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ABSTRACT: Many natural products consist of large and
flexible macrocycles that engage their targets via multiple
contact points. This combination of contained flexibility and
large contact area often allows natural products to bind at
target surfaces rather than deep pockets, making them
attractive scaffolds for inhibiting protein—protein interactions
and other challenging therapeutic targets. The increasing
ability to manipulate such compounds either biosynthetically
or via semisynthetic modification means that these compounds
can now be considered as starting points for medchem
campaigns rather than solely as ends. Modern medchem
benefits substantially from rational improvements made on the
basis of molecular docking. As such, docking methods have
been enhanced in recent years to deal with the complicated

binding modalities and flexible scaffolds of macrocyclic natural products and natural product-like structures. Here, we
comprehensively review methods for treating and docking these large macrocyclic scaffolds and discuss some of the resulting

advances in medicinal chemistry.

In recent years, there has been increasing interest in naturally
occurring and synthetic or engineered biosynthetic macro-
cycles as potential therapeutics to target the large swath of
human proteins that do not display an obvious small molecule
binding pocket, i.e., drugging the undruggable.l’2 This
enthusiasm for macrocycles has been led by such successful
examples as cyclosporin A, rapamycin, and FK506,” but even
more recently, FDA approved Eribulin (Halaven)* and
“stapled” a-helix mimetics like the NOTCH inhibitor
SAHM1°® have provided evidence, sometimes controversial,%”’
that macrocycles represent promising scaffolds for drug
development. Advances in synthetic chemistry™ as well as
new and novel biochemical techniques such as mRNA display
and DNA-templated synthesis'”'' have made it easier to
synthesize, test, and optimize large libraries of structurally
complex macrocycles. Though the interest in macrocycles is
certainly very high, there is still much development that must
be done to turn this class of molecules into a reliable platform
for rational drug development.

Cyclization, especially of peptides, imparts enhanced stability
and, in some cases, cell permeability."”~" In theory, cyclization
can decrease the conformational freedom of side chains,
predisposing them to the favorable orientation for binding of a
single target with high affinity and selectivity."'®'” The
introduction of this conformational constraint lowers the
entropic barrier to obtaining an active conformation,"*"”
enhancing the ability of the compound to target the challenging
surfaces involved in protein—protein interactions.

One key area for macrocycle therapeutics that has seen
recent improvements is the computational treatment and
molecular docking of macrocycle scaffolds against therapeutic
targets.l'/’20 Modeling and docking simulations, which have
been essential to drug discovery campaigns focused on classical
small molecules, are at least equally if not more important when
dealing with macrocycles. Macrocycles, with manifold con-
formers constrained by cyclization, present unique challenges
for computational simulation. In the case of acyclic ligands, all
possible conformations can theoretically be accessed through
systematic scan of all rotatable bonds. However, the transition
from one macrocycle conformer to another typically requires
the concerted rotation of multiple dihedrals. Docking analyses
that systematically scan predetermined rotamer libraries for side
chain and acyclic ligand conformations are unable to resolve the
concerted motions required for macrocycle conformation
sampling. Instead, each individual torsion perturbation of the
macrocycle returns a structure with aberrant bond lengths or
angles and is often discarded. Poor poses resulting from a poor
initial conformation can propagate through subsequent
simulations, especially if access to a more bioactive conformer
requires transversal of a high energy barrier or if that conformer
is not accessible on the time scale of a simulation.
Unfortunately, many standard docking packages still do not
rigorously sample macrocycle conformations.
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Table 1. Summary of Conformational Search Techniques Used in Studies Cited Herein

General technique Specific Applications

Software Refs in this work

Monte Carlo or
Stochastic Search

MCMM MacroModel 57, 58, 59, 60, 63, 64, 65, 66, 67, 68,
(Schrédinger) 71,73, 86, 89
MC/SD MacroModel 54, 55
(Schrodinger)
MC Spartan08 39
Stochastic Search MOE 94,113
MC with scaled potentials  FlexPepDock 121
(Rosetta)
Low Mode
LMOD MacroModel 93
(Schrodinger)
LowModeMD MOE 61, 62, 95
Mixed Modes
MCMM/LMOD Schrédinger 84
Molecular Dynamics
Constant Temperature 99, 100, 101, 102, 103, 105
High Temperature MD AMBER 72,74,75,91, 97,109, 110, 111
REMD GROMACS 76
Constant T with CHARMM 122

increasing non-bonded
interactions

Desmond

Metadynamics 125
NMR Deconvolution
NAMFIS? 84, 86, 89
No energy function
Based on Ramachandran 127,129
Based on Substructure 133
topography
QM geometry opt
B3LYP/6-31G(d) 39, 40, 41
Other
Genetic Algorithm AutoDock 51
Distance-based Geometry 69, 70

“Since NAMFIS begins with an exhaustive conformation search, the references cited in the NAMFIS section are also included in the categories by

the manner in which the conformation searches were conducted.

Robust treatment of macrocycle conformation is increasingly
regarded as an essential step prior to docking efforts. Integrated
prioritization and use of multiple conformers in rigorous
ensemble docks have become the gold standard as more and
more groups enter this field. We have sought here to emphasize
such examples of robust computational handling of macrocycle
conformational searches, where those searches are accompanied
by detailed biological or biophysical data, such that the
interested chemical biologist may have a ready approximation
of the state of the art. A number of excellent reviews have been
written on the detailed description of algorithms for docking
and conformational searching for the computational specialist;
we have sought to cite these aglpropriately. Figures of docked
poses were created in PyMOL™ using structure files supplied
by the original authors of the cited works.

