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Abstract

The geometry of a molecule plays a significant role in determining its physical
and chemical properties. Despite its importance, there are relatively few studies on
ring puckering and conformations, often focused on small cycloalkanes, five- and six-
membered carbohydrate rings and specific macrocycle families. We lack a general
understanding of the puckering preferences of medium-sized rings and macrocycles. To
address this, we provide an extensive conformational analysis of a diverse set of rings.
We used Cremer-Pople puckering coordinates to study the trends of the ring conforma-
tion across a set of 140,000 diverse small molecules, including small rings, macrocycles
and cyclic peptides. By standardizing using key atoms, we show that the ring con-
formations can be classified into relatively few conformational clusters, based on their
canonical forms. The number of such canonical clusters increases slowly with ring size.
Ring puckering motions, especially pseudo-rotations, are generally restricted, and differ

between clusters. More importantly, we propose models to map puckering preferences



to torsion space, which allows us to understand the interrelated changes in torsion
angles during pseudo-rotation and other puckering motions. Beyond ring puckers, our
models also explain the change in substituent orientation upon puckering. In summary,
this work provides an improved understanding of general ring puckering preferences,
which will in turn accelerate the identification of low energy ring conformations for

applications from polymeric materials to drug binding.

Introduction

Molecular rings play an important role in chemistry and biology, and their shapes are in-
timately linked to their physical and chemical properties. For instance, the glycosidases
reactions heavily depend on their conformations.’ Beyond small rings, macrocycle confor-
mations are crucial in host-guest chemistry and drug design. In host-guest chemistry, the
conformational preferences of macrocyclic rings lead to selective complexation of organic
ligands.?* On the other hand, macrocycles including cyclic peptides have recently demon-
strated their potential in modulating traditionally less druggable targets, e.g. mimicking
protein-protein interactions.®® The flexibility of cyclic molecules improves their chance to
adopt favorable conformations that will bind to targets with flat surfaces. Despite the impor-
tance of ring conformations, most studies on ring conformations focus on small subsets, for
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example on carbohydrate rings,®'? cycloalkanes, and families of macrocycles involved in

16718 resulting in a lack of general understanding of ring conformational

host-guest chemistry,
preferences, especially for medium-sized rings and macrocycles. We have therefore carried
out an extensive conformational analysis on a wide range of ring molecules, including cyclic

peptides.

Flexible rings can adopt different conformations due to out-of-plane bending motions, caused
by changes in the rotatable ring bonds, resulting in so-called ring puckering. Typically, the

ring puckers can be classified into different canonical forms, and are usually low energy



conformations; a classic example is the chair and boat conformations in 6-membered rings
such as cyclohexane. These canonical forms are not “unique”, as the pseudo-rotation leads
to multiple equivalent conformations, for example the *C; and 'C, chair conformations in
cyclohexane. %' There are several factors controlling the conformational flexibility of rings,
including endocyclic double bonds,?® nature of substituents and intramolecular interactions
such as hydrogen bonds.?! Lyu et al. recently showed that the intramolecular hydrogen
bonds restrict the pseudo-rotation path in deoxyribonucleosides, and the path characteris-
tics depend on the strength of intramolecular interactions. In macrocycles, small structural
modification, e.g. modification of exocyclic functionality, may lead to significant changes
in conformation through hydrogen bond and other intramolecular interactions.??* Such con-
formational changes are difficult to predict, as the coupled ring bond rotations are not well

understood.

A variety of coordinate systems have been developed to characterize ring puckers quan-
titatively. These techniques can be categorized into three general approaches. The first
approach measures the perpendicular displacement of the ring atoms from a mean plane of
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the ring; while the second approach makes use of the triangular tessellation of the ring,

and measures the associated angles between the reference plane and the triangular planes.?*
The last approach simply measures the ring torsion angles;?> but this representation does
not lend itself well to identifying pseudo-rotation. Methods used to analyse ring conforma-
tions based on perpendicular displacements of ring atoms such as Cremer-Pople puckering
coordinates'® are widely used in the community.'??¢ This representation has the advantage
of using a reduced number of parameters, N — 3, to describe the geometry of an N-membered
monocyclic ring. Hence, we require only two parameters to describe the conformational space
of five-membered rings, and just three for six-membered rings. It has been also used as col-

lective variables for the enhanced sampling of six-membered ring conformations in molecular

dynamics studies.?”



To better understand ring conformational preferences, we have extended our analysis to more
complex ring systems, including larger sizes, bicyclic and polycyclic rings. We not only study
their puckering preferences using Cremer-Pople puckering coordinates, but also identify the
underlying constraints on their geometry and the change in substituent orientations upon
puckering. More importantly, we build quantitative models to convert from Cremer-Pople
puckering coordinates to ring torsion angles, which thus allows us to understand the torsional
changes upon pseudo-rotation. A novel knowledge-based conformational sampling scheme
based on puckering parameters is also proposed, and we show that it can sample low energy

ring conformations efficiently.

