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Abstract. Knowledge of free ligand conformational preferences (energy minima) and conformational dynam-
ics (rotational energy barriers) of small molecules in solution can guide drug design hypotheses and help rank
ideas to bias syntheses towards more active compounds. Visualization of conformational exchange dynamics
around torsion angles, by replica exchange with solute tempering molecular dynamics (REST-MD), gives results
in agreement with high-resolution 1H nuclear magnetic resonance (NMR) spectra and complements free ligand
conformational analyses. Rotational energy barriers around individual bonds are comparable between calculated
and experimental values, making the in-silico method relevant to ranking prospective design ideas in drug dis-
covery programs, particularly across a series of analogs. Prioritizing design ideas, based on calculations and
analysis of measurements across a series, efficiently guides rational discovery towards the “right molecules” for
effective medicines.

1 Introduction

Nuclear magnetic resonance (NMR) signal line shapes inher-
ently provide atomic-level, site-specific insights into struc-
tural dynamics. High-resolution 1H NMR signals broaden
when small molecules in solution undergo exchange dynam-
ics on a millisecond timescale. In contrast, sharp NMR sig-
nals may indicate either a dominant pre-organized confor-
mation or an ensemble of flexible molecules undergoing fast
equilibrium exchange between rotational isomers. Compar-
isons between experimental and computed NMR parameter
values (shifts, NOEs, J couplings) can identify relative pop-
ulations of conformers, such as a singular, highly populated
conformation, with well-defined internuclear distances and
torsion angles or an averaged solution structure, composed of
multiple conformations, each at a low molar fraction of the
total, resulting from low barriers to rotation around bonds.
NMR analysis of molecular flexibility in solution (NAM-
FIS; Cicero et al., 1995) takes the approach of systemati-
cally varying percent contributions from sets of conformers
generated in-silico, together with the corresponding calcu-

lated NMR parameter values, compared against the experi-
mental data. The sum of square differences determines the
goodness-of-fit between experimental and calculated values
to select a best-fit population-weighted model. The funda-
mental concept of filtering theoretical conformations through
experimental data to derive the best fit has become well es-
tablished over the decades, together with variations in details
of implementation, to determine the conformational prefer-
ence(s) of a small molecule in solution (Cicero et al., 1995;
Nevins et al, 1999; Slabber et al., 2016; Wu et al., 2017; Bal-
azs et al., 2019; Farès et al., 2019; Atilaw et al., 2021).

Determining the conformational profile of a free ligand in
solution enhances early drug discovery programs (LaPlante
et al., 2014; Blundell et al., 2016; Foloppe and Chen, 2016;
Chiarparin et al., 2019). A general overview of how NMR
fits into the design–make–test–analyze (DMTA) cycle is il-
lustrated in Fig. 1. An efficacious pharmaceutical that pos-
itively impacts patients’ lives starts with medicinal chem-
istry teams designing the right molecule. Design teams need
to understand whether a molecule readily adopts its “bioac-
tive” conformation in solution to optimize the binding on-
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Figure 1. An illustrative medicinal chemistry design–make–test–analyze (DMTA) cycle for drug discovery; the example shown is taken from
a recent Oncology R&D project (Scott et al., 2016, 2019, 2020). (a) Design: medicinal chemists design drug molecule ideas, using predicted
values from computational models to prioritize which virtual molecules to synthesize. (b) Make: compounds are synthesized and NMR plays
a key role in structural identification and analysis of compound purity. (c) Test: compound profiling includes bioassays to quantify activity,
such as target inhibition (pIC50), and physico-chemical properties, such as the octanol–water partition coefficient (logD). X-ray structure of
the bound ligand–protein complex and NMR free ligand conformations are measured, including the relative population of the bioactive bound
conformation (Balazs et al., 2019). (d) Analyze: compound free and bound structures are analyzed against measured properties to rationalize
structure activity and property relationships to derive new hypotheses for improved designs in step (a) of the cycle. Typical discovery projects
comprise ∼ 1000 cycles from hit to drug candidate.