1.1. DEFINITIONS AND FILTERS

In order to provide a focused review, several criteria were
employed to filter relevant examples. First, in our definition, a
macrocycle refers to ring systems of 12 atoms or greater, a
seemingly generally accepted number in the literature. Second,
we have included only papers that use an ensemble of
conformers in the docking simulation. This means that we have
excluded many reports employing a single minimum energy
structure, a single NMR solution-phase structure, or an X-ray-
derived structure as the sole conformer. There are, in fact, many
applications of macrocycle docking that employ such a single

conformer strategy; however, the majority of data suggests that
these approaches are limited and that rigorous assessment of
molecular flexibility should be performed before docking of
macrocycles. Importantly, studies have shown that the binding
of many ligands to protein structures results in the ligand
adopting an enthalpically unfavorable conformation in order to
maximize favorable contacts with the receptor.””™>* A single
conformer approach may therefore miss the relevant pose. With
respect to NMR structures, while the data provides an
assessment of the average solution structure of a given
compound, the biologically relevant conformer may lie outside
that range.” Similarly, seeking to understand structure—activity
relationships by using a single NMR or X-ray derived
conformer can downplay the dramatic effect that a side chain
alteration (A-values) can have on macrocycle conformation and

binding geometry.

1.2. METHODS

Methods for the generation of conformation ensembles for
macrocycle docking include those typically associated with large
software packages, such as low mode vibrational analysis and
Monte Carlo, as well as those associated with molecular
dynamics simulations, including high-temperature MD simu-
lations and replica-exchange MD (REMD). Here, we provide a
general description of these techniques; a brief summary is
given in Table 1.



In each step of a Monte Carlo (MC) conformation search, a
set number of torsion angles is randomly perturbed and the
resulting structure is energy-minimized.”® MC searches are
computationally inexpensive, but they are most successful when
a small number of random torsion angles can greatly change the
molecular structure. This is not always the case in macrocycles,
which may require a specific set of torsions to be modified in
order to identify a new conformer. In order to accommodate
macrocyclic compounds, most MC search programs define one
bond as a ring closure bond.”” This bond is opened during the
MC conformation search, and the resulting conformations in
which the bond is impossibly strained are discarded.

In low mode vibrational analysis, a frequency calculation is
conducted that identifies vibrational modes that correspond to
conformational changes. These vibrational modes are followed
to two extremes, and the geometry is minimized and compared
to previously obtained conformers.”** Versions of Low-
ModeMD, available in MOE and LMOD, available in
Schrodinger are distinguishable by the way the programs
follow the identified modes: the former uses short molecular
dynamics simulations, whereas the latter simply optimizes the
two structures on either side of the vibrational mode. Low
mode conformer generation is best for collective conforma-
tional changes (i.e, conformational changes that require
concerted rotation of multiple torsions), but it can be more
computationally expensive than MC simulations. Search
methods that combine these two methods (mixed mode
searches) are available in some commercial packages and are
generally recommended over any one method.™

Constant-temperature molecular dynamics simulations are
also used for generating conformers. These simulations are
among the simplest to run and can be performed in implicit
solvent, which can greatly reduce computation time. (For those
attempting MD for the first time, the authors recommend one
of the three packages with the largest user base and
troubleshooting communities: AMBER,”’ CHARMM,* and
GROMACS;* even faster simulations can be achieved with
discrete molecular dynamics.>*) MD simulations at a constant
temperature can be useful when a lot of data is known about
the most likely docked conformation, and they are particularly
useful when experimental data, typically X-ray or NMR, is
available. However, it is very easy to become trapped in a local
minimum, which may mislead one to assume that there is only
one conformer available. Running one simulation at a very high
temperature followed by energy minimization of frames along
that trajectory can allow for the identification of more local
minima. However, this method can also lead to the
identification of unnaturally high-energy minima. Transversal
of the energy barriers between local minima can be facilitated
with the softening of potentials or with enhanced sampling
techniques such as metadynamics or REMD, but these
simulations can be more computationally expensive.’*
Force field parametrization is often recommended prior to
running MD simulations; there are many good tutorials for
parametrization available online.””**

Structures generated from quantum mechanical (QM)
calculations are generally more reliable and not as subject to
force field-dependent errors in geometry compared to the
above methods, but the computational cost scales severely with
the size of the ligand and the number of conformations. Thus,
exclusively QM-based calculations are generally avoided when
an exhaustive search of conformers is required.”” "'

Methods for computational docking simulations are legion;
the pros and cons of individual methods and software
packages”™** as well as current challenges in the field**°
have been extensively reviewed elsewhere.””*® A number of
excellent commercial and free (primarily for academia) docking
packages are available; these programs differ primarily in the
force field used to treat the ligand as well as the degree of
flexibility allowed in ligand and receptor pocket. At the time of
writing, most docking software has little to no capacity for the
sampling of macrocycle conformer ensembles concurrent to the
dock, which necessitates pregeneration of macrocycle con-
formations prior to the docking simulation. Once the
conformers are generated, the choice of software for the
ensuing molecular docking simulation is usually dependent on
previously validated models as well as personal preference and
license availability.

Recent progress has been made in incorporating macrocycle
conformer searches in several popular docking suites, though
they are generally still not as rigorous as the stand-alone
conformational search methods. For example, the ConfGen
module of Schrédinger now contains a library of over 770 ring
templates, many of which include multiple conformations for a
given ring, though not all are macrocyclic."” Additionally,
AutoDock includes a utility for the generation of macrocycle
conformers,”’ though this adaptation for macrocyclic ligands
has been underutilized since its incorporation in AutoDock
4.0.1 and official implementation in version 4.2.>"

2.1. WHEN CYCLIZATION IS NOT ENOUGH: THE NEED
FOR SEARCHING MACROCYCLE
CONFORMATIONS

Macrocycles have achieved attention because of their potential
to constrain the bioactive pose of the pharmacophore and
thereby lower the entropy barrier to inhibition. This is an
extremely appealing concept: although entropy costs can
sometimes be dismissed in small molecule binding events,
they are of substantial importance when targeting larger
surfaces such as protein—protein interfaces. Constraining
pharmacophores, even with small tethers, is nontrivial and
can potentially yield closely matched and unanticipated
conformers. A docking simulation preceded by conformer
generation has frequently been used in this situation to identify
how likely a macrocycle is to maintain a desired bioactive
conformer.