Methods and Data

Cremer-Pople Puckering Parameters for N-membered Rings.

The out-of-plane deviations of puckered N-membered rings can be measured by the z-
coordinates of the ring atoms relative to a mean plane cutting through the ring. The 2
coordinates contain information about the overall movement or the shape of the puckered
ring. Translation and overall rotation of the planar reference around the z- and y-axes can

be removed by imposing three constraints (see Appendix 1, Equations S1-S3).

Let R; be the position vectors of the ring atom, j, with the origin defined as the geometrical
center of the puckered rings. We denote two vectors, R’ and R”, that define the mean plane
(see Appendix 1, Equations S4 and S5), where n is the unit normal vector to this mean
plane; z; is then the displacement of atom j from the mean plane, and is given by the scalar

products in Equation 1:

i=Rj'n (1)
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Using the mean plane and the full set of displacements, we can compute the Cremer-Pople

ring puckering parameters!® as follows:

For odd values of N, and N > 3, the puckering amplitude, ¢,,, and phase angle, ¢,,, are

defined as follows:

Z opcos (20 =1) )
Sy (20 ®)

Equations (2) and (3) apply for m = 2,3,..., (N — 1)/2. The amplitudes, ¢,,, are positive
valued; while the phase angles, ¢,,, range from —7 to m. For even values of N, Equations 2
and 3 apply for m = 2,3, ..., (N/2 — 1), but an additional puckering amplitude is required,
with the following form:

qy = ] Zj (4)

Note that the g~ value in Equation 4 can take either sign.
2

Cremer-Pople representation is only applicable to monocyclic ring systems. To extend it to
more complex ring systems such as fused and spiro rings, we first decompose the ring systems
into smaller rings, and calculate the puckering parameters for each ring. In particular,
we adopt the concept of Unique Ring Families (URFs)? for this decomposition, with the
resultant Cremer-Pople parameters being calculated for all relevant cycles, i.e. minimum

cycle bases.

Additionally, the Cremer-Pople representation is atom-order dependent, and we standardize
the atom ordering in the ring before calculation. Bond orders, connectivity and element
types are used to determine this standardized order (see Appendix 1). Other canonical atom
numbering may also be used.?” In symmetric rings, such as cycloalkanes, the first atom is

picked at random.



We also take the volume of the amino acid into account when ordering the backbone ring
atoms in cyclic peptides. The priority increases with volume, so trypotophan, tyrosine, and
phenylalanine have higher ranks, while glycine has the lowest. The rank order of amino acids
can be found in Appendix 1, Table S1. Note that this ordering is only applied to the cyclic

peptides.

Extension of Cremer-Pople Puckering Parameters for Ring Sub-

stituent Positions

It is well known that the preferred orientation of ring substituents changes under ring in-
version, and neighbouring substituents can also influence their preferred orientation. We
followed the framework proposed by Cremer?° to describe the position of substituents un-
ambiguously. Two orientation angles, o and (3, are introduced. The o angle describes the
relative position of the substituent to the mean plane defined above (see Appendix 1, Equa-
tion S11), and 5 angle describes the relative position of the substituent to the geometrical

center of the ring (see Appendix 1, Equations 12 and 13), see Figure 1 for illustration.
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Figure 1: Definition of the substituent orientation angle « and . The substituent S (bond
between substituent and ring atoms is colored in red) is attached to ring atom j. R; denotes
the position vector of atom j The ring bonds are colored in blue. O denotes the origin, which
is also the geometrical center of the ring.

When the substituent angle a = 0 or @ = 7, this indicates the substituent is sitting axially
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5 indicates the equatorial orientation.

above or below the mean plane, respectively, while o =
The angle § = 0 indicates a radially outwardly-directed substituent, while 8 = —mor f =7

indicates an inwardly-directed substituent.

With this complete representation for the ring-puckering motion and substituent orientation,
we can investigate their coupled motion extensively, and develop ring puckering potentials

for conformer sampling, similar to its acyclic counterparts.

Connection between Ring Puckering, Substituent Orientations and

Torsion Angles

Ring inversion is the interconversion of cyclic conformers that have equivalent ring shapes.
Such interconversion can be characterized by Cremer-Pople representation. The substituent
orientation also changes during inversion. In particular, we are interested in the coupled ring
bond rotations and the associated change in substituent orienation during pseudo-rotation.
Inspired from the functional forms studied in previous work,3! three models are proposed
(see Appendix A, Equations S18-S20). Equation S18 is used to predict the associated change
in substituent o and 3 orientation angles upon puckering. Equation S19 maps the puckering
parameters to endocyclic torsion angles, while Equation S20 helps explain the rotational
dependence between substituent exocyclic torsion angle and endocyclic torsion angle. Note
that Equation S19 is a mapping for general N-membered ring, and the functional form
proposed by de Leeuw et al.3! to convert puckering coordinates to torsion angles for 5-

membered rings can be recovered by applying trigonometric identities,.

