation, however, the peptide was fully
minimized in the binding site which may have removed the bad contacts, resulting in a failed prediction.
Interestingly, the correlation obtained with CMDyscore without the minimization step is significantly
better (0.74) and still predicts that a mutation to dTrp will have little effect. The differences between
the minimized and un-minimized predictions might be because the strain in dPhe3 is propagated to
the backbone upon minimization, where it will not have an effect on a single point binding energy
calculation. It must be admitted, however, that all of this may be coincidence, as the un-minimized
correlation result is not the result of a blind study. It does, however, suggest that generating affinity
predictions from a conformational ensemble, as is done with CMDboltzmann, captures more subtle
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structural effects and can be worth the extra computational expenditure. The sub-optimal R? obtained
with CMDboltzmann on the D-scan data stems from the Thr2 to dThr mutation, where the measured
drop in potency is just over a log unit whereas the CMDboltzmann prediction is of a slight increase
in binding affinity. Recall that the CMDboltzmann procedure allows the two residues at the N-
and C-termini to be fully flexible (they are not constrained whatsoever). Indeed, this might have
allowed too much flexibility to be incorporate into the simulation, resulting in the poor Thr2 to dThr2
prediction results.

Table 4. Prospective Testing Data.

Expl\e/![rll)nl:;; tal Ex%i%nl\l/[e;(\ tal Calculated MDM2 Calculated Binding *
Residue
Kd AAG Kd AAG CMDescore ~ CMDyscore CMDboltzmann

(nM) (kcal) (nM) (kcal) AAG (kcal) AAG (kcal) AAG

WT 18.6 125
L1A 19.3 0.03 9.6 -0.16 0.2 -0.30 1.2
T2A 155.3 1.73 -0.2 -0.91 13
F3A 9585.9 5.09 4873 3.53 18 27.28 7.8
E5A 29.8 0.38 45.6 0.75 0.0 1.81 -14
Y6A 515 0.83 130.3 1.37 0.7 9.42 0.4
W7A 51459 4.58 11161 4.02 3.8 36.41 11.6
Q8A 32.6 0.46 57.1 0.88 0.3 1.71 -1.0
L9A 15.8 -0.13 134 0.00 0.2 0.42 -0.7
Cbal0A 4137 2.53 94.7 1.18 0.8 10.74 7.1
S12A 20.4 0.08 439 0.73 0.2 -2.29 13
L1dL 27.5 0.23 21.8 0.31 0.0 -1.90 -13
T2dT 217.8 1.46 0.3 -2.24 -2.6
F3dF P 6385.1 3.47 7397 3.77 -0.2 —4.04 57
E5dE 36.8 0.41 -0.5 —2.44 15
Y6dY 365.1 1.77 921.2 2.53 0.7 591 0.7
W7dw b 329 0.34 63.4 0.94 0.2 -1.73 22
Q8dQ 26.5 0.20 36.6 0.62 0.2 -0.93 2.3
L9dL 322 0.32 38.8 0.65 0.0 -1.08 -25
Cbal0dCba 3809.5 3.17 805.1 2.45 13 8.21 35
S$12dS 10.7 -0.31 36.9 0.62 -0.5 —2.45 0.1
A13dA 17.2 -0.05 349 0.59 0.3 —-0.69 0.0
Al14dA 18.4 -0.02 49 -0.57 -0.3 431 -19

* The MDM2 and MDMX data are very similar; MDMX data is excluded to avoid redundancy and minimize
clutter. P All three methods were used to make the successful but surprising prediction that the chiral amino acid
substitution W7 — dW7 would be weakly destabilizing; only CMDboltzmann was used to successfully predict
the strongly destabilizing effect of F3 — dF7. This nicely illustrates the important role a more computationally
expensive algorithm like CMDboltzmann can play in prospective peptide ligand candidate design and optimization.

In summary, the Ala scan data of the ATSP-7041 analog (see Table 4) closely mirrored that of
ATSP-3900 [16], with large losses in potency for any of the F3A, W7A or Cbal0A mutations and modest
to no loss in potency when other residues are mutated to Ala. Importantly, CMDescore, CMDyscore
and CMDboltzmann were used to generate Ala scan predictions that were ultimately shown to agree
nicely with experimental measurements.

The corresponding D-amino acid scan of the ATSP-7041 analog, however, produced an
experimental surprise, namely that the change of Trp7 to dTrp7 led to a small drop in binding
affinity. Based on Figure 8C it is apparent that the drop in calculated affinity with CMDBoltzmann for
W7dW is within the range of the majority of other changes that led to relatively small experimental
affinity changes. On the other hand, the changes F3dF, F3dA, W7A and CbalOA all showed large drops
in calculated and experimental affinity. Finally, CMDboltzmann showed a modest drop in calculated
affinity for the Cbal0dCba change whereas the experimental drop in affinity was comparable to that
of the F3dF, F3dA, W7A, and Cbal0A changes. While the change in CMDescore and CMDyscore,
Figure 8A,B respectively, is indeed small for W7dW, these scoring functions also do not change with

332



Molecules 2019, 24, 4586

the F3dF and Cbal0dCba changes. This highlights the value of including the computationally more
demanding sampling when making more complex changes. Indeed, the poorer agreement with the
d-Amino Acid scan when compared to the Ala-scan may in part be to a larger difference in the solution
behavior when the amino acids are change to their D counterpart.
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Figure 8. Scoring results on the prospective data. (A) CMDescore. (B) CMDyscore (C) CMDboltzmann.

Comparison of Single Point Results with CMDBoltzmann Results. In general, calculation of
relative binding affinities using either a single point low-energy conformation or an ensemble of
low-energy conformations and an appropriate scoring function has proven fairly effective for the
MDM2/MDMX target. The single point calculations have the advantage of being fast, allowing
screening of large numbers of peptides. The ensemble-based approach has the advantage of more fully
defining the conformational space of the peptides and appears more robust. The single point method,
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if not given an appropriate starting conformation, can fail completely. No one conformation is likely to
dominate in the Boltzmann ensemble.

Importance of solvation model to adequately complement electrostatics. A good solvation model
should account for two situations which are not adequately represented using a simple ‘gas-phase’
implementation of a force field. The first is the affinity gain from associating hydrophobic surfaces in
the complex and the affinity loss from desolvating polar groups involved in binding. The second is
a better treatment of attenuation of charge—charge interactions in a polar medium. When molecular
dynamics is used to calculate an ensemble of low-energy conformations, the overall charge of the system
can be neutralized by the addition of counter ions and explicit solvent can be used to attenuate the
Coulombic interactions. One challenge of accurately scoring protein-peptide interactions is that it is not
feasible to include counter ions or explicit solvent when comparing the energy of two protein—-peptide
complexes. One thus needs to handle the problems of charge neutralization and attenuation using
more ad hoc methods.

In this study, several techniques were used. Neutralizing the charged groups was tried as a
method of both obtaining charge balance and attenuating Coulombic interactions. The problem with
this approach is that ionic interactions become hydrogen bond interactions. An alternate approach was
used in CMDyscore. In that case, charges were adjusted so as to provide an overall neutral complex
and the PBSA method was used to account for polar and nonpolar solvation terms.

To handle attenuation of the Coulombic interactions several methods were used: scaling the
charges, using a distant-dependent dielectric constant and using a PBSA implicit solvent model.
Comparing CMDyscore variations, the simplest approach (scaled charges) shows poorer correlation
with experiment than either using neutral groups or the PBSA solvation model. The best average
correlation on the linear helical data was achieved when using the PBSA implicit solvent model.
The reason may be the more accurate treatment of the hydrophobic effect. The MDM2/MDMX system
is perhaps not the best test for methods for implicitly handling charges. The binding is entirely due to
hydrophobic interactions with the charged residues largely being solvent exposed. We have found
that in general that implicit solvation models have problems when there are multiple charged groups
not involved in binding. These charged groups should be balanced by a nearby counter ion, but in
an implicit model, they are not. The summation of these unbalanced long-range interactions can
significantly affect the calculated energy, distorting the results. Thus, correlation of binding affinity
with calculated binding energy in our experience is much better with peptides that primarily consist of
polar and nonpolar amino acids, as is the case with MDM2/MDMX.

dTrp7 results. The comparison of the predictions for dPhe3 and dTrp7 are particularly interesting.
At first glance, the D and L conformations are quite similar. In both cases, the aromatic rings overlap
almost completely. In essence, the 3-carbon is either above or below the plane of the backbone, with
the aromatic rings angled into the same region of space.

In the case of Trp7, there are two features which distinguish it from Phe3: the tryptophan makes a
hydrogen bond to Met50 in the protein (the Trp N are almost exactly superimposed) and the pocket
containing the Trp7 is not quite as tight as for Phe-3. In the single point (minimized) mutations the
larger dTrp has six contacts closer than 3 angstroms, the closest being 2.1 angstroms, while dPhe
has seven contacts, the closest being 1.6 angstroms. In addition, when the complexes are aligned
on the protein, the C alpha carbons in Trp7 and dTrp7 are 0.57 angstroms apart, whereas the Cy
carbons in Phe3 and 0.94 angstroms apart. These are subtle differences and it is remarkable and highly
encouraging that CMDBoltzmann was able to detect the difference and correctly predict that only Trp7
mutating to dTrp would not show a significant loss in affinity.

Implications for CMDInventus work-flow approach to peptide modeling and design. Our approach
to computational peptide drug design employs multiple methods in a hierarchical and integrated
fashion. In a typical work-flow, CMDpeptide can be used to model the solution and binding
conformations of a peptide scaffold which can then be systematically mutated and evaluated
for its binding affinity to a protein target using methods that range from computationally fast
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and un-rigorous (CMDescore) to slower and more rigorous (CMDyscore) to very slow and highly
rigorous (CMDboltzmann). Hence, all three binding affinity prediction methods (and by implication
CMDpeptide, as it is used in CMDboltzmann calculations) were tested retrospectively (using previously
published data) and prospectively (using novel data collected after computational predictions had
been made).

The results presented here validate the use of CMDpeptide to model biologically relevant
conformations for diverse MDM2/MDMX peptides, as it yielded X-ray like conformations for all cases
tested. Future work will focus on developing an improved scoring strategy for identifying relevant
conformations from calculated conformational ensembles. Also, while CMDpeptide was indirectly
tested in the prospective CMDboltzmann study, a direct test of CMDpeptide in a prospective study
would also be desirable.

Our results also validate the integrated use of CMDescore and CMDboltzmann without the
need for re-calibration, as both produced consistently encouraging results across multiple data sets
in both the retrospective and prospective studies and with CMDboltzmann producing overall better
results than CMDescore. Having said that, additional research is needed to parameterize and test
CMDescore on the 2axi cyclized multiple mutation data asset and for use with non-standard amino
acids more generally. Similarly, more research is needed to develop an optimized force field and
solvation model for use with constrained CMDboltzmann (and CMDpeptide) dihedral space Monte
Carlo and minimization calculations. CMDyscore with solvation produced the best overall results
in the retrospective analysis of the linear peptide/helical datasets. To obtain good results on the
multi-mutation cyclized 2axi data, however, required the use of a more extensive minimization protocol
or the substitution of the default CMDyscore for CMDyscore with solvation. Similarly, CMDyscore
with solvation produced nice results in the alanine scanning prospective study but poor results in the
prospective D-scanning study that were improved ad hoc by eliminating any minimization prior to
scoring. This suggests that the best CMDyscore flavor and minimization procedure should, whenever
possible, be calibrated, selected and applied on a case-by-case basis. In the absence of training data,
it seems the best choice would be CMDyscore with solvation using the standard minimization protocol.
Future work will focus on developing a more generally useful flavor of CMDyscore or on developing a
general and systematic procedure for selecting the best flavor of CMDyscore to apply to a particular
protein—peptide system.

The results presented here suggest a robust role for CMDinventus in a structure-based drug design
project. Given the vast sequence space accessible around a binding mode for even a modestly sized
peptide, fast simple scoring functions such as CMDescore and CMDyscore are necessary. Particularly, by
considering side-chain changes one at a time, these scoring functions can be used to rapidly search 1000s
of possible side chains per position ultimately narrowing the list to a handful that are the most promising.
Depending on computing resources, CMDboltzmann can be used to further and more accurately
prioritize 100s to 1000s of the sequences of greatest interest. Indeed, the results of these calculations
could be used to prioritize further synthesis or could be used for more computationally expensive
methods such as molecular dynamics [21,22], free energy perturbation [23,24] or thermodynamic
integration [25,26].

3. Materials and Methods

CMDInventus is a proprietary platform for computer-aided peptide drug design. CMDInventus
consists of self-contained computational tools or modules for solving specific biophysical problems.
The various modules can be strung together and integrated to form project-specific peptide drug
design work-flows. The present study focused on the use of several CMDInventus modules to run
retrospective and prospective calculations for various MDM2/MDMX datasets.

All retrospective and prospective calculations either involved explicit sampling of peptide
conformational space and/or configurational (conformational + translational + rotational) space or
were derived from single crystal structures. In the present study, we employed two modules that use
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the same code base for peptide conformational and configurational sampling. The first application,
called CMDpeptide, is for physics-based peptide conformational sampling from sequence information
alone. Here the goal is to start with a peptide sequence, and where applicable inter-residue bonding
information, and generate an ensemble of three-dimensional peptide structures that contains all
biologically relevant conformations. The ensemble of conformations should include those relevant
for binding target proteins, those that are cleaved by proteases, those that traverse cell membranes,
etc. For most peptides of interest (5-20 amino acids), the ensembles contain thousands of low-energy
conformations that can be further reduced through RMSD-based clustering. The second application,
which we refer to as CMDboltzmann, is for estimating the binding affinity of a peptide sequence around
a given backbone binding mode. It involves local peptide configurational sampling, subject to user
provided constraints, to optimize a peptide binding mode with its protein target and the calculation of
a predicted binding affinity from the resulting configurational ensemble. The chief difference between
CMDpeptide and CMDboltzmann is that the latter involves placement of a peptide in a binding
site, which requires inclusion of protein-peptide energetic interactions in any scoring function and
explicit sampling of conformational and rigid-body coordinates. Additionally, while CMDpeptide
assumes nothing about the structure of the peptide, CMDboltzmann uses different constraints to direct
the peptide into the protein binding site. Fundamentally, both algorithms can be broken down into
two loosely independent parts: sampling and scoring. Each of these is briefly described below, with
particular emphasis on the differences between them.

