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ABSTRACT: Residual dipolar couplings (RDCs) become increasingly important as additional NMR parameter in the structure elucidation

of organic compounds, but are usually used in fitting procedures to discriminate between (computed) structures that are in accordance with
RDCs and others that can be ruled out. Thus determination of configurations requires prior structural information. The direct use of RDCs as

restraint to construct structures based on RDCs has only recently begun also in organic compounds. No protocol has been published though,

which uses the vector and dynamics information available in multi alignment data sets directly for the joint determination of conformation

and configuration of organic compounds. This is proposed within the current manuscript. We show that employing these data even a flat or

random start structure converges into the correctly configured structure when employing multiple alignment data sets in our iterative proce-

dure. The requirements in terms of number of RDCs and alignment media necessary are discussed in detail.

INTRODUCTION

Nuclear magnetic resonance spectroscopy (NMR) provides a
wealth of spectroscopic observables encoding the molecular struc-
ture and dynamics of the investigated compounds. Complementary
information is accessible from chemical shifts, isotropic scalar |
coupling constants and the nuclear Overhauser effect (nOe)."*
Additionally, anisotropic observables of compounds aligned with
respect to the magnetic field like residual dipolar couplings
(RDCs) have proven to be a reliable tool for the determination™*
and refinement'"'* of both small molecules and biomolecular struc-
tures. Standard protocols for RDC-based structure determination
assume rigid structure models and a single tensor (e.g. the align-
ment tensor A) describing the molecular alignment following the
classical formalism by Saupe.'*"” This tensor is generally unknown
and calculated by a fitting procedure utilizing e.g. singular value
decomposition (SVD) as introduced for RDC order matrix anal-
yses by Losonczi in 1999."® Discrimination of structure models is
based on correlation of experimental RDCs Dey, and RDCs back-
calculated from the order matrix model, D (see Figure 1). The
description of conformational flexibility or other forms of intramo-
lecular dynamics is often modeled by ensemble averaging of rigid
equilibrium geometries '* ¥ thus limiting the information from
experimental RDCs by the choice or parametrization of the models
employed in fitting.

For the interpretation of RDCs in biomacromolecules, the so
called “direct interpretation of dipolar couplings” (DIDC)**?* and
"model free approach” (MFA)*?* have been proposed, which do
not rely on a strict definition of an alignment tensor and a molecu-
lar geometry but rather directly express the experimental RDCs as a
function of dynamically averaged vector orientations.

Figure 1. Conventional RDC analyses validate experimental data by
correlating them with back calculated data (see top a). TITANIA
directly interprets RDC data to derive RDC vector orientation and
dynamic information to determine the correct stereochemistry of the
compound (see bottom b).

The DIDC minimizes the RDC vector motion needed to explain
the experimental data while the MFA uses spherical harmonics, as
proposed by Lipari and Szabo for the interpretation of relaxation
data,””® to describe internal motion. The underlying algorithms
were extended to iterative schemes to improve robustness and

quality of results.”>



At the core of these methods is the requirement for at least five
linearly independent sets of experimental RDCs (alignment condi-
tions) and a large amount of RDC vectors,® to simultaneously
evaluate the corresponding relative vector orientations and their
respective distribution(s). The wealth of RDC data experimentally
accessible in labelled biomacromolecules enabled the development
and broad application of these methods in that field. Modern de-

velopments in alignment media®"*

compatible with small organic
molecules, introducing different alignment conditions combined
with new NMR pulse sequences** designed to give easier access
to crucial long-range "Dxu and "Dux RDCs may now finally allow to
extend the model free approach also to organic compounds. This is
investigated within the current manuscript. The crucial linear
independence of alignment conditions is assessed here by methods
based on principle component analysis, like the self-consistency of
dipolar couplings analysis (SECONDA) protocol by Hus and

Briischweiler.5™!

When applying the model free approach to small molecule RDC
analysis, the additional challenge stems from the fact that the rela-
tive configuration of stereogenic centers is introduced as additional
unknown, the determination of which is coupled to the determina-
tion of unknown conformation. Recent approaches for organic
compounds focused on alternative algorithms employing (pseudo)
force fields (FF). Cornilescu et al. introduced progressive stereo
locking (PSL) in combination with FF methods in 2017 to resolve
the relative configuration and conformation of small molecules in
Xplor-NIH.* In 2018 Immel ef al. used a floating chirality re-
strained distance geometry and distance bound driven dynamics
(fc-rDG/DDD) protocol to generate structural models and opti-
mize them according to RDC restraints in configurational and
conformational architect (ConArch*).®® Furthermore, tensorial
restraints are employed in the MD protocol published as computer
simulation of molecular structures (COSMOS) by Sternberg and
Luy.*** These algorithms have in common that the optimization of
the structures is performed on the difference of user defined exper-
imental NMR observables and the back-calculated values to define
or extend a (pseudo) force field. In addition, multiple alignment
media are treated as individual sources of information for the re-
finement of structures and not globally as is proposed here.

We present a new five alignment media MFA, which has to the
best of our knowledge not been established for organic com-
pounds. It is implemented in the new C++ program TITANIA
(TITANIA performs iterative analysis of independent alignments),
which interprets RDCs by directly calculating individual RDC vector
orientations and their dynamics. For the given sets of RDC data and
an arbitrary starting geometry, this enables the combined investiga-
tion and refinement of conformation, relative configuration and
internal dynamics from five of more RDC sets, which are interpret-
ed as one global source of information on the 3D structure and the
dynamical averaging of small molecules. We demonstrate the MFA-
based RDC analysis with TITANIA on several small to medium-
sized organic compounds with well-known stereochemistry and
varying degrees of molecular complexity.

Theory. RDCs are anisotropic interactions described by the re-
lation of inter-nuclear vector orientations with respect to the exter-
nal magnetic field Bo:
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and j, 73 is the distance between the nuclei and j; is the angle
enclosed by the RDC vector and Bo. The () brackets denote time
and ensemble averaging of the respective parameters. A common

where x;; = groups physical constants for two nuclei i

approximation neglects an explicit time average of the distances r
and instead uses their equilibrium distance.

Assuming a rigid geometry, the orientational order imposed onto
the solute by the alignment medium is expressed by the Saupe

order tensor §%7°¢

or its scaled analogue, the alignment tensor A."
The alignment tensor A is a traceless symmetric second-rank ten-
sor, often expressed in terms of the Euler rotations R(.,f3,7) neces-
sary to rotate its principle axis system onto the arbitrary molecular
frame and its axial (A.) and rhombic components (A:, or more
generally, the rhombicity R) denoting its shape. This common
property defined relative to an external reference is the reason for
the global structure information contained in RDCs. Internal dy-
namics lead to deviations from this simple alignment model and
have to be modeled appropriately (see below). In the classically
used cross validation of structures with RDCs these dynamical

aspects are described by multiple conformers.'% 19705962

When dealing with rotations of tensors and inter nuclear vectors,
as well as the overall molecular tumbling in the alignment medium,
it is convenient to express equation 1 in terms of spherical harmon-

ics:®
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Here D is the maximum possible dipolar coupling of the spin
pair k (short for the nuclei i and j), and Y are the spherical harmon-
ics of the spherical coordinates 0 and ¢ (in the principle axis system
(PAS) of A). Equivalent expressions can be formulated using Car-
tesian coordinates resulting in direction cosines.'”"* The time and
ensemble averages in equation 2 may be resolved by utilizing Wig-
ner rotations for the spherical harmonics, thus giving a mathemati-
cal separation of the overall molecular tumbling (alignment param-
eters) from the individual vector orientation (internal dynamics).*
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Where R is a rotation applied to spherical harmonics, represent-
ed by the reduced Wigner elements dI(VIZ)m using the Euler angles o,

B and y. This formalism simplifies the transformation into any
arbitrary reference system. Common reference systems (see Figure
2) are the alignment frame (AF), the vector frame (VF) and arbi-
trary molecular frames (MF). The AF is the principle axis system of
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the alignment tensor where all non-diagonal elements become zero.
In this frame, equation 2 is valid and no rotation has to be applied
to describe the alignment. A more convenient frame when discuss-
ing molecular structure is the MF, which — barring any symmetry-
related arguments®® - can be chosen arbitrarily. By default,
TITANIA uses the PAS of the inertia tensor of the input structure.
The transformation between the MF and the AF is defined by the
Euler angles a, 3 and y (see equation 3) obtained from the eigen-
vectors of A. The additional VF, which is essential in the approach
described herein, is unique for every RDC vector and describes the
PAS of the individual vectors where Yom = 0 for m # 0. The respec-
tive transformation between the VF and the MF is defined by the
spherical coordinates 0 and ¢. In principle a third rotation angle ¢
can be defined, which describes the direction of the anisotropic
RDC vector motion, i.e. the angle needed to align the major semi-
axis with the y-axis of the anisotropic RDC vector cone (see red
cone in Figure 2). This angle may be neglected if only RDC vector
orientations are of interest (vide infra).

Starting from the individual VF of the respective RDC vectors a
sequence of the described rotations (VF > MF > AF) can be used
to obtain the general matrix equation 4. The derivation of equation
4 is conducted as in the literature™?* (see supporting information).

DM, K) = (F)(M,5) - (Y)(5, M) (4)

Here D contains K RDCs in M alignment conditions and is nor-
malized to A, (row wise) and Dus (column wise). F combines the
M Wigner rotations and rhombicity R of the respective alignment
tensor and Y the spherical harmonics of the K RDC vectors. This
denotes the previously mentioned separation of internal (local)
and external (global) motion(al averaging). The normalization of
D fully removes external, alignment media dependent averaging
and allows for a model free extraction of structural parameters,
defined by the rotations between the MF and the VF, and internal
dynamics, encoded in the magnitude of Yom.

Figure 2. Reference frames used in the MFA for the determination of
RDC vector orientations of the spin pair i and j. The arbitrary molecu-
lar frame (MF, middle) can be transformed into either the vector frame
(VF, left-hand side) or the alignment frame (AF, right hand side). The
AF is defined as the PAS of A (represented by the surface plot of Y20
with color encoding the sign) where all non-diagonal elements vanish.
The respective rotation is defined by the Euler angles o,  and y. In the
VF the RDC vector is parallel to the z-axis and all spherical harmonics
Y2m become zero for m # 0. The spherical coordinates 0 and ¢ define
the rotation between the VF and the MF. Dynamics of the RDC vector
is represented by the red cone in the VF. The third angle ¢, expressing
the orientation of the anisotropic RDC motion, can be neglected when
just describing the vector orientation.

With data from at least five independent alignment conditions,
the spherical harmonics Y can be refined by SVD of F. If additional
alignment media are used for the optimization, the accuracy and
precision can be improved, but no further structure information
can be obtained.” To extract the mean vector orientation from the
respective spherical harmonics the transformation between MF and
the respective VF has to be found (e.g. by the Levenberg-
Marquardt algorithm).

While there are recent approaches to simulate interactions of
small molecules with alignment media and predict RDCs based on
a combination of molecular dynamics simulations and potential
based methods®*“ the individual alignment conditions of equation
4 are usually a priori unknown and have to be estimated before
employing the MFA.”?* To increase robustness of the MFA, Lak-
omek et al. proposed the self-consistent residual dipolar coupling
based model-free analysis (SCRM), which essentially is the itera-
tive implementation of the MFA to reduce a possible bias induced
by the initial alignment tensor (and thereby the initial structure
model).” In this protocol, the initial MFA step estimates the start-
ing alignment based on an initial model (e.g. a rigid X-ray structure,
but as shown here any arbitrary set of coordinates is possible). The
resulting O and ¢ are used to start the iterative cycle, in which the
refined spherical coordinates are used to recalculate the alignment
tensors via SVD. The Wigner rotations are updated to refine the
spherical harmonics and to finally update the spherical coordinates.

In addition to the structure parameters 6 and ¢, the parameters
SZpc and M describing RDC dynamics, are calculated from the
spherical harmonics, where S, is the order parameter for RDCs,
following the definition of the Lipari-Szabo parameter SZ.25% S2, -
can be interpreted as the axial component of a local RDC tensor.
The same is true for the anisotropy parameter 1, which is directly
linked to the third rotation angle ¢ (see Figure 2).

For biomacromolecules, the challenge is often the large confor-
mational space and distribution of internal dynamics sampled by
RDCs. Small organic compounds on the other hand usually have
fewer intrinsic degrees of freedom but the analysis of relative vector
orientation from RDCs is complicated by the smaller number of
RDCs available and the unknown relative configuration of stereo-
genic centers. The use of long-range RDCs needed for the MFA in
combination with comparatively large structural changes of small
organic compounds associated to these internal degrees of freedom
may lead to instabilities of the optimization algorithm when updat-
ing the Wigner rotations. Thus TITANIA not only uses the refined
spherical coordinates to recalculate the Wigner rotations but also
performs a full structure optimization on every step for a superior
estimation of the corresponding D values. The algorithm to
update the structure and the interpretation of the dynamic infor-
mation is discussed in the following sections.

RESULTS AND DISCUSSION

Interpretation of structural parameters. The spherical coor-
dinates 8 and ¢ are the two parameters needed to define the direc-
tional vector of the respective spin pairs. One problem in RDC
analysis is the indistinguishability of this vector and its inverse.



A simple algorithm for updating structures would be to string the
updated 'Dy; RDC vectors together, while keeping vectors constant
that are not defined by RDCs (for more information on how this
vector addition algorithm is implemented and on which flag needs
to be used to activate it, see SI section 1.3.5). This approach has the
downside that small errors in individual vector orientations can
lead to major distortions in the overall structure due to propagation
of errors. The differentiation of the two degenerate RDC vector
directions, when updating the position of an atom i, is performed
by assessing the agreement of long range RDC direction vectors
(7iirpc) and the respective vectors in the updated structure model
(Ristruc) for the two possible vectors Fij,RDC and _-)ij,RDC- This
assessment only affects the sign of the direction vector as deter-
mined by MFA and not the individual Cartesian coefficients.

A more advanced algorithm, implemented in the TITANIA
workflow, uses redundant internal coordinates known from quan-
tum chemical computing protocols.””* In this approach standard
internal coordinates®, namely bond lengths, bond angles or dihe-
dral angles of more atom tuples than needed to unambiguously
define a structure are combined to form an overdetermined repre-
sentation of a structure model. The holonomic terms (used synon-
ymously for internal coordinates in the following) may easily be
extended by additional parameters and subjected to optimization
algorithms when calculating Cartesian coordinates. Obviously
RDC direction vectors are a good choice in this context, with addi-
tional parameters like exclusion distances™ or chiral volumes (es-
pecially for planar centers and moieties).”!

With the Cartesian coordinates of a starting geometry and a set
of redundant internal coordinates (including RDC-based re-
straints) as input, the Cartesian displacement associated to the
(small) internal coordinate displacement is evaluated following the
iterative protocol by Peng ef al.” (see supporting information for
implementation details). The iterative implementation allows for
the full utilization of long-range couplings (see Figure 3) to dis-
criminate the two possible vectors ﬁj,RDC (for green position) and
_ﬁj,RDc (for red position). This global treatment not only discrim-
inates the previously indistinguishable vector orientations but also
leads to the best-fit solution of all RDCs for one nucleus and may
also optimize the Cartesian coefficients in the process.

As shown in Figure 3 the best-fit position of all holonomic terms
(bond lengths and angles; these were not marked to keep the figure
simple) and all RDC information (solid arrows: ‘Dcu and dotted
arrows: "Dun) is calculated using redundant internal coordinates.
To achieve lower inversion barriers (i.e. to more easily sample the
full conformational and configurational space), dihedral angle
restraints were not included in the implemented algorithm.

Redundant internal coordinates in combination with sufficient
experimental data should thus enable determination of the confor-
mation and relative configuration of small organic compounds. As
with all other approaches, absolute configurations cannot be de-
rived by this algorithm.”” The two major downsides of this algo-
rithm are the poor robustness of the algorithm towards large
changes in internal coordinates and the lack of scalability towards
larger compounds with increased degrees of freedom. The first
point can lead to instabilities if large changes occur (e.g. due to
large errors). This can be bypassed by downscaling the changes
(see supporting information for more details) or by choosing the
non-default vector addition algorithm. The second point is due to
the SVD applied in this algorithm, which slows down drastically
when optimizing large molecules. Improvements to the underlying
algorithm to boost performance are currently under investigation.

Treatment of dynamics. As described by Meiler et al.* dynam-
ics interpretation is conducted analogous to the Lipari-Szabo inter-

pretation of nOe data:>*?¢
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SZpc is the local order parameter describing the dynamics of
each individual RDC. In biomacromolecular NMR this parameter
is crucial for the assessment of conformational changes and the
target of all multi alignment approaches.”> *?* 2% 73 Here we are
primarily interested in obtaining the correct conformation and
configuration, but nevertheless need to correctly account for dy-
namics. In MFA analysis the alignment is derived from a rigid
structural model while experimental RDCs are additionally scaled
by internal motion. This reduces the effective alignment magni-
tude. Therefore the refined spherical harmonics obtained from

equation 4 and Sgpc are both equally scaled by the same factor.

Figure 3. Representation of degenerate RDC vector orientations in the case of a 'Dcu coupling (black vectors) resulting in two mathematically indis-

tinguishable solutions (green and red atoms). When adding three additional "Dun couplings (grey vectors in right hand part) the solution with the

least mean error squares (green vs. red vectors) can be determined. Thereby the correct atom position can be determined.



To remove this effect and extract the correct order parameter the
scaling parameter Sowran reflecting this reduction has to be estimat-
ed” (see SI on how this is done within TTTANIA).

Use of SECONDA to investigate linear independence. As de-
scribed earlier the linear independence of the alignment media is
crucial for a successful optimization by RDCs, especially when
experimental errors are present. The simplest method to compare
two alignments in the generalized angle 3 as defined by Sass et al.”*
This measure is useful for the pairwise comparison of two align-
ment conditions, e.g. when assessing enantiodifferentiation in
chiral alignment media.”* When extending this to a large number of
RDC sets the interpretation becomes difficult and is only possible
qualitatively (see SI Figure S-3). Ideally one would want to analyze
a data matrix containing all RDC sets (or information on those) at
once. Tolman used the condition number of the RDC matrix ob-
tained by SVD.* A related but more adaptable’ method as pro-
posed here is the principle component analysis (PCA)""® of the
covarjance matrix C. The goal is to find a low dimensional pattern
in a data matrix of K RDCs measured in M alignment media, to
assess an underlying model - in our case five linearly independent
alignment conditions. The PCA of C was implemented by Hus
etal. in the SECONDA protocol to investigate the influence of
structural noise (computed using a MD trajectory) on RDCs.*® The
normalized covariance matrix of the RDCs (equation 6) is calculat-
ed and diagonalized to obtain its principle variances (eigenvalues
\y) and eigenmodes (eigenvectors |q)). Here, the principle vari-
ances indicate the amount of data variance that is captured by the
respective dimension. In addition, the eigenmodes form the refer-
ence frame that captures the principle variances along their axes.
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The weighting wy, of the individual RDC sets can be defined in
different ways. TITANIA’s standard implementation is reported in
the SI (see equation 1). Closer inspection of the principle variances
and their corresponding eigenmodes is required to disentangle the
individual contributions to the overall RDC dataset. The distribu-
tion of the first five eigenvalues is a measure of the individual sam-
pling of the dimensions. If five non-zero eigenvalues are obtained
and these have similar contributions to the cumulative sum (see
equation 7) this confirms linear independence of the five data sets.
Additional eigenvalues will occur (dimensionality > $) if the RDCs
contain heterogeneous behavior, like experimental error or struc-
tural noise.

The corresponding eigenvalues are evaluated either by the As/As
ratio (defined as ps/s gap by Hus and Briischweiler) or their per-
centage of the total variance. The contribution of the RDC pairs to
the individual principle variances, can be assessed in a local fashion,
using the eigenvector components, or by using the global collectivi-
ty kq (see equation 8), which quantifies the contribution of the
RDC pairs to the corresponding principle variance in percent (with
the range x, = [100/K, 100]%).5%7
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This allows the representation of an eigenvalue and eigenvector
pair by the two values Aq and «,. The overall heterogeneity of indi-
vidual RDC pairs can be expressed by the cumulative sum of the

heterogeneous modes a?:s!
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To the best of our knowledge there is no comprehensive applica-
tion of SECONDA to the often limited RDC datasets available for
organic compounds. Some examples for SECONDA analyses are
given below, while a more extensive discussion on the interpreta-
tion of SECONDA runs is given in the supporting information.

The TITANIA protocol. The mathematical framework de-
scribed herein is combined and extended in the TITANIA C++
software. A general flow scheme representing the major blocks of
TITANIA is shown Figure 4.

TITANIA is a command line program that is started with a user
defined input file containing RDCs, an initial structure model
(coordinates and connectivity) and keywords to adapt the behavior
of the optimization scheme. Examples for input files can be found
in the supplementary material.

For a proper run a parametrization is performed, in which scaled
and normalized RDC matrices are calculated, the structure parame-
ters (holonomic terms) and redundant internal coordinates are set
up. Additionally a molecular frame is defined by transforming the
initial structure to the PAS of the inertia tensor. Using the in-house
implementation of the SECONDA protocol the (normalized)
RDC data matrix is assessed.

From there on the iterative refinement of the RDC and structure
parameters starts. The orientation parameters of all RDC sets are
calculated simultaneously using the SVD of the normalized cosine
matrix B (see SI equations2a/c)." * The alignment tensors ob-
tained are used to build the Wigner rotations and update the spher-
ical harmonics via SVD of the F matrix in equations 4. It is im-
portant to note that the spherical coordinates, and thereby the
RDC direction vectors, are derived from the entirety of RDCs (see
SI equation 17) and not by consideration of single datasets as
individual sources of information. The spherical coordinates are
used to construct the Cartesian coordinates based on redundant
internal coordinates (see SI section 1.3.4). To estimate the uncer-
tainty of the calculated parameters and check for convergence of
the procedure, the refined structure models are used for a Monte-
Carlo bootstrap based on the user estimated experimental errors.

Application on Isopinocampheol. We have chosen Isopi-
nocampheol (IPC) 1 as a test case as it is a bicyclic compound with
a highly rigid scaffold, containing four chiral centers (C1, C2, C3,
CS, with C1 and CS$ being interdependent) and three pro-chiral
centers (C4, C6 and C7). The rigidity allows for a separation of the
configurational analysis from any conformational investigations.
Furthermore plenty of RDC data are available, thus we assume that
enough independent orientations are available (see below).



Figure 4. Schematic flowchart of the TITANIA protocol. The user has
to define an initial input structure and RDCs from at least five
alignment media (indicated as heatmap). TITANIA starts a
parametrization of these data and performs SECONDA. The iterative
refinement of the structure starts by updating the orientational
parameters and calculating the refined spherical harmonics from this.
Using redundant internal coordinates the updated Cartesian
coordinates are calculated and a Monte-Carlo bootstrap is performed
to check for convergence. The final output contains the updated mean
structure and additional RDC information like S3p, the SECONDA
results and statistical information on the RDC vectors.