Here, we denote the endocyclic torsion angle as #°"%°; exocyclic torsion angle as §°*°; o and

[ are the substituent orientation angles.



Ring Reconstruction from Cremer-Pople Puckering Parameters

Cremer-Pople puckering parameters not only provide quantitative descriptions of puckered
N-membered rings, but also allow efficient conversion from puckering parameters to Carte-
sian coordinates, as shown by Cremer.?? In addition to N — 3 puckering parameters, N — 3
bond angles and N bond lengths are required for the reconstruction of puckered N-membered
ring conformations. The default values of bond length and bond angles are specified in Ta-
bles S2 and S3 in Appendix 1. The calculation of the x—, y— and z— coordinates from

puckering parameters, specified bond lengths and bond angles are discussed in Appendix 1.

To sample low energy ring conformations efficiently, we used Kernel Density Estimation
(KDE) to learn the ring puckering preferences, and generate puckering values from the
model. These values were then converted to different z-coordinates to give distinct ring con-
formations. Using the relationship between endocyclic torsion angles and exocyclic torsion
angles (see Appendix A, Equation S20) with appropriate parameters (see Appendix 2, Table
S8), we can update the ring substituent position accordingly. Note that the exocyclic bond
angles are kept fixed in the sampling. This approach is contrary to typical knowledge-based

3334 where ring templates and heuristic rules are used to sample ring

sampling methods,
conformations, and substituents position are then assigned by minimizing a clash function
or force field energy. Our new models do not require force field minimization, although as

discussed below, minimization can also improve cases where bond lengths or angles slightly

differ from our model.

Data

Over 130,000 small molecules were selected from Crystallography Open Database (COD) 353
(63814 molecules) and ZINC database®” (67009 molecules), including natural products and
macrocycles. In addition, we generated a set of cyclic peptides (CPs), including 8661 cyclic

tetrapeptides (CTPs) and 2249 cyclic pentapeptides (CPPs). Molecules from COD and



ZINC contain carbon (C), nitrogen (N), oxygen (O), sulphur (S) in the ring, with rings
up to 20 atoms. The peptide datasets contain head-to-tail cyclic tetrapeptides and cyclic
pentapeptides, i.e. cyclization from the N-terminus to the C-terminus, yielding a set of
12-membered and 15-membered rings. Their sequences are composed of fourteen of the
twenty naturally occurring L-amino acids (see Appendix 3, Table S9). The datasets and
their preparation are summarized in Appendix 3. Note that this dataset is also used in our

previous works. 38

We simulated the lowest energy conformation for each molecule including the cyclic peptides
using CREST, 3% using the density functional tight binding quantum method GFN24!:42
for energy evaluation. We should note that CREST may break the molecules into smaller
fragments in the output file. These molecules were excluded in our analysis. The details of

the simulations are discussed in Appendix 3.

To demonstrate the effectiveness of using puckering preferences in sampling ring confor-
mation, we selected twenty simple molecules, including monocyclic rings with and without

endocyclic double bonds and substituents. (see Appendix 3 Table S10 ).

Analysis

To provide a better understanding of the ring geometry in cyclic peptides, we computed
the (¢,) torsion angles. We also calculated the eccentricity, which is used to measure the
“roundness” of a ring.%® Eccentricity, e, is a non-negative real value that characterizes the

shape of a conic section. A value 0 indicates a circle and 1 indicates an ellipse.

To assess the performance of our proposed sampling method, we computed the heavy atom
root-mean-square deviation (RMSD) and Torsion Fingerprint Deviation (TFD)* between

the generated conformations and the lowest energy (reference) conformation sampled from

CREST.

2

Furthermore, three metrics, namely squared circular correlation coefficient (RZ;,.), mean an-



gular error (MAE), and standard deviation of angular error were used to assess the predictive
performance of our proposed models. The circular correlation coefficient and the angular
error (circular distance between predicted and actual angles) are defined by Equations S22

and S23 in Appendix A respectively.

Implementation

RDKit* was used to read molecules, generate conformations, and write conformers. The
implementation of RMSD and TFD calculation in RDKit were used. RingDecomposerLib?6
was used to identify the URFs of the ring system. The implementation of KDE in Scikit-
Learn®” was used. The code is available in Github (https://github.com/lucianlschan/

RING)

Results and Discussion

Small and medium sized rings

A relatively small number of conformational clusters were observed for 5- to 8-membered
rings, reflecting their canonical conformations. For instance, Figure S4a in Appendix 3 shows
two clusters for flexible 6-membered rings, corresponding to the celebrated chair and boat
conformations, as illustrated in Figure 2. As expected, the chair conformation is more fre-
quently observed than the boat conformation. The phase angle, ¢, is uniformly distributed,
suggesting free pseudo-rotation in both forms. In contrast, the presence of endocyclic double
bonds or shared aromatic bonds restrict both puckering and pseudo-rotation. The puckering
amplitude, g3, and phase angle, ¢, exhibit a sinusoidal relationship as can be seen in Figure
S4b in Appendix 3. These relationships hold for both simple monocyclic rings, complex bi-

and polycyclic rings.