rate through reduced conformational entropy and energetic
penalty paid on conformational rearrangement to the proper
binding mode. In addition, pre-organization of the free lig-
and in solution would indicate minimized conformational
strain energy in the bound molecule. If not, the challenge
is to conceive of ideas to modify the structure to discover
a new molecule to favor this conformation. Towards this
aim of optimizing the free energy of binding, it is desirable
for ligands in solution to preferentially pre-organize into the
bioactive binding mode (Blundell et al., 2013; Balazs et al.,
2019). Molecular rigidification strategies (Fang et al., 2014;
de Sena M Pinheiro et al., 2019) increase pre-organization,
and NMR conformational analysis can deconvolute and re-
port on the molar fraction adopting the bioactive conforma-
tion. Structure-based drug design (SBDD) can be enhanced
by ready access to 3D free ligand average solution confor-
mations to complement X-ray crystallographic models of
the bound ligand and protein–ligand interactions (Blundell
et al., 2013; Chiarparin et al., 2019; Balazs et al., 2019).
Faster design cycles require quick turnover times in analyz-
ing solution conformations of synthesized compounds. De-
sign cycles can be accelerated through faster computational
schemes, efficient automation to obtain NMR spectral pa-
rameters, and recognition of conformational signatures from

1D NMR spectra (Balazs et al., 2019), also named “SAR by
1D NMR” (Zondlo, 2019).

Herein, we demonstrate incorporation of molecular dy-
namics, specifically an efficient version using replica ex-
change with solute tempering (REST-MD) (Liu et al., 2005;
Huang et al., 2007; Wang et al., 2011), into an NMR-based
semi-automatic drug discovery platform, to visualize rota-
tional barriers around molecular bonds. Good agreement is
demonstrated between REST-MD-calculated energy barriers
and NMR measurements, using a small-molecule selective
estrogen-receptor degrader (SERD) example from a recent
Oncology R&D project (Scott et al., 2016, 2019, 2020). The
theoretical and experimental data complement each other:
REST-MD simplifies the interpretation of NMR conforma-
tional dynamics, while the experimental NMR results can in-
form calculations by defining site-specific preferred torsions
of the dominant conformer and experimental conformer dis-
tributions, which may influence the initial REST-MD 3D ge-
ometry and the sampling ergodicity achieved, as reflected in
the resultant histograms.
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2 Results and discussion

2.1 NMR conformers and exchange dynamics

The ability of NMR to provide information on conforma-
tional dynamics, in addition to giving information on con-
formational preference, is useful in small-molecule drug dis-
covery. In Fig. 2a, each peak is doubled for compound 2
(1 : 1 ratio), instantly recognizable to NMR users as slow
exchange of rotamers due to hindered bond rotation (mea-
sured half-life ∼ 0.5 s). As a guide to the eye, the signal(s)
for the benzylic CH proton at ∼ 5 ppm is/are highlighted
in Fig. 2. The NMR spectrum reports two dominant con-
formers, equally populated, for the free ligand in solution
for compound 2. The bioactive conformation is one of a
family of conformers (shown in green) with some flexibil-
ity around the pendant base. The alternative conformation
(shown in orange) is the other, giving ∼ 50 % of the com-
pound locked in a non-bioactive conformation. In contrast,
Fig. 2b shows that compound 3 has a single set of sharp
signals due to fast exchange (corresponds to a typical half-
life of ∼ nanoseconds, 1v1/2 = 2.8 Hz). The 1H NMR spec-
trum has a single isotropic chemical shift for both of the
protons within one CH2 functional group (these are not di-
astereotopic), an indication of local flexibility quickly picked
up by an edited 13C HSQC spectrum. Appreciation of the
temporal dependence of free ligand exchange dynamics on
NMR spectra can quickly inform medicinal chemists on lo-
cal flexibility around bonds of newly synthesized molecules.
This analysis, combined with potency data and matched
molecular pair analysis, or a full comparison across a con-
generic series, can provide critical insights into structure–
activity relationships (Balazs et al., 2019).