Several scenarios will be investigated: 20 artificial orientations
for maximum sampling of the orientational space (setup 1-A), real
orientation which are expected to be largely independent (setup 1-
B) and real orientations, which are chosen in a way to maximize
linear dependence (setup 1-C). Additionally error was added to
these data sets (setups 1-D to 1-F, see experimental section for
more details). The amount of data is varied for the setups resulting
in different runs with the number indicating the number of RDCs
used (for a table which RDCs were used in which run, see SI Table
$-81).

First we will discuss the optimization runs 1-A which employ 20
artificial RDC sets. Since linear independence is crucial for reliable
optimizations, this will be investigated first by applying SECONDA
to each RDC run (see Figure 5). Only the runs with 11, 23 and 39
RDCs per set are shown here. The respective data for all runs can
be found in the supporting information (see section 2.2.1).

All plots show a similar trend. In the absence of heterogeneities
like structural noise or experimental error on the RDCs, no more
than five eigenvalues (\.s) differ from zero. In the presence of
heterogeneities additional non-zero eigenvalues (A » with n > 6)
would be expected. As data sets are artificial no experimental error
is present and a rigid compound is investigated there are no hetero-
geneities. The ratio of the largest (A:) and the lowest eigenvalue
(Xs) gives a direct assessment of the sampling of independent orien-
tations. In all runs for 1-A excellent ratios A1/ s of < 10 are found,
indicating sufficient sampling of orientations.

When evaluating the cumulative sum S. (see equation 7), the 1-
A examples all show a contribution of the smallest variance (As) to
the overall variance of at least 6%. This indicates that the five
alignment media are independent. If linear dependence would be
present, the contribution of the last eigenvalues to the overall vari-
ance would be much smaller (see run 1-C).

The associated collectivities kq quantify if the variation of the K
RDCs occurs in a more local or rather global fashion. When analyz-
ing the k4 values of Figure 5 it becomes clear, that the distribution
of the collectivities becomes wider when adding "Dus RDCs (1-
A23, see SI for further SECONDA plots: 1-A17 to 1-A39), while
the overall pattern remains similar.

Based on the SECONDA analysis the 20 RDC sets of setup 1-A
should form a solid basis for the iterative optimization using
TITANIA which is conducted next. As a first test the C3-epimer
was chosen. The chiral volumes are monitored to visualize the
course of the optimization (see Figure 6). It is expected that the
correct stereochemistry is reliably achieved for all centers, if suffi-
cient data is used. If this condition is not met (see 1-A11 which
uses only 'Dcu RDC) the inverse RDC vector can be a possible
result (see Figure 3). Adding even a few "Duu RDCs improves the
situation significantly, such that the correct relative configuration is
obtained straight away (shown here for 23 RDCs, 1-A23). It works
already with 17 RDCs (see 1-A17, Figure S-12 in the SI).

All runs show an inversion in the sign of the chiral volume of C3
in the course of the optimization (blue lines in Figure 6). In the
case of 1-A11 (only 'Dcx data) this inversion occurs instantaneous-
ly but remains correct only for the first 10 steps. The final structure
contains the wrong configuration at C3. Still the correct orientation
information on the RDC vector C3-H3 is obtained (for a similar
finding in tubocurarine, see Figure 12). This is a direct conse-
quence of the mathematically indistinguishable solutions discussed
above and can be improved by inclusion of long-range RDCs. A
hint on the inverse vector orientation is the distortion of the respec-
tive tetrahedral geometry. After the initial steps, a nearly planar
arrangement of the C3-C2, C3-O3 and C3-C4 vectors is obtained.
Without additional restraints, the redundant internal coordinates
retain the optimization (in this case) in the wrong minimum /
configuration. This becomes even clearer when no redundant
coordinates are used for the optimization (see SI section 1.3.5). To
assess geometry violations of the resulting structures, TITANIA
calculates the magnitude of the chiral volumes for all possible
permutations of the bond vectors and determines the respective
rmsd between those values.®



Figure 5. SECONDA plots for three runs of 1-A to 1-C using 11, 23 and 39 RDCs. The collectivities k (®) are plotted with respect to the eigenvalues
X of the RDC covariance matrix. All eigenvalues An < 1le-3 are not plotted to retain the same scaling for all SECONDA plots. In addition the cumula-
tive sum Sc () of the eigenvalues are plotted to estimate the contribution of the principle variances to the overall variance of the RDC matrix. In run
1-B11, the points of k(A1) and Sc(A1) overlap coincidentally.

Figure 6. Trajectories of the chiral volumes of interest for setup 1-A. All plots on the left hand side monitor optimization starting with the deliberately
inverted structure at C3. Additionally the two attached carbons (C2 and C4) and the quaternary carbon C6 (only two ‘Dcc in all runs) are shown.
The correct chiral volumes are indicated by an arrow at the right hand side. Note that the results for starting from random coordinates are shown on

the left hand side.

Centers with strongly distorted tetrahedral geometry will result centers like C4 in the same run have an rmsd of 0.05 A% The runs
in larger deviations and therefore are less likely to represent a prop- utilizing "Duy RDCs (1-A17 to 39, see SI Figure S-12 for 1-A23
er result. For 1-A11 the rmsd of C3 is 0.20 A® while well-defined and 1-A31) all show their final inversion in iteration step 10. All
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following iterations confirm the correct stereochemistry with low
values on the rmsds of chiral volumes.

The progression of the optimization trajectory can be monitored
closely by the Monte-Carlo bootstrapping (see SI Figure S-10 for
the corresponding plots for all runs). For all runs of 1-A, the orien-
tation and structure parameters quickly achieve convergence even
though there are some fluctuations in the initial iterations. In addi-
tion to the stop criteria the Sowr parameter converges towards its
theoretically expected limit of 1.0 (since the RDCs were predicted
by using a single rigid structure in the absence of heterogeneities)
with deviations due to counteractions of the RDC information and
the holonomic terms in the redundant internal coordinates. This
constantly leads to small fluctuations in the coordinates and subse-
quently a slight underestimation of the Soveran parameter.

Notably, the above optimization results are only marginally af-
fected by the starting geometry. When starting from a set of ran-
dom coordinates (or a flat geometry without any stereochemical
information), the calculations may take several hundred iteration
steps to achieve similar thresholds of convergence. However, the
runs arrive at the same geometries and orientation conditions as the
corresponding runs starting from the C3 epimer. The 1-All run
starting from a random geometry again results in the wrong config-
uration, while all runs involving "Dux RDCs produce the correct
configuration (see Figure 6). The resulting geometries and orienta-
tion parameters coincide very closely with the results from the
previous runs (see SI section 2.3), highlighting the robustness of
the algorithm.

From the setup 1-A with artificial data it can be clearly concluded
that the correct stereochemical configuration is obtained from
sufficiently large and well-sampled RDC data result in the correct
stereochemical configuration, while poor data may either not con-
verge at all or lead to a distorted geometry as in the C3 case.

Application on IPC: realistic data. The applicability to a more
realistic number and choice of RDC sets is investigated in setups 1-
B and 1-C. Both underlying data sets are based on synthetic data
with tensor orientations from real samples. Setup 1-B represents
RDC data with linearly independent orientations using six align-
ment conditions. Setup 1-C on the other side showcases high linear
dependency by using similar alignment conditions. For 1-B, the
SECONDA plots (see Figure S) show large differences to the
respective 1-A runs in the magnitude of the eigenvalues A1 to As.
The collectivities show no extraordinary values for the runs con-
taining "Duu RDCs. As expected for data without experimental
error and structural noise no more than five non-zero eigenvalues
are found. In 1-A the A1/As gap was lower than ten for all runs. This
was interpreted as excellent linear independence. Setup 1-B on the
other hand shows \1/\s gaps larger than 400, indicating that the
experimental data used in the synthetic setups 1-B (and 1-C)
exhibit a lower degree of linear independence than the correspond-
ing artificial runs (1-A). This is mainly apparent in the magnitudes
of the eigenvalues A;-As, while A1 is of comparable size for the indi-
vidual runs of 1-A and 1-B. The question for a suitable measure for
linear independence arises, thus we have chosen a threshold of 1%
contribution of the individual eigenvalues in the overall variance in
order to be considered. In setup 1-A the fifth (smallest) eigenvalue
contributes at least 6%, which we consider significant. In setup 1-B
the 1% threshold is already reached with eigenvalue \; for most
runs, thus A4 and As have little contribution to the overall variance.
The apparent reduction to only three notable eigenvalues (roughly
equating to only three significantly contributing independent
alignment conditions) should still be sufficient for a TITANIA
optimization as noted previously be Ruan et al.*® For setup 1-C the
fifth eigenvalue is more than five orders of magnitude smaller than
the first one leading to extraordinarily large A1/As gaps. The eigen-
value with a contribution of more than 1% is A, in all cases.

Figure 7. Threedimensional plot of possible directions for the C3H3 RDC vector based on synthetic data from experimental orientations (see SI

equation 6a). The intersection of the cones represent the mean vector orientation obtained by RDC data. The exact same intersection is found for 1-
B and 1-C as encountered in the artificial RDC data (1-A), which perfectly matches the orientation of the C3H3 RDC vector in the reference
structure. The orientation data used to generate the plot were all obtained from the reference structure.



This indicates that only two independent (based on our deliber-
ate threshold) orientations are present; thus structure elucidation is
expected to fail using TITANIA. Thus it needs to be investigated
whether the optimizations in TITANIA confirm our expectations
from the SECONDA analysis.

Surprisingly, the chiral volume trajectories of 1-B and 1-C for
the C3-epimer as starting geometry (see SI Figure S-12) show
nearly the exact same progression as 1-A did. The differences are
rather small (except 1-B39 vs. 1-C39) and can only be revealed by
examination of the exact chiral volumes (for example C3 iteration
1: V[1-B11] = -0.44438 A%, V.[1-C11] = -0.44500 A®). The final
structures of 1-B11 and 1-C11 show the same distorted tetrahe-
dron with incorrect configuration at C3 (as shown in Figure 12 for
tubocurarine).

The similarity of results is, furthermore, illustrated by the inter-
section cones generated by all possible 6, ¢ combinations obtained
when solving equation 2 for the respective RDCs of C3-H3. When
plotting all possible orientations of this RDC vector calculated in
the setups 1-B and 1-C on a unit sphere, two unique intersections
are found, coinciding with the reference vector orientation in the
molecular frame (see Figure 7).*** These are the two degenerate
solutions of the RDC vector (correct orientation and its inverse).

Interestingly, one intercept is found for the individual runs de-
spite the rather dramatic dependence in 1-C. This illustrates, that
as long as homogeneous RDC data (i.e. free of heterogeneous
behavior (in this case error)) are available, even small differences in
the alignment conditions (like in 1-C) are sufficient for the optimi-
zation with TITANIA. The impact of heterogeneities in the form of
data uncertainty on the intersection and thereby on the optimiza-
tion using TITANIA will be discussed below on the runs 1-E and
1-F. The counter acting of the linear dependence and heterogenei-
ties in the RDCs on the ability to superiorly define the RDC vectors
is observed in the trajectory plot (see SI Figure S-11). Here chang-
es in the mean vector length (rmsd(R)) as well as the fluctuations
in the change of the spherical coordinates (rmsd(p)) increase with
linear dependence. No perfect intersection of the individual cones
(defined by the respective alignment media) will be obtained since
the Monte-Carlo bootstrap adds errors to the RDCs. This origi-
nates from the fact that 1-A will still define the orientation with
high accuracy due to an expected error cancelation by the 20 RDC
sets. When reducing the number of sets this error cancelation will
not be as efficient as in 1-A. This reduction of the error cancelation
is even stronger when the degree of linear dependence grows (1-
C). This can be observed when calculating the average of the Mon-
te-Carlo mean vector lengths for all RDCs vectors in one setup

((R1_4)=0.965, (R;_g)=0.906, (R{_)=0.862).

As before for setup 1-A, all runs were also performed with ran-
dom starting coordinates (see SI figure S-14 and S-15). The opti-
mization trajectories are much rougher for 1-B and for 1-C, and
generally show even more inversion steps before reaching conver-
gence. Interestingly, some 1-B runs arrive at the enantiomeric form,
while converging towards the correct relative configuration. This is
not unexpected due to the nature of the random start and because
RDCs are inherently unable to determine the absolute configura-
tion without enantiospecific interactions with the alignment medi-

um being used to drive the optimization towards the correct abso-
lute configuration.” For 1-B11 again the incorrect (relative) con-
figuration at C3 is observed. The deliberately chosen poor linear
independence of runs 1-C has a stronger impact for the optimiza-
tion, than observed for 1-B. 1-C11 shows two incorrect configura-
tions and 1-C23 shows one. The other 1-C runs converge to the
correct configurations and show that even relying on such a limited
set of contributing alignment media still allows for a successful
structure optimization with TITANIA. The results, however, must
carefully be evaluated and the optimization trajectory may depend
strongly on the RDC data set and choice of starting geometry.

The analyses detailed above demonstrate the ability of
TITANIA to optimize the structure of IPC resulting in the correct
configuration when using a sufficient amount of error-free data.

Inducing experimental error. The next step is now to investi-
gate whether and how experimental error together with varying
degrees of linear dependence impacts the optimizations. Therefore
Gaussian random noise is added as synthetic error to the RDCs in
setups 1-A to 1-C generating the setups 1-D to 1-F, respectively. It
is expected that 1-F (1-C with error) will not converge to the cor-
rect solution since data were deliberately chosen to be linearly
dependent. It is reported that the propagation of errors strongly
depends on the linear (in-)dependence of the RDC data sets.**
Since the contribution of the linear independence in alignment
conditions is known and SECONDA is capable of detecting heter-
ogeneities in 1-E to 1-F, the impact of errors can directly be ana-
lyzed.

The SECONDA plots of the RDC data in the presence of error
are shown in the SI (section 2.2.1). While the eigenvalues A1 to As of
1-D only show minor changes compared to 1-A the collectivities
change significantly. As expected the As/As-gaps now become ob-
servable due to the RDC errors in 1-D. It shrinks in magnitude with
increasing set sizes. As the kq values associated with the latter ei-
genvalues drop in magnitude with increasing set sizes, we assume
heterogeneities of a localized nature to be present.

The SECONDA data for 1-E unexpectedly show barely any
change in magnitude or the respective k, value of the first three
eigenvalues when compared to 1-B. The eigenvalues A4 and As on
the other side increase while kq drops when adding more RDCs and
the sixth eigenvalue remains smaller than the cutoff of le-9. The
latter is also true for the runs 1-F. Most likely, the low degree of
linear independence in the RDC data leads to heterogeneities being
observed in the first eigenvalues and not generating additional
eigenvalues. This behavior was not observed by Hus et al.,, who
reported that heterogeneities will result in additional eigenvalues
but A1 to As remain nearly unchanged for linear independent data
(i.e.see 1-D).5°

The data containing errors on the RDCs show huge differences
to the error-free data. The trajectories of setup 1-F did not show
convergence or ended in highly distorted geometries. Thus linearly
dependent data with experimental error will not lead to a valid
solution as expected. The respective trajectories are not plotted but
are shown in the supporting information. Instead the vector addi-
tion algorithm, only optimizing the orientation of the RDC vectors,
is shown for setup 1-E (explanation see SI section 1.3.5).
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Figure 8. Trajectories of the chiral volumes of interest for the runs 1-D and 1-E using 11, 23 and 39 RDCs. All plots monitor optimization starting
with the deliberately inverted structure at C3, the two attached carbons (C2 and C4) and the quaternary carbon C6 (only two 'Dcc in all runs). In
addition to the standard algorithm to generate Cartesian coordinates (redundant internal coordinates, left and middle panel) the vector addition
algorithm was also used (right panel). The vector addition shows a much smoother trajectory. The correct chiral volumes are indicated by an arrow at

the right hand side.

The trajectories are now more distinct for individual runs with
the same set sizes. In the runs utilizing 11 RDCs the previous be-
havior is observed again; with the curious exception that 1-E11 in
the redundant coordinate algorithm (middle panel) now achieves
the inversion to the correct stereochemistry, while the center is
obtained in the wrong configuration in the vector addition algo-
rithm. The runs with 23 RDCs undergo several flips of methyl
group RDC vectors (C2/C6) for the 1-D and 1-E sub run in the
redundant coordinates algorithm. While the interchange of the
methyl groups at C6 is of no consequence for structure determina-
tion here, the inversion at C2 leads to a wrong configuration (see
structures in supplementary material). Thus it is essential to check
the final structure for inconsistencies (distorted geometries or
wrong bond length), but also an inspection of the chiral volume
trajectories is recommended to detect such problems. This - admit-
tedly problematic - behavior of the optimization when using re-
dundant coordinates is resolved when using the vector addition
algorithm (see Figure 8 right hand side). The correct relative con-
figuration is obtained quickly. The downside of this algorithm is
that only a subset of coordinates (those for which RDC data is
available) is optimized. This can lead to distortions in the overall
structure (see inset of 1-E39), while retaining the proper orienta-
tions between the RDC vectors. The problems in properly defining
methyl group orientations are not encountered when extending the
set sizes (see 1-D39 and 1-E39). This shows that a structure opti-
mization resulting in the correct final configuration is possible not

only with ideal and error-free data but also with more realistic data
of moderate linear independence.

As mentioned before the 1-F runs did not converge or lead to
proper structures. These differences between the runs (1-D/1-E vs.
1-F) are also observed when looking at the intersection of the
possible orientation cones (see Figure 9). In the case of 1-E five of
the six alignment media intersect very close to the reference orien-
tation. In contrast, in setup 1-F no common unique intersection is
found anymore due to the added errors (compare Figure 7 to Fig-
ure 9). An extended discussion of the stop criteria and the respec-
tive trajectories are presented in the supporting information (see
section 2.2.3). The data in this chapter leads to the conclusion that
the quality of data as chosen in 1-E (experimental orientations with
moderate dependency with (artificial) experimental error) are
already sufficient to obtain the correct structure, whereas linearly
dependent data (1-F with artificial experimental error) do not
allow to converge to the correct structure. Thus already a limited
set of different orientations may be adequate for structure optimi-
zation of small organic compounds if enough RDCs are available
and the sampled alignment conditions are sufficiently independent.
Larger set sizes increase the accuracy of the refined structure when
experimental heterogeneities are present. In the absence of experi-
mental errors the need for linear independence is reduced to an
extent, while the presence of such sources of heterogeneity exacer-
bates this requirement.
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Figure 9. Three-dimensionall plot of possible directions for the C3H3 RDC vector based on the synthetic data utilizing 11 RDCs each with varying

degrees of linear dependency (see SI equation 6a). The intersection of the cones represent the mean vector orientation obtained by RDC data. Using

RDC data containing heterogeneities the optimized solution stronly depends on the difference of the alignment conditions. Therefore the

intersection found for 1-E (the linearly less dependent data set) is similar to the correct one (see Figure 7), with only one alignment set (set 04)

showing a large deviation. 1-F (the data set that is linearly dependent on purpose) on the other hand has no well defined array fitting the data. Again

the orientation of the C3H3 RDC vector in the reference structure is plotted as red cross. The orientation data used to generate the plot were all

obtained from the reference structure.

Application on Tubocurarine. Tubocurarine 2 is a cyclic neu-
rotoxin that consists of four cyclic subunits containing aromatic
rings and piperidinium ions. The crystal structure was solved 1975
by Reynold and Palmer® and in 2019 tubocurarine was used for a
proof of concept by Immel et al. for a configurational and confor-
mational analysis using fc-rDG/DDD with special interest on the
orientation of the rings C and F with respect to A/B and D/E. It
was shown that at least three linearly independent RDC sets have
to be used (successively) to properly assign the correct relative
configuration.”

Tubocurarine is capable of undergoing large conformational
changes, emphasizing the need to jointly determine the confor-
mation and relative configuration. The compound features two
separated, rigid RDC subunits (rings A/B and E/D), which are
connected by flexible linkers (bridging methylene groups 18 and 36
and rings C and F). Lastly, the introduction of heteronuclear cou-
plings to nitrogen is accompanied by large relative errors.

Eight alignment conditions were used to generate artificial RDCs
which were directly used (2-A) and extended to model experi-
mental errors as described above (2-B). Each set contained a total
of 30 RDCs using 'Dcy, 'Dyn, ‘D and all "Daw couplings within a
cutoff radius of 3.0 A. Notably, the methylene groups 18 and 36
were only defined by "Dcu RDCs (see SI for the exact assignment).
The RDCs were calculated from a single rigid structure and the
respective errors were explicitly generated to not mimic any con-
formational noise, i.e. no additional down-scaling of RDCs in flexi-
ble groups was added. The effect of the large relative error is imme-
diately observed in the difference of the SECONDA plots for 2-A
and 2-B. The 2-A plot shows a\1/As ratio which lies in-between the
ratios of 1-A (around §) and 1-B (above 400). All eigenvalues
contribute with more than 1%, with the fourth eigenvalue having a

contribution of 5.9% to the overall variance, and all collectivities k
are larger than 50%. This suggests a high degree of linear independ-
ence for 2-A. Interestingly, the pattern of the eigenvalue-collectivity
pairs changes drastically when random noise is added in 2-B. As
expected more than five non-zero eigenvalues are observed, reveal-
ing heterogeneities in the RDC sets used for the run 2-B. The
eigenvalue A; drops in collectivity while N, remains nearly un-
changed. A; increases in size but the collectivity is reduced by a
factor of ~3. In addition, the fourth eigenvalue A48 has no corre-
spondent in run 2-A, while X424 is represented in Aszs. Similarly,
As2a ends up close to the values of A72s. This means, that \4»s and
Asps reflect the random noise and 328 is strongly reduced due to
the error. To support this interpretation, the respective squared
eigenmodes are plotted in the supporting information. Both the
SECONDA and eigenmodes plots reflect the strong influence of
the large 'Dex relative errors.

The chiral volumes also show the expected behavior. No fast in-
versions of all stereogenic centers can be observed anymore and
multiple inversions occur on N1. For 2-A the chiral volume of the
nitrogen centers remain stable after the final configuration was
reached. In 2-B small fluctuations are observed throughout the
whole optimization.

All chiral centers end up in the correct configuration. Only the
pro-chiral center C18 does not converge to the correct assignment
of the diastereotopic protons. This behavior was already observed
for C3 of IPC. After a stable configuration is achieved on C18 the
chiral volume is extraordinarily high for an unstrained sp® carbon.
Figure 12 shows the respective centers for 2-A and 2-B (solid
structures) and the reference structure used to derive the RDCs
(transparent). The planar geometry, resulting in a chiral volume

close to 1.0 A3, shows that the correct vector orientations are found
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Figure 10. SECONDA plots for the two runs 2-A (without noise) and 2-B (with Gaussian random noise) of tubocurarine 2. Plotted are the collectiv-
ities k (@) with respect to the eigenvalues A of the RDC covariance matrix (blue eigenvalues in the right hand side plot are from 2-A). In addition the

cumulative sum (©) of the eigenvalues were plotted to measure the participation of the principle variances to the overall variance of the RDC matrix.

Figure 11. Trajectories of the chiral volumes of interest (rings B and E) for the runs 2-A (top side) and 2-B (bottom side). Additionally the respec-

tive methylene groups C18 and C36 are plotted.