Nowhere have the effects of conformational constraint been
more exhaustively studied than in the a, class of integrins.
Structural studies have shown that binding to integrin a,f; is
enhanced when residues in the key RGD binding motif are in
an extended conformation and the Cy of the two polar residues
are separated by ~9 A.>” The discovery of loop mimetic
cilengitide (cyclo[RGDf(N-Me)V], where f = (D)-Phe and Val
is N-methylated) by Kessler has spurred furious research into
new classes of linkers that restrain the three-residue “warhead”
into a bioactive conformation (Figure 1A).>* Researchers in this
field have often used NMR-NOESY cross-peaks to conduct
constrained conformational searches. Although the majority of
these efforts use only a single conformer in the dock, there are
several reports of robust ensemble docks.

Mingozzi and co-workers applied a single NMR constraint, a
NOESY signal between two amide protons, in their study of a
number of isoORGD peptidomimetics with diketopiperazine
bridges.”* Two conformation searches with differing initial
conformations were conducted for each macrocyclic ligand, and
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Figure 1. Successful macrocycles docked to the RGD binding pocket
in a.f; integrin typically demonstrate a linear geometry linking the
guanidinium and carboxylate “warheads”. (A) Crystal structure of
cilengitide (PDB code 1L5G) bound to a,f; integrin.”* (B) Docked
pose of monobenzylated RG(iso)D peptidomimetic.”* (C) Docked
pose of bisbenzylated DKP-cyclized RGD peptidomimetic.>

the NOESY datum was represented as a distance constraint of
2.0 + 0.5 A with a force constant k = 100 kJ/ mol-A2. The MC/
SD macrocycle conformation search showed that the (3R,6S)
diastereomer adopts the desired extended isoDGR conforma-
tion for only 50% of the simulation, with an average C;(Arg)—
COO~(Asp) distance of 8.8 A. Conversely, the (3S,6R)
diastereomer adopted two main conformations over the course
of the simulation and demonstrated an extended conformation
for approximately 80% of the simulation, with an average
Cj(Arg)—COO™(Asp) distance of 10.7 A. In the subsequent
docking study, the (3R,6S) diastereomer was not able to make
key hydrogen-bond contacts with the f subunit of the receptor,
whereas the (3S,6R) isomer docked more similarly to the native
ligand (Figure 1B). The docking results agreed with the
experimental results: the (35,6R) diastereomer was S-fold more
effective than the (3R,6S) diastereomer and demonstrated
greater selectivity for integrin a,f; over integrin a,fs.

Similar results were seen in the docking study of
bisbenzylated diketopiperazine (DKP)-cyclized RGD peptido-
mimetics.” Interestingly, the dibenzyldiketopiperazine diaster-
eomer shown in Figure 1C demonstrated subnanomolar
inhibition of integrin a,f; whereas its atropo-diastereomer,
derived from hindered rotation about the diketopiperazine, was
1000-fold less effective. The conformation study of the less
effective diastereomer showed a nonideal average Cjy(Arg)—
Cﬁ(Asp) distance of just 6.6 A, whereas the high-affinity
diastereomer demonstrated an average distance of 9.0 A. The
molecular docking simulation of the effective diastereomer

showed remarkable similarity to the docked pose of cilengitide
with respect to the positioning of the key guanidinium and
carboxylate functionalities. The binding epitope of a mono-
benzylated diketopiperazine-bridged RGD peptide was con-
firmed using STD-NMR techniques with integrin ¢, f; from the
ECV304 bladder cancer cell line and integrin o, f; from human
platelets.™

A study of cyclolRGDf(Mor)] analogues of cilengitide (Mor
= (R)- or (S)-morpholine-3-carboxylate) demonstrated the
importance of a rigorous MCMM conformational search prior
to the docking simulation.”” For the (S)-Mor isomer, two
interconverting structures were obtained, differing in rotation
about the morpholino amide. This compound demonstrated
markedly worse activity than its (R)-Mor diastereomer, for
which only one rotamer was observed. Recognition of this
effect was possible only through the use of a search capable of
exploring rotations about the N,N-disubstituted amide.

In their search for compounds to inhibit the cysteine
protease calpain, toward the prevention of cataractogenesis,
Stuart et al. designed constrained bridged peptides with the
goal of holding the ligand in a f-strand-like conformation.”*>”
The designed compounds were then subjected to an MCMM
conformational search in order to determine the likelihood that
the ligands would maintain the desired conformation, indicated
by the percentage of conformers with a characteristic f-strand
shape. Interestingly, though macrocyclic ligands with a 16-
member macrocycle possessed nearly 100% f-strand character,
the most potent compound in the series, CAT811, displayed
only 8% f-strand character. Subsequent efforts yielded a
different compound bridged through a 1,4-disubsituted
imidazole, exhibiting 76% f-strand character, which was 3-
fold more potent.’’ The authors speculate the difference in
potency arises from energetically accessible inactive poses that
allow the compound to access the active site.

Saupe and Steinmetzer had a similar result in the design of
macrocycle-based plasmin inhibitors. The researchers found
that increasing the length of a linker on a peptidomimetic
ligand by two methylenes increased the number of conformers
from 87 to 275 in the ensuing conformational search with
LowModeMD, demonstrating that a seemingly minor change
in structure can give rise to a significant increase in
conformational flexibility.”*> While both ligands adopted
similar docked poses, the larger (and more flexible) ring
displayed the stronger affinity (Figure 2). In this case, the dock
demonstrates that the macrocycle itself provides extended
contacts with the target.