Together with information regarding relative populations
of conformations in solution, information about the mag-
nitude of the rotational energy barrier between conforma-
tions, i.e., between one rotational isomer and another, is rel-
evant information. The challenge has been to get quick, easy,
and comprehensive yet accurate torsional profiles. Building
a practicable and prospective visualization of conformational
exchange dynamics around torsion angles into an NMR con-
formational analysis platform increases the potential to im-
pact design by highlighting the energy penalty of restrict-
ing torsions. To evaluate the dynamics, incorporating REST-
MD into the workflow met the goal of expanding the cur-
rent free ligand conformational analysis platform to make
use of kinetic parameters from NMR spectra, e.g., signal line
widths, while keeping within practical time limit constraints
for medicinal chemistry design cycles.

REST-MD predicts a comprehensive torsional profile in-
silico for rotatable bonds represented in a 2D molecular
structure while keeping computational speed and accuracy
high. GPUs make REST-MD calculations feasible within
drug discovery design cycle times. Ligand-based REST-MD
simulates a ligand in explicit solvent at room temperature,

allowing for conformational effects often neglected due to
computational expense. The ligand conformers are sampled
according to their Boltzmann populations, and resultant re-
ports visualize rotational torsion energies (Fig. 3). High-
accuracy fragment-based calculations of rotational energy
barriers (kcal mol−1) are plotted as a function of bond torsion
angle (solid lines). A superimposition of histograms count-
ing the number of times the particular bond was observed at
any particular angle is plotted onto the rotational energy bar-
rier plot showing the torsion potential at each dihedral angle,
summarizing the conformational space sampled during the
REST-MD simulation. Such reports augment the 1H NMR
spectral interpretation, providing quantitative energy minima
and theoretical distributions of conformers.

2.2 NMR-measured rotational energy barrier

Methylation is a familiar and fundamental structural rigid-
ification tool in a medicinal chemist’s toolbox. In Fig. 2
methylation of the D ring demonstrates restricted bond ro-
tation by the presence of rotameric signals in the 1H NMR
spectrum. Such restricted bond rotations, on millisecond
timescales, occur when barriers to rotation about a bond
are high (>∼ 15 kcal mol−1 under ambient conditions). In
contrast, a structural analog without methyl groups on the
D ring displays free bond rotation on the NMR timescale
(∼ nanoseconds). Typically such barriers to rotation at room
temperature correspond to ∼ 5 kcal mol−1 (LaPlante et al.,
2011a, b; Wipf et al., 2015). The NMR spectrum of the
ensemble of rapidly exchanging conformations reflects the
Boltzmann-weighted average of the chemical shifts, J cou-
plings, and interproton distances, with a single set of sharp
peaks.

To locate the bond with the hindered rotation, chemical in-
tuition is often sufficient. Using variable temperature NMR
and/or exchange spectroscopy, the rotational energy barrier
and the torsional rotation half-life of exchange can be de-
termined. Figure 4 shows 1H NMR spectra as a function of
eight different temperatures. The spectrum near room tem-
perature has two equal rotameric populations undergoing
slow exchange on the NMR timescale and highlighted in the
figure. With increasing temperature the peaks coalesce and
then begin to narrow. Increasing the temperature not only in-
creases the rotation rate of the aromatic ring, but it also in-
creases the rate of fluctuations in the pendant base and the
CH2CF3 groups and between axial vs. equatorial methyl ori-
entation in ring C. Overall, this drives a shift to higher ppm
for the exchange-averaged signal with increasing tempera-
ture (Fig. 4).

In order to determine the barrier to rotation around the
aromatic ring, it was important to collect data within a tem-
perature range where exchange rates were dominated by the
dynamics of interest in order to follow a simple two-state
model for analysis. Therefore, three temperatures at 300,
305, and 310 K were chosen, and exchange spectroscopy was
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Figure 2. NMR spectra inherently capture kinetic information from conformational dynamics (rotational energy barriers) in the signal line
widths. The benzylic CH (the starred CH in ring “C”) is highlighted to exemplify the spectral changes between the dimethyl and des-methyl
analogs. (a) The 1H NMR spectrum shows rotamers with equal populations undergoing slow exchange on the NMR timescale. Profiling
of compound 2 gave pIC50 8.9 and logD 4.8, with 50 % bioactive conformation of the free ligand in DMSO-d6 solution. (b) A spectrum
with population-weighted conformational averaging due to low barriers to rotation around bonds and fast exchange on the NMR timescale.
Profiling of 3 resulted in pIC50 8.8, logD 4.1, 50 % free ligand solution bioactive conformation. For this molecular matched pair we see
similarities in the percent bioactive conformation in solution and the potency, regardless of the increased logD.