Figure 12. Zoom on the pro-chiral center C18 of the final structures of
2-A and 2-B (both solid) and the reference structure (transparent)
used for the RDC prediction.

but not translated to the stereochemically correct configuration.
Additionally, the inverse vector solution (marked red) shows an
excellent agreement with the reference structure (marked green).
The correct assignment of the two degenerate solutions should be
possible if long-range couplings were added. In the background of
Figure 12 the nitrogen center N20 (blue) can be seen. Deviations
on the methyl vector orientation are observed. This again is the

consequence of the high relative errors. Additional plots showing
the reorientation of the aromatic rings C and D as well as the corre-
sponding full trajectories and Monte-Carlo rmsds are given in the
supporting information.

Application on Strychnine. The final example is strychnine 3
which contains six chiral and six pro-chiral centers. In contrast to
IPC 1, in which inversions of stereogenic centers will not lead to
large distortions of the overall geometry, this example showcases a
compound with chiral centers bridging two or more rings. Inver-
sions on centers like C16 in strychnine 3 will lead to major distor-
tions of the whole scaffold’s geometry. The effect of the resulting
large rearrangements on the overall optimization in combination
with the full use of the stop criteria, set to a feasible limit to demon-
strate the capability to detect convergence, will be discussed here.
Eleven artificial RDC sets with 43 RDCs were used for the
TITANIA run (called 3-A here for consistency with the other
examples). The 43 RDCs were again generated by using 'Dcu
couplings and long range "Dun couplings limited to those with
internuclear distances of not more than 3 A. As in the previous
examples the SECONDA plot was used to confirm the linear inde-
pendence in combination to the absence of errors in the RDC sets
(see SI Figure S-22).
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Figure 13. Trajectories of the chiral volumes of interest for strychnine (run 3-A). The subplot a) shows the chiral volumes of the tertiary and quater-

nary carbons (C21 and C22 are sp? carbons and therefore should have a chiral volume V. = 0 A?). The second subplot b) shows the chiral volumes of

the pro-chiral centers.

Figure 14. Comparison of different strychnine structures, with hydro-
gens of the chiral centers marked in gold. The first structure is the
reference structure taken from literature. The other structures are
encountered at different points of the iterations (denoted in brackets)
in run 3-A with the second structure depicting the deliberately “invert-
ed” scaffold of the starting geometry. As the resulting final structure is
the enantiomer, it was superimposed with the enantiomer of 3 (trans-
parent) generated from the literature coordinates. For a better assess-
ment of the structures the stereo descriptors of the chiral centers,
which are ordered according to the atom numbering, are reported. The
red descriptors are the inverted ones.

The eigenvalues of 3-A show excellent linear independence,
comparable to the IPC runs 1-A, All eigenvalues contribute to the
overall variance and do not show extraordinarily low collectivities.
This implies that a fast convergence should be possible.

As starting geometry for this test (see Figure 14, 3-A(0)), four
stereogenic centers of the scaffold were deliberately inverted (for
more information see experimental section). The optimization of
3-A shows much more complex trajectories than the previous runs.
The majority of the chiral centers invert in the first part of the
optimization (see Figure 13 subplot a). This can also be seen in the
3D structure of 3-A at iteration 26 in Figure 14, where the chiral
centers have been rearranged into the correct configuration by
TITANIA. In contrast, the sp> carbon C21 shows large fluctuations
and loses the expected planar geometry. This is likely elicited by the
late convergence into the correct diastereotopic assignment and
tetrahedral geometry of the neighboring pro-chiral center C20.
Figure 14 illustrates an example for the large distortions of the 3D
structure accompanied. The structure first loses its molecular
shape. This is impressively observed at the aryl ring of iteration step
26 in Figure 14. In the following steps TITANIA reassembles
strychnine achieving the correct vector orientations and relative
configuration. As observed before for runs of 1-B using random
start coordinates, the enantiomer of 3 is obtained in this run. The

relatively late inversion of the pro-chiral C20, however, would be of
little consequence for structure elucidation if it was overlooked.

Strychnine shows how TITANIA is able to perform optimiza-
tions on rather complex compounds. In the course of the optimiza-
tion the molecular shape is lost and rebuild to a proper structure
based on the RDCs.

CONCLUSION

We demonstrate the use of multiple alignment media to deter-
mine the vector orientations solely from RDC data and use them to
optimize the structure of small organic compounds with the newly
developed software TITANIA on three representative examples. It
was expected that such an approach is only feasible if enough line-
arly independent data sets are available. We could show here, that
in an error-free scenario the linear independence is not as crucial in
the structure refinement of IPC (setup 1-C). Interestingly, above a
certain threshold an increase in the number of alignment media
does not affect the result in the absence of error. The set size, how-
ever, does: especially the inclusion of long-range couplings has a
significant beneficial effect on the optimization (see 1-X11 runs
with X equals A to C). More importantly, the process is not only
possible using reasonable starting geometries, but also is successful
when using random coordinates. This shows the enormous poten-
tial of the multiple alignment approach proposed here as this allows
structure determination even in the absence of any prior infor-
mation on stereogenic relations.

These very encouraging findings change when more realistic da-
ta with (artificial) experimental error are used. Here linearly de-
pendent data may not lead to a reliable result (see 1-F). Random
inversions may occur in the optimization due to the incomplete
sampling of possible alignments. RDC data with better linear inde-
pendence (see 1-D and 1-E) converge to the correct solution when
using long-range couplings. Even few long-range couplings, which
are indeed available from modern experiments,” will improve
accuracy in the vector orientations. The few examples which con-
verged to the wrong configuration showed strong distortions of the
tetrahedral geometries indicating the correct structure by showing
the inverse RDC vector solution at the respective stereogenic cen-
ter thus allowing an easy identification by the operator.
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The assessment of the linear independence within the TITANIA
protocol is based on the SECONDA approach. Here the linear (in-
)dependence is analyzed simultaneously to possible heterogenei-
ties. While initially developed to asses internal motions leading to
heterogeneities captured in the RDCs, we use the combination of
the eigenvalues and eigenmodes to identify linear (in)dependence
of the alignment media used. Here the eigenvalues can be assessed
by the distribution of the eigenvector elements. A global character
(uniform distribution) shows eigenvalues that are caused by a
change in orientation, thus showing a new linear independent
orientation. Localized characters (few elements with large magni-
tude) are more likely to be related to heterogeneities in terms of
structural or RDC noise.

Additionally to the small, rigid geometry like IPC (1) larger
compounds with separated stereogenic domains and flexibility like
tubocurarine (2) or complex and dependent scaffold geometries
like strychnine (3) can be optimized using TITANIA. The trajecto-
ries become more complex and show more inversions until the final
configuration is reached. Future work aims at using real experi-
mental datasets. Modern alignment media, especially stimuli re-
sponsive media, in combination with the development of new pulse
sequences, allowing the measurement of a large variety of long-
range homo- and heteronuclear RDCs, build a toolbox to test
TITANIA in the limits of modern NMR spectroscopy and struc-
ture elucidation. Additionally TITANIA reveals not only relative
configurations and conformations of small organic compounds, but
also allows for the determination of local order parameters, which
will certainly be a very valuable source of information on dynamics
in the future. All of the above features make TITANIA an optimal
tool for the interpretation of RDC data in the context of a full struc-
ture elucidation.

EXPERIMENTAL SECTION

For the structure optimizations using TITANIA different kinds
of RDC data are used. One is referred to as synthetic RDC set,
where a set is a collection of RDCs under the same alignment con-
dition. These synthetic values are predicted by utilizing a reference
structure and alignment parameters derived from RDC sets report-
ed in literature. The second kind of RDCs is referred to as artificial.
The respective RDC sets are predicted by randomly generated
orientation parameters (Azz <10-2,R=[0,2/3],a=[0°, 180°], p=
[-180°, 180°], y = [-180°, 180°] with ZYZ Euler convention for the
AF to MF rotation). Unless stated otherwise, the optimizations
were performed without proper stop criteria (only maximum num-
ber of iterations) for a better demonstration of the trajectories. The
implemented stop criteria will be discussed in the results section.

The first example to demonstrate the concepts of TITANIA is
isopinocampheol 1 which is well studied with RDCs. The input
structure for this task was generated by inverting the chiral center
C3 of a structure published earlier.” 20 artificial RDC sets were
predicted using the literature structure and used directly in the
setup called 1-A (information on how RDCs were chosen, see
below). Additional data sets were generated from literature data,””
7584 resulting in one setup with the goal to achieve linear independ-

ence (1-B) and another one expected to show linear dependence

(1-C) by utilizing only six RDC sets each. The assignments of the
sets to the respective references can be found in the supporting
information (see Table S-1). Additionally, the RDC setups 1-A to
1-C were also optimized starting from random coordinates with x,
y, z = [0.0, 1.0] A to show the ability of TITANIA to optimize
structures without any prior stereochemical information.

To simulate experimental error of the RDCs Gaussian distribut-
ed random numbers (o = 0.5 Hz) was added to the setups 1-A to 1-
C resulting in 1-D (1-A with errors), 1-E (1-B with errors) and 1-F
(1-C with errors). The error for the homonuclear RDCs were
downscaled due to their lower Duy compared to 'Dcu couplings
(common scaling factor for 'Dcc 25% and "Dy 50%).

All setups were optimized in five individual runs utilizing differ-
ent set sizes (run 1-A11, A17, A23, A31 and A39 and analogous
for setups B to F) where the respective identifier encodes the num-
ber of RDCs per set of alignment conditions. The basis for all sets
consists of all 'Dcu (and derived methyl 'Dcc) couplings (1-A11).
Additional six *Dun couplings wrapping the structure once (1-
A17), all *Dyn and *Dun couplings (1-A23), an experimental set
defined by 31 RDCs reported in literature*® (1-A31) and all possi-
ble "Dun couplings (1-A39) were chosen as meaningful set sizes.
The RDC nuclei of the individual runs are listed in the supporting
information (see Table S-81).

Tubocurarine 2 was optimized using eight artificial RDC sets
with 37 RDCs each (see Table S-87). The RDCs were predicted
using the published, modified solid state structure™ with the origi-
nal labels.** The chiral centers C6 and C19 were inverted and the
resulting structure was minimized using the MMFF94 force field.
The RDC sets contain the 'Dcu and additional nine "Dy couplings
of the piperidinium protons. As for IPC, artificial error was added
to the underlying RDC sets of run 2-A to generate 2-B. The added
errors {Gaussian distributed with ¢ = 0.5 Hz) were not scaled for
'Dxc and 'Dyu to discuss the impact of the larger and more local-
ized relative errors (especially 'Dcx) and we only rejected random
numbers exceeding 1.5 Hz to prevent unrealistic high errors.

Strychnine 3 was optimized using eleven artificial RDC sets with
43 RDCs each in run 3-A (see Table S-91). The RDCs were pre-
dicted using a structure from literature.” The RDC sets were gener-
ated using all 'Dcu couplings and the **Dun couplings of the pro-
tons with distances lower than 3 A. The input structure was gener-
ated by inverting the chiral centers C7, C8, C14 and C16 of the ring
scaffold. The resulting structure was minimized using the MMFF94
force field.

All input and output files containing the presented data (RDCs,
structures, alignment conditions and SECONDA) are available as
supplementary material. More details on the TITANIA protocol,
the keywords to choose, further SECONDA analyses and all (fur-
ther) trajectories can be found in the supporting information. As
supplementary material we provide a zip archive, that contains all
input and output files used here.

The source code for the TITANIA program as well as precom-
piled binaries are available from the authors upon request.
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1 TITANIA protocol

1.1 Flowchart

TITANIA performs three major steps (parametrization, iterative refinement
and Monte-Carlo bootstrap. See figure 4 in main text) which can be further
extended as shown in fig. S-1.

B®

Figure S-1: Extended flowchart for TITANIA. The numbers shown in the
scheme refer to the respective equation in the SI (gray) and main text (black).

The user has to define an initial structure (default: Cartesian coordinates
and connectivity, see section 1.2.1) and the RDC data. In addition keywords
can be used to adapt nearly every step of the TITANIA run to the current
optimization. The first step is the parametrization of the structure, for which
the holonomic terms (standard bond lengths, bond angles) are extracted
from the initial input structure or the MMFF94[! force field, the B-matrix
is defined? and initial parameters are calculated (e.g. bond lengths and
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Dinax)- These initial parameters are used with the user defined RDCs to build
a scaled and normalized RDC matrix, which is needed for the SECONDA
analysis, the calculation of orientations and refined spherical harmonics Y.

The alignment tensor A is calculated using the scaled RDC matrix D (for
more information on the RDC matrix see section 1.3.2) and the normalized
cosine matrix B and is analyzed via eigenvalue decomposition (describing the
alignment frame AF). Using the resulting eigenvectors and rhombicity R the
F-matrix is constructed and utilized to determine the refined spherical har-
monics Y by SVD of F. To extract the spherical coordinates 6 and ¢ from Y
the Levenberg-Marquardt (LM) algorithm is used to find the Wigner rotation
between the vector frame (VF) and molecular frame (MF'). The structure can
directly be derived from these angles using different algorithms, which can
be chosen by the user by keywords. The default algorithm are the redundant
internal coordinates (see section 1.3.4). An additional algorithm uses vec-
tor addition (see section 1.3.5) which leaves the carbon scaffold untouched.
Thus no large changes required to correct wrong ring junctions (as in the
strychnine example, see 3-A in the main text) are possible.

To check for convergence in the optimization and to estimate uncertainties
of the previously calculated orientation and structure parameters a Monte-
Carlo bootstrap is performed. Some uncertainties can be determined directly
(e.g. the uncertainty of the alignment tensor elements AA;;). Others have to
be estimated using Gaussian propagation of errors (e.g. the uncertainty of
the spherical coordinates Ap). If convergence is reached, the iterative cylce
is stopped (after n additional user defined cycles), an additional SECONDA
analysis is performed (since the normalization factors depend on the struc-
ture) and the output files are finalized. In the course of the optimization
the calculated parameters of all individual iteration steps are written to a
trajectory file.

1.2 Input and output files

All input and output files of the individual runs reported in the main text are
part of the supplementary material. The information content is described in
the following.

1.2.1 Input file

TITANIA uses three types of inputs:

e Structure input: contains Cartesian coordinates of an initial struc-
ture. The structure contains labels for the individual atoms and follows
a simple syntax:



xyzcoordinates[<molecule_name>] =
number of atoms
<structure name>
C1 —0.073 2.395 0.114 #C1
C2 —0.750 1.046 0.423 #C2

Additionally a connectivity matrix is defined.

connectivity [<molecule _name>| =
number of atoms

<structure name>

C1 H1 C2 C6 C7
C2 H2 C3 C10 C1

RDC input: defines the RDCs, their uncertainty and weighting. The
respective spin pair is defined by the identifier defined in the structure.

Cl1;H1;14.6;0.5;1.0
C2;H2; —11.0;0.5;1.0

Keyword input: controls the behavior of TITANIA. Important (case
insensitive) keywords are:

MaxTITANTAiterations: defines the number of iterations
TITANTA performes before it is stopped (independent of convergence).

overoptimizationSteps: defines the number of iterations TITANIA
performes after the maximum number of iterations or convergence is
reached.

QfactorConvergence: defines convergence threshold for the
rmsd(Q-factors) of two consecutive iteration steps.

MeanAlignmentConvergence: defines convergence threshold for
the rmsd(Snc) (rmsd of the Saupe tensor elements) of two consecutive
iteration steps.

SigmaAlignmentConvergence: defines convergence threshold for
the rmsd(c[Swc]) (rmsd of the Saupe tensor element uncertainties) of
two consecutive iteration steps.

MeanAngleConvergence: defines convergence threshold for the
rmsd(pmc) (rmsd of the spherical coordinates) of two consecutive it-
eration steps.



SigmaAngleConvergence: defines convergence threshold for the
rmsd(o[pmc]) (rmsd of the spherical coordinate uncertainties) of two
consecutive iteration steps.

Spread AngleConvergence: defines convergence threshold for the
rmsd(Rs) (rmsd of the mean RDC vector lengths) of two consecutive
iteration steps.

useRedundantsOnlyAfter defines the number of iterations after
which TITANIA only perform redundant internal coordinates struc-
ture optimization and skips a prior vector addition step (section 1.3.5).

useDistances: defines if lower distance bounds are considered in the
optimization:

x 0: lower distance bounds are ignored.

x 1: lower distance bounds are fully considered (combination of 2

and 3).

x 2: lower distance bounds are used in redundant internal coordi-
nates as additional internal coordinate type.
3: lower distance bounds are used to force an inversion on atom
(groups) if violations are present for consecutive steps.

*

redundantsDamping: defines the damping factor 6 (see eq. (26))
for the redundant internal coordinates.

StaticBondWeighting: defines the static weighting (wponq) for bond
lengths of redundant internal coordinates (see eq. (25)).

StaticAngleWeighting: defines the static weighting (wange) for bond
angles of redundant internal coordinates (see eq. (25)).
(

StaticRDCWeighting: defines the static weighting (wrpc) for RDC
orientations of redundant internal coordinates (see eq. (25)).

StaticChiralVolumeWeighting: defines the static weighting (wv,)
for chiral volumes of redundant internal coordinates (see eq. (25)).

StaticDistanceWeighting: defines the static weighting (wgis.) for
lower distances of redundant internal coordinates (see eq. (25)).

floatingRDCangles: defines if an angle enclosed by an RDC defined
and undefined bond is weighted.

CalculateFullMatrix: defines how eq. (3b) and eq. (17) are solved:

x 0: solved as a set of vector equations. Enables the use of individual
RDC weighting (and even neglecting RDCs).

x 1: solved as full matrix equations.

6



— error WeightInSVD: weights RDCs using their user defined errors.
CalculateFullMatrix=0 has to be set.

— MonteCarloBootstrapping: defines if a Monte-Carlo bootstrap is

performed on every iteration step.

This inputs are gathered in the main input (.tna) file which is used as
argument when starting TITANIA. The output file is generated by extending
the input file with the respective suffixes (vide infra).

1.2.2 Output files
TIANIA has four output files:

e .out contains general informations on the optimization, the input file
and keywords. Additionally it contains information on the structure,
RDC sampling and final results. Besides this the trajectory of the
Q-factors and chiral volumes are reported.

e .out.<setLabel>.ali is a output for the individual RDC sets.

e .out.trj contains the full SECONDA analysis (since it is performed
on the initial and final structure). In addition it gives information
on transformations (initial reference frame and PAS of intertia tensor,
change of frames between the iteration steps). The main content are
all relevant results obtained from the individual steps:

— Polar angles (with Monte-Carlo results).
— Levenberg-Marquardt parameters.

— Redundant internal coordinate information (including individual
damping factors).

— Cartesian coordinates and transformation information.

— Cosine matrix.

— Q-Factors.

— Alignment information (with Monte-Carlo results).

— Dynamics information.

— Stop criteria and the corresponding parameters monitored.

e .out.xyz contains the Cartesian coordinates of the individual iteration
steps in the standard xyz-convention.



1.3 Mathematics
1.3.1 SECONDA weighting scheme

The covariance matrix used for the SECONDA analysis (see equation 6 in the
main text) uses the mean of an individual RDC vector in all media (eq. (1a))
and the weighting factor wy, (eq. (1c¢)) which uses the mean of all RDCs in
one medium (eq. (1b)).

(D) = 3Dy (1a)
(D) = = 3" Dy (1b)
Wiy = 1 L (1c)

0k 2 (D — (Dm))?

The weighting can in principle be chosen in other ways, but eq. (1c) is the
hard coded implementation of TITANIA.

For a proper analysis of the eigenvalues a cutoff of 1le-9 is implemented as
numerical threshold.

1.3.2 RDC theory

RDCs are defined via the normalized cosine matrix B and alignment matrix
A, which contain the independent elements of the second-rank alignment
tensor A and the structure related cosine tensor B. These independent ele-
ments of a second rank tensor T are expressed in T® by the corresponding
normalized elements T7; 12

1 2 2 2
T(2) - [Tzza = Txx — 1T ) _Tx ) _sza —1 z 2a
\/g ( YY) \/g y \/g \/§ y ( )
Ay = <% (3 cos i cos o — 5ij)> (2b)
1
Bij = <§ (3 COS /61 COS Bj — 51J)> (2C)

Here «j is the angles enclosed by the magnetic field vector and the refer-
ence axes (i = {x,y, z}) of the molecular frame, 3, is the angle enclosed by
the RDC vector and the reference axes and ¢;; is the Kronecker symbol.



DA = diag [Dyax] BA (3a)
(B*B) A = B*diag [D;p,,| Da (3b)

max

Note that Dy is the non-normalized RDC matrix, which is the transpose
of D used in equation 4 of the main text. Transposing is not needed but
allows for an easier recognition of the orthogonal projector (BT B) (and
later the respective operator FTF).2 diag[D,..] is a matrix containing
the maximum possible dipolar coupling for the individual spin pairs on its
diagonal. By performing an eigenvalue decomposition on A the eigenvalue
A,,, the thombicity R as well as the Euler angles o, § and ~ can be calculated.
Utilizing the second-rank spherical harmonics Ya,, (0, ¢), with the spherical
coordinates # and ¢, the general rotations R, using the Wigner elements
Dl(vzl?m, can be formulated:

Y3l (0,0) =\ 7= (3eos” (9) 1) (4a)
Vi (6,6) =~ 5 cos (6) sin (6) exp™ (1)
Y32 (0,6) = =Y,17 (0,9) (4c)
Vi (6,0) = | - sin® (6) exp 2 (4d)
Y22(0,6) = Y, (6, 9) (4e)

M=-2
2
=" D (0. 8,7) Y33 (0,6) (5b)
M=-2

This allows for the definition of eq. (6b) (which is the static formulation



of equation 2 in the main text) in any arbitrary reference frame:

3
D = AaDiax [3 cos? 4 — 1 + §R sin? 0¥ cos 2¢AF] (6a)

1 3 .
D = AyDunsc\[ o | Va3 + \/;R (Y;? + YQS))

The full rotation sequence from the VF to the MF and finally to the AF
(egs. (7) to (11)) for the individual spherical harmonics used in eq. (6b) can
be formulated by:

(6b)

Ryrur (@, 8,7)Rurar (0,6, 6) Yo (0,0) (7a)

2

= Rurour (@, 5,7) Z D, (0,0,6) Y33, (0,0)  (7h)
=-2

= Ruvrnr (@, 8,7) DS (0,6, 0) (7c)
2
=" D) (e, B.7) Yar (8,0) (7d)
M=-2
D) (0,0,6) = Y5 (6, 9) (8)
Rvrowr (@, 8, 7)Rup-ar (0,0, 9) Yz(? (0,0) (9a)

2
= Rvrowr (@, 53,7) Z DY, (0,6, ¢) a3y (0,0)  (9b)
=-2

= Ryrwr (, 8,7) D 22) (0,0, 9) (9¢)
2
= > DY, (@, B.9) Yar (6,9) (9d)
M=-2
D5 (0.6,) = Y33 (6.9) (10)

10



(11a)

Ryror (0, 8,7) Y D5 (0,6,6) Y33 (0,0)  (11b)

Ryvr_ur (@, 8,7)Ruroar (0,6, ¢) Y;Z% (0,0)

)
(2)

Rvr_mr (%@’V)D

(Oa 9, ¢) (11C)
(2)
M

> Dy (e, 8,7)Yy

0,-2

2

(11d)

(6, 9)

(2)

Y,

-2

(12)

(0, 9)

D%, (0,6, ¢) =

-2

Using these rotations the final expression for an RDC in an arbitrary

reference frame is obtained:

(2
2,2

7)o (D)

You

()¢

)>+ gR

(02) (142) + (02) (12)]

(13c)

— —

Ao Do FY

D
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where the Wigner rotation elements are combined in F and the spherical
harmonics in Y, respectively.