In the end, the benefits of combining macrocyclization with
rigorous conformational modeling can be tangible: the Poulsen
lab has turned the results of a high-throughput screen (HTS)
into multiple clinical candidates through such efforts.”” In this
case, the HTS identified a semicircular pharmacophore scaffold
for the Aurora A kinase ATP-binding site. Poulsen et al. used
molecular docking simulations to identify a linker that could
constrain the ligand in the active conformation of the original
HTS hit.** Following conformational searches using MCMM in
the MacroModel module of Schrédinger, the authors docked
the simulation against the crystal structures of Aurora A, JAK2,
FLT3, and the CDK kinase using Glide. The compounds
demonstrated appreciable inhibitory activity against the JAK2,
FLT3, and CDK kinases, which led to identification of SB1387
for Phase I clinical trials against multiple myeloma and
advanced/refractory hematologic malignancies,”> SB1518,
currently in Phase III clinical trails for myelofibrosis,">®” and



Figure 2. Increasing the number of methylene groups (highlighted)
led to a great increase in the number of discrete conformers in the
study of peptidomimetic plasmin inhibitors."

SB1578, which has completed Phase I clinical trials for
rheumatoid arthritis.”® Likewise, a group at Merck identified a
new class of P2—P4-tethered HCV NS3/4a protease inhibitors
via inspection of the binding mode of a P1-P3-cyclized
analogue.””’® Conformer generation with an in-house distance
geometry algorithm preceded a docking study that identified
the ideal tether structure and length. This work eventually led
to the development of Grazoprevir (MK-5172), currently in
Phase III clinical trials for treatment of hepatitis C.

2.2. DIFFERENCES BETWEEN THE LOWEST ENERGY
CONFORMER AND THE BEST DOCKED POSE

Though we are long past believing that the preferred docking
pose of an acyclic ligand is the lowest energy conformation in
solution, it is alarming to think that this notion still stands in
the case of macrocyclic compounds.””** In the case of
bryostatin bound to the cys2 domain of PKCJ, Keck and co-
workers found that the lowest-energy macrocycle conformation
is, in fact, the best docked pose. However, this conclusion was
arrived at through a rigorous conformation search,”! and the
study reaffirmed results previously obtained by Itai.”” There are
still many instances in which the best docked pose is not the
lowest energy solution conformer and the free energy cost of
entering the bioactive pose greatly impacts relative activity.
Two recent reports from Wiest and Karplus highlight the
importance of considering the relative energies of free and
bound conformers.

Wiest et al. demonstrated the effect that relative conforma-
tional energy has on the biological activity of macrocyclic
histone deacetylase (HDAC) inhibitors FK228 and Ia.rgazole.73
Both compounds act by binding the active site zinc of
mammalian HDACs through the side chain thiol of a heavily
modified depsipeptide macrocycle. HDAC inhibition assays
comparing the natural products to their amide isosteres showed
that the largazole isostere was 9-fold less active than largazole
itself, whereas the FK228 isostere was 40-fold less active than
native FK228. A rigorous model and dock was undertaken in
order to understand the structural basis of this difference in
activity. MCMM conformer generation was performed starting
from multiple structures, followed by clustering of similar
conformers; the centroid of each cluster was then included in
an ensemble dock (Figure 3). The docking shows that for
largazole thiol the lowest energy conformation is also the
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Figure 3. Best docked conformation of largazole (bottom left) is also
the lowest energy solution-state conformation (overlay in middle left);
the two structures differ in the amide isostere (right).73 Note that in
the overlay the blue structure represents the lowest energy conformer
in solution; the white structure is the lowest energy docked pose.

docked conformation, suggesting that no additional energy is
required for the molecule to achieve maximum interaction with
the protein. However, for the largazole amide isostere thiol, the
bioactive conformation is 48 kJ/mol higher in energy than the
lowest energy solution phase cluster, suggesting that the
difference in bioactivity may be related to the energy required
to organize the molecule into the bioactive state. Moreover, the
lowest energy bound (proposed bioactive state) pose differed
from the most stable solution phase cluster by a root-mean-
squared deviation (RMSD) of only 1.41 A. Docking of a pose
from the latter cluster suggests that it may also suffice as an
(albeit lower affinity) inhibitor, thereby rationalizing the lower
overall observed activity. On the other hand, of the seven
clusters within 50 kJ/mol of the lowest energy conformation of
FK228, none came within an RMSD of 2 A of the bioactive
conformation, indicating that the binding conformation of
FK228 amide isostere is not energetically accessible from the
most stable cluster and that allowable solution-phase
conformations are incapable of the native potency.

In a series of studies, Karplus and co-workers exploited a
similar conformational preference to identify improved
resorcylic lactone inhibitors of Hsp90.”* The resorcylic lactone
radicicol is known to bind Hsp90 in an ATP-binding pocket;
despite being one of the most potent Hsp90 inhibitors,
radicicol lacks activity in vivo due to metabolic instability of its
epoxide and conjugated enone groups.”” A molecular docking
study of several radicicol analogues was used to quantify the
energy required for the molecules to adopt a bioactive
conformation. High-temperature MD simulations, clustering,
and energy minimization identified three main conformational



groups: L-shaped, P (planar), and L'-shaped (Figure 4). For all
of the resorcylic lactones examined, the docking study showed

Radicicol
__
conf. L con; ; conf. L'
0.0 kcal/mol +1.9 kcal/mol +2.3 kcal/mol
conf. P conf. P conf.