Figure 3. REST-MD visualizations, implemented in Maestro (Schrödinger, 2020b), complement atomic-resolution NMR interpretations of
structural dynamics across all bonds. (a) Simulation interaction diagrams report the rotational energy barrier (kcal mol−1) as a function of
the bond rotation angle. The conformational space sampled during the simulation is reported either as a function of the simulation time
(radial plots, from the center at the start and spiraling outward, with dark dots indicating initial and last sampled dihedral angles) or as
histograms superimposed on the torsion energy profiles (kcal mol−1 vs. bond angle across each color-coded bond in the molecule). Profiles
are readily compared between molecular bonds that are pre-organized (light blue with a y-axis maximum in the plot at 25 kcal mol−1, with
a bimodal radial plot and two energy minima), and flexible (pink with 3 kcal mol−1 maximum y-axis value, three energy minima, equally
populated, and a randomly populated radial plot). (b) The barrier to rotation of the dimethyl is calculated to be, based on the lower of the two
barriers,∼ 20 kcal mol−1. Whereas experimentally both energy minima are equally populated as seen by the 1 : 1 ratio by NMR, the sampling
conditions of the rigid “blue” bond were insufficient in the simulation to equally populate both wells. The NMR data in such cases clearly
inform on the calculated predictions. A separate REST-MD simulation for the des-methyl compound, 3, was a < 6 kcal mol−1 calculated
rotational energy barrier for the same “blue” bond, consistent with sharp lines and ready conversions between the two conformers, with a
broadened range of torsions, albeit still bimodal.
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Figure 4. VT NMR stacked plots for the dimethyl compound undergoing slow to fast exchange with increasing temperature. To measure
the energy barrier to rotation of the D ring, three temperatures and a 1D selective EXSY at different mixing times were used to estimate the
exchange rates and half-life. An Arrhenius plot gives the barrier to rotation at 19.9 kcal mol−1, and the 300 K half-life is ∼ 0.5 s.

performed with selective inversion on the peak near 5.3 ppm.
At each of the three temperatures, eight mixing times (100,
200, 300, 400, 500, 700, 1000, and 2000 ms) were used to de-
termine the first-order rate kinetics, with the fitted value for k

given in tabular form in Fig. 4. The half-life was derived from
ln(2)/k. The fitted plot of ln(k) vs. 1/RT is shown, revealing
a value of 19.9 kcal mol−1 for the barrier to rotation.

2.3 NMR informs calculations

REST-MD generates a large ensemble of (∼ 1000) con-
formations, in explicit solvent. REST-MD was run with
Desmond (Schrödinger, 2020a) with the pendant base ini-
tially oriented either forward or backward relative to the tri-
cyclic core for compound 1. The resultant calculated energy
barrier of ∼ 20 kcal mol−1 (Fig. 3b) is in agreement with the
NMR-determined value of 19.9 kcal mol−1. The REST-MD
visualization confirmed chemical intuition that the source of
the rotameric species is the bond between the tricyclic core
and the aromatic ring. Advantageously, the full torsional pro-
file report from the REST-MD simulation can be run prospec-
tively to rank design ideas, for instance to test a hypoth-
esis around rigidification and the degree of bioactive pre-
organization induced. The ability of REST-MD to evaluate
torsion angles prior to synthesis can also flag chemists to
check the NMR for site-specific dynamics information at the
time of structural verification. Such information could alert
the team to add a diagnostic selective-NOE measurement to
the standard acquisition suite, to test a free ligand conforma-
tional hypothesis post synthesis, while the solution sample is
in the spectrometer for structural identification.