]_?‘: [ EQ El FO F1 F2 } (14&)

3
F =D + \/gR (D + D) (14D)

Y= | Yoo (15)

By normalizing D on the axial component of A and Dy, and extending
the dimensions of D the final matrix equation (equation 4 in the main text)
is obtained. Note that the resulting matrix Dy has the transposed shape of
D4 used in eq. (3). This is not necessary for mathematical correctness but
the use of orthogonal projectors? (FTF) can be seen easier.

Dy = F(Y) (16)

By SVD of F refined spherical harmonics Y, are calculated.

(F*F) (Y.ur) = F*Dy (17)

1.3.3 Information content of Y

To extract the spherical coordinates #,, and ¢,, the Wigner rotations are
used to maximize YQ%) in its vector frame (compare figure 2 in main text):

2
max (VS (67, 0"%)) = 3 Dy (635,00, 0) (Vi3 (6™, 6M7))  (19)

M=-2

This maximization is performed by using an in-house implementation of
the Levenberg-Marquardt algorithm. Additionally the local order parameter
of the individual RDCs (see equation 5 in main text), Soveran, the asymmetry
parameter 7 (see eq. (20)) and the direction of the asymmetry axis ¢ (see
eq. (21)) can be calculated from the spherical harmonics.

12



1
Soverall == o2 ( 1 9)

rdc, MFA max

| 222 (Yau (OVF)) (Yo (OVT))

" S (Yo (OVE)) (Yo (OVF)) (20)
1 (Y22 (07)) — (Y25 (O)) )
7 M0, (6F)) + (V.2 (8VF)) (21a)
= L tan (022 (07))) (21b)

2 Re((Yz, (©Y1)))

Here S7. \ipa max 15 the largest S gy directly obtained from the MFA
utilizing eq. (17). The spherical coordinates § and ¢ are combined as tuple

in ©.

1.3.4 Use of Redundant internal coordinates in TITANIA

A proper way to represent structures of N atoms is by using a set of 3N—6
internal coordinates (which herein are also called holonomic terms). In this
case the conversion to Cartesian coordinates can be performed by simple
geometric considerations. A more advanced algorithm, implemented in the
TITANIA workflow, uses redundant internal coordinates known from quan-
tum chemical computation protocols. In this approach standard internal
coordinates, namely bond lengths, bond angles or dihedral angles of more
atom tuples than needed to unambiguously define a structure are combined
to form an overdetermined representation (more than 3N-6 internal coordi-
nates) of a structure model. As reported in literature,®4 the conversion of
redundant internal coordinates ¢, containing standard structure parameters
(like bond lengths and angles), into Cartesian coordinates is done by the
Wilson matrix By:

dq;
81‘]‘

BW (qi,l'j) = (22)

The change AX in Cartesian coordinates zj (with j = {x, y, z}) can be
calculated utilizing the Moore-Penrose inverse of By,. For this the deviation
between the current and optimal internal coordinates (Aq = Gopt — Geur) are
summarized in the vector Aq. This is also called the internal displacement
vector.

13



AX = BLAG (23)

Therefore the iterative optimization of the Cartesian coordinates can be
formulated according to:

Xin = Xi + B{AG (24)

Since the algorithm is designed to handle small changes (see eq. (22)) its
stability can be increased by damping of the individual structure updates
(see eq. (24)).

A4 = D - diag [wj] Aq (25)

Where w; is the static weighting for the type of ¢, Aa is the undamped
internal displacement vector and D is the global damping factor, which is
updated in every step:

exp (3.5« )2 5 + exp (3.5)°

maxiter

T exp (3.5“¢)2 exp (3.5)°

mazxiter

(26)

The course of the function for the damping factors is shown in fig. S-2 for
different (user defined) damping constants §. The factor 3.5 was determined
empirically and results in a rather smooth curve of the global damping factor
D, while allowing for flexible adjustments of it by the user.

Orthogonal projectors P of the type P = BB are also used to achieve
higher stablity of the algorithm, by projecting the internal displacement vec-
tor Aq on the range of By,. This results in the overall equation for one
redundant internal coordinate iteration step:

Xip1 = Xi + BLD - diag [w] (BuBLAG (27)

14



Figure S-2: Damping factors D for a set of damping constants §. For the
calculations a maximum of 100 iterations was assumed.

Care has to be taken when defining the damping constant 0 for an opti-
mization run. Eq (26) is designed to achieve a weighting of 1.0 in the last
iteration step. Very large damping constants (approximatly larger than 100)
will lead to stronger weighting when defining additional steps (see keyword
overoptimizationSteps in section 1.2.1) that can lead to instabilities in
the redundant internal coordinates within these additional steps. Another
result can be convergence to a local minimum, that cannot be escaped using
redundant internal coordinates due to too high damping in the first steps of
the TITANIA optimization.

Additionally to the ability to optimize a structure based on an overdeter-
mined set of internal coordinates the algorithm allows for the definition of
further terms as restraints. These can (in this context) be RDC-vector orien-
tations or chiral volumes of planar centers to combine the holonomic terms
with experimental data. The implementation of RDCs in TITANIA is done
by the angle enclosed by 7;; (6, ¢) (determined by the MFA) and the vector
Tij.cur calculated from the current structure model. This angle defines a new
internal coordinate g, which has to be minimized, resulting in g = 0 and
hence Agq = —qeuwr, which is added to the internal displacement vector Aqg

15



described above.

1.3.5 Structures from vector addition

Alternatively to the default use of redundant internal coordinates TITANIA
can use a vector addition algorithm to update structures. It can be very help-
ful to start an optimization with low maximum iteration steps using this al-
gorithm if redundant internal coordinates do not converge. In this algorithm
the non-RDC defined bond vectors (mainly the carbon scaffold) are retained
in the initial geometry and only RDC defined bond vectors are updated. This
can additionally be combined with the redundant internal coordinate opti-
mization (see keyword useRedundantsOnlyAfter in section 1.2.1), where the
following algorithm is performed prior to the redundant internal coordinates
step.

Irpc,; = ||Ti1][sgn (W) (6, i) (28a)
sin (0) cos (¢)
¥(6;,¢;) = | sin(0)sin (o) (28b)
cos (0)

The resulting vectors are used to update the structure. As first estimation
for the correct vector orientation (rrpc vs. —Irpc) the smaller deviation to
the previous orientation is used (see sign function in eq. (28)). The bond
vectors can be validated and inverted by assessing the mean vector deviation
of long range RDCs " Dyy.

N || =
1 T

(Ar) = — = — FRDC, (29)
N 2 15|

i

By this measure the vector orientation is reevaluated. This vector addi-
tion algorithm is deactivated by default. The user can activate this algorithm
prior to redundant internal coordinates for N iterations if needed (see above).
Positions of atoms which do not contribute to RDC vectors (e.g. hydroxy
groups or methyl protons) are updated by a MMFF94 minimization in the
course of this algorithm to retain chemically meaningful functional groups /
structure moieties.

16



1.3.6 Statistics of directional data

To estimate Af and A¢ (and other uncertainties) a Monte-Carlo bootstrap
(with normal distributed sampling in the range of AD) is used in combination
with Gaussian propagation of errors.

Dy = D + randorm [—1.0,1.0] AD (30)

For the resulting Dyc matrix equations (3b) and (17) are solved. The
uncertainties, which cannot be accessed directly (e.g. spherical coordinates
or Euler angles) the Gaussian propagation of errors is employed. For this the
general form to estimate the uncertainty for a value Y (not to be confused
with the spherical harmonics Y),,) with respect to the dependent measure-
ments x; is used:

SN P A (oYY
AY = Z <axia(xi)> + 22 Z <8x18_xJCOV (a:i,xj)> (31a)

i j=i+

_—

Y oY
- ZZ ((?xl@_%COV a:l,xj)) (31b)

_—

With the covariance cov:

SI'—

cov (x;, x;)

= 23 (@~ wiw) (7 — 30 (32)

For the Euler angles the numerical gradient is estimated. For the spher-
ical coordinates the analytical gradient is used. Therefore Cartesian vectors
representing the orientation of the individual steps are averaged to obtain
the mean coordinates:

X, = % ' sin (6;) cos (¢;) (33a)
v, - % s (61 sin (01 (33b)
Zy = % z”: cos (6;) (33¢)



The spherical coordinates of the mean vector and its length are accessible
by eqs. (34) to (35).

R, = \/Xg +Y2+ 22 (34)
Oxy.z = acos (Z,R;") (35a)
¢x,7z = atan2 (YoR; ', X, R (35h)

The Gaussian propagation of errors for the spherical coordinates Af and
A¢ can be expressed by:

AO = \ Z Z (gi aa—jjcov (s, xj)) (36a)

Ag :\ z": z": (gi g—fjcov (x, m])) (36b)

The derivatives in eq. (36) (where x; = {z,y, z}) are:

3Rs ZT;
or; R, (378)
07,5 _ OR 5
39 _ 1 ( Ox; R, _ Ox; ZO) (37b)
z; - <é>2 R?
Rs
X, Y, D ORs Y/
or; % \?2 v\ 2 R2
() + (%)
(37¢)
_O 8 o B, 6 S
_ }gs ( a):; R, — a}; XO)
N N2 2
X ¥, R?
(%) + (%)

The spherical variance (eq. (38a)) and spherical standard deviation (eq. (38b))
are calculated as:[l

52 =1 - R, (38a)

7, =V —2In R, (38b)
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2 Isopinocampheol (1)

Isopinocampheol (IPC) was optimized in six setups, the preparation of which
will be briefly explained here. The setup 1-A was generated from 20 ran-
domly generated alignment tensors (refered to as artificial data), to achieve
an optimum sampling of the orientations. Two additional setups, to represent
experimentally achievable data (1-B) and highly linear dependent data (1-
C). The orientations are taken from literature, but the number of RDCs was
increased. This was done by back-calculation of the full RDC set (referred
to as synthetic data). These setups were all calculated from a single rigid
structure and alignment tensors, leading to RDCs completly free of errors.
Normal distributed random values (o (* Dcg) = 0.5 Hz, 0 (* Do) = 0.125 Hz,
o ("Dun) = 0.25 Hz, 1 = 0.0) were added to the RDCs of the setups 1-A to
1-C to generate the setups 1-D to 1-F. By this the impact of experimental
error on the optimization is investigated.

2.1 Orientations

RDC sets

The alignment parameters of the IPC setups 1-B and 1-C were derived from
RDCs reported in literature.[68 These were used to determine the orientation
via SVD. This was done using the in-house RDC module (RDC@hotFCHT) of
the hotFCHT software.l”) The recalculation of the orientations might result in
different orientations than reported previously due to different weighting of
the cosine matrix (to match the TITANIA implementation) and the use of
the all-positive Euler angle permutation.
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Table S-1: RDC sets and alignment parameters used for the synthetic RDC
sets of run 1-B and 1-C.

Set Medium Solvent Analyte 7 /K Ref.
set 1 | PELG CDCly (+)-IPC 300 (6]
set 2 | PBDG CDCl; (+)-IPC 300 8]
set 3 | PPLA TCE-d, (+)-IPC 300 7]
set4 | PPLA TCE-d, (+)IPC 383  [7]
set 5 | PPDA  TCE-d, (+)IPC 383  [7]
set 6 | PPDA TCE-dy (+)-IPC 300 7]
set 7 | PELG CDCl; (—-)-IPC 300 (6]
set 8 | PBDG CDCl; (—)-IPC 300 8]
set9 | PBLG CDCl; (+)IPC 300  [§]
set 10| PBLG  CDCl; (—)-IPC 300  [§]

The linear (in)dependence of the respective sets used for the setups 1-B
and 1-C were assessed using the generalized angle :

cos b = (A1]Az) 39a
A (AalAs) 30
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Figure S-3: Pairwise 3 angles of the sets used for setup 1-B and 1-C. The
marked fields (black) on the left side show extraordinary large 8 angles. The
marks (red) on the right side show the purposefully low angles to ensure
linear dependency of the setup.
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2.2 epi-C3 start structure

The standard runs were performed with a C3-inverted structure. For runs
starting from random coordinates see below (section 2.3) These runs are used
to plot the SECONDA data (discussion of 1-A can be found in the main text)
and the change of orientations induced by error. SECONDA is performed
on the normalized RDC matrix. The change induced by error is discussed
for the epi-C3 structure only, since the random coordinates were used for
the error free data only. The setups 1-D to 1-F were additionally optimized
using vector addition. The change induced by error (see section 2.2.5) is not
discussed for the vector addition algorithm as a bias would be added due to
the change of the structure generation algorithm.
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2.2.1 SECONDA plots

Figure S-4: SECONDA plot of the Figure S-5: SECONDA plot of the
individual runs in setup 1-A. individual runs in setup 1-D.
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Figure S-6: SECONDA plot of the Figure S-7: SECONDA plot of the
individual runs in setup 1-B. individual runs in setup 1-E.
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Figure S-8: SECONDA plot of the Figure S-9: SECONDA plot of the
individual runs in setup 1-C. individual runs in setup 1-F.
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The SECONDA plots give insight into the RDC information content of
the setups 1-A to 1-F. In the main text we focused on the assessment of
the linear independence of the setups. Here we investigate the impact of
synthetic heterogeneity (in this case error, added via normal distributed ran-
dom numbers) on the error free setups 1-A to 1-C, by comparing these to
the respective setups 1-D to 1-F. Hus and Briischweiler have shown earlier
that the addition of heterogeneity to a back-calculated RDC matrix of full
rank has little impact on the principle variances A\; to 5.l

This result can as well be found in the comparison of fig. S-4 and S-5
(comparison of 1-A and 1-D). Here the eigenvalues A\; to A5 are nearly un-
changed by the Gaussian random numbers. As expected for 1-D additional
eigenvalues A, (n > 5) become non-zero. This is typical for RDC matri-
ces with heterogeneity. The high number of additional eigenvalues can be
explained by the large relative errors (see table S-41).

The setups 1-B and 1-E show the above behavior for the first three
principle variances. The eigenvalues A4 and A5 in contrast already show a
slight dependence on the heterogeneity. These are the same eigenvalues which
had a contribution of less than 1.0 % to the overall variance for these setups
(see threshold discussed in main text).

This, in combination with the rather large A;/\5 ratio, implies that no
complete linear independence of five orientations is achieved for the setup. In
contrast to 1-D no additional non-zero eigenvalues (Ag < le — 9 for all runs
of 1-E) are found. To the best of our knowledge no (published) investigation
of synthetic RDC data containing only 6 sets, to which synthetic errors were
added, exists. In the setup 1-B, 1-C, 1-E and 1-F we used the minimum
number of RDC sets needed to allow for a detection of heterogeneity (The
rank of an n X m matrix cannot exceed n if n < m or m if m < n, respectively.
Therefore an RDC matrix of 5 media can only achieve a maximum rank of
5.). It is thus assumed that the minimum number of RDC sets in combination
with the mediocre sampling of the orientations was not sufficient to detect
the heterogeneity.

This behavior is even more pronounced for the setups 1-C and 1-F.
Additionally to not showing a non-zero eigenvalue A¢ when adding synthetic
error, 1-C does not show A5 within the scale used in the plot (A5 < le — 3).
For the sets with 11 to 23 RDCs the principle variances A\; and Ay only show
slight dependence on the heterogeneity. For the last two setups 1-C31 and
1-C39 this is only true for A\;. This behavior coincides with the high linear
dependence desired for the setup 1-C. Again the values dependent on the
heterogeneity have less than 1.0 % contribution to the overall variance as
discussed in the main text.
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2.2.2 Orientations

1-A
Input orientations

The RDCs of setup 1-A were calculated by the orientations summarized in
table S-2.

Table S-2: Orientational data used for the synthetic RDC sets of setup 1-A
and 1-D.

Set | 4, R of B 4
set 1 6.502e-04 2.810e-01 8144 141.340 82.889
set 2 8.426e-05 2.222e-01 145.757 110.718 24.512
set 3 | 8.788e-05 3.201e-01 7.168  99.611 155.036
set 4 | 4.350e-04 5.409e-01 100.047 51.633 116.928
set b 3.411e-04 3.893e-01 140.036 73.152  84.947
set 6 | 8.659e-04 4.858e-01 165.509 48.826  27.761
set 7 | 8.074e-04 7.404e-03  44.055 123.341 119.405
set 8 | 4.177e-04 2.348e-01  87.834 54.652 157.368
set 9 | 4.881e-05 2.929e-01 111.992 33.749  60.348
set 10 | 7.993e-04 5.760e-01 12.000 148.761 72.686
set 11 | 3.255e-04 1.066e-01 90.282 22.718 122.776
set 12 | 4.468e-04 4.043e-01 9.639 62.911 98.912
set 13 | 3.196e-04 1.107e-01  82.100 168.690 6.311
set 14 | 6.600e-05 2.687e-01 107.921 153.048  77.132
set 15 | 7.857e-04 2.918e-02 69.136 138.490 101.059
set 16 | 4.146e-04 4.251e-01 30.733 107.546 178.566
set 17 | 6.562e-04 5.205e-01  89.664  38.741 107.788
set 18 | 5.977e-04 4.170e-01 54.711 118.926 144.841
set 19 | 8.809e-04 1.118e-01  63.241 75.212 163.185
set 20 | 6.492e-04 6.360e-01 117.915 146.575  88.796

Output orientations

All orientiations of setup 1-A (11-39) obtained from the full TITANIA
optimization runs are listed in the following section. Changes of the Euler
angles compared to the data listed in table S-2 are due to the change of the
reference frames (TITANIA used the principle axis system of the molecule)
and changes in the structure. The comparison of the input and output data
is summarized in table S-35 (section 2.2.4).
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Table S-3: Orientational data of IPC 1 obtained by TITANIA on the last
optimization iteration for the run 1-A11.

Set A, R a/° B/° ~v/°

set 1 | 6.987e-04 2.391e-01 173.230 35413  98.063
set 2 | 8.006e-05 3.196e-01 148.225  72.877 149.183
set 3 | 8.250e-05 3.865e-01 9.152 78483  19.577
set 4 | 4.395e-04 5.370e-01  91.183 122.082 58.114
set 5 | 3.324e-04 2.391e-01 121.320 105.117  85.795
set 6 | 8.935e-04 5.056e-01 170.915 126.443 142.591
set 7 | 8.092e-04 1.625e-01 158.125  52.441  55.599
set 8 | 4.153e-04 2.421e-01  83.303 121.542  21.879
set 9 | 4.413e-05 2.669e-01 120.063 140.779 114.967
set 10 | 8.821e-04 5.122e-01 2.805 31.745 110.056
set 11 | 2.943e-04 2.059¢-01 100.496 153.250  47.404
set 12 | 4.430e-04 3.750e-01  15.503 110.386  71.077
set 13 | 3.267e-04 1.696e-01  96.550  16.491 168.600
set 14 | 7.347e-05 2.476e-01 101.082  25.566 111.816
set 15 | 8.259e-04 8.799e-02 135.239  36.597  79.886
set 16 | 4.041e-04 3.886e-01 144.814 111.189 171.088
set 17 | 5.990e-04 6.274e-01  90.037 135.426  69.611
set 18 | 5.901e-04 3.496e-01  51.474  57.966  30.026
set 19 | 8.517e-04 2.136e-01  53.130 101.840  13.466
set 20 | 7.067e-04 6.281e-01 108.920  28.612 100.249
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Table S-4: Orientational data of IPC 1 obtained by TITANIA on the last
optimization iteration of run 1-A17.

Set A, R a/° B/° ~v/°

set 1 | 5.996e-04 2.893¢-01 4.063  33.244  89.880
set 2 | 8.144e-05 2.329e-01 143.398  65.458 150.476
set 3 | 8.304e-05 3.081e-01  10.468  78.033  18.078
set 4 | 3.899e-04 5.990e-01 104.113 125.515  58.970
set 5 | 3.217e-04 4.017e-01 139.266 101.826  89.719
set 6 | 8.305e-04 4.677e-01 159.538 127.394 142.928
set 7 | 7.815e-04 3.050e-02  18.681  54.198  51.713
set 8 | 3.877e-04 2.212e-01  93.107 125.785  17.000
set 9 | 4.655e-05 3.118e-01 110.950 140.973 113.043
set 10 | 7.367e-04 5.681e-01 8.403  25.069 102.677
set 11 | 3.118e-04 1.368e-01  93.194 154.583  57.714
set 12 | 4.167e-04 3.884e-01  13.190 112,505  75.969
set 13 | 3.121e-04 8.711e-02 129.026 169.064  13.957
set 14 | 6.307e-05 2.912e-01 109.675  21.197  97.510
set 15 | 7.344e-04 2.431e-02 163.417  37.521  69.041
set 16 | 3.938e-04 3.937e-01 143.396 107.184 173.467
set 17 | 6.030e-04 5.700e-01  94.811 137.993  69.793
set 18 | 5.850e-04 4.410e-01  59.823  59.975  27.285
set 19 | 8.042e-04 7.467e-02  72.594 104.486  10.478
set 20 | 6.241e-04 6.500e-01 121.371  28.026  83.300
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Table S-5: Orientational data of IPC 1 obtained by TITANIA on the last
optimization iteration of run 1-A23.

Set A, R a/° B/° ~v/°

set 1 | 6.169e-04 2.594e-01  10.075  29.966  89.231
set 2 | 8.209e-05 2.349e-01 138.138  62.814 154.005
set 3 | 8.056e-05 3.130e-01  15.740  79.008  19.822
set 4 | 4.053e-04 5.708e-01 106.846 122.819  63.396
set 5 | 3.164e-04 3.903e-01 139.577  98.677  91.613
set 6 | 8.379¢-04 4.699¢-01 156.880 124.592 143.713
set 7 | 7.870e-04 1.140e-02  25.731  51.631  51.858
set 8 | 3.923e-04 2.540e-01  97.656 125.724  23.552
set 9 | 4.746e-05 3.121e-01 109.038 137.538 115.013
set 10 | 7.529e-04 5.458e-01  13.058  21.762 102.001
set 11 | 3.142e-04 1.186e-01 100.494 151.715  67.139
set 12 | 4.166e-04 4.047e-01  16.801 109.722  78.695
set 13 | 3.105e-04 1.000e-01 148.187 169.372  36.946
set 14 | 6.393e-05 2.737e-01 112.892  18.225  95.869
set 15 | 7.556e-04 1.102e-02 108.974  34.654  68.109
set 16 | 3.866e-04 4.241e-01 139.306 105.166 174.307
set 17 | 6.235e-04 5.474e-01  97.284 134.667  74.761
set 18 | 5.779e-04 4.344e-01  64.341  59.185  27.119
set 19 | 8.060e-04 1.201e-01  77.509 105948  14.444
set 20 | 6.347e-04 6.223e-01 124.753  25.287  82.279
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Table S-6: Orientational data of IPC 1 obtained by TITANIA on the last
optimization iteration of run 1-A31.