+1.8 kcal/mol +2.3 kcal/mol +2.8 kcal/mol

Figure 4. Six discrete conformations of radicicol were identified in a
conformation search; the lowest-energy conformation also represented
the best pose upon docking.”*

that the L-shaped conformer was the most favorable pose for
interaction with the receptor. What differentiated active and
inactive, however, was preference for the same L-shaped
conformer in solution. In the case of radicicol itself, the L-
shaped conformer is also the most stable conformer in solution,
whereas in the case of the studied analogues, they preferentially
adopted the L’-shaped conformer in solution. Although the
energy differences between the L- and L’-shaped conformers
are small (0.4 to 2.7 kcal/mol), linear free energy relationship
of calculated and experimental AGy,gn, suggested that
hydrophobic interactions within the pocket were key to the
binding of these compounds. Importantly, these efforts
identified pochonin D, a recently discovered radicicol analogue
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with a slight preference for the L-shaped conformer in solution,
which was confirmed to be potent in Hsp90 affinity assays. The
trend could further be extended to known active analogues
containing an E-oxime functionality.”®

The depsipeptide isosteres and resorcylic lactones provide
examples of how solution-phase (lowest energy) conformation
may differ from the best fit (active) binding pose and the
degree to which that difference may impact the activity of a
compound. In the latter case of the lactones, this difference
allowed inference of new structures, minimizing the different
conformational preference and improving overall activity.
Clearly, the relative conformational energy of macrocyclic
ligands, not necessarily accounted for in many docking
simulations, can play a role in determining bioactivity and
should be strongly considered when evaluating the docking
results.

2.3. THE ROLE OF SOLVENT WHEN GENERATING
MACROCYCLE CONFORMERS

Backbone solvation is strongly impacted by the target binding
site and can profoundly alter conformer stability. Therefore, it
is worth considering the role of solvent when generating
macrocycle conformers for a docking simulation. In general,
conformation searches are usually performed in implicit solvent
of water, though conformation generation with MD techniques
can often include explicit solvation as well. Yet, a conformation
search conducted in a polar implicit solvent may miss important
conformers that are stabilized in a hydrophobic environment,””
and a search in hydrophobic solvent may result in conformers
with exaggerated hydrogen-bond contacts.”®

A few studies have directly compared the effects of
conformation searching under different solvent conditions.
Kessler et al. observed changes in preferred solution-state
conformation of cilengitide when MD simulations were run
separately in methanol or water: in methanol, a key N-methyl
amide rotated out of the bioactive conformation, demonstrating
the impact of solvent on the ablllty to identify biologically
relevant macrocycle conformers.”” In contrast, Peach et al. saw
minimal difference in MCMM conformation searches of
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Figure S. In the NAMFIS workflow, exhaustive conformer generation is followed by a fitting of conformer structures to NMR data to identify

conformers that contribute most to the observed spectra.®!

Here, the dictyostatin study is shown as an example.**



bryostatin and its C9-deoxy analogue when the structures were
treated in implicit water or octanol.”' The conformation search
in the two solvents served to determine whether an
intramolecular hydrogen-bonding network, which had pre-
viously been observed in the crystal structure and solution-
phase NMR structure, was a result of the crystal lattice or the
low-polarity NMR solvent. These efforts confirmed that the
lowest energy conformation of bryostatin 1 closely resembles
that from the NMR structures and single-crystal structures.*’
Ultimately, the choice of solvent may be relevant on a case-by-
case basis, and it may be prudent to conduct searches in two
implicit solvents. Although many studies have examined the
effects of solvation/desolvation on membrane transduction of
macrocycles,"* ™" this remains an area for potential improve-
ment in conformational searching against target engagement.

2.4. THE MEANING OF NMR CONSTRAINTS IN
MACROCYCLE CONFORMATION

The conversion of NOE signals and %y couplings to
positional restraints can be a useful method of gleaning
conformational information from experimental techniques.
However, the conversion of this data to a single NMR
solution-state conformer may be a flawed endeavor, as these
signals can also be attributed to the rapid interconversion of
multiple conformer states on a time scale faster than NMR.*’
The 2D NMR analysis technique NAMFIS (NMR analysis of
molecular flexibility in solution), developed by Bazzo and co-
workers, can be used to deconvolute NMR data by identifying
conformers with high enough populations to contribute
significantly to the observed NMR data.*’ In the NAMFIS
method, an exhaustive conformation is performed to create a
pool of possible conformers, and theoretical couplin§ constants
and NOE signals are calculated for each conformer.*”** A least-
squares fit of the experimental and calculated NMR signals is
calculated for each conformer and compared to all other
conformers to identify a set of conformers for which the
Boltzmann-weighted sum of the NMR signals of the ensemble
best matches the empirical data.

A molecular docking study of the macrolide dictyostatin to
the taxane-binding site of f-tubulin was preceded by conformer
generation with NAMFIS (Figure 5).** Mixed low mode/
Monte Carlo searches in MacroModel generated 2053 unique
conformations. Application of the NAFMIS method using
NMR data collected in both methanol and DMSO identified 16
and 1S5 conformers, respectively. A previous report from
Canales et al. had identified a single bound conformer based on
transferred NOE data,®® and re-evaluation of this NOE data
using the ensembles generated from solution-state NMR led to
the identification of a conformer present in the DMSO
ensemble that was a comparable fit. Docking simulations
conducted using these two conformations showed that the
previously reported conformer bound in a promiscuous fashion,
with similarly scored binding poses, whereas the best pose
identified by NAMFIS bound in just one high-scoring pose.
Additionally, the pose identified in the NAMFIS search better
matches previously reported SAR data. For example, the C6-
epi-methyl diastereomer exhibits similar activity to dictyostatin;
the NAMFIS-identified pose puts the C2—C6 diene portion in
a solvent-exposed position, whereas the previously reported
binding pose has the moiety in a deep hydrophobic pocket.