Conversely, the NMR can supply experimental details in-
accessible to the calculations, particularly helpful within a
chemical series, as the lessons are generally translatable
across the structural analogs. For instance, the 1H NMR spec-
trum of the dimethyl compound 2 showed a 1 : 1 ratio be-
tween the two exchanging conformations (Fig. 2), whereas
REST-MD conformational sampling shows only one of the
two minima populated (Fig. 5). The fragment-based energy
calculation, shown as a solid line in the REST-MD torsional
profiles, is consistently the same, even using a very short sim-
ulation time (e.g., picoseconds). The histograms vary based
on initial conformation and number of replicates run. Start-
ing with an initial conformation with the pendant base fac-
ing “forward” relative to the tricyclic core, the radial plot of
torsion angle representation as a function of time starting at
the center and spiraling outward only populates the ∼+90◦

bond torsion angle during the 50 ns simulation that has a tem-
perature range of 300–1263 K (12 replicates, 50 ns). Analo-
gously, the histogram has one energy minimum populated,
and the number of times the ∼+90◦ torsion was observed is
fairly narrowly distributed (Fig. 5, top). With the same initial
conformation, increasing the temperature range to a high of
3302 K (20 replicates, 50 ns) showed some evidence of sam-
pling of the opposite conformation in the radial plot (Fig. 5,
middle). Starting the simulation with the 3D conformation
switched to put the pendant base towards the back instead
and running 20 replicates for a higher sampling tempera-
ture shows both minima were sampled (Fig. 5, bottom). Once
this compound has been synthesized, it then becomes exper-
imentally apparent from the 1H NMR spectrum at 300 K in
DMSO-d6 that both minima are equally populated (Fig. 2a).
In this manner the experimental results can be fed back to
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Figure 5. The REST-MD simulation of the dimethyl compound 2 predicts a preference to populate only one energy minimum, correlated with
the initial dihedral angle starting condition in the simulation (dark dot in the center of the radial plots). Shown are results from calculations
for conformations sampled as a function of bond rotation angle for the bond between the tricyclic core and the aromatic ring, bolded in
the molecular structure. The three different simulation conditions are, from top to bottom: starting with the pendant base facing forward
(∼+90◦) with a temperature range of 300–1263 K (12 replicates); the same initial conformation, with a temperature range of 300–3302 K
(20 replicates); and the opposite initial conformation, with the pendant base facing backward, run with 20 replicates (300–3302 K). All
REST-MD simulations ran for 50 ns.

the calculations to refine details and gauge areas of caution
during interpretation.

2.4 REST-MD/NMR synergy in drug discovery

What REST-MD adds to the existing NMR platform is vi-
sualization of conformational dynamics by providing calcu-
lated rotational energy barriers across all bonds. This com-
plements NMR spectral data to give insight into flexibil-
ity/rigidity at atomic resolution. Together, REST-MD and
NMR conformational analysis allows us to utilize all the
spectral information, thermodynamic and kinetic, gathered
from 1H NMR spectra: chemical shifts, J couplings, NOEs
and line widths, to maximize characterization of free ligands
in solution.

Without REST-MD, NMR alone can provide valuable in-
formation on the experimental conformational preference of
the free ligand in solution. From the NMR alone, the rel-
ative populations of each conformer in solution can be de-
duced, and it can be determined whether the dominant con-
former in solution is pre-organized into the bioactive con-
formation, which is of practical value for drug discovery.
However, adding REST-MD provides an easy and practical
way to visualize the magnitude of the energy penalty paid if
the bioactive conformation is not highly populated in solu-
tion. This can help rationalize the cost-to-benefit ratio of de-
sign team effort invested in increasing the percentage of free
ligand pre-organized into a bioactive conformation. As drug

discovery requires optimization of several parameters, know-
ing when binding has been optimized can shift design focus
and resources towards improving physicochemical proper-
ties.

The added benefit of REST-MD is its ability to deliver
prospective information regarding structural ideas of com-
pounds not yet synthesized. Accurate predictions of free lig-
and solution conformational dynamics can help rank com-
pounds to focus synthesis prioritization and flag supplemen-
tal experiments, such as selective NOEs on atom pairs to
quickly ascertain expected conformations.