Set A, R a/° B/° ~v/°

set 1 | 6.190e-04 2.811e-01  13.017  30.870  89.129
set 2| 7.992e-05 2.262e-01 139.312  62.830 154.086
set 3 | 8.364e-05 3.134e-01  15.105  80.683  20.210
set 4 | 4.125e-04 5.521e-01 108.291 123.393  65.004
set 5 | 3.227e-04 3.929¢-01 142.675  99.528  92.638
set 6 | 8.156e-04 4.773e-01 159.481 124.356 145.477
set 7 | 7.676e-04 2.125e-03 126.045  52.395  51.820
set 8 | 3.918e-04 2.516e-01  97.559 125.949  25.152
set 9 | 4.639e-05 2.922e-01 110.659 138.006 115.806
set 10 | 7.618e-04 5.721e-01  15.238 22,999 100.518
set 11 | 3.107e-04 1.059e¢-01 110.160 152.268  68.564
set 12 | 4.223e-04 3.985e-01  15.312 110.826  79.999
set 13 | 3.054e-04 1.247e-01 141.816 170.547  36.014
set 14 | 6.320e-05 2.628e-01 115.528  19.124  93.566
set 15 | 7.486e-04 2.382e-02  84.084  35.278  68.484
set 16 | 3.946e-04 4.158¢-01 141.338 103.733 176.264
set 17 | 6.258e-04 5.190e-01  98.737 135.059  75.673
set 18 | 5.745e-04 4.025e-01  64.180  60.459  26.946
set 19 | 8.290e-04 1.175e-01  73.393 106.150  15.491
set 20 | 6.221e-04 6.258e-01 126.260  26.241  80.907
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Table S-7: Orientational data of IPC 1 obtained by TITANIA on the last
optimization iteration of run 1-A39.

Set A, R a/° B/° ~v/°

set 1 | 6.214e-04 2.645e-01  13.041  30.120  90.406
set 2 | 7.904e-05 2.375e-01 138.195  62.436 154.814
set 3 | 8.340e-05 3.220e-01  16.744  79.902  20.496
set 4 | 4.130e-04 5.483e-01 107.672 122.359  64.690
set 5 | 3.220e-04 3.914e-01 141.730  98.213  92.767
set 6 | 8.254e-04 4.833e-01 157.970 124.428 144.468
set 7 | 7.727e-04 1.184e-02 103.052 51.495  51.989
set 8 | 3.957e-04 2.374e-01  98.850 125.046  26.086
set 9 | 4.671e-05 3.037e-01 110.708 137.287 115.432
set 10 | 7.640e-04 5.643e-01  13.978  22.442 102.834
set 11 | 3.104e-04 1.169e-01 103.444 151.370  67.952
set 12 | 4.174e-04 3.896e-01  15.513 109.408  79.920
set 13 | 3.053e-04 9.968e-02 146.212 169.491  37.517
set 14 | 6.325e-05 2.725e-01 111.862  18.260  95.724
set 15 | 7.509e-04 3.716e-02  89.311  34.377  68.987
set 16 | 3.894e-04 4.392¢-01 139.903 104.546 175.895
set 17 | 6.266e-04 5.300e-01  97.707 134.203  75.327
set 18 | 5.734e-04 4.141e-01  65.209  59.596  26.902
set 19 | 8.262e-04 1.166e-01  72.375 105.585  16.560
set 20 | 6.232e-04 6.364e-01 125.130  25.316  81.669

Note that the Euler angles differ due to the different reference frames.
Thus a comparison can here only be based on Azz and R, which shows a good
agreement for the runs 1-A17 to 1-A39 between the input orientations used
to back-calculate the artificial RDCs and the final orientations determined
by TITANIA. The comparison of orientations with using a common reference
frame is found in section 2.2.4.
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1-B

Input orientations
The RDCs of setup 1-B were calculated by the orientations summarized in
table S-8.

Table S-8: Orientational data used for the synthetic RDC sets of setup 1-B
and 1-E.

Set A,, R a/° B/° ~/°

set 1 | -8.166e-04 4.731e-01 62.238 154.576 121.551
set 2 | 9.519e-04 4.642¢-01 76.734  78.357 140.473
set 3 | -1.583e-03 3.447e-01 148.367 118.389 150.530
set 4 | 6.259e-04 6.557e-01 165.587  54.317  77.300
set 5 | 6.454e-04 5.588e-01 164.877  71.897  73.177
set 6 | -8.756e-04 4.057e-01  42.558 122.051 136.107

Output orientations

All orientiations of setup 1-B (11-39) obtained from the full TITANIA opti-
mization runs are listed in the following section. Changes of the Euler angles
compared to the literature data listed above are due to the change of the
reference frames (TITANIA used the principle axis system of the molecule).
The comparison of the input and output data is summarized in table S-36
(section 2.2.4).

Table S-9: Orientational data of IPC 1 obtained by TITANIA on the last

optimization iteration for the run 1-B11.

Set Azz R a/o IB/O 7/0

set 1 | -8.244e-04 5.073e-01  99.505  37.190 147.052
set 2 | 1.002e-03 4.400e-01  95.072 115.134 162.170
set 3 | -1.619e-03  3.989¢-01 168.306  83.003 140.187
set 4 | -7.062e-04 5.614e-01 160.472  99.745 137.362
set 5 | 7.119e-04 5.892e-01 174.633  87.953  47.321
set 6 | -7.918e-04 2.987e-01  61.637  72.685 153.102
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Table S-10: Orientational data of IPC 1 obtained by TITANIA on the last

optimization iteration of run 1-B17.

Set A, R o/ B/° v/°

set 1| -8.108¢-04 4.409¢-01  99.643  34.208 144.649
set 2 | 9.064e-04 5.071e-01  95.256 110.676 163.366
set 3 | -1.505¢-03 3.608¢-01 163.909  74.951 141.586
set 4 | 6.048¢-04 6.488¢-01 176.158  67.332  49.982
set 5 | 6.081e-04 5.628e-01 178.879  84.302  48.337
set 6 | -8.311e-04 3.977¢-01  63.102  66.832 151.953

Table S-11: Orientational data of IPC 1 obtained by TITANIA on the last

optimization iteration of run 1-B23.

Set A, R a/° B/° ~v/°

set 1 | -8.042e-04 4.571e-01  96.528  31.560 149.039
set 2 | 9.047e-04 4.945e-01  92.854 108.102 164.157
set 3 | -1.527e-03 3.440e-01 161.588  71.675 144.470
set 4 | 6.048e-04 6.509e-01 179.884  65.253  50.975
set 5 | 6.104e-04 5.683e-01 2499 83.064 50.439
set 6 | -8.005e-04 3.968e-01  62.457 63.994 154.884

Table S-12: Orientational data of IPC 1 obtained by TITANIA on the last

optimization iteration of run 1-B31.

Set A, R o/ B/° v/°

set 1| -7.644e-04 4.726e-01 93228 31.031 149.711
set 2 | 8.819¢-04 4.809¢-01  92.649 107.750 165.933
set 3 | -1.468¢-03 3.562e-01 163.680  71.780 144.397
set 4 | 5.857e-04 6.520e-01 179.713  66.985  51.253
set 5| 6.025e-04 5.575e-01  2.748  84.854  50.808
set 6 | -7.994¢-04 4.049¢-01  62.748  64.052 155.672
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Table S-13: Orientational data of IPC 1 obtained by TITANIA on the last
optimization iteration of run 1-B39.

Set A, R o/ B/° v/°

set 1| -7.947c-04 4.634c-01  97.953 34.319 144.673
set 2 | 9.067e-04 4.808¢-01  95.439 110.469 162.358
set 3 | -1.522e-03 3.504e-01 163.308  74.337 141.465
set 4 | 6.066e-04 6.455¢-01 176.995 66.514  49.234
set 5| 6.213¢-04 5.514e-01  0.137  84.036  47.788
set 6 | -8.415¢-04 4.056e-01  62.515  66.982 152.650

Note that as before the Euler angles differ due to the different reference
frames. Thus a comparison can here only be based on Ayzy; and R, which
again show a good agreement between the input orientations used for back-
calculation and the final orientations for the runs utilizing 17 to 39 RDCs.
The comparison of orientations with using a common reference frame is found
in section 2.2.4.
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1-C
Input orientations

The RDCs of setup 1-C were calculated by the orientations summarized in
table S-14.

Table S-14: Orientational used for the synthetic RDC sets of setup 1-C and
1-F.

Set A, R a/° B/° ~v/°

set 1 | -8.166e-04 4.731e-01 62.238 154.576 121.551
set 2 9.519e-04 4.642e-01 76.734  78.357 140.473
set 7 | -6.930e-04 6.207e-01 67.088 140.025 118.143
set 8 9.806e-04 5.071le-01 77.192  81.428 137.636
set 9 1.036e-03  5.134e-01 72.293  80.309 139.775
set 10 | 9.246e-04 4.815e-01 77.352  77.964 140.567

Output orientations

All orientations of setup 1-C (11-39) obtained from the full TITANIA opti-
mization runs are listed in the following section. Changes of the Euler angles
compared to the literature data listed above are due to the change of the
reference frames (TITANIA used the principle axis system of the molecule).
The comparison of the input and output data is summarized in table S-37
(section 2.2.4).

Table S-15: Orientational data of IPC 1 obtained by TITANIA on the last

optimization iteration for the runs 1-C11.

Set A, R a/° B/° ~v/°

set 1 | -7.943e-04 5.097e-01 102.085  37.179 143.291
set 2 9.609e-04 4.326e-01 100.119 113.990 162.818
set 7 | -6.135e-04 6.637e-01  98.069  48.535 160.754
set 8 9.945e-04 4.811e-01 101.804 110.641 164.537
set 9 1.050e-03 4.726e-01  96.439 112.234 163.051
set 10 | 9.343e-04 4.500e-01 100.587 114.356 162.903
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Table S-16: Orientational data of IPC 1 obtained by TITANIA on the last

optimization iteration of run 1-C17.

Set A, R a/° B/° ~y/°

set 1 | -6.630e-04 5.320e-01 92.012  27.294 149.210
set 2 6.131e-04 4.682e-01 81.440 102.747 153.765
set 7 6.536e-04 6.242¢-01 92.776 128.778 165.380
set 8 5.919e-04 5.567e-01 82.873  96.917 153.684
set 9 | 6.396e-04 5.731e-01 74.931  98.582 151.072
set 10 | 5.998e-04 4.847e-01 82.711 103.363 153.929

Table S-17: Orientational data of IPC 1 obtained by TITANIA on the last

optimization iteration of run 1-C23.

Set A, R a/° B/° ~/°

set 1 | -8.047e-04 4.573e-01 96.356  31.573 149.123
set 2 9.060e-04 4.933e-01 92.842 108.112 164.115
set 7 | -6.871le-04 5.963e-01 93.761  43.221 162.469
set 8 9.305e-04 5.356e-01 93.201 104.329 165.855
set 9 9.846e-04 5.441e-01 88.538 105.973 164.218
set 10 | 8.806e-04 5.106e-01 93.458 108.524 164.143

Table S-18: Orientational data of IPC 1 obtained by TITANIA on the last

optimization iteration of run 1-C31.

Set A, R a/° B/° v/°

set 1 | -7.950e-04 4.621e-01 97.104 31.388 149.865
set 2 9.152e-04 4.760e-01 93.208 108.092 165.652
set 7 | -6.720e-04 6.171e-01 93.379  42.998 164.303
set 8 9.408e-04 5.198e-01 93.779 104.373 167.514
set 9 9.951e-04 5.254e-01 88.804 106.031 165.771
set 10 | 8.891e-04 4.935e-01 93.852 108.487 165.691
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Table S-19: Orientational data of IPC 1 obtained by TITANIA on the last
optimization iteration of run 1-C39.

Set A, R a/° B/° v/°

set 1 -7.839e-04 4.699e-01 96.697 31.199 149.514
set 2 8.978e-04 4.811e-01 93.376 107.944 165.281
set 7 | -6.608e-04 6.242¢-01 92.838  42.771 164.059
set 8 9.221e-04 5.260e-01 93.844 104.220 167.183
set 9 9.754e-04 5.309e-01 88.906 105.870 165.412
set 10 | 8.726e-04 4.984e-01 93.995 108.343 165.304

Note that as before the Euler angles differ due to the different reference
frames. Thus a comparison can here only be based on Ayzy; and R, which
again show a good agreement between the input orientations used for back-
calculation and the final orientations for the runs utilizing 17 to 39 RDCs.
The comparison of orientations with using a common reference frame is found
in section 2.2.4.
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1-D

Input orientations

The RDCs of run 1-D were calculated by adding random Gaussian error to
the RDCs of 1-A (for more information see the start of section 2). Therefore
the orientation data are reported in table S-2.

Output orientations

All orientiations of run 1-D (11-39) obtained from the full TITANIA opti-
mization runs are listed in the following section. Changes of the Euler angles
compared to the literature data listed above are due to the change of the
reference frames (TITANIA used the principle axis system of the molecule)
and the added errors. The comparison of the input and output data is sum-
marized in table S-38 (section 2.2.4).

Table S-20: Orientational data of IPC 1 obtained by TITANIA on the last

optimization iteration for the runs 1-D11.

Set 4, R a/° Bl A

set 1 6.563e-04 1.709e-01 17.261 34.845  91.053
set 2 | -5.517e-05 3.735e-01 87.915  26.830 9.600
set 3 | -9.313e-05 9.125e-02 171.939 98.010  98.051
set 4 4.663e-04 5.462e-01 93.750 121.115 64.374
set 5 3.359e-04 3.032e-01 133.863 104.485  88.760
set 6 7.921e-04 4.444e-01 166.107 124.691 143.805
set 7 7.918e-04 1.332e¢-01 147.979  49.227  54.222
set 8 3.386e-04 3.093e-01 71.237 122.130  20.822
set 9 | -6.140e-05 2.967e-01 105.865 34.709 133.496
set 10 | 8.866e-04 4.802e-01 11.296 28.311 108.368
set 11 | 2.675e-04 1.420e-01 98.058 149.404 64.884
set 12 | 4.638e-04 1.826e-01 10.888 114.606  78.810
set 13 | 2.887e-04 1.143e-01 168.817 13.701 165.191
set 14 | 8.921e-05 2.601e-01  37.800 23.631 136.646
set 15 | 8.573e-04 1.154e-01 92.175  34.978  73.255
set 16 | 4.080e-04 3.538e-01 137.808 107.276 176.617
set 17 | 6.827e-04 5.409e-01 92.825 132.102 73.204
set 18 | 5.554e-04 2.171e-01  49.083  55.873  29.584
set 19 | 8.126e-04 2.133e-01 55.817 101.724 14.943
set 20 | 7.043e-04 6.064e-01 108.558  27.698  88.831
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Table S-21: Orientational data of IPC 1 obtained by TITANIA on the last

optimization iteration of run 1-D17.

Set A, R a/° B/° ~v/°

set 1 6.059e-04 3.268¢-01  13.221  33.839  89.181
set 2 8.460e-05 3.694e-01 129.989  70.139 140.494
set 3 | -1.176e-04 6.150e-01 164.392  86.995 117.859
set 4 4.040e-04 4.402e-01  96.585 130.964  59.756
set 5 | 2.841e-04 4.845e-01 156.371 104.724  98.880
set 6 8.591e-04 4.121e-01 165.522 129.724 150.550
set 7 8.145e-04 6.008e-02  11.020 56.983  56.894
set 8 4.182e-04 1.440e-01  81.533 126.561  20.323
set 9 7.065e-05 2.541e-01 123.750 146.150 161.212
set 10 | 7.675e-04 5.517e-01  15.325  21.610  99.638
set 11 | 3.710e-04 2.226e-01  43.364 158.730  65.707
set 12 | 4.143e-04 4.879e-01  14.950 119.941  83.078
set 13 | 3.195e-04 1.952e-01 166.385 168.871  10.701
set 14 | 7.742e-05 4.860e-01 111.691  10.102  93.346
set 15 | 7.571e-04 5.801e-02 178.908  40.032  71.258
set 16 | 4.329e-04 3.027e-01  33.782  72.276 2.236
set 17 | 6.593e-04 4.945e-01  93.732 142.102  72.712
set 18 | 6.516e-04 3.550e-01  50.779  61.785  35.678
set 19 | 8.827e-04 8.288e-02  77.402 103.840 16.179
set 20 | -6.316e-04 5.429e-01 110.204 115.878 122.231
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Table S-22: Orientational data of IPC 1 obtained by TITANIA on the last

optimization iteration of run 1-D23.

Set A, R a/° B/° ~v/°

set 1 0.426e-04 2.362¢-01  11.316  32.424  88.929
set 2 7.098e-05 2.009e-01 109.314  70.870 152.829
set 3 | -9.066e-05 5.977e-01 159.380  70.140 116.061
set 4 4.470e-04 3.137e-01  97.587 127.566  57.891
set 5 | 2.761e-04 3.854e-01 140.338 105.367  88.578
set 6 7.891e-04 4.065e-01 172713 124.737 147.775
set 7 7.637e-04 3.626e-02 178.086  53.274  50.632
set 8 4.147e-04 1.731e-01  85.358 128.168  25.998
set 9 | -6.384e-05 5.674e-01 114.262  46.157 128.209
set 10 | 7.141e-04 5.443e-01 9.243 22310 105.819
set 11 | 3.569e-04 1.704e-01  36.869 156.062  61.174
set 12 | 4.286e-04 4.063e-01  15.881 115.892  75.844
set 13 | 3.301e-04 9.256e-02 160.233 167.061  13.655
set 14 | 8.555e-05 4.025e-01  73.338 6.196 134.808
set 15 | 7.036e-04 5.993e-02 120.607 36.416  67.786
set 16 | 4.320e-04 2.289¢-01 131.685 109.974 176.345
set 17 | 6.525e-04 4.270e-01  90.678 138.119  67.640
set 18 | 6.318e-04 3.737e-01  61.248  58.735  28.034
set 19 | 7.326e-04 1.426e-01  55.639 103.787  15.440
set 20 | -5.794e-04 6.602¢-01 102.764 113.157 117.951
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Table S-23: Orientational data of IPC 1 obtained by TITANIA on the last

optimization iteration of run 1-D31.

Set A, R a/° B/° ~v/°

set 1 8.047e-04 3.336e-01  25.222  61.033  95.877
set 2 | -8.554e-05 6.285e-01 5.810  60.847  87.329
set 3 | -1.565e-04 5.936e-01 3.039  51.339 115.432
set 4 4.875e-04 3.627e-01  77.128 157.071  53.823
set 5 | 2.976e-04 1.638¢-01 148.088 137.136 106.951
set 6 1.004e-03 4.777e-01 155.895  59.952 0.334
set 7 8.694e-04 1.285e-01 2.828 86.872  71.023
set 8 4.560e-04 4.040e-02  56.083 144.047  12.286
set 9 8.979e-05 5.555e-01  71.705  21.314  96.499
set 10 | -9.124e-04 6.013e-01  38.910 122.316  30.387
set 11 | 3.752¢-04 1.111e-01 72986  10.509 106.165
set 12 | 4.872e-04 3.780e-01  23.796 143.958  94.570
set 13 | 4.100e-04 6.639e-02 145.202  32.008 103.647
set 14 | -9.756e-05  3.743e-01 144.083 110.067 148.322
set 15 | 9.326e-04 1.250e-01  36.552  68.904  85.908
set 16 | 4.417e-04 4.748e-01 176.989  90.463  10.252
set 17 | -6.937e-04 6.565e-01  87.432  78.067  93.327
set 18 | 6.253e-04 6.106e-01  46.556  89.597  46.569
set 19 | 1.034e-03 1.708e-01  22.402 124.759  16.561
set 20 | 7.612e-04 5.575e-01 134.633  56.445  93.873
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Table S-24: Orientational data of IPC 1 obtained by TITANIA on the last

optimization iteration of run 1-D39.

Set A, R a/° B/° ~v/°

set 1 6.137e-04 2.661e-01  11.846 33.966  86.087
set 2 1.069e-04 2.113e-01 115.186  85.384 125.380
set 3 | -1.376e-04 6.411e-01  10.793  50.272 101.518
set 4 4.296e-04 5.611e-01 104.454 130.564  51.757
set 5 2.668e-04 4.541e-01 135.754 111.709  81.312
set 6 8.533e-04 4.253e-01 163.643 127.678 143.549
set 7 7.836e-04  3.283e-02 3.277 58422  46.265
set 8 4.234e-04  2.592e-01 106.522 131.223  15.142
set 9 |-9.219e-05 3.046e-01  90.650  69.495  30.447
set 10 | 6.654e-04 5.674e-01  26.150  22.286  86.476
set 11 | 3.389e-04 9.875e-02  80.190 157.003  48.210
set 12 | 4.771e-04 1.638e-01 172.144 120.901 75.174
set 13 | 3.494e-04 2.126e-01  89.884 3.648 111.646
set 14 | 8.111e-05 4.186e-01 155.709  15.863  62.243
set 15 | 7.576e-04 1.021e-01 127.889  40.833  62.219
set 16 | 3.193e-04 4.718e-01 149.408  97.659 168.665
set 17 | 6.339e-04 5.178e-01 106.807 138.658  76.344
set 18 | 5.853e-04 4.836e-01  56.279  68.670  23.333
set 19 | 8.351e-04 1.388e-01  82.687 111.111 9.466
set 20 | -6.623e-04 6.587e-01 111.998 113.253 112.885

In contrast to the setups 1-A to 1-C the Euler angles not only differ
due to the different reference frames but also due to the heterogeneity added
purposefully. This heterogeneity will also have an impact on Azz and R,
which is why larger differences between the input orientations used for back-
calculation and the final orientations are found. These differences show vari-
ations between the respective sets of one run. The reason for this finding
is the different magnitudes of Azy used for the back-calculation of the data
(see table S-2). This circumstance is discussed below in more detail (see
table S-41). The comparison of the orientations using a common reference
frame as discussed before is found in section 2.2.4.
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1-E

Input orientations

The RDCs of run 1-E were calculated by adding random Gaussian error to
the RDCs of 1-B (for more information see the start of section 2). Therefore
the orientation data are reported in table S-8.

Output orientations

All orientiations of setup 1-E (11-39) obtained from the full TITANIA opti-
mization runs are listed in the following section. Changes of the Euler angles
compared to the literature data listed above are due to the change of the
reference frames (TITANIA used the principle axis system of the molecule)
and the added errors. The comparison of the input and output data is sum-
marized in table S-39 (section 2.2.4).

Table S-25: Orientational data of IPC 1 obtained by TITANIA on the last

optimization iteration for the runs 1-E11.