For 7- and 8-membered rings, an additional phase angle, ¢3, is required. Phase-phase cou-
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Figure 2: 6-membered ring conformations: (a) chair; (b) half chair; (c¢) boat; (d) twist boat.

plings are evident in some conformational clusters. For example, three conformational clus-
ters were observed in 7-membered rings with no endocyclic double bonds, having predom-
inantly twist-chair and chair conformations, as illustrated in Figure 3a. The puckering
amplitudes (go, ¢3) fall into a narrow range and the pseudo-rotations are restricted in this
region, as shown in Figure 3d. The phase angles ¢o and ¢3 are strongly coupled, and they
are marginally uniformly distributed. This coupled motion suggests the minimum energy
pathway of the chair-twist-chair pseudo-rotation. As suggested by Bocian et al.,'® the
pseudo-rotation map can be approximated by Equation 5, with varying intercepts (¢35, ¢3)
and slopes (K3, K3). This model is valid for both monocyclic, bicyclic and polycyclic rings

with heteroatoms (see Figure 3c).

P2 = ¢y + Ko

¢3 = ¢35 + K3¢
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In bicyclic and polycyclic rings, the adjacent rings and bulky substituents sometimes induce
significant steric clashes, and result in concomitant changes in conformational preferences.
The increase in amplitude ¢o and decrease in amplitude g3 indicate a conformational change
from chair to half chair (0.7 < ¢5 < 1) and boat conformations (¢ > 1). The pseudo-
rotations are free in these clusters, i.e. the phase angles are randomly distributed (see

Appendix 3, Figure S5c).

To assess the effect of the endocyclic double bonds on conformational preferences, we selected
7-membered rings with one and two endocyclic double bonds. We further separated the
observations by the location of endocyclic double bonds. Figure S6 in Appendix 3 shows
three conformational clusters in seven membered-rings with single endocyclic double bonds,
and they correspond to the chair, half-chair and boat conformations, which are the same as
the case without double bonds. However, the population of chain conformation decreases,
while the population of half chair and boat conformations increase. The pseudo-rotations
in all three clusters are restricted. In the chair and twist-chair region, the phase angle,
@3, is relatively fixed with small variations in phase angle, ¢9, while in the boat and twist-
boat region, the phase angle ¢, is fixed while the phase angle ¢3 varies. The half chair

conformation exhibits strong coupling between phase anlges.

As the number of endocyclic double bonds increases, the number of degrees of freedom
of the ring system decreases. The location of the double bonds strongly influences the
puckering preferences, as shown in Figure 4. The double bonds in 1,3-cycloheptadiene and
1,4-cycloheptadiene-like structures (Figure 4a and 4c) impose different steric constraints,
and lead to contrasting phase-phase coupling. The correlations in amplitudes are shown in

Appendix 3, Figure S7.
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Figure 3: Analysis of 7-membered rings with no endocyclic double bonds. (a) Joint distri-
bution and marginal distribution of the ring puckering amplitudes (gs,¢3). This shows that
twist-chair and chair conformations (indicated by red box) are frequently observed in the
lowest energy conformation, followed by boat and twist boat conformation (indicated by
black box). The half chair (indicated by green box) is the transition structure from chair to
boat, and it is occasionally observed. The shape of monocyclic rings is conserved, while there
is some variation in bicyclic and polycyclic rings. Note that the color boxes only show the
coarse boundary of the conformational clusters. (b) Example of the chair conformation found
in cycloheptane (hydrogen atoms not shown). (c¢) Histogram showing the count of molecules
with varying numbers of heteroatoms in rings found in the chair or twist-chair conformation.
(d) Coupled phase angles of the chair and twist-chair conformations, as indicated by the red
box in (a). This plot reveals the minimum energy pseudo-rotation pathway of the chair and
twist-chair conformations. This relationship holds for general seven-membered rings with or
without heteroatoms.
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Figure 4: 7-membered rings with two endocyclic double bonds and their associated phase
angles coupling. (a) 1,3-cycloheptadiene, and (b) the highly-coupled phase angles of the
low energy conformations observed in 7-membered rings with double bonds at the 1 and
3 positions. (c) 1,4-cycloheptadiene, and (d) again, the highly-coupled phase angles of the
low energy conformations observed in 7-membered rings with double bonds at the 1 and 4
positions. Monocyclic, bicyclic and polycyclic rings are all included in our analysis, and it
should be noted that the double bond can also be a shared aromatic bond. The relative
location of the endocyclic double bonds imposes different constraints on the system, and
results in visibly different phase-phase couplings.