In addition to the sampling-based methods, we describe several empirical and force field-based
scoring functions for estimating protein-peptide binding affinities from single protein—peptide poses.
These include our in-house empirical scoring function (CMDescore) and force field-based scoring
function (CMDyscore). For comparative purposes, we also provide results obtained using the widely
employed Xscore and Vina scoring functions along with protein—peptide surface area (SA) burial and
interface packing (IP) calculations. The chief difference between these approaches and CMDboltzmann
is that they are used to estimate the binding affinity from a single protein—-peptide pose, whereas binding
affinity estimates obtained using CMDboltzmann involve sampling thousands of softly constrained
peptide backbone structures in the protein binding site. Because they only require a single pose the
scoring functions are computationally much more efficient, making it possible to rapidly estimate
binding affinities for thousands or even millions of peptide ligand sequences or binding poses in
relatively short order.

The main goal of a typical peptide drug design project is to narrow the vast theoretical peptide
sequence space down to a manageable number of viable candidate sequences that are predicted to
bind a protein target of interest. A standard CMDInventus work-flow for accomplishing this would
begin with combinatorial sequence scanning with a fixed peptide backbone, and rapid free energy
scoring and ranking with CMDescore. Promising sequences would then be scored and prioritized
using CMDyscore. The most promising peptide ligand sequences would then be scored for their
protein binding affinities using the computationally expensive CMDboltzmann module. In addition,
CMDboltzmann is useful for examining larger discrete changes to a peptide structure when the
assumption of a fixed binding mode for the peptide ligand may no longer be valid and is somewhat
relaxed (cyclization, large changes in side chains, changes in stereochemistry, etc.).

Full peptide conformational sampling with CMDpeptide. The purpose of CMDpeptide is the
calculation of biologically relevant peptide conformational ensembles. All CMDpeptide conformational
sampling is done in dihedral space, with fixed bond lengths and angles, using a multiple copy simulated
annealing with minimization (MCSAM) algorithm [27-29]. Each run begins by initializing a stack
of conformations by generating 100 conformations at random followed by energy minimization.
During the run, the stack is allowed to grow to 200 conformations according to previously describe
rules for maintaining the conformational stack [27]. For conformational sampling with CMDpeptide,
only topological information, that is sequence information and any inter-residue bonds such as
disulfide bonds, is used. Each run consists of 10,000 Monte Carlo w/Minimization (MCM) steps
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performed as described previously [27]. To ensure complete coverage, 500 independent runs are
typically performed per peptide. In addition, Phi/Psi biasing is performed using pre-calculated
Ramachandran plots. The plot for residue n within a given sequence (Aj-As- ... -Ap- ... -AN-1-Ay) iS
calculated by thoroughly sampling the tri-peptide Ac-A,_1-An-Ap+1-NH2. The reason for creating the
plots in this fashion, rather than using plots derived from PDB structures, is the need for chemical and
conformational generality. In particular, relying solely on PDB derived Ramachandran plots would
effectively limit one to using the standard 20 amino acids. This would seriously limit the development
and use of CMDInventus as a general computational framework for enabling peptide-based drug
design using such things as non-natural side chains, D-amino acids, 3-amino acids, x-di-substituted
amino acids, and so forth.

Estimating binding affinities from conformational ensembles with CMDboltzmann. The primary
goal of a CMDboltzmann calculation is to estimate the binding affinity of a protein—peptide binding
mode where the peptide ligand is treated as semi-flexible. The binding mode for the peptide backbone
would ideally derive from a co-crystal structure but can be derived from a docked or theoretically
calculated binding mode. Importantly, CMDboltzmann can be used to calculate binding affinities as
peptide sequences are mutated around a given binding mode. Thus, for CMDboltzmann calculations
the simulation begins with a peptide backbone positioned in a binding site. While it is desirable for the
peptide backbone to qualitatively maintain its binding configuration, significant changes in a side chain
might require some movement of the peptide backbone. Hence, the backbone is permitted a limited
range of softly constrained motions. To accomplish this, the same MCSAM algorithm described above
is used with the following differences. The first and largest difference is the presence of the protein
which greatly affects the scoring and subsequent ranking of each peptide configuration; the scoring of
the protein—peptide interactions is described below in the sampling energy function section. For the
calculations described here, the protein is held rigid, though in many cases we allow side-chain
flexibility for residues of the protein in the binding site. The second difference is the presence of a
constraint, described below in the sampling energy function section, that is applied to prevent the
peptide backbone from deviating too greatly from its starting position. Typically, the backbone is
constrained so that its atoms can move 1.0 A without penalty. If a backbone atom moves more than
1.0 A a harmonic penalty is applied. The third and final differences are details in the runs, including the
number of steps per run (2000) and the total number of runs (100). Fewer steps and runs are needed
because the conformational space being searched is far smaller due to the backbone constraints and
the presence of the protein.

Force field used in calculations involving sampling. The Amber99sb force field provides all
bonded interactions; because the sampling is done in dihedral space, this entails the use of only the
Amber99sb dihedral energy terms. All nonbonded interactions within a peptide and between a protein
and peptide are calculated as the sum of the Van der Waals interactions, the electrostatic interactions,
and an empirical solvation term. The Van der Waals parameters are taken from Amber99sb [30].
For solvation, the EEF1 continuum model [31] is used, as it provides a reasonable balance between
accuracy and speed. The electrostatic contribution to the system energy is calculated using a distance
dependent dielectric function consistent with the recommendations of the EEF1 solvation model, i.e.,
the effective dielectric constant between two atoms is 4d where d is the distance between the two atoms.
The atomic charges used for the electrostatic calculation are generated for each amino acid via the
RESP [32,33] procedure applied to individual amidated and acylated amino acid building blocks using
the quantum chemistry package GAMESS [34,35] at the B3LYP/6-31 G** level of theory. The final score
calculated for a configuration of the peptide is simply the sum of these terms without any reweighting.

For the CMDboltzmann calculations, a constraint is applied to each heavy atom of the peptide
ligand backbone (excluding the 2 terminal residues). The constraint is implemented as a harmonic
well with a distance tolerance of 1.0 A inside of which no penalty is applied. This allows the backbone
to sample locally around the starting binding mode without deviating too much from the desired
binding mode. Thus, for a CMDboltzmann calculation the MCSAM algorithm works to optimize the
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combination of backbone constraints + peptide internal energy + protein—peptide interaction energy.
The final score for a given peptide sequence is the Boltzmann weighted, using the total energy, average
of the protein—peptide interaction energy over the minimum energy pose from each of the 100 runs. In
the present study, no attempt was made to estimate relative strain energies for different sequences, the
assumption being that this is a minor contributor. In some cases, particularly with the linear o-helices,
this may be poor assumption. In fact, recent work suggests that optimizing a sequence to stabilize a
conformation is a viable option to improving potency [36—43].

Estimating binding affinities with CMDescore and CMDyscore from single pose structures.
CMDescore [44-47] is a simple empirical scoring function for predicting binding affinities. It comes in
a variety of flavors depending on the number of terms in the function. All flavors are premised on
rigid-body binding and are parameterized for use on protein-protein and protein-peptide complexes
composed of standard amino acids. For the present study, the flavor used has been described previously
and is a linear combination of four regression weighted terms that quantify hydrophobic and charged
group burial at a given protein-ligand interface and hydrogen bonding and salt bridge interactions
across a given interface and is given by the following equation for binding affinity (BA) [47].

BA = —1.94 + 0.16-AXy — 0.68-AX¢ — 0.52- X — 0.41-AXgp )

The first term, X, refers to the free energy change associated with hydrophobic group burial
(carbon and sulfur atoms). The second term, Xc, refers to the free energy change associated with
charge group burial (nitrogen and oxygen atoms of charged D, E, K and R side chains). The third, Xy,
and fourth terms, Xgp, refer to the total number of conventional hydrogen bonds and net number of
salt bridges calculated across a given protein-peptide interface.

CMDyscore [6,48,49] is a force-field-based scoring function based on the YASARA modeling and
simulation package. As part of the scoring process, the mutated complexes were subjected to two
rounds of minimization. During the first round all backbone atoms in the protein and peptide were
fixed, and side chains in the protein that were less than four angstroms from the peptide and all side
chains in the peptide were permitted to move. During the second round the entire protein is fixed and
the entire peptide to allowed to move.

Four flavors of CMDyscore were used to calculate binding affinities: (1) simple, (2) unbound
ligand minimized to apply a pseudo ‘strain” penalty, (3) charged residues neutralized, and (4) implicit
solvation model. The CMDyscore methods are implemented using YASARA [50]. Before calculating
the scores, the complex was minimized using the NOVA force field [51]. The first method calculates
the binding energy according to the formula:

Energy(complex) — Energy(protein) — Energy(peptide) ()

The NOVA force field was used for the calculation of the energies of the individual protein,
peptide and the protein—peptide complex. The complex was first minimized using the NOVA force
field [51]. The NOVA force field was chosen because it is optimized for in vacuo minimizations,
as necessitated for a fast scoring function. The energies for protein and peptide were calculated
according to the rigid-body binding assumption, i.e., by extracting each in turn from the complex in
the exact conformation that they assume in the complex.

The pseudo ‘strain” penalty was originally implemented to handle the scoring of docking poses.
One concern with docking is that in an attempt to maximize the docking protein interaction energy
terms, the peptide ligand will be placed in an unrealistically high energy or strained conformation.
This method introduces moderate peptide ligand flexibility into the binding energy calculation by
minimizing the peptide after it is extracted from the complex:

Energy(complex) — Energy(protein) — Energy(peptide, minimized) (3)
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If the binding conformation is not a low-energy conformation, the binding energy will be reduced,
possibly significantly. This approach has been used in small molecule docking studies; Greenidge and
coworkers, for example, included a similar term in when docking the PDBbind data set [52]. They did
MMY/GBSA calculations and found the best correlation (R? = 0.63) with the strain energy term included
and explicit waters excluded.

The latter two flavors represent alternate methods of damping the charge effects in the absence
of explicit solvent. We have observed that peptides with charged residues are particularly hard to
score. Even with the NOVA force field, peptides with charged side chains can appear as outliers.
One way this problem was addressed was by neutralizing all the charged groups in the protein and
peptide. The other way that this problem was addressed was to use a PBSA implicit solvent model.
The PBSA model adds two terms to the energy: the polar and non-polar contributions to the solvation
free energies. The former is determined by solving the Poisson-Boltzmann equation [53]. The latter
is estimated from the solvent accessible surface area (SASA). A scaling factor of 0.65 was used for
converting the surface area to free energy. The scaling factor comes from the YASARA manual. It was
decided not to optimize the parameter based on the current data set, as it was felt that the initial results
were reasonable and optimizing the value with a small data set would introduce undue bias.

In addition to CMDescore and CMDyscore, the docking score used by VINA [54], the Xscore [55]
scoring function, and very simple scoring functions based solely on packing interface (PI) potential
and buried surface area (SA) were also used. All were used according to their default settings
and parameters.

Structure preparation for CMDescore and CMDyscore: In general, MDM2 and MDMX X-ray
structures bound to reference peptides were prepared for subsequent calculations using standard
cleaning and optimization procedures. This was followed by mutation or mutation and minimization
of a reference peptide according to the relevant SAR data set. This, in turn, was followed by free energy
scoring of all reference and mutated MDM2/MDMX targeting peptides.

Both the Li-p53 and Li-PMI datasets are alanine scanning datasets. Crystal structures for the
Li-PMI data set are available for MDM2 and MDMX (3eqs and 3eqy). There are also crystal structures
for the Li-p53 data set (4hfz and lycr for MDM2 and 3dab for MDMX). These crystal structures were
used after applying a standard clean up routine (remove waters and counter ions, remove all but one
of each chain, and add hydrogens).

For the Liu D-o-helical PMI-« alanine scanning peptide data set there are two relevant MDM2
crystal structures (3iwy and 3Inj). 3Inj was selected as the starting point. Because Asn2 has a seriously
distorted geometry, it was removed and rebuilt. Because it was absent from the structure, Thrl was
built with standard «-helical Phi/Psi angles and an optimized side chain. There is no MDMX structural
data for the Liu D-«-helical peptides.

There are crystal structures of stapled peptides bound to MDM2 and MDMX (3v3b and 4n5t).
These were used as the starting points for mutation of the bound reference peptides to the sequence
used in the Guerlavais ATSP-3900 stapled L-a-helix data set.

The cyclic peptides were all built from a single reference structure (2axi). A similar procedure to
that used for the single residue mutations for the preceding data sets was used with the modification
that mutations were done sequentially, the result of the previous single residue mutation serving as the
input for the next mutation. The process was continued until the desired sequence was produced. As a
result, the binding site was more fully minimized for the cyclic peptides than for the other data sets.

Several scoring functions were used to calculate binding affinities from the X-ray poses produced
using the above-described procedures. In particular, two in house scoring functions were used:

To apply these scoring functions to the various MDM2 and MDMX data sets, co-crystal structures of
reference peptides bound to MDM2 or MDMX binding sites were used as starting points. Peptide ligand
residues were then either (1) mutated or (2) mutated and refined through a constrained minimization
procedure according to the above-described data sets. Finally, all mutated structures were scored using
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all available single-point affinity estimation methods. More theoretical and computational details are
provided below in the Results and discussion section.

Mdm2 Competitive Fluorescence Anisotropy Assay and Ky Determination Purified MDM2
(1-125) protein was titrated against 50 nM carboxyfluorescein (FAM)-labeled 12/1 peptide [56]
(FAM-RFMDYWEGL-NH,). Dissociation constants for titration of MDM2 against FAM-labeled
12/1 peptide were determined by fitting the experimental data to a 1:1 binding model equation shown
below: [57,58].

(Kg + [L]; + [P]}) = \/(Kd + (L], + [P))? — 4[L], [P,
2[L];

©)

r=ro+ (1, —10)

[P]is the protein concentration (MDM?2), [L] is the labeled peptide concentration, r is the anisotropy
measured, 7, is the anisotropy of the free peptide, ; is the anisotropy of the MDM2-FAM-labeled
peptide complex, K; is the dissociation constant, [L]; is the total FAM-labeled peptide concentration,
and [P]; is the total MDM2 concentration. The determined apparent K; value of FAM-labeled 12/1
peptide (13.0 nM) was used to determine the apparent K; values of the respective competing ligands in
subsequent competition assays.

Apparent K; values were determined for a variety of molecules via competitive fluorescence
anisotropy experiments. Titrations were carried out with the concentration of MDM2 held constant at
250 nM and the labeled peptide at 50 nM. The competing molecules were then titrated against the
complex of the FAM-labeled peptide and protein. Apparent K; values were determined by fitting the
experimental data to the equations shown below: [58,59].