Set A, R a/° B/° ~/°

set 1| -7.950e-04 4.150e-01  98.308  39.844 148.548
set 2 | 1.075e-03 3.454e-01  95.275 110.848 170.903
set 3 | -1.715e-03 2.654e-01 166.563  81.713 150.363
set 4 | 6.906e-04 5.243e-01 174.590 61.131 62.663
set 5 | -6.504e-04 6.572e-01 171.204 92.325 148.200
set 6 | -1.112e-03 4.359e-01  57.118  78.351 160.360

Table S-26: Orientational data of IPC 1 obtained by TITANIA on the last

optimization iteration of run 1-E17.

Set A, R a/° B/° v/

set 1 | -8.416e-04 4.807e-01 104.721  32.283 145.280
set 2 | 1.028e-03 4.582¢-01  93.978 109.339 167.592
set 3 | -1.505e-03 3.815e-01 171.934  74.350 138.887
set 4 | 6.274e-04 5.836e-01 177.183  69.383  50.276
set 5 | 6.333e-04 5.853e-01 1.499  89.880  48.709
set 6 | -8.158e-04 3.788e-01  64.006  66.422 148.850
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Table S-27: Orientational data of IPC 1 obtained by TITANIA on the last

optimization iteration of run 1-E23.

Set A, R o/ B/° v/°

set 1| -7.845¢-04 5.005e-01 111.550 33.680 133.099
set 2 | 9.726e-04 4.230e-01 103.895 107.315 165.964
set 3 | -1.378¢-03 3.799¢-01 167.469  76.387 142.910
set 4 | 6.171e-04 5.638¢-01 174.011  63.799  53.724
set 5 | 5.885e-04 5.784e-01 176.935 83.091  50.360
set 6 | -8.206e-04 3.945¢-01  62.038  68.148 152.355

Table S-28: Orientational data of IPC 1 obtained by TITANIA on the last

optimization iteration of run 1-E31.

Set A, R a/° B/° ~v/°

set 1 | -7.148e-04 4.847e-01 111.265  34.675 139.686
set 2 | 8.980e-04 4.268e-01  96.474 108.629 170.759
set 3 | -1.481e-03 3.565e-01 174.799  79.481 140.420
set 4 | -5.675e-04 6.589%¢-01 165.145 96.850 141.009
set 5 | 5.897e-04 6.332e-01 174.093 95.134  48.894
set 6 | -8.324e-04 3.884e-01  71.951  70.827 148.756

Table S-29: Orientational data of IPC 1 obtained by TITANIA on the last

optimization iteration of run 1-E39.

Set A, R a/° B/° v/°

set 1 | -7.372e-04 4.911e-01 101.629 34.887 153.570
set 2 | 9.537e-04 4.505e-01 91.551 112.601 176.219
set 3 | -1.408e-03 4.446e-01 174.426  81.373 150.820
set 4 | -6.019e-04 6.482e-01 164.776  98.050 146.706
set 5 | 6.340e-04 6.218e-01 172.237 91.176  55.083
set 6 | -8.176e-04 3.882e-01  63.855  72.320 157.256
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1-F

Input orientations

The RDCs of run 1-F were calculated by adding random Gaussian error to
the RDCs of 1-C (for more information see the start of section 2). Therefore
the orientation data are reported in table S-14.

Output orientations

All orientiations of run 1-F (11-39) obtained from the full TITANIA opti-
mization runs are listed in the following section. Changes of the Euler angles
compared to the literature data listed above are due to the change of the
reference frames (TITANIA used the principle axis system of the molecule)
and the added errors. Of high impact for this setup is the missing conver-
gence and thereby large distortions of the structure. This leads to wrong
orientation parameters. The comparison of the input and output data is
summarized in table S-40 (section 2.2.4).

Table S-30: Orientational data of IPC 1 obtained by TITANIA on the last

optimization iteration for the runs 1-F11.

Set A, R a/° B8/° ~/°

set 1 | -7.323e-04 1.757e-01  21.959 53.078 131.176
set 2 | -7.112e-04 5.412¢-01 9.253 46.213 103.567
set 7 | -6.834e-04 2.104e-01 134.133 64.583 133.945
set 8 | -7.553e-04 5.281e-01  10.523 32.605 100.127
set 9 | -7.792e-04 6.015e-01  14.527 36.754 103.745
set 10 | -7.135e-04 4.771e-01 8.645 42.312 105.833

Table S-31: Orientational data of IPC 1 obtained by TITANIA on the last

optimization iteration of run 1-F17.

Set A, R a/° 3/° v/°

set 1 | -5.315e-04 4.740e-01 108.017 51.100 147.127
set 2 6.644e-04 3.148e-01  56.389 64.107 0.762
set 7 | -5.094e-04 6.181e-01 114.681 59.992 160.917
set 8 6.937e-04 4.115e-01  47.726 69.585 3.639
set 9 7.393e-04 4.202e-01  61.175 66.555 2.115
set 10 | 6.356e-04 4.076e-01  54.700 64.377 0.618
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Table S-32: Orientational data of IPC 1 obtained by TITANIA on the last

optimization iteration of run 1-F23.

Set A,, R a/° B/° v/°

set 1 1.595e-03 2.485e-01 28.009 54.848 28.371
set 2 2.116e-03 1.006e-01 23.912 61.662 12.787
set 7 | 1.510e-03 2.810e-01 18.880 53.793 40.299
set 8 | 2.033e-03 1.485e-01 24.423 64.106 11.306
set 9 | 2.362e-03 1.640e-01 21.980 63.071 14.331
set 10 | 1.989¢e-03 1.162e-01 20.411 61.822 13.466

Table S-33: Orientational data of IPC 1 obtained by TITANIA on the last

optimization iteration of run 1-F31.

Set A, R a/° B/° ~v/°

set 1 | -6.765e-04 4.767e-01  87.261  37.011 148.785
set 2 7.922e-04  5.650e-01 106.172 110.947 177.261
set 7 | -5.425e-04 4.219e-01  79.068  48.417 169.225
set 8 8.220e-04 6.492¢-01  67.184  74.229 0.356
set 9 8.507e-04 6.143e-01 106.840 108.146 176.660
set 10 | 7.558e-04 6.047e-01 111.864 109.909 177.867

Table S-34: Orientational data of IPC 1 obtained by TITANIA on the last

optimization iteration of run 1-F39.

Set A, R o/° B/° v/°
set 1 | -7.5936-04 4.385e-01 156.619 68.190 122.764
set 2 | 9.258¢-04 3.843e-01  24.901 86.472 21.230
set 7 | -5.8556-04 6.374e-01 162.446 64.609 138.184
set 8 | 9.469e-04 5.005e-01  21.550 90.237  16.287
set 9 | 9.947e-04 4.520e-01 27.344 88.479  18.041
set 10 | 8.596e-04 4.968¢-01  18.928 90.301  19.966
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2.2.3 Optimization Trajectories

Figure S-10: Trajectory of the Monte-Carlo rmsds obtained for the individual
runs of the setups 1-A, B and C. Shown are the data obtained by the default
redundant internal coordinates algorithm.
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Figure S-11: Trajectory of the Monte-Carlo rmsds obtained for the individual
runs of the setups 1-D, E and F. Shown are the data obtained by the default
redundant internal coordinates algorithm.
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Figure S-12: Trajectory of the normalized chiral volumes obtained for the
individual runs of the setups 1-A, B and C. Shown are the data obtained
by the default redundant internal coordinates algorithm. The arrows at the
top indicate the values of the reference structure (correct configuration).
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Figure S-13: Trajectory of the normalized chiral volumes obtained for the
individual runs of the setups 1-D, E and F. Shown are the data obtained by
the default redundant internal coordinates algorithm. The arrows at the top
indicate the values of the reference structure (correct configuration).
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The iterative progression of TITANIA is assessed by a Monte-Carlo boot-
strap after every iteration step. In this bootstrap all RDCs are varied simul-
taneously by normal distributed random numbers, with the user estimated
experimental errors of the individual RDCs as standard deviation, and used
for the determination of the alignment (tensor shape and Euler angles) and
from that the resulting structure parameters (spherical harmonics and spher-
ical coordinates). The parameters monitored (which can be used as stop
criteria, for respective flags see section 1.2.1) are the change (rmsd) in the
reduced Saupe matrix (S,,, Sxx-Syy, Sxys Sxzs Oyz), the trigonometric func-
tions of the polar angles p (e.g. cos(f)) and the standard deviation of the
respective values. The fifth parameter monitored is the change of the mean
length R; of the averaged Monte-Carlo RDC direction vectors (see eq. (34)).
In the present runs the thresholds for the convergence were set to zero to
show the full trajectories of the runs 1-A to 1-F (stop criteria not used).

Of special interest in fig. S-10 is the behavior of the structure related pa-
rameters. As expected the rmsd of Rs shows less fluctuation when increasing
the number of RDCs per set. If convergence is not achieved large spikes in the
Monte-Carlo trajectories (see first steps in fig. S-10) and significant changes
in the chiral volumes throughout the whole optimization would be observed.
All trajectories except 1-C17 show the last significant spike in Sgyeran around
iteration 10, which is the point at which the final configurations are reached.
As expected the trajectories 1-X17 to 1-X39 (with X equals A to C) clearly
show convergence to the correct structure. Convergence is also achieved in
1-A11, but the wrong configuration is obtained with a distorted geometry
at the center C3.

Compared to the Monte-Carlo plots of setup 1-A the runs of 1-B and
1-C show larger fluctuations in the parameters monitored. This is due to
the fact that here fewer RDC sets are used. Syveran is not as strongly affected
by the number of sets as the Monte-Carlo results, as it is determined from
the experimental RDCs instead of the Monte-Carlo bootstrap. Only 1-C17
seems to show an unexpected behavior due to a rather low Syyeran parameter
and high fluctuations in the orientations of the RDC vector obtained from
the Monte-Carlo bootstrap (rmsd[p] and rmsd(sig[p])).

These instabilities are based on the linear dependence and the number of
RDC sets. This can be seen in the comparison of all runs in fig. S-10. Here the
fluctuations of the vector orientations increases when reducing the number
of sets (1-A to 1-B) and again when increasing the linear dependence of the
sets (1-B to 1-C).

This trend seems to change when adding heterogeneity. Here 1-F shows
fast convergence with comparably low Syyeran values. By investigation of the
geometries it becomes clear that this a random local minimum. This will be
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discussed in more detail on the chiral volume plots. The two last runs (1-F31
and 39) in fig. S-11 show instabilities in the full course of the optimization.
This is a hint towards random inversions. This will also be discussed below.

The runs with 11 and 17 RDCs for 1-D and 1-E show an increase in
the fluctuations compared to the homogeneous data, with 1-D being more
affected. The reason might be the large variety of axial components for 1-D
(see table S-41 for more details). This fluctuation is reduced with the number
of RDCs, demonstrating that larger set sizes lead to a higher error tolerance.
An exception are the runs using 23 RDC, which show no convergence at all.
A close look on the xyz coordinates (see supplementary materials section 5)
and the chiral volume trajectories allows a better assessment of these two
runs. By this it becomes clear that 1-E23 undergoes several inversions of
different centers accompanied by large distortions of the geometry (including
large variations in the bond lengths of the ring scaffold). 1-D23 on the
other hand only shows large fluctuations at C6 which influences the whole
trajectory, especially the center C2. C2 and C6 have in common that ! D¢c
couplings are used to define the configuration. These are lower in magnitude
than ! Dcy RDCs. Furthermore no long-range RDCs are available to further
define or confirm the configuration. Additionally the Syyeran is reduced in
size, especially when long-range RDCs are added in the larger setups with
31 or 39 RDCs.

The trajectories of the 1-F runs with 11 to 23 RDCs imply a fast conver-
gence. This behavior is due to the convergence into a local minimum barely
optimizing the structure at all (see below). The runs 1-F31 and 1-F39 show
the other scenario where no convergence is achieved at all. Here only random
inversions occur during the optimization. Additionally the lowest Syyeran for
IPC are found in these runs. This shows that the MFA is neither capable
to determine structure parameters for heterogeneous, dependent alignment
conditions nor to properly determine any dynamic parameters in this sce-
nario.

The chiral volume plots of the homogeneous data (fig. S-12) show, as
expected from the main text discussion, very stable configurations. Therefore
the trajectories of the heterogeneous setups 1-D to 1-F are of larger interest.
It is noteworthy that 1-E11 converged into the correct relative configuration.
This is unexpected and should not be over-interpreted. More important
is that the setups with long-range couplings show a reduction in stability
compared to the homogeneous data while still achieving the correct relative
configuration. An exception are the runs using 23 RDCs. The trajectories
of both the chiral volume and the rmsds shown above, are not stable at any
point of the optimization. In such a case the number of RDCs per set should
be varied (in a real scenario lowered) or the vector addition algorithm should
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be used. The reduction of the number of RDCs would allows to identify RDCs
that disturb the trajectories, most likely due to high local heterogeneity. The
alternative vector addition algorithm is more robust and thereby could help
to find the correct configurations. This algorithm is discussed later for the
heterogeneous setups.

The setup 1-F shows very interesting results. Here the first three trajec-
tories converge very fast without a change in any configurations. If the set
size is increased further (1-F31 and 39) rapid inversion without any pattern
can be observed. This demonstrates how linear dependence in combination

with heterogeneity does not allow to obtain correct vector orientations by
using TITANIA.

2.2.4 Change in Orientation

To quantify the similarity of the input and the output orientations a com-
mon reference frame has to be used. Therefore an all atom rmsd structure
alignment was performed to match the TITANIA output structure with the
reference structure (or its enantiomer). The alignment tensors of the trans-
formed structures are recalculated and the differences in the orientations
(TITANIA vs. reference) are expressed by the [ angle.
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1-A

Table S-35: Generalized angle § enclosed by the reference structure of IPC
and the structure obtained by TITANIA from the last optimization step of
the runs 1-A. The data were obtained by transformation of the respective
structures to a common reference frame, followed by recalculating the align-
ment tensors with the in-house software RDC@hotFCHT. ")

B/

Set 1-A11 1-A17 1-A23 1-A31 1-A39
set 1 5923  3.18 2991 5292 1.331
set 2 8.151 1.968 2981  5.732  1.067
set 3 3.245 2592 0915  4.253  1.597
set 4 9.843 2437 1429 2718  0.754
set 5 12561  2.022  1.855 3.214  1.393
set 6 11.638  2.107  2.136 4.630  0.637
set 7 8578  1.787  1.701  5.329  0.848
set 8 5.394  3.38  3.354 3429  1.138
set 9 8.501  2.442 2134 4568 0.714
set 10 | 5.250  3.403  2.512 4475  1.362
set 11 7.617 1904 1.687 3.285  0.802
set 12 | 11.348  1.805  2.6V3 2424  1.115
set 13 | 9.771 2135 1961  4.408  0.776
set 14 | 6.866  3.345  2.227 5294  0.604
set 15 | 8.0561  3.053  2.651 5.344  1.000
set 16 | 7.947  2.034 2.853 5279  1.558
set 17 | 7.454 2524  1.594 3482  0.716
set 18 | 4.324  1.631 1.313 5337  0.731
set 19 | 6.208 2596  3.187  3.588  1.730
set 20 | 7.094 2881 2.136 5383  0.438

It can be seen that only 1-A11 shows ( angles of larger magnitude. The
reason is the incorrect configuration on C3. All other runs only have very
small deviations between the reference and output structures. This confirms
the agreement of the TITANIA structure and the reference.
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1-B

Table S-36: Generalized angle § enclosed by the reference structure of IPC
and the structure obtained by TITANIA from the last optimization step of
the runs 1-B. The data were obtained by transformation of the respective
structures to a common reference frame, followed by recalculating the align-
ment tensors with the in-house software RDC@hotFCHT. ")

B/°

Set | 1-B11 1-B17 1-B23 1-B31 1-B39
set 1| 2994 2709 2424 2520 2.034
set 2 | 5193 2339 2763 2234 1.953
set 3| 7.820 1.842 2553  4.310 2417
set 4 | 7.238 1254 2075 3.899  2.373
set 5| 6.125 218  1.767  3.641 2174
set 6 | 6.159  2.707  3.605  3.559  2.338

All runs of the setup 1-B show excellent agreement between the TITANTA
and reference structure.

1-C

Table S-37: Generalized angle § enclosed by the reference structure of IPC
and the structure obtained by TITANIA from the last optimization step of
the runs 1-C. The data were obtained by transformation of the respective
structures to a common reference frame, followed by recalculating the align-
ment tensors with the in-house software RDC@hotFCHT. "]

B/

Set 1-C11 1-C17 1-C23 1-C31 1-C39
set 1 2418 10.222 2362 1.492  0.611
set 2 4.152  20.642 2716 1466  1.028
set 7 2,550 10.907 2,679  1.669  0.715
set 8 4.793 23999 2816 1463 1.129
set 9 4.662 23.865 2.699 1377  1.023
set 10 | 4.029 20.034  2.702  1.457  1.021

The high g angle found for 1-C17 shows a large value due to distortions
of the methyl vectors C6-C8 and C6-C9.
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1-D

Table S-38: Generalized angle § enclosed by the reference structure of IPC
and the structure obtained by TITANIA from the last optimization step
of the runs 1-D. The data were obtained by transformation of the respec-
tive structures to a common reference frame, followed by recalculating the
alignment tensors with the in-house software RDC@hotFCHT.!”) The mean con-
tribution of the random noise to the 3 angles is reported in table S-41.

B/

Set 1-D11 1-D17 1-D23 1-D31 1-D39
set 1 10.116  7.150  5.541 39.437 15.202
set 2 13.430 16.208 14.208 45.302 13.448
set 3 11.460 12.745 10916 27.275 15.252
set 4 9.075  9.924 4270 58.423 12.129
set 5 5.162  10.557  7.233 57.837  8.629
set 6 12.618  4.166  9.068 57.086  9.181
set 7 9.845 7.009 4444 57993 16.812
set 8 11.790  4.946 10.780 32.610 13.318
set 9 11.158  11.279 17.303 52.909 16.708
set 10 | 6.207  7.644  5.606 44.127 13.986
set 11 | 14.393 5905  4.101 52.062  8.597
set 12| 8996  7.016 9.430 39.717 10.459
set 13| 9.181  9.410  7.701 42.717  8.083
set 14 | 7.418 15.582 12.608 47.711 10.091
set 15| 9.178  8.688  4.663 52.551 15.287
set 16 | 6.976 5430  9.705 33.347 15.209
set 17 | 13.728  9.042  4.330 60.949 10.506
set 18 | 7.528  7.684  3.738 40.481 15.600
set 19 | 7.279 4436 4824 31517 14.840
set 20 | 10.886  7.651  7.978 51.570  9.160

Apart from 1-D31, which did not converge using redundant internal co-
ordinates, the 8 angles show good agreement. The values are a combination
of the errors added and the deviations in the final compared to the reference
structure. The separation of these two effects is addressed later.
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1-E

Table S-39: Generalized angle § enclosed by the reference structure of IPC
and the structure obtained by TITANIA from the last optimization step
of the runs 1-E. The data were obtained by transformation of the respec-
tive structures to a common reference frame, followed by recalculating the
alignment tensors with the in-house software RDC@hotFCHT.!”! The mean con-
tribution of the random noise to the 3 angles is reported in table S-42.

B/

Set | 1-E11 1-E17 1-E23 1-E31 1-E39
set 1 | 1.031 5.365 12.059 4.732 11.162
set 2 | 8733  2.112 10.428 2.994 11.562
set 3 | 12.759  8.271 3496 7.317 14.976
set 4 | 13.415 5.349 6.096 4.400 16.701
set 5 | 13.848  6.355  4.570 4.474 16.945
set 6 | 11.343  8.382  4.536 10.023  7.351

The (5 angles are a combination of the errors added and the deviations
in the final compared to the reference structure. The separation of this two
effects is addressed later.

1-F

Table S-40: Generalized angle 8 enclosed by the reference structure of IPC
and the structure obtained by TITANIA from the last optimization step
of the runs 1-F. The data were obtained by transformation of the respec-
tive structures to a common reference frame, followed by recalculating the
alignment tensors with the in-house software RDC@hotFCHT.!”! The mean con-
tribution of the random noise to the 3 angles is reported in table S-43.

B/

Set 1-F11 1-F17 1-F23 1-F31 1-F39
set 1 | 37.217 22950 103.611 57.157 55.099
set 2 | 58.962 19.781 108.086 58.470 55.278
set 7 | 36.418 25.518 115.432 63.649 61.063
set 8 | 51.858 28.486 104.242 63.774 56.893
set 9 | 58.467 21.751 103.605 60.611 55.627
set 10 | 55.075 21.936 105.504 60.508 58.774

In the setup 1-F the error now shows the importance of linear indepen-
dence in the alignment media when experimental error is present. None of
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the runs shown has converged.

2.2.5 Change induced by error

When adding error to the RDCs a change in the orientation is induced. This
change is addressed in this section. In the following tables the generalized (8
angle 3 is calculated for the individual sets. Since a change in the orienta-
tion can be induced by the change of RDCs as well as by structural changes
the following (3 angles contain this information simultaneously. To address
the pure change due to the variation of RDCs, the mean § angle (and the
corresponding standard deviation) of the individual runs is calculated using
the reference structure.

1-A

Some [-angles in the 1-A vs. 1-D comparison have rather large magnitudes.
This is especially true for the sets with small A,, values (see table S-2).
Therefore the rows of table S-41 have a grayscale filling according to their
A,, value with smaller values being brighter and larger values being darker.
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Table S-41: Generalized angle 3 enclosed by the orientations of IPC 1 ob-
tained by TITANIA in the last optimization step of the runs 1-A and 1-D.
The last column contains the input A,, values. Since the alignment param-
eters (see table S-2) were generated from random numbers some of the A,,
values are much lower than others. This in combination with the artificial
error added in setup 1-D to larger deviations compared to the results of 1-
A. Therefore the grayscale of the rows are used for faster recognition of the
respective A,, (brighter: lower value).

B/°
Set 1-X11 1-X17 1-X23 1-X31 1-X39 A,,

set 2 56.361 24.603 13.036  73.498 52.239 8.426e-05
set 3 45.596 19.352 21.619  31.226 40.387 8.788e-05
set 4 7.884 11.785 12.640  58.093 15.019 4.350e-04
set 5 9.210 15.631  4.966 62.720 18.800 3.411e-04

set 8 7.611 5447 12.093  30.660 17.325 4.177e-04
set 9 62.542 42.149 48.853 103.289 66.291 4.881e-05

set 11 18.252 15.942 12.937 55.436 10.125 3.255e-04
set 12 18.496  9.949  3.941 39.637 19.294 4.468e-04
set 13 16.268 10.687  8.240  50.801 21.353 3.196e-04
set 14 22,749 27.244 36.312  49.772 27.672 6.600e-05

set 16 12.608  7.207 11.477  38.565 25.334 4.146e-04

(B)* 12.648  9.251 8501 14.399 14.142
o 16.649 10.110  8.877 18.626 15.591

2) To separate the impact of the final structure from the variation of the
RDCs, the § angle was calculated from the reference structure using the
RDC sets of setups 1-A and 1-D. The mean angle of all 20 sets (and the
respective standard deviation o) was calculated for the individual set sizes
and is reported here.
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1-B

Table S-42: Generalized angle [ enclosed by the orientations of IPC 1 ob-
tained by TITANIA in the last optimization step of the runs 1-B (see ta-
bles S-9 to S-13) and 1-E (see tables S-25 to S-29).