For larger rings, the number of conformational clusters increases, while the coupling between

puckering amplitudes and phase angles becomes more complex. It should be noticed that
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small local structural changes may result in significant changes in conformation through
transannular repulsion and intramolecular interactions. To gain further insight into long

range coupled ring bond rotations, we performed cluster analysis on a set of cyclic peptides.

Cyclic Peptides

Peptide cyclization imposes additional constraints on the system, and thus reduces the
thermally-accessible conformational space of the resultant cyclic peptides relative to their
linear counterparts.*® There are several factors governing the backbone conformation of
cyclic peptides, including the size and properties of the amino acid side chains, presence of
N-methylation, and formation of 7- and (- turns. Analysing the puckering preferences helps

understand the relative influence of these factors.

The configuration of the amide bonds provides important information to determine the dom-
inant backbone conformation adopted by the cyclic peptides. The partial double bond char-
acter of the carbon-nitrogen bond in amide bonds renders them planar, resulting in either cis
(C) or trans (T) amides. We can thus classify the conformations based on the sequence of
cis- or trans-amide bonds, as described in Loiseau et al.,*® for example, for cyclic tetrapep-
tides, all-cis (“CCCC”) or all-trans (“TTTT”) amides. Typically, the trans-amide bond is
preferred in acyclic peptides, large cyclic peptides and proteins. Figures S9a and S13a in
Appendix 3, however, shows that the cis-amide bond is preferred in both cyclic tetrapep-
tides and cyclic pentapeptides, with 40% all-cis and 43% CCCT in cyclic tetrapeptides. In
small cyclic peptides, high ring strain reduces the energy barrier between cis and trans iso-
mers. All-trans and single-cis (CTTT and CTTTT) configurations are less favored in both
tetra- and pentapeptides due to high transannular strain, and they exist only with explicit
stabilization from one or more intramolecular hydrogen bonds. Such stabilization leads to
~- turns in cyclic tetrapeptides, and 7- and S-turns in cyclic pentapeptides, as reflected by
their Ramachandran (¢,1)) dihedral angles: see, for example, Appendix 3, Figure S12a. The

puckering amplitudes and phase angles are thus highly restricted in such conformational
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clusters. It should be noted that these turns are favored by the in vacuo calculation, and
may not reflect the conformations observed in solution. The positional preferences of amide
carbonyl groups are key to understanding the formation of such intramolecular hydrogen

bonds, which we discuss next.

Main chain-main chain intramolecular interactions were not observed in cyclic tetrapeptides
with two or more cis-amide bonds; nor were they seen in cyclic pentapeptides with three or
more cis-amide bonds. Transannular repulsion, main chain-side chain, and side chain-side
chain intramolecular interactions appear to be the major driving forces behind the confor-
mational preferences seen in these cases. Small structural modifications, such as the change
of amide bonds and/or side chain orientations, may induce significant steric clashes, and
lead to conformational switching. For example, Figure 5a and 5b show the puckering am-
plitude preferences of two canonical conformations in all-cis-amide cyclic tetrapeptides, and
they differ by the orientation of one amide bond. Similarly, we followed nomenclature used
in Loiseau et al., where the orientation of amide carbonyl is denoted by U when it is ori-
ented above the mean plane; while it is denoted by D when it is oriented below the mean
plane. The two canonical forms (CCCC-DDDD and CCCC-UDDD) exhibit distinct pucker-
ing amplitude preferences and phase-phase couplings (see Appendix 3, Figure S10). Similar
phenomena are observed in cyclic pentapeptides (see Appendix 3, Figure S14). Furthermore,
the formation of main chain-side chain interactions and/or side chain-side chain interactions
give rise to two sub-clusters within same configuration (CCCC-DDDD) with diverse geome-
tries, as illustrated in Figure 5¢c and 5d. The orientation of the side chain Cz atoms play

important roles in the formation of these interactions.

To further understand the cyclic backbone conformation, we calculated the Ramachandran
(¢,1) dihedral angles and the eccentricity of the backbone. The Ramachandran plots in Ap-
pendix 3, Figures S12b and S13d show that the (¢, 1) angle preferences of cyclic tetrapeptides

and pentapeptides are similar to the standard secondary structures observed in proteins. Fig-
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ure S9b and S13b show contrasting eccentricity values between clusters, for example all-trans
cyclic tetrapeptides give a mode at 0.3, while alternating CTCT cyclic tetrapeptides give a

mode at 0.8, indicating diverse geometries between clusters.