24/(d?-3¢) cos(€)-9
r=ro+(n- ro)(3Kdl+2(\/(d2133)c(;s)(%)—d)
d = Kg + Kga + [L]; + [L]; = [P,
e = ([L]; = [Pl,)Kaq1 + ([L]s — [P];)Ka> + Kin K ®)
f=-KnKp[Pl;
1 zd3+9de27f]

6 = cos
2+/(d2-3¢)°

[L]st and [L]; denote labeled ligand and total unlabeled ligand input concentrations, respectively.
K is the dissociation constant of the interaction between the unlabeled ligand and the protein. In all
competitive types of experiments, it is assumed that [P]; > [L]s;, otherwise considerable amounts of free
labeled ligand would always be present and would interfere with measurements. K;; is the apparent K
for the labeled peptide used in the respective experiment, which has been experimentally determined
as described in the previous paragraph. The FAM-labeled peptide was dissolved in dimethyl sulfoxide
(DMSO) at 1 mM and diluted into experimental buffer. Readings were carried out with an Envision
Multilabel Reader (PerkinElmer). Experiments were carried out in PBS (2.7 mM KCl, 137 mM NaCl, 10
mM Nap;HPO, and 2 mM KHPOy4 (pH 7.4)) and 0.1% Tween 20 buffer. All titrations were carried out
in triplicate. Curve-fitting was carried out using Prism 4.0 (GraphPad, San Diego, CA, USA).

To validate the fitting of a 1:1 binding model we carefully determined that the anisotropy value
at the beginning of the direct titrations between MDM2 and the FAM-labeled peptide did not differ
significantly from the anisotropy value observed for the free fluorescently labeled peptide. Negative
control titrations of the ligands under investigation were also carried out with the fluorescently labeled
peptide (in the absence of MDM?2) to ensure no interactions were occurring between the ligands and
FAM-labeled peptide. In addition, we ensured that the final baseline in the competitive titrations did
not fall below the anisotropy value for the free FAM-labeled peptide, which would otherwise indicate
an unintended interaction between the ligand and the FAM-labeled peptide to be displaced from the
MDM2 binding site.
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4. Conclusions

CMDInventus is a modular computational package for performing peptide drug modeling
calculations. The modules CMDpeptide and CMDboltzmann involve the explicit sampling of
peptide conformational or configurational space and can be used to model and predict peptide
conformations and protein—peptide binding affinities, respectively. CMDescore and CMDyscore are
empirical and force field-based scoring functions, respectively, that can be used to rapidly predict
protein—peptide binding affinities from single complex structures. All six methods were used to
retrospectively reproduce diverse MDM2/MDMX-peptide data sets with an encouraging degree of
success. CMDescore, CMDyscore and CMDboltzmann were used to prospectively and accurately
predict the experimentally measured binding affinity results for an Ala-scan of the pharmaceutically
relevant stapled peptide ATSP-7041. Remarkably, CMDboltzmann was used to successfully and
accurately predict the results of a novel D-scan of ATSP-7041. All results were obtained without any
re-fitting or re-parameterization. Collectively, our results suggest that CMDInventus is useful for
retrospectively modeling and prospectively predicting the conformational and binding behavior for
diverse and pharmaceutically relevant linear and macrocyclic x-helical peptides and that CMDInventus
can serve as computational platform for enabling novel peptide drug design and discovery.
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Abstract: In this work we summarize our understanding of melanocortin 4 receptor (MC4R) pathway
activation, aiming to define a safe and effective therapeutic targeting strategy for the MC4R. Delineation
of cellular MC4R pathways has provided evidence for distinct MC4R signaling events characterized
by unique receptor activation kinetics. While these studies remain narrow in scope, and have largely
been explored with peptidic agonists, the results provide a possible correlation between distinct
ligand groups and differential MC4R activation kinetics. In addition, when a set of small-molecule
and peptide MC4R agonists are compared, evidence of biased signaling has been reported. The results
of such mechanistic studies are discussed.

Keywords: melanocortin-4 receptor; obesity; peptide agonist; cardiovascular profile; GaS signaling;
receptor desensitization; receptor internalization

1. Introduction

It is with great pleasure we dedicate this review article to Prof. Victor J. Hruby, in honor of
his 80th birthday. Prof. Hruby has been a seminal leader in several areas of peptide research. His
research has blazed the trail for melanocortin research efforts, including building understanding
of chemistry, biology and pharmacology of melanocortins. Prof. Hruby has made many pivotal
contributions to the scientific community, by creating widely used melanocortin receptor agonists, MT-I
(NDP-&-MSH), MT-II, and the melanocortin receptor-3 and -4 antagonist SHU9119. These reagents
have been instrumental in unraveling the function of melanocortin receptors including their roles in
pigmentation, energy homeostasis, body weight regulation and sexual arousal. Prof. Hruby continues
to make powerful contributions to the melanocortin research field, through the development of potent
and selective agonists and antagonists for various melanocortin receptor subtypes.

The central hypothalamic melanocortin-4 receptor (MC4R) is a uniquely validated therapeutic
target for the treatment of obesity based on both pharmacologic and human genetic evidence [1-4].
Acting in concert with leptin (a satiety hormone), ghrelin (a hunger hormone) and their receptors,
the MC4R holds a key position in the regulation of energy homeostasis and body weight. The MC4R and
leptin receptor are key components of the MC4R pathway, which, when disrupted by genetic defects
in any of these contributing receptor/ligand systems, causes impaired energy balance [1,5-7]. A variety
of peptide and small molecule MC4R agonists have been developed over the past nearly three decades
and have been shown in rodent models to elicit decreases in food intake and body weight. However,
the diverse nature of MC4R-driven pharmacological efficacy has posed challenges in developing
an MC4R agonist for the treatment of obesity. These hurdles include MC4R-related sympathetic
activation leading to elevation of blood pressure (BP) and heart rate (HR), as well as activation of sexual
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arousal [8-12]. As a result, the feasibility of targeting the MC4R for treating obesity by peptides and
small molecules ligands has been called into question, despite intense drug discovery and development
activity which started in the 1990s. There have been some notable successes in creating MC4R agonist
compositions, including orally bioavailable leads (for example, Merck compounds MK-0493 and
MB243; Pfizer compound-13; and several Neurocrine NBI compounds described in MacNeil et al. [13];
Palucki et al. [14]; Ujjainwalla and Sebhat [15]; Chen et al. [16]; Krishna et al. [17]; He et al. [18];
and Lansdell et al. [19] and reviewed in Todorovic and Haskell-Luevano [20] and Ericson et al. [21].
MK-0493 evaluated in a phase-1 human study was shown to be ineffective in controlling food intake
or body weight meaningfully [17]. A few peptide MCR agonist compositions, including LY2112688,
MC4R-NN2-0453, and AZD2820, were also explored in early clinical studies for the treatment of obesity
(Table 1). However, their development was stopped due to several adverse effects, including increased
HR and BP, hyperpigmentation (melanocortin receptor-1 (MC1R)-driven), and sexual arousal, which
were seen in early clinical trials. Similarly, development of bremelanotide, an MC4R peptide agonist
for the treatment of male erectile dysfunction, was halted following adverse effects, including BP
and HR elevation, as well as nausea and vomiting [22]. However, bremelanotide is currently being
investigated for the treatment of hypoactive sexual dysfunction in pre-menopausal women [23].

Table 1. Structures of various melanocortin-4 receptor (MC4R) agonists evaluated in human
clinical studies.

Setmelanotide: Ac-Arg-cyclo(Cys-D-Ala-His-D-Phe-Arg-Trp-Cys)-amide
LY2112688: Ac-D-Arg-cyclo(Cys-Glu-His-D-Phe-Arg-Trp-Cys)-amide
HOOC
COOH
'
HN
Gly-Ser-Gin-His j\( Nle-Glu-Hyp-DPhe-Arg-Trp-Lys-amide
MC4-NN-0453; o :< SN
H (¢]
o
Lot ~
o /\/N P \/f/\l
N—N
© H
C Hj
N C Hy
MK-0493: \Q\C § \E
o/ CH,
AZD2820: Structure undisclosed

Setmelanotide, an eight amino acid cyclic MC4R agonist peptide (Table 1), is being investigated
in several clinical studies for the treatment of obesity, including rare genetic disorders of
obesity. These genetic deficiencies include subjects with pro-opiomelanocortin (POMC) deficiency,
proprotein-convertase (PCSK1) deficiency, leptin receptor (LEPR) deficiency, Prader-Willi syndrome
(PWS), Bardet-Biedl syndrome (BBS), Alstrom syndrome (AS), and selected other genetic forms of
early-onset severe obesity arising from defects that impair the MC4R pathway. Earlier results indicate
that setmelanotide is generally well tolerated in humans and holds promise for treating obesity and
hyperphagia in subjects with these rare genetic disorders of obesity.

346



Molecules 2019, 24, 1892

This review compares the unique pharmacological and mechanistic profiles of several MC4R
agonists based on a series of in vivo and in vitro studies. Special emphasis is placed on comparative
pharmacological data obtained for the MC4R agonist peptides setmelanotide and LY2112688 [11].
While both setmelanotide and LY2112688 are potent MC4R agonists which can elicit decreases
in food intake and body weight in animal models, only setmelanotide lacks adverse increases in
cardiovascular activity (HR and BP) in non-human primates and humans [3,24,25]. Studies highlighting
key differentiating features among these two agonists are discussed.

2. Agonist Induced Signaling, Desensitization, and Internalization of MC4R

Recent investigations which may help differentiate various in vivo pharmacological profiles
of certain MC4R agonists have revealed an agonist-based bias for the activation of distinct MC4R
intracellular signaling pathways. Studies probing differential MC4R signaling have included assays
performed under equilibrium ligand binding conditions or temporally dynamic activation of the
MCH4R followed by the measurement of their impact on internalization and desensitization of the
MCH4R. Various intracellular pathways that could be invoked in neural MCR signaling, along with
biased signaling ligands, have recently been reviewed by Yang and Tao [26]. Various signaling
pathways explored with MC4R include the use of different G-proteins, including Gas, Gai/Goo, Gaq,
and G-protein dependent mitogen-activated protein kinases/extracellular signal-regulated kinases
(MAPK/ERK) activation, as well as G-protein independent effects on the potassium channel Kir7.1 on
MCA4R neurons. These are discussed in more detail in the following sections.

The most ubiquitous MC4R signaling events described are mediated through Gas activation,
leading to the production of intracellular cyclic adenosine monophosphate (c(AMP). However, recent
studies using surrogate reporter systems in MC4R-expressing cells have produced indirect evidence
for the involvement of a Gxq signaling pathway leading to the activation of phospholipase-C (PLC)
and calcium mobilization [4]. Some investigators have explored the involvement of the Gi/o-mediated
pathway, without, however, clear evidence of its involvement [27]. This initial evidence of possible
divergence in signaling pathways downstream of MC4R is of interest and requires in depth follow-up
to understand its impact in physiologically relevant signaling events. The results of these studies are
summarized here and include evaluations of setmelanotide, a related compound RM-511 [28], and the
LY2112688 MC4R agonist peptide.

2.1. Equilibrium Binding and Activation

It is well established that MC4R signals through Gas under equilibrium ligand binding conditions
using human embryonic kidney (HEK), Chinese hamster ovary (CHO), or monkey kidney tissue
derived fibroblast-like cell (COS) cell-based systems stably transfected with MC4R [3,4,14,19,24,28-31].
Under these equilibrium conditions, receptor activation by both peptide and small molecule agonists
can be antagonized by MC4R antagonists like SHU9119 or Agouti gene-related peptide (AgRP).
While AgRP is an endogenous antagonist of MC4R mediated GaS signaling, it has also been shown in
in vitro systems to function as an inverse agonist by decreasing basal levels of cAMP [32,33]. Table 2
summarizes the effective concentration for 50% stimulation (ECsg) values for cAMP stimulation and
Ki (binding constant) values for receptor binding for setmelanotide, LY2112688, Melanotan-II (MT-II)
and alpha-melanocyte stimulating hormone («-MSH, an endogenous agonist) in CHO cells stably
transfected with human (h)MC1R, hMC3R, hMC4R, or hMC5R (these agonists do not interact with
the MC2R). In these experiments, setmelanotide, MT-1I, and LY2112688 displayed approximately
similar binding affinities for the MC4R. In cAMP functional assays performed under equilibrium
conditions, the potencies for each of these three agonists were also equivalent when compared between
setmelanotide and LY2112688 or MT-II, with setmelanotide being about three times less active.
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Table 2. Inhibitory constants and 50% effective concentrations of peptide agonists in CHO-K1 cells
expressing human melanocortin receptors (data from Kievit et al. [24]).

Binding Assay Ki [nM] cAMP Assay ECsp [nM]
Compound
hMCIR  hMC3R hMC4R  hMC5R  hMCIR hMC3R  hMC4R  hMC5R
oa-MSH 0.32 15.5 41.4 332 1.01 1.04 47 10.5
MT-II 0.27 24 2.66 23.1 0.2 0.51 0.05 5.33
Setmelanotide 39 10 21 430 5.8 53 0.27 1600
LY2112688 4 35.1 1.84 5160 8.12 10.3 0.09 5760

2.2. Dynamic Signaling upon Exposure to MC4R Agonists

In prior studies using time-resolved signaling conditions, LY-2112688, MT-II, THIQ, and a
setmelanotide analog, RM-511, were shown to differentiate in their dynamic effects during MC4R
signaling or antagonism by AgRP [34].