B/°

Set | 1-X11 1-X17 1-X23 1-X31 1-X39
set 1 | 4.969 3238 10.145 3.410 8.860
set 2 | 13.312 3264 9.710  6.011 14.149
set 3 | 16.851 10.181  5.003  7.905 17.732
set 4 | 22,522 4413  7.169 5435 15.439
set 5 | 19.989  7.013  3.581 8476 13.816
set 6 | 11.654  8.756  4.523 11.833  5.536
() | 2.826 2347  2.068 3.334  4.802
o 0961 0.863 0516 1.371  1.628

2) To separate the impact of the final structure from the variation of the
RDCs, the 3 angle was calculated from the reference structure using the
RDC sets of setups 1-B and 1-E. The mean angle of all 6 sets (and the
respective standard deviation o) was calculated for the individual set sizes
and is reported here.
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1-C

Table S-43: Generalized angle 3 enclosed by the orientations of IPC 1 ob-
tained by TITANIA in the last optimization step of the runs 1-C (see ta-
bles S-15 to S-19) and 1-F (see tables S-30 to S-34).

B/°

Set |1-X11 1-X17 1-X23 1-X31 1-X39
set 1 | 39.620 37.102 101.492 60.392 53.817
set 2 | 57.278 40.919 105.975 63.705 62.843
set 7 | 37.742 41.943 114199 64.808 63.499
set 8 | 49.962 49.684 102.378 64.122 58.861
set 9 | 59.757 44.155 102.100 61.099 59.238
set 10 | 54.290 38.990 104.644 62.866 53.941
(B) | 3.320 2416 2070 2.868  4.384
o 1279  0.775 0613 0732 0.770

2) To separate the impact of the final structure from the variation of the
RDCs, the 3 angle was calculated from the reference structure using the
RDC sets of setups 1-C and 1-F. The mean angle of all 6 sets (and the
respective standard deviation o) was calculated for the individual set sizes
and is reported here.
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2.3 Random coordinates structure
2.3.1 Keyword adjustments

The runs using random coordinates as input structure were adjusted by the
TTITANTA keywords as follows:

Table S-44: Keywords for the standard IPC runs (using redundant internal
coordinates, stan) that changed when using random coordinates as input
(rnd #). Some keywords had to be adjusted for the individual runs to
achieve convergence. This is especially true for the damping constants (see
rnd 3 and 4) and the convergence threshold (rnd 2).

Keyword stan rmd1 rnd 2 rnd 3 rnd 4
useInitialHolonomics 1 0 0 0 0
MaxTITANIAiterations 200 1000 1000 1000 1000
overoptimizationsteps 10 0 0 0 0
MeanAlignmentConvergence 0 le-6  1le-5 le-6 le-6
SigmaAlignmentConvergence 0 le-6 le-6 le-6 le-6
MeanAngleConvergence 0 le-3 le-3 le-3 le-3
SigmaAngleConvergence 0 le-3 le-3 le-3 le-3
SpreadAngleConvergence 0 le-5 le-5 le-5 le-5
useRedundantsOnlyAfter 10 25 25 25 25
redundantsDamping 0 50 50 5 5
StaticBondWeighting - 2.0 2.0 2.0 -
StaticRDCWeighting - 2.0 2.0 2.0 -
floatingRDCangles 0 1 1 1 1

The change in rnd 2 was done to prevent instabilities in late iteration
steps. When the initial holonomical terms (internal coordinates) cannot be
used (no proper initial structure was defined) the MMFF94 equilibrium pa-
rameters are used. These do not contain the optimal values for IPC and
thereby can lead to instabilities in the late optimization steps. The second
changes to the damping / weighting of the redundant internal coordinates
(rnd 3/4) are due to slow progression in the structure generation overall.
Since no proper input structure is used, the structure generation algorithm
needs not only to update the coordinates according to RDC information but
also to build a chemically meaningful structure. For some structures this was
not possible due to high damping constants.
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2.3.2 OQOutput orientations

Isopinocampheol run 1-A

Random start coordinates

The orientations when starting from random coordinates are summarized in
the tables below. Note that the Euler angles might again be different due
to completely different molecular frames as random coordinates are used.
An additional change is observed when (+4)-IPC is obtained instead of the
reference structure ((—)IPC). These differences are addressed in table S-60
(section 2.2.4).

Table S-45: Orientational data of IPC 1 obtained by TITANIA on the last
optimization iteration for the runs 1-A11 starting from random coordinates.

Set A, R a/ B/° v/°
set 1 | 4.839e-04 4.592¢-01 118.016 54.440 167.509
set 2 6.072e-05 5.690e-01  36.003 91.575  31.163
set 3 | 8.278¢-05 3.77le-01  89.705 46.222  60.765
set 4 | 2.986e-04 3.379e-01 167.382 96.818  81.982
set 5 | 3.295e-04 1.487e-01 125.607 141.502  74.481
set 6 | 7.976e-04 3.053e-01 82.157 115.741 151.396
set 7 | 5.172e-04 2.636e-01  40.703  24.521 134.680
set 8 | 3.827e-04 3.915e-01 125.158 74.802  69.539
set 9 | 4.189e-05 2.190e-01  50.612 101.735 124.954
set 10 | -6.537e-04 6.091e-01  39.394  40.145  41.577
set 11 | 3.437e-04 5.113e-01 101.841 79.313 111.505
set 12 | -3.720e-04 1.885e-01 147.554 72250 16.675
set 13 | -3.539e-04 6.249e-01 119.260 159.058 154.246
set 14 | -5.881e-05 5.639e-01  82.922 150.163 136.916
set 15 | 5.238¢-04 3.201e-02 22.832  49.074 159.015
set 16 | 3.679e-04 5.108¢-01 93.376 48.331  16.745
set 17 | 5.279e-04 2.085e-01  77.281 91.186  99.244
set 18 | 4.404e-04 5.078e-01 106.080  20.323  34.049
set 19 | 8.224e-04 5.358¢-02 159.485  60.825 54.351
set 20 | -6.506e-04 4.306e-01  81.562 141.746 126.907
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Table S-46: Orientational data of IPC 1 obtained by TITANIA on the last
optimization iteration of run 1-A17 starting from random coordinates.

Set A R a/ B/° v/°

set 1 | 6.954e-04 2.925e-01 55.852 45461 92.973
set 2 | 7.192e-05 3.067e-01  63.428  87.206  49.690
set 3 | 8.369e-05 3.467e-01  88.792 136.879  32.374
set 4 | 4.394c-04 5.280e-01  76.282 128.625 113.355
set 5 | 3.096e-04 4.440e-01  83.525 140.058 165.625
set 6 | 8.205e-04 3.652e-01 100.024  84.337 171.141
set 7 | 7.679¢-04 6.009e-02  85.965 24.599 123.780
set 8 | 4.368c-04 2.228¢-01  55.951 118.123  82.199
set 9 | 4.315¢-05 3.677e-01 127.728  99.390 148.306
set 10 | 8.236e-04 5.626e-01  62.944 52580  94.645
set 11 | 2.988¢-04 8.436e-02  91.269 102.299 116.056
set 12 | 3.924e-04 4.363e-01  18.208 138.857 140.021
set 13 | 2.906e-04 1.559e-01  10.538  80.777 109.112
set 14 | 6.557¢-05 2.034e-01 153.116  55.799 101.029
set 15 | 8.246e-04 9.017e-02  79.230  38.832 103.451
set 16 | 4.197¢-04 4.848¢-01  60.351 117.667  18.093
set 17 | 6.405e-04 5.571e-01  99.202 118.392 121.652
set 18 | 5.426e-04 3.757e-01 175.003  34.915 174.085
set 19 | 9.052e-04 2.190e-01  68.135 123.906  59.326
set 20 | 6.510e-04 5.326e-01 151.801  49.558 100.747

65



Table S-47: Orientational data of IPC 1 obtained by TITANIA on the last
optimization iteration of run 1-A23 starting from random coordinates.

Set A, R a/° B/° ~v/°

set 1 | 6.033e-04 2.867e-01  99.829  92.800 172.167
set 2 | 5.710e-05 3.844e-01  47.847 49.606  30.652
set 3 | 7.409e-05 3.771e-01 171.832  25.581 127.866
set 4 | 3.917e-04 5.529¢-01  31.508 148.272  88.814
set & | 2.641e-04 4.018e-01  31.760 115.606  54.323
set 6 | 6.652e-04 4.241e-01  41.383  78.696  96.816
set 7 | 6.525e-04 1.111e-01  62.783  62.530 165.362
set 8 | 4.005e-04 2.210e-01  83.485 162.710 138.647
set 9 | 3.439e-05 3.918e-01  10.578 103.737 100.210
set 10 | 7.593e-04 5.503e-01  94.367  99.391 169.314
set 11 | 2.654e-04 1.425e-01  50.969 131.943 125.173
set 12 | 3.195e-04 2.656e-01  97.557 132.151  63.327
set 13 | 2.704e-04 8.378e-02 133.997 119.266 146.055
set 14 | 5.835e-05 1.896¢-01 6.372 101.064 162.659
set 15 | 6.978e-04 1.381e-01  68.681  83.013 167.492
set 16 | 3.333e-04  5.258e-01 0.205 43.602  99.840
set 17 | 5.499e-04 5.853e-01  25.915 138.686 101.145
set 18 | 5.014e-04 4.104e-01 112.684  48.102 140.910
set 19 | 7.785e-04 2.432¢-01  28.363 6.408  54.599
set 20 | 5.526e-04 5.397e-01 4534 95.004 164.913
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Table S-48: Orientational data of IPC 1 obtained by TITANIA on the last
optimization iteration of run 1-A31 starting from random coordinates.

Set A, R a/° B/° ~v/°

set 1 | 5.816e-04 2.622e-01 128.497 140.473 127.589
set 2 | 6.657e-05 3.357e-01 109.515  86.475 120.877
set 3 | 7.503e-05 3.132¢-01 163.076  40.204  79.321
set 4 | 4.083e-04 5.320e-01  99.437  89.367  48.098
set & | 2.866e-04 4.141e-01  78.630 85.431  10.624
set 6 | 7.250e-04 4.594e-01 108.136  42.574 172.090
set 7 | 7.079e-04 7.607e-02 149.386  24.014 1.585
set 8 | 3.996e-04 2.401e-01  86.601 84.302 74.384
set 9 | 3.837e-05 3.540e-01 124.136 126.470  25.324
set 10 | 7.200e-04 5.582¢-01 126.070 137.606 115.109
set 11 | 2.834e-04 1.036e-01 119.228 114.256  61.285
set 12 | 3.610e-04 3.491e-01  21.212 85.312  27.877
set 13 | 2.799e-04 9.792¢-02  32.208 127.620  79.352
set 14 | 5.843e-05 2.693e-01  24.481 140.351 109.510
set 15 | 7.053e-04 1.168e-01 175.364 150.632 138.425
set 16 | 3.401e-04 4.516e-01 112.591  39.681 118.886
set 17 | 5.858e-04 5.259e-01 116.788 101.720  48.082
set 18 | 5.262e-04 4.133e-01 124.178  18.500  63.275
set 19 | 7.706e-04 1.749e-01 108.004 66.201  82.070
set 20 | 5.686e-04 6.139¢-01  36.801 144.694 120.895
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Table S-49: Orientational data of IPC 1 obtained by TITANIA on the last
optimization iteration of run 1-A39 starting from random coordinates.

Set A R a/ B/° v/°

set 1 | 5.891e-04 2.767e-01 124.469 95.506  94.653
set 2 | 7.370e-05 3.083e-01 146.883 121.502 144.053
set 3 | 8.000e-05 3.692e-01  9.604 41.840  41.012
set 4 | 3.734e-04 6.173e-01  29.536 162.189  5.752
set 5 | 3.042e-04 3.889e-01 159.437  54.078 149.638
set 6 | 7.730e-04 4.809¢-01  40.553  95.076  18.405
set 7 | 7.396e-04 4.554e-02 125.614 65.652  80.895
set 8 | 3.975e-04 2.062e-01 161.735 163.330 127.964
set O | 4.088¢-05 3.344e-01  14.808 118.521  23.686
set 10 | 7.327¢-04 5.647e-01 112.000 104.634  93.147
set 11 | 2.841e-04 1.503e-01  60.778 142216  58.064
set 12 | 3.699¢-04 3.622e-01  96.588  36.266 154.075
set 13 | 2.937e-04 7.459e-02 171.093 127.724  75.773
set 14 | 6.029¢-05 2.910e-01  18.774 106.474  87.298
set 15 | 7.092e-04 2.583¢-02  98.649  85.551  86.981
set 16 | 3.625¢-04 4.759¢-01  6.220  61.131  20.463
set 17 | 5.491e-04 6.128¢-01  32.972 150.627  27.701
set 18 | 5.574e-04 4.539e-01 130.699  59.096  57.961
set 19 | 7.986e-04 1.237¢-01 178.354 24726  2.195
set 20 | 5.839¢-04 6.620e-01  18.101  97.941  87.799

Isopinocampheol run 1-B

Random start coordinates

The the orientations when starting from random coordinates are summarized
in the tables below. Note that the Euler angles might again be different due
to completely different molecular frames as random coordinates are used.
An additional change is observed when (+4)-IPC is obtained instead of the
reference structure ((—)IPC). These differences are addressed in table S-61
(section 2.2.4).

68



Table S-50: Orientational data of IPC 1 obtained by TITANIA on the last
optimization iteration for the runs 1-B11 starting from random coordinates.

Set A, R a/° B/° ~v/°

set 1 | 8.76le-04 1.028e-01 147.085 100.577 114.383
set 2 | 1.070e-03 3.061e-01  87.256 105.065  94.030
set 3 | -1.620e-03  3.932e-01 104.900  91.068  62.665
set 4 | 7.724e-04 5.369e-01 171.971 155.873 165.391
set & | -6.737e-04 4.671e-01 119.095 83.488  81.372
set 6 | -1.028e-03 4.308e-01  35.464  95.488  48.392

Table S-51: Orientational data of IPC 1 obtained by TITANIA on the last
optimization iteration of run 1-B17 starting from random coordinates.

Set A, R a/° B/° ~/°

set 1 | -7.681e-04 4.511e-01 52.180  79.659 137.478
set 2 | 8.362e-04 5.444e-01  1.126 149.778  38.602
set 3 | -1.536e-03  3.932e-01 99.348  57.215 177.915
set 4 | 6.410e-04 6.529e-01 99.700  37.107 8.100
set 5 | 6.322e-04 5.876e-01 76.542  37.249  35.177
set 6 | -8.246e-04 3.698e-01 22.922  54.446 160.331

Table S-52: Orientational data of IPC 1 obtained by TITANIA on the last
optimization iteration of run 1-B23 starting from random coordinates.

Set A, R a/° B/° v/°

set 1 | -7.930e-04 3.734e-01 5.657  67.226 174.047
set 2 | 8.394e-04 5.928e-01 23.021 99.508 75.947
set 3| 1.412e-03 6.666e-01 73.765  38.931 65.043
set 4 | 6.853e-04 4.852e-01 90.762  36.795  67.020
set 5| 7.149e-04 3.957e-01 104.323  38.666  48.798
set 6 | -7.124e-04 1.450e-01 7.410 114.197 32.245
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Table S-53: Orientational data of IPC 1 obtained by TITANIA on the last
optimization iteration of run 1-B31 starting from random coordinates.

Set A, R a/° B/° ~v/°

set 1 | -7.388e-04 4.551e-01 173.016 104.800  66.725
set 2 | 8.174e-04 5.442e-01  17.093 103.766 148.573
set 3 | -1.362e-03 4.058e-01 120.420  91.006 107.575
set 4 | 5.493e-04 6.586e-01 9.564  35.637  26.572
set 5 | 5.732e-04 5.565e-01  16.734 17.548  15.394
set 6 | -6.977e-04 3.266e-01  28.779 103.340 100.809

Table S-54: Orientational data of IPC 1 obtained by TITANIA on the last
optimization iteration of run 1-B39 starting from random coordinates.

Set A, R a/° B/° ~v/°

set 1 | -7.563e-04 4.713e-01  37.021 109.846 128.910
set 2 | 8.074e-04 5.659e-01 149.439 115.065  16.169
set 3 | -1.246e-03 4.302e-01 162.465  75.020 149.525
set 4 | 5.184e-04 6.173e-01  33.891  74.574  60.898
set 5 | 5.356e-04 5.123e-01  35.672  59.957  48.165
set 6 | -6.684e-04 3.549e-01  64.153  89.393 152.698

Isopinocampheol run 1-C

Random start coordinates
The the orientations when starting from random coordinates are summarized
in the tables below. Note that the Euler angles might again be different due
to completely different molecular frames as random coordinates are used.
An additional change is observed when (+)-IPC is obtained instead of the
reference structure ((—)IPC). These differences are addressed in table S-62

(section 2.2.4).
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Table S-55: Orientational data of IPC 1 obtained by TITANIA on the last
optimization iteration for the runs 1-C11 starting from random coordinates.

Set A, R a/° B/° ~v/°

set 1 | -8.138e-04 5.915e-01 154.862 100.130 157.192
set 2 1.164e-03  3.456e-01 177.718  73.079  78.584
set 7 | -5.766e-04 3.076e-01 146.160 110.585 142.667
set 8 1.286e-03  3.201e-01 2.008 75336  79.152
set 9 1.339e-03  2.998e-01 1.006  73.883  77.707
set 10 | 1.133e-03 3.579e-01 177.227 72971  78.373

Table S-56: Orientational data of IPC 1 obtained by TITANIA on the last

optimization iteration of run 1-C17 starting from random coordinates.

Set A, R a/° B/° ~v/°

set 1 | -7.702e-04 4.737e-01 64.511  81.273 130.223
set 2 9.101e-04 5.175e-01 36.811 140.863  71.257
set 7 | -6.302e-04 6.271e-01 58.117  88.763 116.314
set 8 9.454e-04 5.545e-01 38.761 137.280  73.684
set 9 9.951e-04 5.617e-01 43.329 139.714  73.651
set 10 | 8.845e-04 5.322¢-01 35.748 141.047  70.758

Table S-57: Orientational data of IPC 1 obtained by TITANIA on the last

optimization iteration of run 1-C23 starting from random coordinates.

Set A, R a/° B/° ~v/°

set 1 | -7.716e-04 3.711e-01 49.994  71.696 124.149
set 2 8.494e-04 5.940e-01 43.828 134.097  71.188
set 7 | -6.154e-04 5.683e-01 45.892  78.545 112.278
set 8 8.794e-04 6.532e-01 44.086 130.952  72.765
set 9 |-9.314e-04 6.665e-01 54.650  56.982 125.656
set 10 | 8.252e-04 6.120e-01 42917 134.094 70.534
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Table S-58: Orientational data of IPC 1 obtained by TITANIA on the last
optimization iteration of run 1-C31 starting from random coordinates.

Set A, R o/° B/° ~/°

set 1 | -7.127e-04 4.347e-01 66.768  93.187 144.325
set 2 7.422e-04 6.212e-01 17.020 151.744  71.691
set 7 | -5.896e-04 6.126e-01 56.044 100.473 132.928
set 8 | -7.607e-04 6.520e-01 60.696  79.329 148.973
set 9 | -8.116e-04 6.491e-01 63.640 78.859 144.652
set 10 | 7.235e-04 6.365e-01 15911 151.761  70.907

Table S-59: Orientational data of IPC 1 obtained by TITANIA on the last
optimization iteration of run 1-C39 starting from random coordinates.

Set A, R a/° B/° ~v/°

set 1 | -7.491e-04 4.611e-01  57.038 105.795 168.339
set 2 8.255e-04 5.360e-01 163.157 153.147  71.950
set 7 | -6.307e-04 6.278e-01  66.413 119.704 169.448
set 8 8.396e-04 5.873e-01 170.099 155.721  78.907
set 9 8.940e-04 5.913e-01 163.086 153.570  76.169
set 10 | 8.035e-04 5.522¢-01 162.967 153.085  71.148
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2.3.3 Change in Orientation
1-A

Table S-60: Generalized angle [ enclosed by the reference structure of IPC
and the structure obtained by TITANIA from the last optimization step of
the runs 1-A using random start coordinates. The data were obtained by
transformation of the respective structures to a common reference frame,
followed by recalculating the alignment tensors with the in-house software
RDC@hotFCHT.

B/

Set 1-A11 1-A17 1-A23 1-A31 1-A39
set 1 04.278  3.333 2103 8992 2518
set 2 33.157  7.799  3.040 5.246  0.623
set 3 44832  5.824 7441  7.603  1.603
set 4 67.560  3.752  5.225  3.246  2.627
set 5 | 114.715  6.124  2.802  4.747  2.401
set 6 17816  9.912 5349 7.789  0.994
set 7 39.553 11.291  6.148  6.288  2.845
set 8 15.250  7.295  4.019  3.667  2.447
set 9 12.462  9.949 4959  6.350  2.163
set 10 | 54.355  2.660  4.665 8.339  1.921
set 11 | 46.911 8392  4.098 4.104  2.232
set 12 | 48.198  6.275 3873  2.715  2.152
set 13 | 84.427 4763 2814  6.104  1.421
set 14 | 107.470  4.669  3.671  7.301  3.134
set 15 | 72.467  6.875 2946  7.378  3.417
set 16 | 18.298  6.513  6.743 10.020  1.128
set 17| 21.621 8970 4400 4.014  3.573
set 18 | 26.787  7.159 5825  7.009  2.015
set 19 | 16.181  7.160  5.214  6.231 1.532
set 20 | 97.894  6.811  3.671  6.642  3.426

The [ angles of 1-A17 to 1-A39 enclosed by the alignment tensors ob-
tained from the two structures (TITANIA optimized and reference) in a com-
mon frame are comparable to those reported in table S-35 (C3 epimer starting
structure). The small differences are due to structural changes elicited by
experimental errors and the change of holonomic terms. The standard ap-
proach is to extract them from the input structure. This is not possible for
random coordinates.
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1-B

Table S-61: Generalized angle § enclosed by the reference structure of IPC
and the structure obtained by TITANIA from the last optimization step of
the runs 1-B using random start coordinates. The data were obtained by
transformation of the respective structures to a common reference frame,
followed by recalculating the alignment tensors with the in-house software
RDC@hotFCHT.[l

B/°

Set | 1-B11 1-B17 1-B23 1-B31 1-B39
set 1 | 81.835 5.163 15.189  5.888  7.866
set 2 | 73.678  6.842 20.081 5.335 7.010
set 3 | 76.385  4.555 27.076  2.144  6.420
set 4 | 82.391  3.093 37.250  2.605 4.194
set 5 | 94.694  4.626 32.549 1.936  4.072
set 6 | 48.408 5425 20.847  3.985  9.193

As in 1-A11 the example 1-B11 shows large differences (large  angles)
when using 11 RDCs. In addition 1-B23 shows large 5 angles since the
inverse C2-C10 RDC vector is found for the final structure. The S angles
of all other runs originate from the use of different holonomic terms (see
above).