We thus have shown that Cremer-Pople puckering parameters are a useful representation to
understand ring puckering for both small rings and macrocycles including cyclic peptides,
and analyzed the associated effects of endocyclic double bonds on ring puckering. We have
also revealed the influence of configuration and orientation of amide on ring geometries. To
gain further insights, we will examine the substituent orientations and its relationship to

puckering preferences below.
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Figure 5: (a) Marginal distribution of the ring puckering amplitudes (g2, g3, g4, 5, gs) prefer-
ences for two conformational clusters of all-cis conformation in cyclic tetrapeptides (colored
red and blue). The two clusters are defined by the « orientation angle of the amide carbonyl
oxygen, where U indicates o < 7, and D indicates o > 5. The CCCC-DDDD confor-
mations are colored blue, while CCCC-UDDD are colored red. In panel (a), two modes
are observed in puckering amplitudes for both clusters, indicating presence of multiple sub-
clusters. (b) Pairwise joint distribution of the ring puckering amplitudes (g2, ¢3, 4, g5, ¢6)
preferences for two conformational clusters of all-cis conformation in cyclic tetrapeptides.
The puckering preferences of CCCC-DDDD conformations are more concentrated than the
one in CCCC-UDDD conformations. Example conformation from (c) sub-cluster 1; and (d)
sub-cluster 2. Hydrogen atoms and side chains are not shown in panel (c) and (d). (e) Ring
eccentricity values for two sub-clusters of CCCC-DDDD conformations, as colored by purple
(sub-cluster 1) and green (sub-cluster 2). The main chain-side chain and side chain-side
chain intramolecular interactions give rise to the diverse geometries.
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Figure 5: (a) Marginal distribution of the ring puckering amplitudes (g2, g3, ¢4, g5, ¢s) prefer-
ences for two conformational clusters of all-cis conformation in cyclic tetrapeptides (colored
red and blue). The two clusters are defined by the a orientation angle of the amide carbonyl
oxygen, where U indicates a < 7, and D indicates a > 7. The CCCC-DDDD confor-
mations are colored blue, while CCCC-UDDD are colored red. In panel (a), two modes
are observed in puckering amplitudes for both clusters, indicating presence of multiple sub-
clusters. (b) Pairwise joint distribution of the ring puckering amplitudes (g2, ¢3, ¢4, g5, ¢6)
preferences for two conformational clusters of all-cis conformation in cyclic tetrapeptides.
The puckering preferences of CCCC-DDDD conformations are more concentrated than the
one in CCCC-UDDD conformations. Example conformation from (c) sub-cluster 1; and (d)
sub-cluster 2. Hydrogen atoms and side chains are not shown in panel (c) and (d). (e) Ring
eccentricity values for two sub-clusters of CCCC-DDDD conformations, as colored by purple
(sub-cluster 1) and green (sub-cluster 2). The main chain-side chain and side chain-side
chain intramolecular interactions give rise to the diverse geometries.

Effects of Substituent Orientation and Functionality

The size and functionality of substituents are two of the key factors determining the ring

geometries, and their effects vary with ring size. We thus separated the lowest-energy con-
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formations according to ring sizes: small (5- and 6-membered) rings, medium (7- to 11-

membered) rings, and macrocycles (12-membered or larger rings).

(a) (b)
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Figure 6: Substituent orientation angle preferences for (a) carbonyl functional groups, and
(b) methyl functional groups, attached to small rings with and without endocyclic double
bonds. Figure (a) shows that carbonyl groups tend to be equatorial to the mean plane
(v & 7/2) in small rings, while (b) shows that the orientation of a methyl group tends to
be restricted when it is attached to a ring atom that is linked to a neighbouring ring atom
with a shared endocyclic double bond.

As might be expected, ring substituents tend to be outwardly directed (relative to the ring
center) in small and medium-sized rings, i.e. [ is close to zero, regardless of the nature
of the substituents (see Appendix 3, Figure S15). On the contrary, substituents including
carbonyl and hydroxyl are allowed to be quasi-axial to the mean plane and inwardly-directed
in macrocycles, which are sterically unfavorable in small and medium-sized rings. Their «
angle preferences, however, depend on both ring size and the nature of substituents. For
example, Figure 6a shows the substituent orientation preferences of the carbonyl functional
group. Due to the exocyclic double bond, its movement is restricted compared to other single
bonded small substituents such as hydroxyl and methyl. The carbonyl oxygen thus tends to

s

be equatorial to the mean plane, i.e. a ~ T in small rings, and preferences change as the

|

ring size increases. Besides exocyclic double bonds, endocyclic double bonds also restrict the

exocyclic motion. Figure 6b shows the substituent orientation preferences of methyl groups
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in small rings, and the a angle is bounded when the methyl is attached to a ring atom that
is linked to a neighbouring ring atom with a shared endocyclic double bond. The influence
of endocyclic bonds is weakened in medium-sized rings and macrocycles, and the o angle

can therefore adopt a wider range of values.