These studies by Molden et al. [34] employed acute exposure to the MC4R agonist and
applied cell-based reporter moiety and receptor tags for tracking receptor activation kinetics.
Using a temporally-resolved Forster resonance energy transfer (FRET) based cAMP assay with
Neuro2Apa-mcar-Grp cells (stably expressing epitope-tagged hemagglutinin-MC4R-green fluorescent
protein along with endogenous MC4R), Molden et al. [34] revealed evidence of biased signaling
dynamics with this set of MC4R agonists, as measured by Gos mediated cAMP induction. These studies
were performed at >10 fold the respective ECsy concentrations of the agonists and investigated agonist
stimulated receptor internalization and desensitization. In these assays, cAMP induction by either
a-MSH (200 nM) or LY2112688 (100 nM) could be quickly reversed upon withdrawal of the ligand
from the incubation medium and washing the cells free of ligand. These observations contrasted with
the remarkable robust stimulation of signaling by MT-II (2 nM), THIQ (1 uM), or RM-511 (100 nM),
which persisted for the 1 hr observation period following withdrawal of the respective agonists from
the medium and washing of the cells. Furthermore, continued MT-II-induced stimulation could not be
reversed by treatment with AgRP. The prolonged non-antagonizable cAMP stimulation may have been
due to the presence of internalized constitutively active MC4R. Agonist-induced internalization of
MC4R was further studied with an x-MSH (500 nM) re-challenge following initial ligand exposure and
wash off (Table 3). In this experiment the cells were treated with the MC4R agonist for 10 min, followed
by its withdrawal (washing off) and immediate re-challenge with x-MSH (500 nM) to observe the
kinetics of re-accumulation of cAMP. After the wash off, the cAMP stimulation initiated by both -MSH
and LY2112688 was fully reversed, while THIQ stimulation was only partially reversed. The stimulation
initiated by MT-IT and RM-511 could not be reversed upon washing. Therefore, both MT-II and RM-511
were argued to induce receptor internalization and continued signaling, while x-MSH and LY2112688
were ineffective, and THIQ was able to induce this only partially. Interestingly, Garnell et al. [35]
have previously shown that intracellularly targeted x-MSH to intracellular MC4R at the endoplasmic
reticulum (by co-transfecting both in neuroblastoma N2A cells) can lead to cAMP stimulation. These
activated MC4Rs do not desensitize and can cycle to the cell surface. The level of this intracellular MC4R
stimulation is comparable to cAMP activation achieved by acute exposure of the MC4R transfected
N2A cells to x-MSH.
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Earlier investigations of agonist-induced time-dependent internalization of MC4R expressed
in HEK cells and COS cells have also been reported by Shinyama et al. [29]. However, unlike the
acute exposure studies of Molden et al. [34], the studies of Shinyama et al. [29] reported that chronic
exposure to x-MSH (0.1-1000 uM) in GT1-7 mouse hypothalamic cells caused loss of MC4R activity.
This desensitization was interpreted to be due to MC4R internalization in the absence of constitutive
signaling. This conclusion was based on the observation that impaired cAMP stimulation resulted after
the washing off of the agonist, followed by a re-challenge with 100 pM x-MSH. Useful mechanistic
insights on receptor internalization have also been developed. Shinyama et al. [29] found that
internalization of the MC4R was dependent on f3-arrestin and dynamin, as well as partly dependent on
protein kinase-A (PKA) activation. Using a specific phosphorylation inhibitor, H89, the authors showed
that Thr312 and Ser329/330 residues in the c-terminal tail of the MC4R are potential phosphorylation
sites upon activation of the receptor by «-MSH. These phosphorylation sites were observed to be critical
for the recruitment of 3-arrestin and subsequent internalization of the receptor. Based on these studies,
Shinyama et al. [29] concluded that agonist-induced phosphorylation at the c-terminus of the MC4R is
manifested by an agonist-induced conformational change in the receptor needed for its internalization.
For example, forskolin increased cAMP but did not induce receptor internalization [29]. Interestingly,
low concentrations of x-MSH causing only a small increase in cAMP were enough to cause acute
receptor internalization and desensitization [29]. Based on these results, as well as the observation
that haploinsufficiency of MC4R can cause obesity, Shinyama et al. [29] have suggested that the MC4R
can be activated following low receptor occupancy, where subtle changes in activation or MC4R
numbers may be sufficient to exert control over energy homeostasis. Furthermore, in their studies,
AgRP (1-10 nM), an endogenous antagonist of MC4R, caused a concentration-dependent increase in
cell surface expression of the MC4R. Synthetic small molecule antagonists are also known to facilitate
trafficking and rescue intracellularly held mutated MC4R [36]. Based on these results it was proposed
that AgRP may be involved in the cell surface trafficking of the MC4R, whereas the endogenous agonist
a-MSH brings about the agonist-induced conformational transition needed for phosphorylation and
subsequent internalization and desensitization. Studies by Gao et al. [37] and Cai et al. [38] using MC4R
transfected HEK293 cells have provided similar evidence for peptide agonist induced internalization
of MC4R with no evidence of associated involvement of PKA, probably due to a different host cell
system. Further, peptide antagonists used in these studies failed to induce internalization.

Similar findings have also been reported by Nickolls et al. [31], who studied a set of peptide and
non-peptide agonists for ;AAMP accumulation, calcium mobilization (using a fluorescence imaging plate
reader (FLIPR) system), and MC4R internalization (FLAG-tagged MC4R by fluorescence-activated cell
sorting) assays. While all the agonists were able to stimulate ;cAMP accumulation, only the peptidic
agonists caused strong responses in the calcium mobilization and internalization assays. In these
studies, small molecule agonists were observed to be impaired in both the calcium mobilization and
internalization assays (Table 4). This study therefore suggested that the subset of peptide agonists
capable of causing internalization were distinct in their signaling mechanism over the non-peptides,
which were not able to similarly effect receptor internalization. The peptide agonists included in
this study were x-MSH, 3-MSH, y-MSH, des-acetyl-a-MSH, and NDP-x-MSH. The small molecule
agonists were THIQ and similarly related analogs, as shown in Table 4.
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Table 4. Data from Nickolls et al. [31] showing impaired internalization of MC4R by small molecule
agonists as compared with the peptide agonists. The general structure of these small molecules is given

directly below.
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* Endogenous melanocortin receptor-4 agonist. ** For all the small molecules, the intrinsic activity for internalization
was significantly different and lower than that in the cAMP accumulation assay.

2.3. Evidence for Gaq Signaling

With the widely used cell systems employed for measuring MC4R activation, it has been
challenging to show the engagement of other G-protein signaling pathways, including Gxq and Gai/o.
Clément et al. [4] have recently provided evidence using HEK293 cell-based systems that incorporated
reporter gene systems, such as cAMP binding response element (CREB) and nuclear factor of activated
T-cells (NFAT) reporters, that MC4R agonists can exhibit a differential preference for MC4R signaling
through one or the other G-protein coupled pathways. For example, when comparing EC5, values of
three peptide agonists, x-MSH, setmelanotide, and LY2112688, in the reporter gene-based cAMP (Gas)
and phospholipase C-f(PLC) measured through NFAT reporter assay (a possible surrogate of Goq
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and/or GBv of Gi/o signaling), interesting observations were made. All the ECs( data in this study were
obtained under equilibrium stimulation conditions and for the Gas signaling the ECs values were:
a-MSH 23 + 7 nM; setmelanotide 3.9 + 1.7 nM, and LY2112688 14 + 4 nM. In the NFAT signaling assay
the ECs( values were: a-MSH 480 + 260 nM; setmelanotide 5.9 + 1.8 nM; and LY2112688 330 + 190 nM.
While the Gas signaling (cCAMP measurement) among these three ligands was found to be comparable
to that observed in the CHO cell-based system with endogenous Gas-coupled signaling protein,
the NFAT reporter system (PLC activity measurement) revealed differences in the ability of these
ligands to activate the MC4R measured through NFAT signaling. In this assay, setmelanotide was about
80 times more potent than x-MSH and about 55 times more potent than LY2112688. Clément et al. [4]
further provided evidence that the potent setmelanotide induced PLC-$ activation through MC4R
could be due to Gaq activation, as this effect could not be blocked by pertussis toxin (PTX), which
inhibits Gi/o signaling. Li et al. [39] have also shown the presence of MC4R-coupled Gxg/11 signaling in
the paraventricular nucleus (PVN) of mice, which upon PLC activation leads to MT-II-induced decrease
in feeding without impacting cardiovascular response. It remains to be seen, however, if similar results
can be confirmed with a more diverse set of MC4R agonists in similar cell-based assay systems.

Antagonism of setmelanotide-induced cAMP and PLC by AgRP, as seen in a study by
Clément et al. [4], provides further evidence for potential differences in the MC4R signaling ability
when compared between a-MSH, setmelanotide, and LY2112688. In the cAMP antagonism assay,
AgRP was about three times less efficient in inhibiting setmelanotide-related stimulation (AgRP ICs
9.24 nM) than LY2112688 (AgRP ICsj 3.56 nM). However, in the PLC assay (through the NFAT reporter
gene), 100 nM AgRP could not antagonize setmelanotide-stimulated activation while the stimulation
by either x-MSH or LY2112688 was completely antagonized. Therefore, when compared to «-MSH and
LY2112688, it was shown that not only can setmelanotide activate the PLC-related signaling pathway
more robustly but also that this effect cannot be efficiently antagonized by AgRP.

In summary, the complexity of MC4R intracellular signaling is profound and while the
physiological relevance of in vitro identified systems remains to be determined, it seems plausible that
agonist-induced MC4R internalization could be critical for MC4R-mediated physiological control in
energy homeostasis. It is important to note that the MC4R is proposed to be a constitutively active
receptor and its activation at low receptor occupancy with x-MSH is proposed to cause its acute
internalization. By contrast, AgRP binds the MC4R and causes its upregulation and translocation to,
or retention at, the cell surface. Based on our comparator data, it is possible that the peptidic MC4R
agonists capable of inducing MC4R internalization may be considered suitable drug candidates for
therapeutic intervention for the treatment of obesity. This finding is of interest as all the small molecules
studied were ineffective in causing MC4R internalization. Similarly, selected other drug candidates,
including the peptidic lead LY2112688 in comparison to RM-511 and MT-II, activate and desensitize
the MC4R differently. While there is no published report on its ability to induce MC4R internalization,
one small molecule drug candidate lead, MK0493, was found to be ineffective in inducing weight loss
in human clinical evaluation [17].

In addition to the above described G-protein related intracellular signaling of MC4R, there have
been reports of additional direct mechanisms for the regulation of MC4R neurons in the PVN of the
hypothalamus by G-protein independent mechanisms. For example, Ghamari-Langroudi et al. [40]
have indicated the involvement of an inwardly rectifying potassium channel (Kir7.1) that closes upon
binding of x-MSH to MC4R to depolarize the MC4R neurons, while the binding of the antagonist
AgRP causes hyperpolarization by opening the channel. This a-MSH-induced Kir7.1 signaling was
proposed as being central to melanocortin-mediated regulation of energy homeostasis within the PVN,
with AgRP acting as an agonist in opening this channel [40]. Additionally, Vongs et al. [41] have shown
that NDP-«-MSH can intracellularly activate MAPK/ERK1/2 in MC4R-transfected CHO-K1 cells, an
effect that is likely dependent on inositol triphosphate IP3. However, as discussed by Yang and Tao [26],
the activation of the MAPK/ERK pathway appears to be much more diverse as, in addition to IP3, it
can also be shown to involve PKA and protein kinase-C (PKC)/calcium and to be dependent on the
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cell systems and the MC4R activation ligand used. Rather than functioning as an antagonist in the
GaS-mediated cCAMP stimulation, AgRP induced phosphorylation in the ERK pathway. Further studies
are needed to sort through the signaling diversity associated with the MAPK/ERK activation pathway.

3. Feeding and Weight Loss Studies in Rodents

The efficacy of setmelanotide and other MC4R agonists has been studied in diverse preclinical
models, including mouse models of diet-induced obesity (DIO) and Sprague-Dawley rats [28]. In
an acute study in DIO mice, 6.4 umole of setmelanotide (identified in this study as BIM-22493)
administered as a single intraperitoneal injection 30 min prior to food presentation strongly and
significantly inhibited food intake during refeeding following an overnight fast. These effects appear
MC4R-mediated, as in the Kumar et al. study [28] there was no impact on food intake observed in
the MC4R-knockout mice, while the MC3R knockout mice responded like wild-type mice, thereby
establishing that the setmelanotide effect is dependent on a functional MC4R and does not require
MC3R in this model system. Similarly, setmelanotide also reduced food intake during refeeding after
an overnight fast in male Sprague-Dawley rats at 100 or 500 nmol/kg administered subcutaneously [28].
Furthermore, in chronic studies performed in DIO mice, setmelanotide (300 nmol/kg/day for 14 days,
administered by subcutaneous (SC) osmotic pump) was also shown to reduce body weight and improve
glucose homeostasis and dyslipidemia. The suppression of food intake and weight loss was most
pronounced during days 14 of treatment, and by day 12 the effect on food intake was no longer
significant, although food intake still appeared lower compared to controls [28].

In a comparative study with MC4R-homozyogus knockout (MC4R™/~), MC4R-heterozygous
(MC4R*/7), and wild-type mice maintained on a high fat diet (45% kcal fat) and implanted
with subcutaneous osmotic pumps containing either 1.34 mg/kg/day setmelanotide or the vehicle,
Collet et al. [3] reported that wild-type mice were most sensitive to the treatment emergent weight loss.
The MC4R ™/~ null mice did not respond in this study and the heterozygous MC4R*/~ mice exhibited
an intermediate response to setmelanotide. This study therefore reinforced the finding that the weight
loss effects induced by setmelanotide are fully dependent on the presence of a functional MC4R.

LY2112688 was also shown to be efficacious in a diet-induced obese rat model of food intake and
weight loss [30]. In this study, a dose-dependent decrease in cumulative food intake and cumulative
body weight loss was observed at doses of 0.075 umol/kg/day and 0.299 umol/kg/day administered
subcutaneously for 14 days. The impact of the top dose on daily food intake, however, lasted only for
the first five days of dosing, as food intake was not different from the vehicle-treated group thereafter.
There was also a significant lowering of fat mass seen at the higher dosages, with no impact on lean
body mass during this 14-day testing period. Therefore, these MC4R agonists reduce food intake and
body weight in rodent models by activating the MC4R, in keeping with the physiological function of
the MC4R pathway.

4. Body Weight Effects in Obese Non-Human Primates

The effects of SC infusion of setmelanotide (0.50 mg/kg/day for eight weeks) on body weight have
been reported for a group of twelve male Rhesus monkeys maintained on high-fat diet (HFD) for
approximately 1.5 years before initiation of these setmelanotide dosing studies [24]. The LY2112688
peptide was used in this study as a comparator. Nine of the 12 animals were obese, insulin-resistant,
and hypertensive at baseline, and the remaining three animals, classified as diet- resistant, had normal
body weight, adiposity, and blood pressure.

After treatment with setmelanotide for one week, there was a significant decrease in food intake
(~35%). Similar to the findings in rodents as discussed above, this effect was reported as transient, with
food intake normalizing by weeks 4 through 7 of treatment, with a moderate increase in food intake
during week 8 of drug treatment. Upon cessation of setmelanotide treatment, a significant increase
in food intake was reported over the pretreatment baseline level, followed by normalization of food
intake by 12 weeks post-treatment, when the animals had returned to their pretreatment body weight.
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Interestingly, following cessation of the setmelanotide treatment, body weight remained suppressed
for about 2—4 weeks in all study animals before rebounding, as if a post-treatment therapeutic benefit
was retained. A significant decrease in food intake was also reported with LY2112688 at the same dose
of 0.5 mg/kg/day; however, the decrease was significantly smaller than that seen with a comparable
dose of setmelanotide.

Consistent with the significant decrease in food intake, the obese animals were reported to
have lost ~0.75 kg (~5% of their body weight) after treatment with setmelanotide for two weeks and
~1 kg after treatment for four weeks. It is interesting to note that even after food intake increased,
the animals were reported to continue to lose weight during setmelanotide treatment, leading to a
mean peak weight loss of ~13.5%. After cessation of setmelanotide treatment, the animals began to
regain body weight (0.5 kg by four weeks post-treatment) and a return to baseline weight by 10-12
weeks post-treatment, by which time food intake had also returned to baseline.