While the full torsional profile is powerful on its own,
the REST-MD results also provide an extensively sampled
conformational ensemble in explicit solvent that can be clus-
tered and fed forward for use in NMR conformational anal-
ysis. Taking the selected conformer set forward for QM ge-
ometry refinements and calculations of NMR chemical shift
and coupling constants provides the modeled parameter set
used for further NAMFIS-based analysis. Using the con-
former set generated by REST-MD is particularly helpful
for higher molecular weight small molecules which begin to
self-associate during low-mode MD conformational searches
(LaBute, 2010) using a polarizable continuum model to
emulate solvent. Low-mode MD provides a comprehensive
search of the conformational ensemble but can therefore re-
sult in a set highly biased towards collapsed conformations.
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3 Methods

3.1 1H 1D and 2D ROESY solution NMR spectroscopy

1H NMR spectra were recorded at 300 K on a 500 MHz
NEO with Smartprobe or a 600 MHz AVIII Bruker spectrom-
eter with TCI cryoprobes. Solutions were made from 1 to
4 mg solid freshly dissolved in DMSO-d6. Spectra were ac-
quired with a 30◦ hard pulse, a 1 s delay, two dummy shots,
and signal averaged over 16 transients. A spectral width
of ∼ 20 ppm with 65 536 points was used. Spectral analy-
sis was performed using Advanced Chemistry Development,
Inc. (ACD/Labs) Spectrus Processor (ACD/NMR Workbook,
2021). 2D ROESY (Schleucher et al., 1995; Thiele et al.,
2009) was run with the Bruker standard pulse program
roesyadjsphpr with ns 4, TD (1024, 256), and a 200 ms spin
lock.

3.1.1 Compound 1

1H NMR (500 MHz, DMSO-d6) Shift 10.54 (s, 1H),
7.44 (d, J = 7.7 Hz, 1H), 7.23 (d, J = 8.0 Hz, 1H), 7.03
(td, J = 7.9, 1.2 Hz, 1H), 6.99 (t, J = 8.2 Hz, 1H), 6.97
(td, J = 8.0, 1.2 Hz, 1H), 6.89 (d, J = 7.9 Hz, 1H),
6.28 (br d, J = 8.2 Hz, 1H), 5.14 (s, 1H), 4.51 (dt,
J = 47.5, 6.1 Hz, 2H), 4.00 (t, J = 5.6 Hz, 2H), 3.46
(dq, J = 16.0, 10.6 Hz, 1H), 3.37–3.33 (m, 1H), 2.99
(dq, J = 16.0, 10.0 Hz, 1H), 2.90 (t, J = 5.7 Hz, 2H),
2.78 (dd, J = 16.0, 4.5 Hz, 1H), 2.69 (t, J = 6.9 Hz,
2H), 2.62 (dd, J = 16.0, 7.7 Hz, 1H), 2.53–2.51 (m, 1H),
2.28 (s, 3H), 1.85–1.74 (m, 2H), 1.06 (d, J = 6.7 Hz,
3H) (https://doi.org/10.14272/GRTREOMLNXYRCK-
CRICUBBOSA-N.1, Balazs, 2021a).

3.1.2 Compound 2

1H NMR (500 MHz, DMSO-d6) Shift 10.18 (s, 0.5H,
isomer1), 10.14 (s, 0.5H, isomer2), 7.39 (d, J = 7.6 Hz,
1H, isomer1+isomer2), 7.18 (t, J = 7.2 Hz, 1H, iso-
mer1+isomer2), 7.09 (d, J = 8.5 Hz, 0.5H, isomer2),
6.99–6.95 (m, 1H, isomer1+isomer2), 6.95–6.90 (m, 1H,
isomer1+isomer2), 6.88 (d, J = 8.4 Hz, 0.5H, isomer2),
6.84 (s, 1H, isomer1), 5.38 (s, 0.5H, isomer1), 5.29 (s,
0.5H, isomer2), 4.54 (dt, J = 47.5, 6.0 Hz, 1H, isomer1),
4.44 (dt, J = 47.5, 6.0 Hz, 1H, isomer2), 4.07–3.95 (m, 1H,
isomer1), 3.95–3.85 (m, 1H, isomer2), 3.67–3.56 (m, 1H,
isomer1+isomer2), 3.39 (s, 1H, isomer1+isomer2), 3.14-
3.04 (m, 1H, isomer1+isomer2), 2.94 (br t, J = 5.4 Hz, 1H,
isomer1), 2.80 (br t, J = 5.6 Hz, 1H, isomer2), 2.77 (br d,
J = 4.5 Hz, 1H, isomer1+isomer2), 2.72 (t, J = 7.0 Hz, 1H,
isomer1), 2.69 (br d, J = 15.0 Hz, 1H, isomer1+isomer2),
2.60 (t, J = 6.9 Hz, 1H, isomer1+isomer2), 2.44 (s,
1.5H, isomer2), 2.39 (s, 1.5H, isomer2), 1.83 (br dquin,
J = 26.2, 6.6 Hz, 1H, isomer1), 1.82 (s, 1.5H, isomer2),
1.80 (s, 1.5H, isomer1), 1.72 (dquin, J = 26.2, 6.4 Hz, 1H,
isomer2), 1.14 (d, J = 6.5 Hz, 3H, isomer1+isomer2)