The interactions between the ligands geldanamycin and
radicicol with Hsp90 were also probed using the NAMFIS
method.*® Both receptor-bound and solid-state crystal

structures of geldanamycin and radicicol were available prior
to the docking study. Conformations of the two compounds
were obtained using a MCMM calculation in MacroModel,
starting from random conformers and using an implicit solvent
model to match the CDCl; NMR solvent. The conformation
search identified 1246 independent conformations for
geldanamycin and 382 for radicicol. NAMFIS analysis using
coupling constants and ROE-derived distances identified 12
conformations for geldanamycin and 6 for radicicol, which were
then utilized in a molecular docking simulation with Glide.
Interestingly, the NAMFIS-generated ensembles of both
molecules contained the bioactive conformation, within at
least 1.6 A. Though the bioactive conformation was not the
highest scoring pose according to the Glide dock, rescoring
with the MM-GBSA (molecular mechanics—generalized Born
surface area)”” method in Prime easily identified the bioactive
pose for both molecules. The MM-GBSA method for rescoring
docking results has shown mixed results and is most successful
when docking is not accompanied bgr large conformational
changes in the ligand and/or receptor.”®

The NAMFIS method was applied to the generation of
conformers of laulimalide using NMR data obtained in DMSO-
dg to identify 15 main conformers separated into 5 families.*”
These 15 conformers were then loaded into MarvinSketch, and
100 additional conformers were generated from each, to give a
total of 1515 conformers of laulimalide that were submitted to
docking with AutoDock4.”” The docking site on A-tubulin,
identified by mass shift perturbation mapping, is similar to that
identified by Nguyen et al,”' though the binding conformation
of laulimalide proposed here is substantially different. Crystal
structures of laulimalide and peloruside A bound to f-tubulin
published in 2014 confirmed the binding site but, unfortu-
nately, not the proposed binding conformation/orientation.”

2.5. STARTING WITHOUT A STARTING POINT

Though relying too heavily on NMR data to generate an initial
conformation can lead to errors, generating an initial structure
in the absence of relevant structure data (besides chemical
intuition) to support the solution-phase or bound-state
conformation of a compound can also lead to mistakes in
predicting binding poses. In these cases, a conformation search
that effectively samples multiple ring conformations is
absolutely necessary. Starting a conformational search from
an X-ray structure can pose additional concerns, especially
when using a conformation generation method that does not
allow transversal of energy barriers. For example, a recent study
of the archetypal integrin @,f; inhibitor cilengitide has shown
that the ligand adopts a very different conformation in a single-
crystal structure compared to the structure it adopts when
bound to integrin a,f; due to the formation of intermolecular
hydrogen bonds in the crystal lattice.”

Kimura and co-workers found, through a rigorous conforma-
tional search and docking simulation, that the single-crystal
structure conformation of bryostatin 1 is also the most likely
bioactive conformation.”” Conformers of a model bryostatin 1
macrocycle structure were generated using high-temperature
MD; the conformer ensemble was then subjected to a docking
simulation using an in-house program, which showed that, in
fact, the crystal structure conformation of the bryostatins was
also the most stable binding pose. The computed docking
model is very similar to that shown in ref 71.

In their study of brunsvicamide A and a series of analogues
with varying substitution and stereochemistries, Walther et al.
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performed low mode conformational searches on the native
diastereomer and its é-amido (L)-lysine epimer. The docking
study showed that the two epimers bound to the protein in
wholly different macrocycle conformations and that only the
native e-amido (p)-lysine epimer was able to make the key
contacts between the side chain carboxylate and a zinc atom in
the binding site.”

Weinrich et al. employed an MCMM conformational search
to generate conformers of efomycin M and a series of analogues
prior to a dock against a shallow pocket on E-sellectin.”
Similarly, a LowModeMD conformation search was used prior
to the docking of liverwort component marchantin E against
the PA subunit of the HIN1 endonuclease, generating 250
distinct conformers.”

CDOCKER, a module in the Accelrys DiscoveryStudios
molecular modeling package, is one of the few docking
programs also able to sample macrocycle conformations,”
which can be useful when no conformation data is available.
However, this integrated pregeneration of ligands may be a
double-edge sword since the ligand conformers cannot be
inspected prior to the docking step. This method was employed
in the molecular docking of tetrazole-substituted largazole
analogues to a homology model of human HDAC1.”

Generation of 3D structures from 2D drawings can be a
useful starting point for a macrocycle conformation search, but
the output from this single-structure calculation should be
subjected to a conformation search that allows transversal of
high energy barriers, which is not always guaranteed in
constant-temperature MD simulations of macrocyclic com-
pounds.”””® If the initial structure is located in an energy well,
then only this local minimum will be sampled. The initial
structures for rediocides A and G, which were examined for
inhibition of a-cobratoxin, were generated with Chem3D
without empirical data.”” These structures were then submitted
to a 10 ps MD simulation using the MM2 force field as
implemented in Chem3D, with structures extracted every 0.1
ps. Similar methods were employed in the generation of
conformers of 1,3-dione-linked RGD peptidomimetics.'*’
Constant-temperature MD simulations are best applied in
situations where empirical data is available to describe the
conformation in solution. For example, Vilaga et al. used NMR
constraints to build an initial conformation of a constrained
RGD integrin inhibitor, from which a constant-temperature
MD simulation generated the conformation ensemble used in
subsequent docking simulations.'”" Similarly, Yoshikawa et al.
used simulated annealing with NMR constraints to generate

initial conformers of cyclic pentapeptide FC131'%%'% and

analogues in a docking study against CXCR4.'**

Unrestrained constant-temperature MD was used effectively
in the generation of conformers for a molecular docking study
of macrocyclic bis-intercalators that bind DNA duplexes with
mismatched thymine base pairs.'’” Initial conformations of the
ligands were generated using MarvinSketch, followed by an
initial conformer search with ChemAxon’s Calculator plugin,
which also protonated the aliphatic amines, and an MD
simulation with Desmond. The structures minimized in the gas
phase showed extended conformations, but semiclosed
conformations dominated the MD simulation. Docking was
performed with GOLD 4.1 using an ensemble of semiclosed
conformations extracted from the MD simulation and an 11-
mer DNA oligomer containing a mismatched thymine base pair
(T-T). The docking results confirmed the experimental
results, namely, that the ligand 2,7-BisNP binds well to T—X
mismatches but not to matched T—A base pairs. The docked
pose was later confirmed using NMR data.'*