Activation of MC4R pathway has also been associated with several non-feeding related activities,
including increased yawning, muscular stiffness, stretching, and penile erections [9]; however, none of
these effects were observed in these experiments with setmelanotide.

5. Effect of Setmelanotide and LY2112688 on Cardiovascular Function

Comparative cardiovascular effects of setmelanotide and LY2112688 have been reported [24].
Briefly, in this study the groups of obese and lean Rhesus monkeys maintained on an HFD were
the same as those used in the weight loss studies described above [24]. The animals received
setmelanotide 0.50 mg/kg/day via SC bolus injection for four days, with telemetric measurements
of the BP and HR. Following a washout period, the same group of animals received setmelanotide
(0.50 mg/kg/day) or LY2112688 (0.17 or 0.50 mg/kg/day) via SC infusion for seven days. Setmelanotide
(0.50 mg/kg) administered via an acute SC injection resulted in a mild increase in HR, though the obese
Rhesus, in contrast to the rat, exhibited a compensatory drop in BP that persisted for 6-7 h post-dose.
Upon subsequent daily bolus SC injections in the Rhesus, the heart rate response was reported to
decline on days 2 and 3, and was nearly absent by day 4, while associated reduction in food intake
persisted for four days of setmelanotide administrations.

In contrast to the findings reported with setmelanotide administered via SC injection, no acute
increase in HR was reported after continuous SC infusion of setmelanotide at 0.50 mg/kg/day for
seven days. In fact, a significant decrease in mean HR was reported, primarily in obese animals.
HR remained significantly lower in the obese animals four weeks post-dose. Paralleling the decrease
in HR, a significant decrease in diastolic BP was also reported in both obese and lean animals. In a
follow-up study in the cynomolgus monkey, setmelanotide continuously infused at a 50-fold higher
dose of 25 mg/kg/day for three days did not cause any biologically significant changes in systolic
pressures, HR, or electrocardiogram (ECG) interval duration or waveforms [25]. By contrast, after SC
infusion of LY2112688, increases in BP and HR were observed in the obese Rhesus. Significant mean
increases of 15.5 and 16.5 beats per minute (bpm) at 0.17 mg/kg/day of LY2112688 for day 1 and 2,
respectively, and 14.4 bpm at 0.5 mg/kg/day on day 2, were observed [24].

In the Sprague-Dawley rat model the HR and mean blood pressure effects of setmelanotide and
LY2112688 and diverse other MC4R agonists were studied after single and multiple dose subcutaneous
administration, which was were found to induce sustained increases in HR and mean blood pressure [25].
It is therefore interesting to note that while both setmelanotide and LY2112688 induced increased HR
and BP in the rat model of cardiovascular (CV) activity, only setmelanotide was devoid of these same
effects in the monkey cardiovascular model. The observed effects in the rat model for these MC4R
agonists do not differ from previously reported cardiovascular effects revealing increases in blood
pressure and heart rate in rodents with the MC4R pan-agonist MT-1I [42—44]. Interestingly, a-MSH
administered intravenously (IV) has been shown to fail to increase HR and BP in mice and rabbits but
has been observed to elicit CV effects when administered directly into the circumventricular system,
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suggesting that limiting central nervous system (CNS) exposure may overcome adverse sympathetic
CV sequela in preclinical models [45,46].

6. Perspective

MCH4R agonists are linked to an increase in sympathetic tone, which is anticipated to directly
impact heart rate and mean blood pressure. These effects can be blunted by a co-administration of «
and f blockers, outlining the classical activation of sympathetically mediated CV control [10]. Most of
these MC4R agonists have been shown to induce increases in mean arterial blood pressure and heart
rate, even at anorexigenic doses [47], indicating that MC4R is involved in regulating CV function [9].
The CV activity data obtained to date with setmelanotide and other MC4R agonists suggest a species
specific response when compared between rodents and non-human primates. Thus, although an
effect on heart rate and blood pressure has been seen in rats, results of studies of non-human primates
and CV data obtained for humans [3,24,25] has shown that subcutaneously infused setmelanotide or
subcutaneously injected setmelanotide [3] has no effect on heart rate and blood pressure. Furthermore,
LY2112688 studied in the same group of Rhesus induced both robust heart rate and blood pressure
responses at similar infused dosage levels. These results point to the unique cardiovascular safety
of setmelanotide when compared to the LY2112688 peptide. Furthermore, at the same dosage levels,
setmelanotide has been associated with a more robust response in weight loss when compared to
LY2112688, which is indicative of a favorable therapeutic index for setmelanotide in the treatment of
obesity. While the mechanistic reasons for these differences are being studied, earlier studies in rodents
have shown that some degree of brain penetration may be needed for the CV response, as shown in
studies reporting increased CV effects upon intracerebroventricular (ICV) administration as compared
to the IV administration of x-MSH in rodents and rabbits, which has been shown to fail to elicit CV
responses [44-46]. It is interesting to note that brain penetration of MT-II and other ligands may not be
required to elicit beneficial effects in the control of food intake and obesity in rodents [48]. However,
exposure below analytically detectable levels of CNS exposure cannot be excluded [48]. Combining
these data suggests that apparently poorly brain penetrant MC4R agonists (below analytical detection
levels) with a unique receptor activation pharmacology profile may show promise for the treatment of
obesity without the CV side effects.

The in vitro MC4R signaling studies discussed show that setmelanotide and LY2112688 diverge
in their receptor activation kinetics in transfected MC4R cell reporter systems. In accordance with
cell-based observations, we speculate that setmelanotide binding to MC4R is conducive to causing
conformational change in the MC4R, which Shinyama et al. [29] have shown to be critical for
agonist-induced receptor internalization. Based on the studies summarized above, we speculate that
LY2112688, like -MSH, is not able to trigger this same conformational change and consequently fails
to elicit MC4R internalization and constitutive signaling. While the significance of the agonist-induced
internalization of the MC4R to its pharmacological profile is yet to be established, additional receptor
dynamics, such as homo- or hetero-receptor dimerization states, could be considered as playing a
role. In addition, differences in brain penetration or distribution within the brain of each agonist may
contribute to the diverse physiological effects observed. For example, it has been reported that the
disruption of Gas signaling, while maintaining Gaq/11 signaling in the PVN of mice, can abolish
the cardiovascular effects of pan-agonist MT-II [39]. Furthermore, in humans with gain-of-function
MC4R mutations, Lotta et al. [49] have shown that such mutations can present biased MC4R-signaling
through MAPK activation and recruitment of 3-arrestin, which correlates with their lower body mass
index and protection against obesity, type-2 diabetes, and coronary artery disease. Further studies on
biased signaling and unique receptor desensitization kinetics of the MCRs are anticipated to provide
further insights into the diverse pharmacology of the melanocortin agonists currently in development.
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Abstract: Peptides constitute molecular diversity with unique molecular mechanisms of action
that are proven indispensable in the management of many human diseases, but of only a mere
fraction relative to more traditional small molecule-based medicines. The integration of these two
therapeutic modalities offers the potential to enhance and broaden pharmacology while minimizing
dose-dependent toxicology. This review summarizes numerous advances in drug design, synthesis
and development that provide direction for next-generation research endeavors in this field. Medicinal
studies in this area have largely focused upon the application of peptides to selectively enhance
small molecule cytotoxicity to more effectively treat multiple oncologic diseases. To a lesser and
steadily emerging extent peptides are being therapeutically employed to complement and diversify
the pharmacology of small molecule drugs in diseases other than just cancer. No matter the disease,
the purpose of the molecular integration remains constant and it is to achieve superior therapeutic
outcomes with diminished adverse effects. We review linker technology and conjugation chemistries
that have enabled integrated and targeted pharmacology with controlled release. Finally, we offer
our perspective on opportunities and obstacles in the field.

Keywords: peptide; peptide-drug conjugate; mixed-mode pharmacology; GLP-1; GnRH; LHRH;
chemical linker; cancer; diabetes; obesity; drug discovery

1. Introduction

Peptides represent a powerful class of medicine that currently serves multiple diseases and often
constitutes indispensable, life-preserving pharmacology [1-4]. They often display exquisite affinity and
specificity for a unique molecular target. This coupled with straightforward endogenous metabolism
to constituent amino acids typically translates to high potency medicines, with minimal off-target
adverse effects. Being of modest molecular size and certainly much smaller than most proteins enables
the relationship of peptide structure to function to be rapidly interrogated by synthetic methods that
have matured over the last fifty years [5-10]. These synthetic methods have also evolved to achieve
success at a commercial scale which is a significant advantage as it enables molecular diversity that is
not readily achieved in larger molecules, facilitates translation to clinical studies and yet often nicely
integrates with biosynthetic approaches for larger production and reduced cost. Prominent examples
include insulin and related analogs, glucagon-like peptide 1 agonists (GLP-1), somatostatins and many
others [1-4,11-14]. Accordingly, peptide-based drug candidates much like proteins have recorded a
higher success rate in commercial development relative to classical small molecules. Novo-Nordisk and
Amgen, which have heavily focused on peptide and protein drugs, reported the highest clinical success
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rates relative to similarly-sized peer companies in 2016 [15]. Multiple factors, however, influence these
results, such as disease selection, portfolio decision making and executive appetite for risk [16,17].

More than sixty peptide-based drugs are commercially marketed globally, with more than a
hundred in various stages of commercial development and many, many more in preclinical research.
Virtually all disease areas are touched at some level with endocrinology, cancer, infectious and
cardiovascular diseases being most prevalent [1-4]. The global sales for peptide-based medicines in
2015 were in excess of fifty billion U.S. dollars and forecasted to reach seventy in 2019 [1]. Among
these, insulin-related medicines are by far the largest given the global epidemic of maturity-onset
diabetes [18]. There are many billion-dollar drugs and notably, the use of multiple GLP-1 agonists is
accelerating rapidly [19]. It is clear that peptides fulfill a unique therapeutic need where traditional
small molecules have not.

Similar to drug discovery directed at small molecules, peptide research has evolved in the direction
of multimode pharmacology, [20—22] where single molecules activate multiple receptors in an additive
and occasionally in a synergistic manner to achieve superior efficacy often at reduced dose [1-4,23-25].
This type of pharmacology is exemplified in purposefully integrated, dual agonism at amylin and
calcitonin, GLP-1 and glucagon, or with gastric inhibitory peptide (GIP), and triple agonism at GLP-1,
glucagon and GIP in treatment of the metabolic syndrome [26-35]. The sequence of these multi-action
peptides largely derives from intermixing resides from each native hormone to achieve balanced,
full agonism at the respective cognate receptors. It is the inherent structural similarity within these
related receptors and their natural ligands that enables the discovery of chimeric peptides that can
promiscuously bind more than once receptor with similar affinity. Consequently, there are limits to
where this approach can be successfully applied as hormones of a more distant sequence will prove
increasingly difficult, if not impossible to successfully integrate to a single common binding face.
In those instances where the respective receptors are too distant to assemble a single ligand that can
fulfill high-affinity binding more traditional approaches to functionate through chemical conjugation to
heterodimeric and higher polymeric forms have been applied. This approach is commonly employed
in antibody-based drug candidates where more than one receptor is blocked [36-38]. Although
less elegant in their molecular design and resulting in appreciably increased molecular size, such
polypeptide conjugates can similarly bestow the pharmacological benefits of peptides with a single
hybridized binding site.

Conjugates of peptides and small molecules empower the virtues of peptide-based pharmacology
with traditional medicinal chemistry [1-3,39-46]. The result is a macromolecule, and as such the
biophysical character of the drug candidate and the resultant properties for patient use have paralleled
what has been advanced in peptide and protein therapeutics. Consequently, the progression of this form
of medicinal chemistry has evolved more from the large molecule side to embrace small molecules, than
vice versa. In this review, we focus on peptide-drug conjugates that promote the integrated benefits
of peptides and smaller, non-peptide pharmacophores. The presentation is intended to supplement
reviews focusing exclusively on peptide-based therapeutics [1-3] and complement those that specifically
emphasize applications in cancer [40,41]. The reader is also directed to other reviews with an emphasis
on physiochemical properties of peptide-drug conjugates [42] and those predominantly employed
for optimizing pharmacokinetic performance [43]. Finally, protein-based drug conjugates other than
antibodies are not reviewed but can be found elsewhere [44], and similarly so conjugates for diagnostic
purposes with imagining agents or organometallic entities [45,46]. We have selectively cited prominent
examples of peptide-drug conjugates as representatives of the class to offer our perspective in molecular
design, selection of covalent linkers, and other aspects that influence performance.

2. Why Peptide-Drug Conjugates?

Peptide-based therapeutics historically represented a small fraction of conventional pharmaceutical
discovery research where the emphasis has been on small molecules that prioritized the convenience
in oral administration nearly as much as the efficacy of the drug. This has resulted in an excessive
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investment on a finite number of high-profile drug targets that have constrained the broader exploration
of human pathology [47,48]. Peptides as a molecular class are well recognized to often provide
unprecedented efficacy and the attempts to reduce them to structural mimetics that could be orally
administered have largely failed, despite sizable investment to do so. The advent of rDNA-based protein
drugs, and in particular antibodies have demonstrated the importance of drug efficacy, especially
when applied to life-altering diseases to dominate the convenience of oral administration. Tangential
to the popularity of protein-based therapeutics has been increased attention for peptide therapeutics.
As a result, notable successes such as parathyroid hormone (PTH), GLP-1, GLP-2 agonists complement
the historical importance of such peptides as insulin, gonadotropin-releasing hormone, somatostatin,
calcitonin and numerous other less prominent entities such as glucagon, vasopressin and oxytocin.
Nonetheless, there is a general sense within the peptide community of there being too few validated
drug targets. The integration of peptides with traditional small molecules provides a venue to advance
novel macromolecular therapeutics that provide supplemental efficacy but also addresses intracellular
drug targets as it has constituted a central limitation in peptide and protein-based pharmacology.

Small molecule drug candidates have historically recorded a higher attrition rate in clinical
development, which partially results from suboptimal physicochemical properties [16,17,49].
Conjugation to peptides is an approach to address poor aqueous solubility, untimely metabolism and
potentially facilitate cell permeability. It has provided targeted delivery of small molecules to diseased
tissue to enhance local drug concentration, and mitigate toxic effects arising from systemic exposure and
accumulation in non-diseased tissues [1-4,50,51]. Drug-Drug Interactions (DDI) constitute a common
cause of adverse drug reactions that undermines efficacy and with the increased use of multiple
drugs in the treatment of complex diseases has emerged as something of elevated importance in drug
development [52]. Peptide-drug conjugates by design can minimize DDI by lessening accumulation in
tissues where inappropriate biological action is adversely increasing pharmacology arising from other
drugs. In this regard, peptide-drug conjugates are largely confined to the extracellular space and as
such have been reported to minimize inappropriate hepatic metabolism [2,51].