(https://doi.org/10.14272/WCXZZJFDRDQAHJ-
WXTAPIANSA-N.1, Balazs, 2021b).

3.1.3 Compound 3

1H NMR (600 MHz, DMSO-d6) Shift 10.86 (s, 1H), 7.45
(d, J = 7.8 Hz, 1H), 7.31 (d, J = 8.0 Hz, 1H), 7.26 (t,
J = 7.8 Hz, 1H), 7.08 (dd, J = 8.0, 7.5 Hz, 1H), 7.00 (dd,
J = 7.8, 7.5 Hz, 1H), 6.86 (dd, J = 8.2, 2.4 Hz, 1H), 6.84
(d, J = 7.8 Hz, 1H), 6.75 (br d, J = 2.3 Hz, 1H), 4.98 (s,
1H), 4.48 (dt, J = 47.5, 6.6 Hz, 2H), 3.95 (t, J = 5.6 Hz,
2H), 3.57 (qd, J = 13.0, 9.3 Hz, 1H), 3.12 (dqd, J = 11.0,
6.8, 5.0 Hz, 1H), 3.01 (qd, J = 18.0, 9.3 Hz, 1H), 2.83
(t, J = 5.7 Hz, 2H), 2.64 (dd, J = 15.8, 5.0 Hz, 1H), 2.57
(dd, J = 15.8, 11.0 Hz, 1H), 2.62 (t, J = 6.6 Hz, 2H),
1.76 (dquin, J = 26.1, 6.6 Hz, 2H), 1.11 (d, J = 6.8 Hz,
3H) (https://doi.org/10.14272/UZTVFIJYDQIRSV-
MZNJEOGPSA-N.1, Balazs, 2021c).

3.2 Exchange spectroscopy (EXSY)

1H NMR spectra were recorded on a 500 MHz NEO at 300,
305, 310, 340, 345, 350, 355, 360, 365, and 373 K. For the
1D selective exchange spectroscopy at 300, 300, and 310 K,
the mixing times used were 100, 200, 300, 400, 500, 700,
1000, and 2000 ms. The spectra were integrated with con-
sistent integral ranges and by calibrating the integral of the
inverted peak to 100 to consistently normalize the data (Hu
and Krishnamurthy, 2006). An Excel spreadsheet was used
to calculate the fractional intensity increase as a function of
mixing time to fit exchange rate and half-life (Bovey, 1988;
Li, et al., 2007).

3.3 REST-MD

Two different initial molecular conformations were run
where the variation was placed in the relative position of the
pendant base to the tricyclic ring: (i) “forward” or (ii) “back-
ward”, using the same atom numbering for all conformations
sampled for the same compound, to simplify later steps in
the workflow. Molecular protonation states at pH 7.0± 0.0
were used for the MD simulations. The force field builder
in Maestro (Schrödinger, 2020b) was used to customize the
OPLS3e force field for the system builder where a NaCl salt
concentration of 0.15 M was used and the base was neu-
tralized by addition of one Na+ ion during creation of the
explicit water shell for solvation using the predefined SPC
model and an orthorhombic box shape of 10 Å× 10 Å× 10 Å
using the “buffer” box size calculation method. Desmond
(Schrödinger, 2020a) replica exchange with solute temper-
ing molecular dynamics was run with 12 replicas giving a
temperature range of 300 K to typically ∼ 1300 K, for a to-
tal of 50 ns for extensive sampling of conformational space
during the simulation.
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3.4 Simulation interaction diagram