A particularly difficult challenge arises when both the
bioactive conformation of the ligand and the binding site on
the protein are unknown. Such a dilemma preceded the study
of the interactions of laulimalide and peloruside A with f-
tubulin, which necessitated a conformation study of the ligands
and the docking site.”! For the ligands, a 1 ns MD simulation at
1500 K was performed, followed by minimization and selection
of S initial conformations of low energy and high hydro-
pathy.'”” A previously hypothesized binding site'®® was
optimized with a manual induced-fit procedure in which two
loops blocking the pocket were removed, the ligands were
docked with Glide, and the loops were replaced and iteratively
refined.

The same approach was utilized in the docking of
halichondrin B and eribulin to S-tubulin.'” Interestingly, as
was seen in the case of cilengitide,79 the structure of
halichondrin B built from the single-crystal structure of a
congener was unable to be docked in the protein. Instead,
molecular dynamics simulations starting from the crystal
structure-like pose generated folded conformers that were
able to be used in the docking procedure. An undocking
procedure was also conducted in order to simulate how the
loops blocking the binding site move to accommodate the
ligand.
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2.6. THE IMPACT OF SIDE CHAINS ON MACROCYCLE
CONFORMATION

When a crystal structure of a similar compound is available, it
can be tempting to simply exchange side chains and use that
structure in the docking simulation. However, epimerization of
a single stereocenter, a seemingly minor change in structure,
can have a profound effect on binding conformation that can be
lost if a proper conformation search is not conducted. For
example, even though a crystal structure of chitinase bound by
the cyclopentapeptide argifin was available, Gouda et al. ran
conformational searches for a number of analogues. The
researchers used CAMDAS (conformational analyzer with
molecular dynamics and sampling), a program that performs
high-temperature MD simulations, followed by energy
minimization and clustering.''’ The roughly 4000 conformers
thus generated were docked to chitinase B using Glide, and the
top 100 poses were energy-minimized and rescored with MM-
GBSA, leading to the identification of a novel pentapeptide
with improved activity over argifin.''"""> These efforts helped
identify a derivative, in which p-Ala(S) of argifin was replaced
with p-Leu and a 4-benzylpiperdine was attached to 1-Asp(4),
exhibiting 28-fold more inhibition than argifin itself.

Similarly, Arndt and co-workers ran a docking simulation
preceded by conformational searches for [Ala’]-phalloidin; this,
despite the availability of single-crystal structure for [Ala’]-
phalloidin (Figure 6)."'” Interestingly, the phalloidin search
yielded 56 relevant conformational states, whereas a parallel
search with the less constrained macrocycle chondramide C

generated 2648 conformers. In the event, the best docked
conformation of [Ala’]-phalloidin showed a RMSD of 1.1 A
from the single-crystal structure, a large departure for a small
macrocycle. More importantly, all available SAR data on
phalloidin, with its extended side chain, are in agreement with
this new binding geometry, which indicates access to a
hydrophobic cavity. In both instances, the impact of side
chains was validated through rigorous conformational searches,
despite the availability of structures that could easily have
caused researchers to avoid the extra computational expense.

2.7. BLURRING THE LINES BETWEEN PEPTIDE
MACROCYCLES AND PROTEIN
MACROMOLECULES

Given the recent upturn in loop mimetics and cyclic peptides' "
as well as recent studies on improving cell permeability, "'
new macrocyclic compounds are often peptide-like, and the
methods for molecular docking simulations of macrocycles and
peptides are becoming intertwined. Though computational
design of peptide inhibitors of protein—protein interactions is
well-reviewed elsewhere,''”'™® it should be noted that
FlexPepDock, a program designed for the modeling of
peptide—protein interactions within the Rosetta framework,
performs a Monte Carlo calculation as part of its generation of
peptide conformations.""” In this simulation, the attractive van
der Waals interaction are increased by 225% while the repulsive
interactions are decreased to 2% to maintain contact between
peptide and protein. A Monte Carlo simulation with energy



minimization at each step is first applied to rigid body rotation
and translation of the peptide, followed by backbone
perturbation, which is accompanied by a gradual decrease of
attractive van der Waals interactions and a complementary
increase in repulsive interactions (Figure 7A). The FlexPep-
Dock protocol was applied to a number of linear peptides from
the CAPRI database (critical assessment of prediction of
interactions),'”" which is used to benchmark docking
simulation software. Of the 29 targets tested, a near-native
pose was identified for 72% of the protein—protein
interactions."”'

The FlexPepDock method was applied to the docking of a
cyclic peptide with a disulfide bridge, with the goal of desi%ning
an inhibitor of a globular protein—protein interaction."”" In
particular, a peptide was designed to inhibit the EphB4—
EphrinB2 interaction, implicated in angiogenesis, by creating a
loop mimetic from the G—H loop of EphrinB2 (sequence:
KFQEFSPNLWGLE). Residues 2 and 12 of the original loop
were mutated in silico to cysteine to create a ring-closing
disulfide bond, which did not appear to have any negative effect
on the FlexPepDock protocol. The resulting macrocycle was
subjected to the FlexPepDock protocol described above, and
the binding energy of the loop suggested that this motif might
be an effective binder to EphB4.