The origin in the design of molecular conjugates can be traced as far back as a century ago when the
German physician-scientist Paul Ehrlich coined the term ‘magic bullet” in characterizing a cytotoxic drug
to be selectively delivered to a tumor via a targeting agent [53,54]. It was in the second half of the last
century when several examples were reported [55-58], with the first instance employing methotrexate
(MTX) conjugation to an antibody directed against leukemia cells [55]. The first clinical trial of such an
antibody-directed cytotoxic agent (ADC) was reported in 1983 [59], in which an anti-carcinoembryonic
antigen (CEA) antibody directed a vinca-alkaloid in treatment of advanced stage cancer. Nearly two
decades later as we entered this century the first ADC was FDA-approved and named gemtuzumab
ozogamicin [60]. With a commercial trade name of Mylotarg, this chemical conjugate consists of an
anti-CD33 antibody linked with calicheamicin, a drug of high systemic toxicity for the treatment of
acute myeloid leukemia (AML). The extended period from Paul Ehrlich’s time to first drug registration
of an ADC was to an appreciable degree due to the relative immaturity of antibody-based therapeutics,
until the advent of the last decade of the twentieth century [61]. The first ADC employed polyclonal
antibodies with cytotoxic agents non-covalently associated, with human sequence antibodies emerging,
with maturation of rDNA-based expression [61]. Subsequent to Mylotarg, brentuximab vedotin
(Adcetris) received regulatory approval in 2011 for treatment of Hodgkin lymphoma and systemic
anaplastic large cell lymphoma [62,63], and trastuzumab emtansine (Kadcyla) was similarly approved
in 2013 for the treatment of HER2-positive metastatic breast cancer [61,64]. Mylotarg was subsequently
withdrawn from distribution in 2010 for safety concerns and the absence of proven clinical benefit in a
follow-up clinical trial [65]. It was successfully reintroduced as Besponsa in 2017 for treatment of AML
and in addition treatment of relapsed or refractory acute lymphoblastic leukemia (ALL) [66]. Currently,
there are more than one hundred registered clinical studies that employ some form of ADC [67].
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Despite the initial clinical successes, multiple challenges exist in the development of next-generation
ADCs. Issues pertaining to the continued identification and validation of disease-specific target antigens
remain a central biological challenge to the approach. Advances in site-specific chemical conjugation,
often employing novel orthogonal conjugation chemistries with linkers designed for improved
therapeutic index continue to provide more homogenous drug candidates. The large molecular size of
antibodies has raised questions pertaining to efficient distribution and delivery to disease tissues with
subsequent cellular transport. In these last domains, peptide conjugates given their inherently smaller
size possess an inherent advantage in comparison to antibodies. The increased molecular diversity and
accuracy in chemical synthesis of peptides provide structural precision and optimization that exceeds
what is possible with antibodies [60-63,68,69]. As such medicinal chemistry has been employed to
enhance potency, drug distribution, pharmacokinetics and metabolism. This approach also simplifies
commercial synthesis and compliance with regulatory demands for registration and subsequent
requirements in drug manufacture [70]. Peptide-based drug conjugates bind to cell surface targets with
high-affinity that parallels that of antibodies and recognize a broad spectrum of biological targets, most
notably G protein-coupled receptors (GPCRs), receptor tyrosine kinases (RTKs), and integrins. Being
of significantly reduced molecular size relative to ADCs, there is potential for more efficient delivery to
sequestered-targets leading to enhanced efficacy, and reduced immunogenicity [1,2]. It should be noted
that peptide-drug conjugates are pharmacokinetically distinct from antibodies with a much-reduced
circulation time. This can be of particular advantage in the delivery of highly toxic reagents where
extended exposure is unwarranted. However, it initially proved a disadvantage as treatment of
solid tumors more often required sustained pharmacokinetics, of the type inherent to antibodies.
The maturation in chemical approaches to alter and even tailor time-action of peptides with chemical
lipidation, pegylation and a host of other technologies has largely eliminated this difference relative to
antibodies. While the comparisons will continue, it is less a question of which molecular platform is
superior than celebrating diversity as a tool to be employed in achieving superior disease outcomes,
conveniently administered at a suitable financial cost.

3. Approved Peptide-Drug Conjugates

Somatostatin (growth hormone-inhibiting hormone, GHIH) is a peptide produced by paracrine
cells in the gastrointestinal tract, pancreatic delta cells, and hypothalamic neurons to control multiple
endocrine functions [71,72]. It inhibits secretion of growth hormone, thyroid stimulating hormone,
and other pituitary-derived hormones, as well as hormone secretion from pancreatic and gastrointestinal
cells. Somatostatin exhibits many direct and indirect effects to suppress growth and differentiation in
several different cancer cells. Somatostatin analogs such as Octreotide, Lanreotide, and Pasireotide
are clinically used in the treatment of acromegaly, as well as hormone-dependent tumors such as
pancreatic, and vasoactive intestinal peptide-secreting tumors [72,73]. Somatostatin analogs have also
been clinically studied in breast, lung, prostate and gastrointestinal cancers [73].

Somatostatin biologically functions through a family of related receptors in the GPCR
superfamily [71]. There are five somatostatin receptors subtypes (SSTR1-5) that are differentially
expressed in brain cortex, pituitary, adrenals, pancreas, heart, and gastrointestinal tract [72,74].
The SSTR2 is reported to be overexpressed in many tumors and undergoes ligand-induced
internalization. This latter property renders SSTR2 a potential target for intracellularly delivering
cytotoxic and other growth suppressive agents to tumor cells [71]. Various somatostatin analogs have
been conjugated to radioactive chemotherapeutic agents to induce tumor death by a process termed
peptide receptor radionuclide therapy (PRRT) [75,76]. Targeted radioisotope therapy complements
the inherent anticancer pharmacology of somatostatin, while simultaneously reducing the systemic
radioactive toxicity. Radioactive isotopes conjugated to somatostatin include beta-emitter nuclide 90Y,
gamma-emitter 111In, beta and gamma emitter 177Lu, and other more commonly employed nuclear
medicines [75,76]. PRRT inhibits tumor progression [77-79], and recently a 177Lu Dotatate conjugate
was approved as for treatment of gastroenteropancreatic neuroendocrine tumors [80,81]. 177Lu as a
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beta-emitter exhibits maximal tissue penetration less than 2 mm, which renders it a good irradiation
choice for small tumors. The Lutetium isotope has a reasonable physical half-life of 6.7 days, which
makes it favorable from a therapeutic and safety perspective as 99% of the drug is eliminated within two
weeks [82-84]. The 177Lu is chelated to octreotide, a somatostatin analog through a DOTA high-affinity
binder that is covalently linked to the hormone (Figure 1) [76,85]. The peptide exhibits high potency
(ICs0: 1.5 nM) at SSTR2 with greater than a hundredfold selectivity over SSTR5 (IC5: 547 nM) and
SSTR3 (ICs0: >1000 nM) [86]. In a single-arm clinical trial in 310 patients with gastroenteropancreatic
cancer, 177Lu-Dotatate treatment provided partial tumor remissions in 28% of patients and complete
remissions in 2%. The median progression-free survival was 33 months [87]. In a recent phase 3
trial in progressing, advanced midgut neuroendocrine tumors 177Lu-Dotatate treatment resulted
in a progression-free survival rate of 65.2% versus 10.8% at twenty months relative to continuing
somatostatin treatment alone [88]. The 177Lu-Dotatate exhibited limited hemato-toxicity, but without
renal toxicity. These results in advanced refractory cancer demonstrate the much-improved therapeutic
efficacy and safety of the peptide-drug conjugate in comparison to somatostatin or radioisotope
therapy alone.

Drug: 177Lu Linker: amide bond Peptide: GHIH

/(”—Tyr -d-Trp-Lys-Thr-N/gv—Thr—OH
H Ho O

Figure 1. Chemical structure of growth hormone-inhibiting hormone (GHIH)-177Lu conjugate (177Lu-Dotatate).

4. Representative Peptide-Drug Conjugates in Clinical Development

4.1. GnRH-Doxorubicin Conjugate

Gonadotropin-releasing hormone (GnRH or LHRH) is a hypothalamic peptide hormone that
binds to receptors in the anterior pituitary to stimulate the release of the follicle-stimulation hormone
and luteinizing hormone, two hormones seminal to reproduction [89,90]. GnRH also stimulates
gonadotropin release and subsequent steroid hormone release, which are purported stimulants to
many forms of cancer [91,92]. Continuous GnRH receptor activation causes down-regulation and
desensitization to reduce endogenous steroid hormone biosynthesis and release [93]. Consequently,
GnRH super-agonists have been successfully employed in hormone-dependent cancers in what is
termed androgen deprivation therapy (ADT) [92,94].

The GnRH receptor is expressed in many endocrine cancers, including breast, ovarian, endometrial,
and prostate tumors. Its presence provides the means to target oncolytic drugs to these cancer cells to
supplement the clinical benefits currently achieved with ADT alone [90,95]. Zoptarelin Doxorubicin
(AN-152, AEZS-108, Zoptrex™) is a peptide-drug conjugate composed of a GnRH analog and
doxorubicin through an ester bond with a glutaric acid spacer (Figure 2) [96]. The conjugate proved
more effective than doxorubicin in inhibiting cell proliferation in GnRH receptor positive cancer cell
lines [96]. It also was more potent than either agent alone in several xenograft mouse tumor models [97].
These results validate the virtue of targeted, complementary GnRH and doxorubicin pharmacology.
Phase 1 studies in endometrial, ovarian and prostate cancer established Zoptarelin Doxorubicin’s safety,
pharmacokinetics, and maximum tolerated dose [98-100]. In several phase 2 studies the drug-conjugate
exhibited promising clinical activity with low systemic toxicity in castration and taxane-resistant
prostate cancer [101], advanced or recurrent endometrial cancer [102], and platinum refractory ovarian
cancer [103]. In a recent large phase 3 registration trial in advanced endometrial cancer Zoptarelin
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Doxorubicin disappointedly failed to improve median overall survival, or progression-free survival
when compared to standard doxorubicin therapy [104]. The basis of the failure is unknown but given
that doxorubicin at highest dose did not significantly improve patient survival there is a suspicion that
deficiencies specific to doxorubicin might be the primary cause, as opposed to something inherent to

the drug-conjugate.
H,C NH,
Drug: Doxorubicin [:> o

Linker: ester bond \

Peptide: GnRH
(0]

HN

s

H—GIp-His—Trp-Ser-Thr—H/\[-I—Leu-Arg—Pro-GIy-NH2
o

Figure 2. Chemical structure of gonadotropin-releasing hormone (GnRH) or luteinizing hormone-releasing
hormone (LHRH)-doxorubicin conjugate (Zoptarelin Doxorubicin, AN-152, AEZS-108).

4.2. Angiopep-2-Paxlitaxel Conjugate

Paclitaxel is a potent oncolytic drug that has been widely used in several different cancers [105,106].
However, its low blood-brain barrier (BBB) permeability coupled with multidrug resistance efflux by
P-glycoprotein pump (P-gp) has resulted in limited activity in primary and metastatic brain tumors.
Angiopep-2 is a peptide that binds the low-density lipoprotein receptor-related protein 1 (LPR1) and
it is upregulated in many tumors, including glioma [107,108]. ANG1005 (also named GRN1005)
(Figure 3) is a drug conjugate composed of angiopep-2 and paclitaxel designed to increase brain
transport through LPR1 mediated transcytosis [109]. The ANG1005 conjugate includes as many as
three molar equivalents of paclitaxel relative to a peptide with intent to maximally increase cytotoxic
drug concentration [110,111]. ANG1005 demonstrated excellent cytotoxicity against glioblastoma,
lung and ovarian cancer cells. Furthermore, ANG1005 was effectively transported to the brain in an
LPR1-dependent manner [112] and appeared unaffected by P-gp efflux that would otherwise impair
therapeutic efficacy. The efficacy was established through in vivo studies where ANG1005 significantly
prolonged survival in mice bearing xenografted glioblastoma or lung carcinoma cells [109]. In phase 1
clinical trials in recurrent malignant glioma tumors [110,111], ANG1005 exhibited plasma half-life of
3.6 h and was well tolerated with a toxicity similar to paclitaxel. Importantly, ANG1005 is designed to
cross the BBB to deliver therapeutic concentrations of paclitaxel to the tumor site. A phase 2 study in
breast cancer patients with brain metastases demonstrated in a subpopulation of patients a favorable
median survival time of eight months as compared to four with standard treatment achieved with
other forms of therapy, or two months without treatment [113]. Several additional phase 2 studies
with ANG1005 have completed, and include recurrent high-grade glioma, non-small cell lung and
brain metastases [114]. Currently, ANG1005 has been successfully registered as an orphan drug for
the treatment of multiform glioblastoma [115], and a phase 3 clinical trial with ANG1005 against
leptomeningeal disease from breast cancer is reported to be in recruitment phase [116].
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Figure 3. Chemical structure of angiopep-2-paxlitaxel conjugate (ANG1005, GRN1005).
4.3. Tetrapeptide-Thapsigargin Conjugate

Thapsigargin is a highly potent cytotoxic natural product that induces apoptosis in mammalian
cells by binding the sarco/endoplasmic reticulum calcium ATPase (SERCA) to disrupt the Ca®* gradient
across cytosolic and reticulum compartments [117]. Unlike other cytotoxic agents which inhibit rapidly
proliferating cells, thapsigargin kills in a less specific manner given its mechanism, and this has
undermined its potential as a chemotherapeutic agent. Chemical conjugation of thapsigargin to a
tetrapeptide yields a charged conjugate termed G202 (Mipsagargin) (Figure 4) that is unable to cross
the cell membrane to reach SERCA [118-120]. The tetrapeptide is a substrate of the membrane-bound
proteolytic enzyme prostate-specific membrane antigen (PSMA), which is overexpressed in prostate
cancer and other tumors, but much less so in normal tissues [121,122]. The tetrapeptide is processed
by PSMA to provide an analog that is now cell permeable, cytotoxic, and extracellularly concentrated
adjacent to cancerous prostate cells [118-120]. By in vitro assessment, G202 was reported to be 57-fold
more potent in cell proliferation assays in human prostate cancer cells expressing PMSA, implying
PSMA-mediated cytotoxicity [118,119]. Subsequent in vivo studies demonstrated potent anti-tumor
activity in mouse xenograft models with human prostate and breast cancer cells, and importantly
with much reduced systemic toxicity [118,119]. A Phase 1 clinical trial was completed in patients with
refractory, advanced or metastatic solid tumors. G202 was found to be well tolerated in patients at
doses up to 88 mg/m? (or 2.4 mg/kg) and determined to have a favorable pharmacokinetic profile
with a terminal half-life of 21 h, and distribution equivalent to plasma volume [123]. Several Phase 2
clinical trials have completed in prostate cancer, renal cell carcinoma, hepatocellular carcinoma, and
glioblastoma but clinical results have not yet been reported [124].