To reveal the role of bulky substituents in macrocycles, we assessed their orientation angles
in cyclic peptides, in particular the positional preferences of amide carbonyls and the side
chain C'3 atoms. As mentioned above, there are multiple conformational clusters in cyclic
peptides. In particular, y-turns are observed in the all-trans and CTTT conformation in
cyclic tetrapeptides, and the formation of main chain intramolecular hydrogen bond leads to
a rigidification of amide carbonyl positions, as illustrated in Appendix 3, Figure S17. On the
other hand, amide carbonyl groups in other clusters move accordingly to avoid steric clashes
and/or align main chain-side chain intramolecular interactions, see for example Figure 7.
Likewise, the Cp atoms of all amino acids studied except Gly show correlated motions,
so as to avoid steric clashes and align side chain-side chain interactions. In addition to
Cs orientation, we calculated the side chain torsion angles, x;. Figure S18 in Appendix 3
shows multimodality in y; angles, which is consistent with side chain torsion angles observed
in protein secondary structures. This suggests the side chain conformations can be easily

sampled using standard side chain rotamer libraries.?°

The extended Cremer-Pople representation provides a means to understand correlated posi-
tional preferences in ring substituents; however, it is not clear what the relationship between
the puckering preference and substituent orientation is, especially in macrocycles. We have
therefore developed simple models (Appendix A, Equation S18) to predict o and [ orien-
tation angles. Figure 8a and 8b show the predictions of the o and S orientation angles of
carbonyl groups in a 6-membered ring at given positions. The predicted values are in good
agreement with the actual values, with low mean angular error and high squared circular

correlation coefficient. The model is also valid for larger rings.
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Figure 7: Substituent orientation angle preferences of amide carbonyl groups in cyclic
tetrapeptides with CCCC-DDDD conformations, where C denotes -cis-amides and D in-
dicates o > 7, where « is the orientation angle of the ring ‘substituent’ amide carbonyl
oxygen; (a) preferred o angles, and (b) preferred 8 angles. Both sets of plots show strong
coupling motion between each of the four backbone carbonyl oxygen atoms to avoid steric
clashes and/or align main chain-side chain and side chain-side chain intramolecular interac-
tions. Example with main chain-side chain interaction and side chain-side chain interactions

(yellow dotted line) in (c¢) sub-cluster 1; and (d) sub-cluster 2.
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Figure 8: Predictions of the (a) o and (b) 8 orientation angles of a carbonyl group at po-
sition 1 in a 6-membered ring chair conformation. The low squared circular correlation in
panel (b) is ascribed to the rigidity of § orientation angles in small rings. (c¢) Predictions of
all endocyclic torsion angles in a 6-membered ring chair conformation. The positions (1 to
6) sub-models give low mean angular error, MAE < 0.027 (rad) for all positions, and high
squared circular correlation coefficient, R% . > 0.90 for all positions. (d) Predictions of exo-
cyclic torsion angles of a carbonyl group in all positions for ring sizes up to 16. All proposed
models show excellent agreement with the actual substituent orientation angles and torsion

angles, with low mean angular errors and high squared circular correlation coefficients.

Relationship between Ring Puckering Parameters, Substituent Ori-

entations and Torsion Angles

As mentioned earlier, measuring torsion angles is an alternative way to quantify ring pucker-

ing, and is often used in conformational analysis of small rings. de Leeuw et al.3! discussed
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the connection between ring puckering coordinates and torsion angles for small rings. Here,
we proposed a general model defined in Appendix A Equation S19, to convert puckering
parameters to endocyclic torsion angles for N-membered rings. Figure 8c shows the pre-
dictions of all endocyclic torsion angles of 6-membered rings. All position sub-models show

good agreement with the actual ring torsion angles, with high squared circular correlation

2
circ

coefficient values, RZ, . > 0.9. This model is also valid for larger rings. The improved
understanding of how the rings switch conformations and pseudo-rotate enable the use of
metadynamics simulation with appropriate coordinates to effectively sample the conforma-

tional space of macrocycles and cyclic peptides®!.

Equation S20 in Appendix A defines the relationship between the change in substituent
exocyclic torsion angles (s;, ¢, ¢ + 1, @ + 2) with respect to the neighbouring endocyclic
torsion angles.(i — 1, 4, i + 1, i + 2), where s; is the substituent atom (say, a carbonyl
oxygen) attached to its ring atom ¢ (say, a carbonyl carbon), and i + k (k = —1, 1, 2)
are the ring atom positions. Figure 8d shows excellent fit between the predicted and actual
exocyclic torsion angles of carbonyl groups at different positions, regardless of the ring size.
Our model gives a high squared circular correlation coefficient, R, = 0.997 and a small
mean angular error, 0.04 radian (=~ 2.3°). Similar performance can be achieved for other
substituents. These models allow us to assign substituents positions efficiently once the ring

conformation is defined. We should note that exocyclic bond angles will also change upon

puckering, but their relationship with ring puckering parameters is not discussed here.