A novel method was used in the conformer generation for
the 14-residue polypeptide sunflower trypsin inhibitor-1 (SFTI-
1) and analogues for docking against trypsin and matriptase
(Figure 7B).'** To allow the ligands to transverse energetic
boundaries caused by macrocyclization, an MD simulation
starting from a solution-phase NMR structure was conducted.
The simulation began at an initial temperature of 373 K, with
scaled-down nonbonded interactions. Over the course of the
simulation, the temperature was brought down to 298 K with
an incremental increase in the strength of nonbonding
interactions; conformers were sampled from the last 1 ns of
the simulation. This method was applicable to both monocyclic
polypeptide constructs, linked through residues 3 and 11 via a
disulfide or a triazole ring, and bicyclic constructs with
additional head-to-tail cyclization. Analysis of the ensemble
docking simulation using generated conformers showed
excellent agreement between the experimental and calculated
AGbind'

Metadynamics simulations present a useful alternative to
standard molecular dynamics simulations, particularly in cases
where large energy barriers separate local minima on the
potential energy surface (PES). Metadynamics simulations are
steered along two variables, called collective variables, or
CVs.'*'** The history-dependent algorithm prevents the
simulation from revisiting previously accessed values of the
CVs, and one can obtain a plot of the PES of the system as a
function of the CVs employed. Spitaleri and co-workers applied
this technique in their exploration of the conformational
flexibility of cilengitide and two disulfide-linked cyclopentapep-
tide RGD inhibitors, CDRGC and CisoDGRC, using the psi
and phi angles of the central glycine as the CVs.'** Population
analysis of the resulting PES showed 97% of cilengitide
structures are in the bioactive conformer, compared to just 42%
for CisoDGRC. Interestingly, acetylation of the N-terminal
amine of CisoDGRC increased that fraction to 83%.
Subsequent ensemble docking and an integrin a,f; binding
assay confirmed the increased potency of the acetylated
congener.

2.8. CONFORMATION SEARCHES WITHOUT ENERGY
FUNCTIONS

The heavy computational cost of exhaustive conformational
searches makes simplified analytical approaches extremely
valuable in accelerating the overall process of molecular
docking. For example, studies of cyclic pentapeptides have
shown that these compounds adopt backbone conformations
that match the allowed regions of Ramachandran plots of linear
peptides.'*® Thus, the complexity associated with a systematic
scan of torsional space for these macrocycles can be reduced by
restricting the ®@- and W-angles to values allowed according to
the respective residues. Vabeno and co-workers exploited this
simplification in study of cyclopentapeptides with inhibitory
activity against CXCR4 (Figure 8A).'”” Three different
combinations of (@, ¥) were included for proline, eight for
glycine, and six for all other residues; except in the case of
proline and N-methyl residues, only the s-trans (@ = 180)
amide linkage was allowed. The resultant backbone structures
were then pared to remove all redundant conformations and
conformations in which cyclization was not possible, affording

Figure 8. Conformer search absent an energy function was utilized in
the conformer generation and subsequent docking of FC131."* (A)
Conformers of FC131 analogues were constructed from amino acid
rotamers in the allowed region of (®, ¥) space. (B) Best docked pose
of a FC131 analogue with an achiral cyclohexyl arginine.



50—500 ring conformers depending on the number of prolines
and N-methylated residues. Side chains were added, and
conformations were energy-minimized with a computationally
inexpensive united-atom force field,"** subjected to a 10 kcal/
mol cutoff, and subsequently minimized with the all-atom
OPLS AA force field. The conformations identified in the
study were applied in a molecular docking simulation of the
CXCR4 antagonist FC131 and several analogues.'”” Docking
showed that modifying an Arg residue to an achiral a,a-
disubstituted moiety improved the inhibitory activity; the
docked pose of the compound showed that key salt bridges are
established by this residue (Figure 8B). The binding mode
identified in this study matched a pose obtained by Yoshikawa
et al,'”* and QuikChange mutagenesis of the FC131 binding
site validated the proposed binding pose.'*

A similar search protocol is employed by the conformation
generator ROCK (rigidity-optimized conformational ki-
netics),">' which uses bond length, angles, and torsional
constraints identified by the program FIRST (floppy inclusion
and rigid substructure topography)'*” to conduct a systematic
search of macrocycle torsional space. No energy function is
employed in the conformation search, which precludes the
quantitative determination of relative conformer stability.
ROCK has been employed in generation of conformers of
zearalenone and cyclosporin, targeting estrogen receptor and
peptidyl prolyl isomerase cyclophilin A, respectively. The
cyclophilin dock suggests that a significant amount of flexibility
is tolerated in the CypA—cyclosporin complex."** Importantly,
in both the Vabene work and with ROCK, the absence of an
energy calculation until the last step greatly reduces the
computational cost of this exhaustive conformation search. A
similar search could be applied to an acyclic system, but without
the constraint of cyclization, the number of conformers would
be astronomically high.

3. CONCLUSIONS

Macrocyclic drug candidates have seen something of a
renaissance in recent years, owing in great part to renewed
interest in inhibiting protein—protein interactions and related
studies of their unexpected bioavailability and the entropic and
energetic benefits of macrocyclization. Chemical synthesis has
kept pace, with advances in macrocycle synthesis and library-
based screening methods making macrocycle design much
more facile. Though computational chemistry tools are
becoming increasingly available and are often employed to
support structural hypotheses, the application of molecular
docking simulations to macrocyclic compounds is often beset
by imperfect treatment of macrocycle conformation dynamics.
Over-reliance on NMR and X-ray techniques to generate a
single macrocycle conformation can belie the significant role
that relative conformation energies of macrocycle conformers
can play on binding affinity. With scientifically rigorous
treatment of macrocycle docking, computational investigations
of macrocyclic compounds can continue to serve an important
complementary role to biological and synthetic studies.
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