365



Molecules 2019, 24, 1855

Linker: ester bond

Peptide: PSMA specific tetra peptide

g

(0]

HyN gGlu-gGlu-gGlu-Glu-OH

[¢]

Figure 4. Chemical structure of tetrapeptide-thapsigargin conjugate G202 (Mipsagargin).

4.4. Miscellaneous Peptide-Drug Conjugates

Doxorubicin has been chemically conjugated to a number of other peptides, including cell
penetrating peptides (CPP) [125,126], tumor homing peptide Lyp-1 [127], RGD peptides [40],
somatostatin [128-130], and bombesin/gastrin-releasing peptide (BN/GRP) [128,131,132], and broadly
studied. BIM-23A760, a conjugate of somatostatin and dopamine is in clinical stage development for the
treatment of pituitary adenomas [133-135]. A list of peptide-drug conjugates that have progressed into
clinical development is summarized in Table 1. Given the sizable unmet medical need in many cancers,
it has been the dominant disease for exploring the potential for selectively delivering toxic substances.
Nonetheless, the potential for targeted therapy and synergistic efficacy between peptides and small
molecules is clear and extends to forms of pharmacology beyond cytotoxicity. Recent applications of
peptide-drug conjugates are emerging in other diseases areas, specifically cardiometabolic diseases
where multi-mode pharmacology has been a traditional hallmark for successful disease management.
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5. Representative Peptide-Drug Conjugates in Preclinical Space

5.1. GLP-1-Estrogen Conjugate

Estrogens are a group of steroid hormones which are commonly used in contraception and
hormone replacement therapy. Estrogens also have notable beneficial effects on insulin signaling,
glucose production, appetite, and energy expenditure to promote their potential use in the treatment of
diabetes, obesity, and associated metabolic diseases [166-169]. However, the chronic use of estrogens
has been complicated by oncogenic propensity in gynecological tissues and the increased risk for
cardiovascular diseases (CVD) [170]. It has been suggested that tissue-targeted estrogens that selectively
function in liver, adipose, pancreas, hypothalamus, but not in ovaries, uterus, and breast could prove
efficacious and safe [171,172]. This has long been a priority in the search for small molecule selective
estrogen receptor modulators [173,174].

The prospect of using a peptide hormone to target and supplement estrogen pharmacology was
advanced by Finan et al. [175]. GLP-1 agonists have emerged as powerful therapy in the treatment of
type 2 diabetes, obesity with proven CV benefits. It exerts its effects at specific receptors enriched in
the endocrine pancreas and hypothalamic control centers of metabolism [176,177]. A GLP-1 estrogen
conjugate formed by an ether link between 173-estradiol and a lysine side chain amine at position
40 of GLP-1 was synthesized and evaluated in vitro and in vivo (Figure 5) [175]. This conjugate was
fully active at the GLP-1 receptor in cell-based assays, and proteolytically stable in human plasma
under physiological conditions for at least 120 h, reducing the prospect for premature plasma release.
The conjugate demonstrated additive metabolic benefits of GLP-1 and estrogen to reverse obesity,
hyperglycemia, and dyslipidemia in diet-induced obese (DIO) mice. Importantly there was no sign of
estrogen associated gynecological toxicity or oncogenicity in the conjugate relative to what was observed
in unstable conjugates that released systemically acting estrogen [175]. The anorexigenic effects of
GLP-1 results from central action and the conjugate delivered estrogenic action to neurons in the dorsal
raphe nuclei in female mice and suppressed binge-like eating behavior [178]. Further, it can activate
both GLP-1 and estrogen receptors in the supra-mammillary nucleus in rats, resulting in superior
effects on food intake and reward, to reduce body weight [179]. Moreover, the conjugate improves
insulin sensitivity and glucose homeostasis in non-diabetic mice [180], attenuates hyperphagia and
protects beta cell health in New Zealand Obese mice [181]. All these benefits were observed to be much
superior to what GLP-1 alone or an untargeted combination provided. These studies demonstrate the
enhanced therapeutic efficacy and safety of a GLP-1-estrogen conjugate, which justifies translational
study in clinical diabetes and obesity. Similarly, a GLP-1-dexamethasone conjugate was also recently
synthesized [182], and its combined therapeutic benefits characterized in metabolically compromised
mice. Such a conjugate delivered potent effects in obese mice to lower body weight, improve glucose
tolerance, and enhance insulin sensitivity with a reduction in hypothalamic and systemic inflammation.
This conjugate was devoid of the adverse effects on glucose handling, bone and body weight typified
by chronic systemic action of dexamethasone.
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Figure 5. Chemical structure of GLP-1-estradiol conjugate.
5.2. Glucagon-T3 Conjugate

Thyroid hormones are iodinated tyrosine-based amino acids produced by the thyroid gland
and are widely prescribed for the treatment of thyroid hormone deficiency [183]. Thyroid hormones
have profound effects on metabolism, increasing energy expenditure, fat oxidation, and cholesterol
metabolism via multiple pathways to promote therapeutic potential in metabolic diseases [184,185].
However, like estrogens, thyroid hormones are associated with many adverse effects including
increased heart rate, muscle wasting, and reduced bone density [186]. Liver-targeted thyromimetics
have revealed that it is possible to impact hepatic lipids and atherogenic lipoproteins without the
associated adverse effects [187]. Therefore, targeting thyroid hormone action to the liver and adipose
tissues and away from the cardiovascular system might also constitute a viable approach to safely
harness the metabolic benefits. Glucagon is a hormone well recognized as a counter-regulatory
hormone to insulin in its hepatic action to stimulate glucose production. Less well appreciated are
the other attributes of glucagon pharmacology which includes body weight lowering, lipid-lowering
and cardiovascular protection [188]. These effects derive from the direct and indirect hepatic action
of glucagon to promote lipolysis and thermogenesis. It was envisioned that conjugation of thyroid
hormone and glucagon could complement one another in improving body weight while mitigating the
ability of thyroid hormone to elevate plasma cholesterol [189].

A chemical conjugate of glucagon and the most bioactive form of thyroid hormone,
3,3,5-triiodothyronine (T3), was synthesized and biologically characterized (Figure 6) [189].
The conjugate has a DPP4 resistant d-serine at the second amino acid residue, a solubility enhancing
eleven amino acid extension sequence at the C-terminus, and a gamma glutamic acid (gGlu) spacer
linking the C-terminal lysine side chain amine and the carboxylate of T3. The conjugate preserved
full glucagon in vitro potency at its receptor (ECsp: 50 pM). The conjugate demonstrated dramatic
metabolic benefits such as body weight lowering via increased energy expenditure, improved plasma
cholesterol and triglyceride management, and much reduced hepatic liver stores in a mouse model
of NASH [189]. The T3 was documented to be enriched in the liver, but not in pancreas or heart
where glucagon receptor expression is less prominent. Analogous experiments in glucagon receptor
knockout mice, as well as employment of peptide-conjugates devoid of one or the other hormonal
activity, demonstrated that the metabolic benefits were the result of glucagon pharmacology and its
targeting of thyroid hormone activity predominantly to the liver. Importantly, concurrent T3 activity
counteracted the adverse diabetogenic effects of glucagon while glucagon lessened T3 elevation of
cholesterol and its hepatic-targeting eliminated any apparent adverse cardiovascular or bone effects.
Hence, pairing glucagon and thyroid hormones as a peptide-drug conjugate provides efficacious
management of multiple elements in the metabolic syndrome, including hyperglycemia, obesity, fatty
liver disease, and atherosclerosis.
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Figure 6. Chemical structure of glucagon-T3 conjugate.

5.3. Knotting Peptide Gemcitabine Conjugate

Integrins are a class of cell adhesion transmembrane receptors that regulate cell growth and function
and are associated with several diseases including cancer, infection, and autoimmune diseases [190].
Integrin overexpression is linked to tumor proliferation and migration, which promotes disease
progression and reduced patient survival [191,192]. Therefore, integrin antagonists are being clinically
developed as therapeutics against cancer [193]. Integrins also provide opportunities for targeted
peptide-drug conjugates. Several integrin targeting peptides were conjugated to cytotoxic agents
for targeted tumor delivery. These include an RGD-doxorubicin conjugate, an RGD-Pt(iv) complex
conjugate, and recently an integrin targeting knottin peptide gemcitabine conjugate [39,40,50,194].
Gemcitabine is a nucleoside based chemotherapeutic agent that blocks DNA replication and is
used in the treatment of multiple cancers [195,196]. Like many other cancer drugs, gemcitabine is
unrestricted in its action and can kill normal cells. To selectively target tumor cells, gemcitabine
was conjugated to an integrin binding knottin peptide named ecballium elaterium trypsin inhibitor
(EETI)-2.5Z. It has three intramolecular disulfide bonds to confer high thermal and proteolytic stability
(Figure 7) [194]. EETI-2.5Z has low nanomolar binding affinity at integrins expressed on tumor
cells, and conjugation with gemcitabine did not measurably affect its activity. Among various
chemical conjugates that included an ester, carbamate, amide, and cathepsin B cleavable Val-Ala-PABC
linkers, the EETI-2.5Z-Val-Ala-PABC-gemcitabine was observed to be highly stable in cell culture,
with minimal premature drug release. More importantly, this conjugate exhibited very potent
growth inhibition (EDs( of 1-10 nM) against a variety of cancer cells, including glioblastoma, breast,
ovarian, and pancreatic cancer cells. The growth inhibition was abolished by the addition of excess
unconjugated EETI-2.5Z, suggesting integrin-mediated internalization of gemcitabine pharmacology.
PANC-1 pancreatic cancer cells have very high resistance to gemcitabine because of the diminished
nucleoside transporter activity in these cells. Nonetheless, EETI-2.5Z-Val-Ala-PABC- gemcitabine
was able to overcome the resistance and exhibited a 25-fold enhanced inhibitory activity relative to
that of gemcitabine. Hence this peptide-drug conjugate further validated integrin as a therapeutic
target for cancer and confirmed that peptides can successfully serve as an alternative to antibody
targeted drug delivery. Of course, further preclinical animal studies and eventually human studies
must be completed to prove its therapeutic efficacy and safety. It is noteworthy that gemcitabine has
also been conjugated to a GnRH agonist [197], similar to the conjugate of GnRH with doxorubicin as
discussed previously.
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Figure 7. Chemical structure of knotting peptide ecballium elaterium trypsin inhibitor
(EETI)-2.5Z-gemcitabine conjugate.

6. Linker and Conjugation Chemistry

The linker is a critical part of a peptide-drug conjugate that integrates the peptide and small
molecule medicinal agents. The linker in concert with the peptide and the drug acts to maintain
structural integrity during plasma circulation for a sufficient time and preventing premature release of
the drug that might result in off-target adverse effects. Nonetheless, the linker should efficiently and
specifically release the drug once tissue-targeted to enable a pharmacological effect. Linker technology
has largely matured in the neighboring field of ADCs [198-200], where esters, amides, hydrazones,
disulfides, and cathepsin B cleavable dipeptides have emerged as the preferred choices (Figure 8).
This work has resulted in the development of three marketed drugs (Mylotarg, Adcetris, and Kadcyla),
and a score of ADCs currently in clinical assessment [61,68,69,201-204]. These linkers and others
have been extensively reviewed elsewhere as referenced. Briefly, hydrazones are relatively stable in
plasma, but readily cleaved under acidic conditions, including endosomes and lysosomes where pH
resides between 4.5-6.0. Ester bonds are widely used for conjugating drugs to peptides given their
relatively straightforward synthesis and well-characterized cleavage by esterases, or under acidic
conditions [198-200]. Carbamates perform similar to esters with comparable cleavage mechanisms,
but typically with somewhat enhanced chemical and plasma stability. Although esters do not provide
high plasma stability, it is still possible to successfully target oncolytic agents. If the goal is to develop
a drug candidate of extended duration where the therapeutic index is appreciably increased, an amide
bond may be preferable given the much-enhanced chemical and enzymatic plasma stability. Amide
bonds are typically processed in lysosomes by multiple proteases to release the conjugated small
molecules in a biologically active form [26,120,175]. If cleavage is not observed, dipeptide linkers
such as Val-Cit and related dipeptides should be considered, as these can be cleaved by intracellular
cathepsin B and other proteases [205]. A recent advance in peptide-based linkers combines Val-Cit
with tertiary and heteroaryl amines to achieve traceless release [206]. This overcomes the challenges to
employ tertiary amine bioactive molecules as payloads. The tripeptide linker Glu-Val-Cit was reported
to further enhance stability and efficacy in mice when compared to the dipeptide linker Val-Cit [207].
It is known that Val-Cit linker, although stable in human plasma, is unstable in mouse plasma due
to the cleavage by extracellular carboxylesterases, which causes translational inconsistency when
comparing clinical and preclinical data. Thus, the amide bond seems to confer suitable chemical
and plasma stability. Another enzyme cleavable linker is the 3-glucuronide-based linker such as
glucuronide-MABC, this linker offers benefits of high aqueous solubility, serum stability, and facile
drug release. The cleavage is promoted by 3-glucuronidase which is abundantly present in lysosomes
and overexpressed in certain tumors [208,209]. Finally, disulfide bonds are extensively employed in
peptide-drug conjugates, owing to what can be high plasma stability, and yet well-known intracellular
cleavage by disulfide reduction. Their stability can be further enhanced through the addition of one or
two methyl groups adjacent to the disulfide bond. Hence, hydrazone, ester, amide, disulfide, dipeptide,
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tripeptide, and glucuronide-based linkers provide a diverse set of linkers that can meet most needs in
the assembly of peptide-drug conjugates for targeted delivery (Figure 8).
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Figure 8. Linker technologies in peptide-drug conjugates.