The plots automatically generated in Maestro (Schrödinger,
2020b) provide solid lines tracing out the barrier to rotation
in kcal mol−1 as a function of the torsion angle. The his-
tograms provide the resulting distribution of 1002 conform-
ers under our routine sampling conditions. Radial plots show
the evolution of the simulation time from the start, at the cen-
ter, indicated by a dark dot and radiating outward until the
final sampled conformer, also indicated by a dark dot.

3.5 Clustering of conformers

Ligands, without the solvent shell, were extracted from the
REST-MD trajectories for both sets of initial conformers
(forward and backward). To aid a quick visual inspection of
the results, conformers were superimposed using the simpli-
fied molecular input lines entry system (SMILES) arbitrary
target specification (SMARTS) method and the substructure
SMILES string of c12c(C)c(CN)[nH]c1cccc2 to align the
conformers relative to the rigid tricyclic ring. Conformers
were clustered in Maestro (Schrödinger, 2020b) by atomic
RMSD, discarding mirror-image conformers, selecting the
option of one structure (nearest to centroid) per cluster, thus
reducing the full set down to representative diverse conform-
ers, typically 15–40.

3.6 QM calculations

Chemical Computing Group’s (Molecular Operating Envi-
ronment (MOE); MOE, 2021) conformational search graph-
ical user interface was employed to generate input files for
Gaussian 16 (Revision C.01, Frisch et al., 2016) after im-
porting conformers into a molecular database and using the
wash function to neutralize charged species not observed
by NMR in DMSO-d6 solutions. QM geometry refinement,
chemical shift calculations and coupling constant calcula-
tions were carried out with the gauge including atomic or-
bital (GIAO) density functional theory (DFT) method at the
B3LYP/6-31G* level with PCM solvent modeling using a di-
electric constant of 78.4. Geometry optimization keywords
were set with opt=(tight,RecalcFC=5,MaxCycles=5000) and
Int=SuperFineGrid.

3.7 Conformer distribution

MOE’s Spectral Analysis graphical user interface was em-
ployed for least-squares fits of chemical shifts to determine
conformer distributions; the option for couplings and NOEs
was used selectively.

4 Conclusions

The REST-MD protocols described above provide rapid and
prospective access to torsional energy barriers and confor-
mational states for drug-like molecules. The REST-MD cal-

culations accurately reproduce and visualize NMR dynam-
ics which synergistically work with experimental conforma-
tional exchange dynamics obtained from 1D 1H NMR spec-
tra. Integration of REST-MD into our NMR conformational
analysis platform has enabled visualization of atomic-level
information by all medicinal chemists and can be readily
used to guide design hypotheses toward molecules with im-
proved potency and/or physicochemical properties.

This new methodology has been applied across more than
10 early oncology projects in 2020, involving both small
molecules and proteolysis targeting chimeras (PROTACs)
drug leads, to answer questions around conformational pref-
erence (populations) and dynamics (rotational barriers).

In addition, NMR provides design teams with information
on the presence of intramolecular hydrogen bonds (IMHBs)
and the combined influences on properties such as potency,
permeability and oral bioavailability. Diverse applications
have enabled refinement of the approach and represent a step
towards the goal of routine use for prospective design and de-
termination of experimentally based conformation–activity
relationships.

Data availability. 1H NMR spectra can be found in
the Chemotion-Repository. Compound 1: https://doi.org/
10.14272/GRTREOMLNXYRCK-CRICUBBOSA-N.1
(Balazs, 2021a); Compound 2: https://doi.org/10.
14272/WCXZZJFDRDQAHJ-WXTAPIANSA-N.1 (Bal-
azs, 2021b); Compound 3: https://doi.org/10.14272/
UZTVFIJYDQIRSV-MZNJEOGPSA-N.1 (Balazs, 2021c).
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