Puckering and Substituent Orientation Preferences in Solid State

We have so far presented the gas phase puckering preference, using in vacuo GFN2 energy
evaluations. To gain insights into the puckering preference in solid states, we performed
same analysis on the experimentally determined X-ray crystal structures from COD. Figure
S19 in Appendix 3 shows that the puckering preferences are similar in both gas phase and

solid state, for small and medium sized rings. Their substituent orientation angle preferences
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are also similar. Our proposed models can be applied directly solid states. For larger rings,
we are not able to make any conclusion due to small number of observations. These results
suggest that the cyclic small molecules in COD generally adopt low-strain conformations,
similar to the conformations observed in gas phase. Likewise, the intramolecular and inter-
molecular interactions can be aligned by pseudo-rotation or conformational switching (from

one canonical form to another canonical form) in solid state.

Ring Reconstruction

We selected 20 simple ring systems, including monocyclic rings with and without substituents
and endocyclic double bonds, to assess the performance of our proposed sampling method
based on puckering preference. The lowest energy conformations from CREST), calculated
in vacuo using the GFN2 energy function, were used as reference conformations. None of
the molecules contained any acyclic rotatable bonds. Since the conformation with the lowest
RMSD does not necessary have the lowest TFD values. Here, we reported the TFD values
of the conformation with the lowest RMSD values. Figure 9 shows two examples, cyclo-
heptane and 4,4-dimethylhexanone. Both have generated conformations (without energy
minimisation) that are very similar to their corresponding reference conformations, with low
RMSD values (0.12 A and 0.16 A) and TFD values (0.06 and 0.05). In general, our proposed
method give low average TFD values (0.05), and an average RMSD values 0.09 A on the
selected cyclic molecules. It demonstrates the effectiveness of our proposed method. Note
that the large RMSD values are ascribed to the deviation in bond lengths and bond angles.
Local geometry optimisation with bond length and bond angles will help generate a better

conformation with lower RMSD values.
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Figure 9: Alignment of conformations generated by our method (in lilac) and the low-
est energy conformation sampled by CREST (in white), for (a) cycloheptane, and (b) 4,4-
dimethylcyclohexanone. The sampled conformations are very similar to the lowest energy
conformation, with RMSD values of 0.12 A and 0.16A, and TFD values of 0.06 and 0.05, re-
spectively. The torsion deviations are small in both cases, and the deviation in bond lengths
and bond angles lead to larger RMSD values. RDKit*® was used to compute the RMSD and
TFD values. Figures are generated using PyMOL. %2

Conclusion

We have investigated the ring-puckering motions of over 140,000 flexible cyclic small molecules
and cyclic peptides (CPs) using Cremer-Pople puckering parameters. By standardizing the
atom ordering of the ring atoms, we have been able to elucidate the coupled motions and
torsional preferences for N-memebered ring molecules from GFN2-computed low energy
structures. The representation can be easily extended to describe substituent geometries
unambiguously, thus enabling us to study the coupled motion of ring substituents upon

puckering.

We have shown that the presence of endocyclic double bonds and shared bonds with aromatic
rings constrain the ring system, and results in a corresponding change in ring puckering. In
addition, the pseudo-rotations are generally restricted. The pseudo-rotation is only “free”
in some conformational clusters, e.g. the chair conformation in flexible 6-membered rings
without any double bonds. The substituent orientation angles, o and g, depends on the

substituent types and ring sizes, and can be predicted accurately from the puckering param-
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eters.

More importantly, we studied the relationship between Cremer-Pople puckering parameters
and torsion angles, which facilitated the analysis of the change in endocyclic torsion angles
upon pseudo-rotation and other puckering. We have also examined the relationship between
endocyclic and exocyclic torsion angles. A knowledge-based ring conformer sampling method
based on puckering preference was proposed, and kernel density estimation (KDE) was used
to estimate the puckering preferences. We demonstrated its effectiveness in sampling low
energy small and medium-sized ring conformations. To progress to larger ring systems, more
data is necessary for the KDE estimation. One challenge is that the number of observations
required increases exponentially with the ring size. Future work should focus on developing
better density estimation technique to capture the correlated puckering preferences in large
rings. Furthermore, the puckering preferences can also be integrated into other knowledge-
based conformer sampling tools, such as Confab® and OMEGA,** and enhance the sampling
performance. We intend to benchmark the performance of our sampling approach with other

sampling methods in the future.

To the best of our knowledge, this is the first large-scale conformational analysis of cyclic
small molecules using Cremer-Pople parameters. We believe that our proposed models and
sampling framework are general and readily extensible to larger and more complex ring
systems. Further understanding the conformational preference of cyclic molecules will help
accelerate the sampling of low energy conformers for a wide range of computational modelling

applications.
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