In ADCs, the linker is installed by conjugation of the linker-drug moiety to the antibody
which most often occurs on the reactive surface residues of antibodies such as cysteine and
lysine residues [68,200,210-213]. The conjugation is a very critical step in ADC synthesis since
typically there are multiple cysteine and lysine residues and without optimization results in a
heterogeneous distribution in site and number of drugs that are loaded to the antibody. Molecular
engineering and enzymatic modification have provided non-native amino acids to facilitate site-specific
conjugation, but there remain technical challenges in commercial-scale production of homogenous
ADCs [60,214-216]. Peptide-drug conjugates benefit in employing total chemical synthesis that involves
orthogonal side chain protection to control product integrity. Appropriately functionalized amino acids
(natural and non-natural) can be utilized for conjugation and examples include alkylation [217-219],
Suzuki coupling [220,221], Glaser reaction [222], Diels-Alder reaction [223], CH activation [224],
and oxime ligation [225,226]. The single requirement is that the peptide, the small molecule and
the conjugated products are chemically stable under the conditions for synthesis and purification.
In practice, most of the conjugation reactions still employ a cysteine and lysine residue, but with
methods that govern selective modification. Additionally, click-based conjugation has been widely
used given its orthogonal and relatively mild reaction conditions [227,228].
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6.1. Amide Bond Formation

Amide bond formation is the most straightforward way to attach drug molecules to
peptides [1-4,50,51]. In an Fmoc-based peptide assembly on a solid support, a lysine is typically
orthogonally protected with Mtt. This protecting group once selectively removed can be coupled to a
carboxylic acid of amino acid or small molecule under standard peptide coupling protocols [229,230].
This approach is demonstrated in the synthesis of glucagon-T3, where selectively de-protected lysine
side chain amino at position 40 on glucagon backbone first reacted with amino acid Fmoc-gGlu-OH,
and then with Boc protected T3 (Scheme 1) [189]. The carboxylic acids of protected T3 could also be
pre-activated to something such as a succinate ester to allow direct reaction with the amine without
coupling reagents [213,231-233]. Obviously, the linker and drug molecules must tolerate the conditions
employed in peptide-resin cleavage (95% TFA with 2.5% TIS, and 2.5% water). Alternatively, selective
conjugation can occur with unprotected peptides, employing the enhanced nucleophilic nature of
the e-amino group, as shown in the synthesis of GnRH-doxorubicin conjugate in Scheme 2 [234].
A dipeptide Val-Cit/Ala linker can be inserted using a similar synthetic approach, and an acidic
acid such as Asp with orthogonal protection can also be used to conjugate with amine-containing
drugs [7,235,236]. In summary, an amide bond is the most conventional and versatile approach to
peptide-drug conjugates of suitable chemical and biological stability.
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Scheme 1. Conjugation of glucagon and T3 via an amide bond. Amide bond was formed between T3
and protected peptide glucagon with a spacer gGlu on resin [189].
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Scheme 2. Conjugation of GnRH peptide and doxorubicin (Zoptarelin Doxorubicin, AN-152, AEZS-108).
Amide bond was formed between doxorubicin and unprotected peptide GnRH [234].
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6.2. Disulfide Bond Formation

Disulfide bonds have been extensively used in the conjugation of peptides to drugs
given the selective nature in formation and the intracellular reduction-mediated release of the
drug [210,211,213,237]. Typically, a cysteine residue or a similar thiol is introduced to a noncritical
region of the peptide, which is subsequently coupled through a sulfhydryl pre-activated drug
(via 2-thiopyridine or DTNP). This reaction often proceeds very quickly and selectively to yield
conjugated drug-products (Scheme 3) [238]. The inverse approach is also commonly employed where a
peptide cysteine once activated is coupled to a thiol-containing drug to form a conjugated drug-product.
There are also several other ways to form a disulfide bond if the more common methods fail, which
collectively constitute a diverse set of reactions to construct disulfide bonds [239,240]. Relative to
amide bond formation the increased orthogonality of cysteine lessens the need to introduce the drug to
a protected peptide, which constitutes a sizable advantage when there are lysines and when the small
molecule drug is not suitable for use in standard peptide synthetic protocols. It is worth noting that
synthesis of disulfide bonds with adjacent gem-dimethyl groups are better achieved by pre-activating
the gem-dimethyl containing sulfhydryl group to react with the less hindered sulfhydryl group. This is
a consequence of steric hinderance that serves to reduce the reactivity of sulthydryl groups surrounded
by a gem-dimethyl group.
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Scheme 3. Conjugation of pH low insertion peptide (pHLIP) and doxorubicin via a disulfide bond.
Disulfide bond was formed between 2-thiopyridine activated doxorubicin and unprotected peptide
pHLIP via a cysteine residue [238].

6.3. Thioether Formation

The thiol-maleimide reaction is a widely used method to conjugate peptides and drugs,
where a peptide sulfhydryl group reacts with a pre-installed maleimide group on the drug
(Scheme 4) [201,203,204,241-243]. The reaction is selective and efficient across a variety of solvents
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across a wide pH range, and the thioether bond offers reasonable chemical stability. Given the Michael
reaction mechanism, the product is reversed under alkaline conditions and thiol exchange is reported
in storage or in the presence of serum [60,216,244]. This serves to shorten the drug product shelf-life
and often the circulating half-life in plasma. Recently, a ring opening stabilization strategy [245-247] or
next-generation maleimide (NGM) strategy [248-250] was reported to convert the thiol-maleimide bond
to a more stable thioether. In addition to the thiol-maleimide reaction, thiol alkylation is also commonly
utilized to form thioether conjugated peptides and drugs. Peptide cysteine residues are typically
alkylated through a bromo or iodo acetamide group in the drug, or vice versa [210,211,217-219].
Given the higher reactivity of cysteine towards these alkylating groups under slightly basic conditions,
there is no competing amine alkylation, which makes it highly useful in the assembly of chemically
and biologically stable peptide-drug conjugates.
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Scheme 4. Conjugation of Polymyxin B and antimicrobial porphyrin via a thiol-maleimide bond.
Thiol-maleimide bond was formed between maleimide containing porphyrin and unprotected peptide
polymyxin B with a cysteine residue [241].

6.4. Click Reaction

The so-called click reaction between an alkyne and azide (1,3 dipolar cycloaddition) is a widely
used method for bioconjugation that is independent of cysteine and lysine residues [214,227,228].
This is a very attractive approach for connecting peptides and drugs when there are multiple lysine
or cysteine residues in the peptide. The reaction occurs under mild conditions. It is efficient and
devoid of any cross-reaction with natural amino acids, making it an excellent method to make
homogenous peptide-drug conjugates. An example is shown in Scheme 5, where the azide group is
stable in conventional methods of peptide synthesis, cleavage, and purification. The alkyne group is
incorporated into the drug with an additional linker, and the peptide and drug fragments are joined
together under a classical Cu-catalyzed reaction. Recent applications of click reaction in peptide-drug
conjugate synthesis include EphA2-paclitaxel, GLP-1-vitamin B12, and peptide-glycolipid [251-255].
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Scheme 5. Conjugation of knotting peptide and gemcitabine via click chemistry. The triazole was
formed between the alkyne-containing gemcitabine and an unprotected azide-containing knotting
peptide [194].

7. Peptide-Drug Conjugate Design Considerations

It is relatively straightforward to make peptide-drug conjugates, given the established synthetic
conjugation strategies but there are a few central considerations that must be addressed to enhance the
chance for pharmacological success. First and foremost, there must be a strong biological basis for
the specific combination of the two molecular entities that compose the conjugate. Ideally, the drug
and peptide operate biologically on different pathways that complement and better yet synergistically
provide superior therapeutic outcomes than either operating alone. This is observed in a conjugate such
as Zoptarelin Doxorubicin where GnRH functions in androgen deprivation therapy (ADT) for prostate
cancer and doxorubicin is a proven oncolytic for multiple cancers. A second consideration pertains
to drug targeting, where small molecule-based agents are inherently efficacious but with liabilities
usually pertaining to toxicity resulting from systemic exposure. Conjugation to a suitable peptide can
provide tissue-specific delivery to concentrate the pharmacology at a preferred site and lessen off-target
adverse effects. This is exemplified by the somatostatin conjugate with 177Lu (177Lu-Dotatate). A third
consideration is the efficiency in drug transport as peptides typically exhibit therapeutic effects at an
extracellular target receptor, and a small molecule drug via an intracellular target. The conjugation
targets the small molecule but places a restriction in its performance that is dependent upon the
peptide-mediated internalization and subsequent intracellular release. The extracellular peptide
receptor must be of sufficient capacity to internalize enough small molecule in a ligand-dependent
manner for the drug to render a pharmacological effect. Peptide receptor agonists are more likely
to fulfill this requirement as they are proficiently internalized and return to the plasma membrane
for reuse in a manner that is more certain than peptide-based antagonists. A fourth consideration
pertains to potency and the need to align them across the delivery peptide and small molecule drug.
Peptide agonists are often very potent molecules operating at nanomolar or lower concentrations at
their target receptors and small molecule drugs are often challenged to match this inherent potency.
Increasing the drug payload by a stoichiometric ratio relative to the peptide is one way to achieve
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potency alignment, but this requires a minimal potency difference in the constituents since there is a
practical limit to the molar equivalents of a small molecule that can be attached to a peptide before it
loses its biological and physical properties. Increasing the dose to levels beyond that which is necessary
for full peptide agonism may be possible if the peptide is devoid of adverse effects when used at
super-pharmacological levels. This is a property that is specific to each peptide, as some such as
insulin have a narrow therapeutic index with life-threatening consequences for overdosing, while
others are more forgiving. Lastly, many small molecules have an appreciable affinity towards plasma
proteins such as albumin and conjugation to a peptide can significantly alter the pharmacokinetic
profile. This effect can alter the biology of the peptide or incorrectly suggest that an altered activity
is a function of the combined biology of the drug candidate. PTH is a hormone where it is well
appreciated that pulsatile administration can potently build bone mass and strength, while sustained
delivery is known to be bone catabolic. Consequently, it would be a dangerous targeting peptide
for any small molecule that alters its pharmacokinetics, independent of any direct change in its
interaction with a target receptor. Similarly, nuclear hormones constitute excellent small molecules
for tissue targeting but often possess high-affinity plasma protein binding and as such, any peptide
conjugate needs to be shown unaltered time-action to attribute additive biology from two supplemental
pharmacological mechanisms. In summary, the synthetic chemistry is relatively straightforward,
but the design considerations are of utmost importance in selecting matching pairs that are capable of
providing supplemental efficacy and selectivity.

8. Outlook and Perspective

Peptide-drug conjugates are a unique class of molecules that integrate peptides and small molecule
drugs to achieve increased therapeutic outcomes. They represent an important field in drug discovery
that is related in principle to antibody-directed drug targeting. These molecular conjugates leverage
the inherent and unique pharmacological abilities of the peptide and the small molecule. A variety
of conjugates have been discovered and developed in several therapeutic areas including numerous
diseases of endocrine, infectious, and autoimmune origins. Several drug candidates have demonstrated
promising preclinical results, and a few have progressed to registered medicines, most notably in
the treatment of various cancers. The most powerful examples are those where the macromolecular
native of the peptide is used to target small molecule effects to those tissues where the peptide is
biologically active. In such instances where the peptide provides supplemental pharmacology to
the small molecule the biological outcomes are enhanced, and often with far less off-target toxicity.
In addition, conjugation to peptides can diminish common physical challenges in the development
of small molecule drugs, and in particular, those pertaining to high lipophilicity, poor solubility and
cell impermeability. The recent regulatory approval for GHIH-177Lu conjugate (177Lu-Dotatate) is a
notable example of success and provides strong momentum for further applications. The research
pertaining to tissue-specific delivery of nuclear hormones in the treatment of the metabolic syndrome
broadens the conceptual approach beyond the delivery of cytotoxic agents to achieve mixed-mode
agonism of small and large pharmacophores with different mechanisms of action.

Nevertheless, sizable challenges remain and there have been more failures than successes.
The obstacles are numerous, and they pertain to both biological and chemical aspects of the strategy.
The latter seems more manageable and to a finite degree are related to the biological uncertainties.
Specificity remains an elusive goal as it is a rare occurrence when an extracellular target is found at only
a single tissue rendering the approach more suitable for improving therapeutic index than engendering
absolute specificity. This is a great obstacle when the objective is the elimination of metastatic disease
as the destruction of the last percent or less of diseased cells requires dose intensity that leads to
toxicity in unintended tissues. In contrast, if the therapeutic objective is to enhance the therapeutic
index by an order of magnitude to permit increased dosing by tenfold than this is something more
easily achieved by enriching the pharmacological action at certain tissues. The second challenge of
appreciable complexity is the immature nature of the collective knowledge of intracellular biochemistry.
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While it is clear that peptide cycling-receptors can internalize a ligand that carries a small molecule
pharmacophore it is less clear how to transport the entity to the intracellular site where biological action
occurs. The escape of small molecules from the endosome remains an emerging field of study and once
liberated facilitated transport to preferred intracellular locations such as the mitochondria, nucleus and
other sites largely remains an unknown. Furthermore, once a desired biological effect is achieved the
question of its termination stands tall and in particular the danger for reverse extracellular transport to
sites that were purposely avoided in peptide-directed tissue targeting. The question is whether the
primarily targeted tissues are capable of metabolizing the small molecule drug to something that is
innocuous to other tissues once released to general circulation? Finally, there remains the common
imbalance between the inherent potency of peptides and small molecules, such that there is a huge
deficiency in the transport capacity of the macromolecule relative to the required concentration of the
small molecule. In this regard, the assembly of defined macromolecular complexes seems the best
hope where large amounts of a single substance or even more than one substance can be packaged
for targeted delivery in a nanoparticular or exosome by a peptide-based surface ligand. It requires
additional refinement to avoid the endogenous defense mechanisms that are designed for non-specific
clearance of macromolecular biological and synthetic entities. The speed in which these fundamental
challenges are addressed will to a large degree determine the productivity in this molecular design
and the fate of future peptide-drug candidates. Until that point when the molecular design is better
defined individual drug candidates will continue to emerge by successfully circumnavigating the
current obstacles. We remain sanguine about the amount of research that remains to be performed and
its ability to further advance the field.
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Abbreviations

ADCs Antibody-Drug Conjugates

ADT Androgen Deprivation Therapy

Ala Alanine

BBB Blood-Bain-Barrier

Cit Citrulline

DAR Drug-Antibody Ratio

DDI Drug-Drug Interactions

DIO Diet-Induced Obese

DOTA 1,4,7,10-Tetraazacyclododeane

DPP4 Dipeptidyl Peptidase 4

DTNP 5,5’-Disulfanediylbis(2-nitrobenzoic acid) or Ellman’s reagent
GHIH Growth Hormone-Inhibiting Hormone
GIP Gastric Inhibitory Polypeptide

GLP-1 Glucagon-Like Peptide 1

GLP-2 Glucagon-Like Peptide 2

gGlu gamma glutamic acid

GnRH Gonadotropin-Releasing Hormone

LHRH Luteinizing Hormone-Releasing Hormone
LRP1 Low-Density Lipoprotein Receptor-Related Protein 1
NSCLC Non-Small Cell Lung Cancer

PABC p-Aminobenzyl Carbamate

PRRT Peptide Receptor Radionuclide Therapy
PSMA Prostate Specific Membrane Antigen

379



Molecules 2019, 24, 1855

PTH

Parathyroid Hormone
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