1-C

Table S-62: Generalized angle § enclosed by the reference structure of IPC
and the structure obtained by TITANIA from the last optimization step of
the runs 1-C using random start coordinates. The data were obtained by
transformation of the respective structures to a common reference frame,
followed by recalculating the alignment tensors with the in-house software
RDC@hotFCHT.l

B/

Set 1-C11 1-C17 1-C23 1-C31 1-C39
set 1 | 46.844  8.346 14.694 3.082  8.199
set 2 | 84.687  7.423 15.061 < 3.329  8.165
set 7 | 41.721  6.795 10.885  3.281 = 8.517
set 8 | 84.353  7.065 12458  3.510  8.208
set 9 | 86.778  6.977 20.640 3.813  8.081
set 10 | 83.159  7.470 14.322  3.213  8.183
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As before run 1-C11 shows large differences (large 5 angles) when using
11 RDCs. In addition 1-C23 shows large 5 angles, for the same reason as
in 1-B23. The inverse C2-C10 RDC vector is found for the final structure.
The 8 angles of all other runs originate from the use of different holonomic

terms (see above).
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2.3.4 Optimization Trajectories

Figure S-14: Trajectory of the Monte-Carlo rmsds obtained for the individual
runs of the setups 1-A, B and C. Shown are the data obtained by the default
redundant internal coordinates algorithm starting from random coordinates.
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Figure S-15: Trajectory of the normalized chiral volumes obtained for the
individual runs of the setups 1-A, B and C. Shown are the data obtained
by the default redundant internal coordinates algorithm starting from ran-
dom coordinates. The arrows at the top indicate the values of the reference
structure (correct configuration). Note that in contrast to the runs starting
from the C3 epimer also the enantiomeric solution is obtained (1-B17, 31,
39 and 1-C39).
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As before none of the runs with 11 RDCs converges to the correct relative
configuration in all cases. This behavior is discussed in the main text. The
two runs 1-B23 and 1-B39 do not show a stable configuration on C2 and
the final structure has the wrong configuration at this center. 1-B23 can
easily be recognized as inverse vector solution (see fig. S-16).

Figure S-16: Final 3D structure for the run 1-B23. The C2-C10 bond is
represented by the inverse RDC solution. This can be identified with some
basic chemistry knowledge.

The wrong configuration of 1-B39 can be identified by the very short C2-
C10 bond (1.13A). Both structures were rerun while forcing 1 000 iteration
steps, ending in a stable trajectory with the correct relative configuration.

2.4 Vector addition algorithm
2.4.1 Output orientations

Isopinocampheol run 1-D

Structure generation via vector addition

Additionally to the redundant internal coordinates algorithm the optimiza-
tion was performed using the non-default vector addition algorithm. The
orientations obtained are summarized in the tables below. Changes of the
Euler angles compared to the literature data listed above are due to the
change of the initial reference frames (TITANIA used the principle axis sys-
tem of the molecule) and the added errors. These differences are addressed
in table S-78 (section 2.4.2).
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Table S-63: Orientational data of IPC 1 obtained by TITANIA on the last
optimization iteration for the run 1-D11 when using the non-default vector

addition algorithm.

Set A, R o/ B/ v/

set 1 5.373e-04 2.042¢-01 174.491  39.947  75.871
set 2 1.038e-04 2.681e-01 133.318  75.386 133.293
set 3 | -1.221e-04 3.855e-01  23.708  87.733 109.974
set 4 | -5.633e-04 1.638e-01 105.955  44.595  30.299
set 5 2.840e-04 6.189e-01 144.284  97.006  97.110
set 6 9.636e-04 4.520e-01 156.527 143.191 152.451
set 7 9.946e-04 1.361e-01  39.369 62490  52.623
set 8 | -4.378e-04 6.335e-01  54.994  42.280 33.234
set 9 | -8.343e-05 6.136e-01 142.655 138.007  16.961
set 10 | 7.712e-04 1.712e-01 134.452  13.446 108.690
set 11 | 3.913e-04 3.432¢-01  81.937 150.351  32.083
set 12 | 4.075e-04 4.888e-01 152925 119.223 73.971
set 13 | 3.653e-04 1.550e-01  27.367 155.243 0.254
set 14 | 9.404e-05 2.873e-01  36.080 27.308 174.843
set 15 | 8.313e-04 1.613e-01 174.945 48.744  55.599
set 16 | 4.463e-04 1.898e-01 112.773 116.491 170.623
set 17 | -8.387e-04 4.194e-01  92.152  54.816  43.156
set 18 | 7.629e-04 4.672¢-01  45.210 62.128  36.137
set 19 | 7.171e-04 5.343e-01 105.610  77.381 169.026
set 20 | -5.477e-04 4.438e-01 110.761 121.855 117.043
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Table S-64: Orientational data of IPC 1 obtained by TITANIA on the last
optimization iteration of run 1-D17 when using the non-default vector ad-

dition algorithm.

Set A, R o/ B/ v/

set 1 5.419e-04  2.683e-01 9.021  36.607 90.171
set 2 9.144e-05 4.008e-01 138.048  80.914 136.202
set 3 | -1.167e-04 5.925e-01 158.072  92.805 114.997
set 4 4.143e-04 4.151e-01  88.219 128.259  45.551
set 5 2.706e-04 3.798e-01 145.308 106.148  89.560
set 6 8.609e-04 5.053e-01 170.674 137.355 146.594
set 7 7.984e-04 1.426e-01  28.327  57.799  56.824
set 8 4.434e-04 1.455e-01  80.734 122264  12.327
set 9 7.443e-05 2.305e-01 124.121 150.843 150.070
set 10 | 7.200e-04 4.211e-01  10.869  24.973 105.082
set 11 | 3.641e-04 2.843e-01  25.436 155.844  36.503
set 12 | 4.131e-04 5.149e-01 8.788 116.895  70.597
set 13 | 3.238e-04 2.873e-01  17.705  20.404 174.540
set 14 | 7.652e-05 5.849e-01  85.755  12.407 109.289
set 15 | 7.089e-04 3.531e-02 5.030 41.847  T71.173
set 16 | 3.885e-04 3.207e-01 150.003 117.563 173.687
set 17 | 6.435e-04 5.210e-01  77.645 142.149  51.667
set 18 | 6.205e-04 4.784e-01  45.213  57.659  36.705
set 19 | 7.955e-04 1.423e-01  70.305 101.398  10.529
set 20 | -5.876e-04 4.930e-01 104.722 121.034 114.784
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Table S-65: Orientational data of IPC 1 obtained by TITANIA on the last
optimization iteration of run 1-D23 when using the non-default vector ad-

dition algorithm.

Set A, R o/ B/ v/°

set 1 5.422e-04  2.953e-01 6.547  40.663  93.785
set 2 7.777e-05 3.952e-01 137.781  81.261 141.378
set 3 1.192e-04 5.651e-01 2.096 70.688  22.769
set 4 4.288e-04 3.641e-01  84.188 125.257  40.916
set 5 2.845e-04 3.795e-01 137.694 109.125  82.773
set 6 8.685e-04 4.910e-01 166.888 140.944 138.662
set 7 7.966e-04 1.002e-01  14.489  56.143  52.502
set 8 4.357e-04 1.245e-01  90.698 117.437 9.536
set 9 7.061e-05 3.380e-01  94.943 143.508 128.948
set 10 | 7.164e-04 5.193e-01 2.455  30.800 109.095
set 11 | 3.439e-04 2.539e-01  17.640 153.142  29.169
set 12 | 4.369e-04 4.309e-01 7.727 116.793  65.726
set 13 | 3.089e-04 1.993e-01  22.045 22.709 163.635
set 14 | -8.449e-05 4.659e-01  86.259 104.079 109.945
set 15 | 7.079e-04 2.872e-02  97.047  41.276  71.833
set 16 | 3.968e-04 3.593e-01 143.684 120.315 170.488
set 17 | 6.474e-04 5.077e-01  74.058 139.950  47.386
set 18 | 6.324e-04 4.819e-01  41.151  56.150  31.643
set 19 | 8.226e-04 7.408e-02  71.928  96.851 8.674
set 20 | -6.087e-04 5.421e-01 100.258 124.743 106.130
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Table S-66: Orientational data of IPC 1 obtained by TITANIA on the last
optimization iteration of run 1-D31 when using the non-default vector ad-

dition algorithm.

Set A, R o/ B/ v/°

set 1 5.808e-04 3.500e-01 152.618  36.719 129.517
set 2 8.500e-05 3.771le-01  84.661  81.637 3.749
set 3 | -8.143e-05 3.999e-01 150.775  44.056 152.961
set 4 3.267e-04 5.536e-01  91.801 116.906  80.228
set 5 2.282e-04 2.315e-01 105.807 108.839 105.951
set 6 8.329e-04 5.664e-01 144.445 149.298 164.489
set 7 6.220e-04 5.170e-02 162979  54.598 105.010
set 8 2.573e-04 4.079e-01 100.349 106.334  41.365
set 9 6.041e-05 1.480e-01 100.168 176.397  45.151
set 10 | 6.206e-04 4.546e-01 150.536  21.461 145.007
set 11 | 2.886e-04 2.668e-01 137.185 147.350  63.502
set 12 | 4.487e-04 3.509e-01 163.675 113.105 97.211
set 13 | 2.899e-04 3.908e-01 109.262 156.869  13.863
set 14 | -7.818e-05 4.865e-01  99.147 112.849 156.148
set 15 | 7.136e-04 1.681e-01 160.598  41.065 117.970
set 16 | 3.379e-04 3.937e-01  14.660  58.488  14.345
set 17 | 5.650e-04 4.201e-01  69.620 131.382  84.382
set 18 | -3.220e-04 3.770e-01 52916 127.830  17.946
set 19 | 7.162e-04 2.887e-01  90.691  88.466  25.740
set 20 | 5.993e-04 5.382e-01  98.260  39.378 132.572
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Table S-67: Orientational data of IPC 1 obtained by TITANIA on the last
optimization iteration of run 1-D39 when using the non-default vector ad-

dition algorithm.

Set A, R a/° B/° ~v/°

set 1 6.537e-04 1.980e-01 176.084  57.511 103.435
set 2 1.168e-04 1.209e-01 131.923 115.122 128.867
set 3 1.329e-04 6.661e-01  21.177  91.627  20.967
set 4 4.322e-04 5.670e-01  64.569 128.320  28.137
set 5 2.641e-04 3.147e-01 110.795 125.524  70.914
set 6 9.346e-04 4.090e-01 171.640 154.657 153.294
set 7 8.031e-04 5.941e-02 176.832 66.736  65.927
set 8 4.661e-04 2.270e-01  91.020 113.544 1.088
set 9 | -8.924e-05 2.382¢-01  59.742  67.508  47.813
set 10 | 6.985e-04 5.202e-01 6.170  47.530 108.602
set 11 | 3.230e-04 1.719e-01 164.057  34.955 178.525
set 12 | 4.940e-04 1.481e-01 149.735 131.613  61.722
set 13 | 3.401e-04 2.454e-01  64.761  33.170 129.886
set 14 | 8.389e-05 4.301e-01 114.177  37.535  90.348
set 15 | 8.199e-04 1.158e-01  97.962  57.061  86.443
set 16 | 3.179e-04 6.111e-01 164.189 117.542 175.132
set 17 | 6.448e-04 5.742e-01  62.558 148.610  46.049
set 18 | -5.197e-04 6.493e-01 155.032  65.944 142.232
set 19 | 9.158e-04 1.450e-01  61.396  96.706 5.354
set 20 | -7.089e-04 6.287¢-01  96.120 141.355 105.311

Isopinocampheol run 1-E

Structure generation via vector addition

Additionally to the redundant internal coordinates algorithm the optimiza-
tion was performed using the non-default vector addition algorithm. The
orientations obtained are summarized in the tables below. Changes of the
Euler angles compared to the literature data listed above are due to the
change of the initial reference frames (TITANIA used the principle axis sys-
tem of the molecule) and the added errors. These differences are addressed
in table S-79 (section 2.4.2).
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Table S-68: Orientational data of IPC 1 obtained by TITANIA on the last

optimization iteration for the run 1-E11.

Set A, R a/° B/° v/°

set 1 | -8.045e-04 4.224e-01 96.654  45.307 141.473
set 2 | 9.842e-04 3.760e-01 102.637 119.671 163.307
set 3 | -1.559¢e-03  4.380e-01 0.144 86.486 141.153
set 4 | 6.483e-04 5.398e-01 164.882  72.865  55.053
set 5| 7.506e-04 5.074e-01 165.107 94.059  51.050
set 6 | -8.986e-04 3.824e-01  60.266  78.975 150.058

Table S-69: Orientational data of IPC 1 obtained by TITANIA on the last

optimization iteration of run 1-E17.

Set A, R a/° B/° ~/°

set 1 | -7.506e-04 4.306e-01  95.625  44.765 138.420
set 2 | 9.079e-04 4.336e-01 101.463 118.080 164.331
set 3 | -1.433e-03  3.668e-01 172.173  83.773 137.762
set 4 | 6.241e-04 4.948e-01 164.533  65.655  53.280
set 5 | 6.060e-04 5.223e-01 167.754  84.704  48.102
set 6 | -8.748e-04 5.243e-01  59.604  76.589 145.749

Table S-70: Orientational data of IPC 1 obtained by TITANIA on the last

optimization iteration of run 1-E23.

Set A, R a/° B/° ~v/°

set 1 | -7.473e-04 4.975e-01 100.985  42.990 139.459
set 2 | 9.475e-04 4.088e-01  97.794 116.732 163.104
set 3 | -1.476e-03 3.611e-01 168.306  85.335 138.283
set 4 | 6.407e-04 5.536e-01 166.678  65.822  51.849
set 5 | 6.173e-04 5.787e-01 169.087  83.561  46.772
set 6 | -8.716e-04 4.251e-01  62.549  78.948 149.451
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Table S-71: Orientational data of IPC 1 obtained by TITANIA on the last

optimization iteration of run 1-E31.

Set A, R o/ B/° v/°
set 1| -7.730e-04 5.076e-01 105.411  46.667 138.334
set 2 | 9.805¢-04 3.926e-01 104.582 120.649 167.947
set 3| -1.415¢-03 3.527e-01 171.479  90.805 139.949
set 4 | -5.611e-04 6.561e-01 160.802 109.762 139.541
set 5 | 5.613e-04 6.531e-01 159.936  90.942  46.574
set 6 | -8.536e-04 3.913¢-01  69.350  81.978 148.908

Table S-72: Orientational data of IPC 1 obtained by TITANIA on the last

optimization iteration of run 1-E39.

Set A, R a/° B/° ~v/°

set 1 | -7.039e-04 4.508e-01 106.614  54.081 132.169
set 2 | 8.750e-04 5.101e-01 104.966 126.999 161.873
set 3 | -1.280e-03  3.819e-01 173.038 101.759 132.569
set 4 | -5.380e-04 5.827e-01 170.093 118.722 130.653
set 5 | -5.054e-04  5.716e-01 3.628 117.657 126.624
set 6 | -7.847e-04 2.740e-01  82.142  91.507 139.637

Isopinocampheol run 1-F

Structure generation via vector addition

Additionally to the redundant internal coordinates algorithm the optimiza-
tion was performed using the non-default vector addition algorithm. The
orientations obtained are summarized in the tables below. Changes of the
Euler angles compared to the literature data listed above are due to the
change of the initial reference frames (TTTANIA used the principle axis sys-
tem of the molecule) and the added errors. These differences are addressed
in table S-80 (section 2.4.2).
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Table S-73: Orientational data of IPC 1 obtained by TITANIA on the last
optimization iteration for the run 1-F11 when using the non-default vector

addition algorithm.

Set A, R o/ B/ v/°

set 1 | -7.986e-04 3.230e-01 2.066 137.336 110.782
set 2 1.001e-03 3.944e-01 101.511  87.663 6.560
set 7 | -7.037e-04 2.935e-01 166.537 124.515 109.441
set 8 1.025e-03 4.540e-01  73.463  90.888 176.144
set 9 1.028e-03 4.314e-01  69.241  88.352 178.191
set 10 | 9.506e-04 4.538e-01 106.320  88.585 5.534

Table S-74: Orientational data of IPC 1 obtained by TITANIA on the last
optimization iteration of run 1-F17 when using the non-default vector addi-

tion algorithm.

Set A, R a/° B/° ~v/°

set 1 5.172e-04 3.569e-01 100.110 168.760 103.421
set 2 | -4.900e-04 6.643e-01 114.304  71.029 126.469
set 7 4.518e-04 3.707e-01 115.334 175.073  82.319
set 8 | -6.387e-04 3.458e-01 116.715  66.886 135.240
set 9 | -6.327e-04 4.583e-01 108.846  65.639 135.803
set 10 | -5.175e-04 5.732¢e-01 110.411  70.972 127.709

Table S-75: Orientational data of IPC 1 obtained by TITANIA on the last
optimization iteration of run 1-F23 when using the non-default vector addi-

tion algorithm.

Set A, R o/° B/° v/°

set 1 | -7.187e-04 3.226e-01 44.621 30.151 72.340
set 2 8.070e-04 6.100e-01 64.226 105.260 28.398
set 7 | -4.776e-04 5.014e-01 80.383 37.385 58.352
set 8 8.589¢e-04 6.540e-01 67.644 101.645 25.270
set 9 8.942e-04 6.283e-01 68.959 103.619 24.495
set 10 | 7.606e-04 6.647e-01 65.988 104.884 27.058
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Table S-76: Orientational data of IPC 1 obtained by TITANIA on the last
optimization iteration of run 1-F31 when using the non-default vector addi-

tion algorithm.

Set A, R a/° B/° ~/°

set 1 | -6.325e-04 1.540e-01 164.453 57.070 135.066
set 2 6.561e-04 4.912¢-01  39.950 85.192  31.400
set 7 | -4.383e-04 1.960e-01 134.982 69.883 146.908
set 8 6.903e-04 6.131e-01  48.772 89.446  33.466
set 9 6.647e-04 5.898e-01  48.406 85.773  31.000
set 10 | 6.459e-04 5.499e-01  40.665 86.226  31.143

Table S-77: Orientational data of IPC 1 obtained by TITANIA on the last
optimization iteration of run 1-F39 when using the non-default vector addi-

tion algorithm.

Set A, R a/° B/° v/°
set 1 | -6.493e-04 2.931e-01 83.540 45.197 133.570
set 2 | 7.685e-04 4.741e-01 107.215 120.702 156.138
set 7 | -5.236e-04 3.958¢-01  89.022  59.785 145.760
set 8 | 8.758¢-04 4.584e-01 106.274 116.057 156.547
set 9 | 8.684e-04 4.575e-01 103.184 116.835 158.978
set 10 | 7.645¢-04 5.018e-01 110.056 117.807 159.900
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2.4.2 Change in Orientation

1-D

Table S-78: Generalized angle [ enclosed by the reference structure of IPC
and the structure obtained by TITANIA (using the non-default vector addi-
tion algorithm) from the last optimization step of the runs 1-D. The data
were obtained by transformation of the respective structures to a common
reference frame, followed by recalculating the alignment tensors with the in-

house software RDC@hotFCHT. Y]

B/°
Set 1-D11 1-D17 1-D23 1-D31 1-D39
set 1 30.946 15.144  9.845  9.685  7.362
set 2 | 50.402 20.464 29.090 20.140 14.040
set 3 | 33.763 12.271  4.070 25.837  8.092
set 4 | 39.991  7.758 6975 15.387  8.185
set 5 15312 7.121 7499 13.342  9.721
set 6 17512 5.726  8.002 25.098  8.446
set 7 | 24971 11.795 12.735 36.093  6.718
set 8 | 41949  6.681  3.395 14.813 10.582
set 9 | 60.050 23.234 16.183 56.141  9.593
set 10 | 38.598 15.734 8275 19.042  6.990
set 11 | 22.213  8.194  5.626 23.012 10.864
set 12 | 17.809  8.714 11.250 17.496  8.847
set 13 | 12.005 15378  7.849 23.905 11.418
set 14 | 23.741 25.161 18.718 24.281 12.408
set 15 | 38.101 16.293 13.371 15462  6.005
set 16 | 18.983 11.337 10.441  8.505  9.386
set 17| 37.170  8.983 8302 12.882  6.654
set 18 | 17.004  7.385  6.051 29.541 11.212
set 19 | 44.102 11.605  5.659 12.636  8.456
set 20 | 13.838 13.730 10.206 19.869 10.911
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1-E

Table S-79: Generalized angle [ enclosed by the reference structure of IPC
and the structure obtained by TITANIA (using the non-default vector ad-
dition algorithm) from the last optimization step of the runs 1-E. The data
were obtained by transformation of the respective structures to a common
reference frame, followed by recalculating the alignment tensors with the in-
house software RDCChotFCHT. !

B/

Set | 1-E11 1-E17 1-E23 1-E31 1-E39
set 1 | 6.038 10.846 4915 4.829 12.146
set 2| 4.647 11.171  7.822 5393 8.713
set 3| 9.215 9.386  2.881  2.354 15.258
set 4 | 7.580  5.549 4465 3928 17.104
set 5 | 11.577  3.545  4.774 2920 11.867
set 6 | 7.147 11.098 2417 1.879 16.664

1-F

Table S-80: Generalized angle § enclosed by the reference structure of IPC
and the structure obtained by TITANIA (using the non-default vector ad-
dition algorithm) from the last optimization step of the runs 1-F. The data
were obtained by transformation of the respective structures to a common
reference frame, followed by recalculating the alignment tensors with the in-
house software RDC@hotFCHT. !

B/

Set 1-F11 1-F17 1-F23 1-F31 1-F39
set 1 | 123.585 83.564 81.269 30.297 23.402
set 2 72.325  59.705 80.800 64.861 23.772
set 7 | 113.151 82.807 99.972 38.546 22.152
set 8 64.246 64.948 73.213 57.898 18.615
set 9 75.126  62.949 80.406 58.654 21.404
set 10 | 75.531 63.720 78.106 60.904 21.482

As before for the redundant internal coordinates algorithm 1-F also does
not converge when using the non-default vector addition algorithm.

The shown (8 angles describe the difference of the alignment tensors cal-
culated using the reference structure and the final structure of the TITANIA
runs. When comparing the results to the  angles obtained from the re-
dundant internal coordinates algorithm it becomes clear that the angles are
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larger for the vector addition algorithms. The reason for this behavior are
the missing restraints for the vector addition algorithms. This can lead to
a collective motion of the RDC vector orientations as discussed in the main
text for run 1-E39. In such a case the differences in the orientations of the
structures compared will always be larger due to structural distortions.
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2.4.3 Optimization Trajectories

Figure S-17: Trajectory of the Monte-Carlo rmsds obtained for the individual
runs of the setups 1-D, E and F. Shown are the data obtained by the vector
addition algorithm.
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Figure S-18: Trajectory of the normalized chiral volumes obtained for the
individual runs of the setups 1-D, E and F. Shown are the data obtained by
the vector addtion algorithm. The arrows at the top indicate the values of
the reference structure (correct configuration).
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The vector addition algorithm shows rather smooth trajectories for the setups
1-D and 1-E. The reason for this is that only RDC vectors are optimized
and the scaffold is retained. In the case of 1-EE39 this can lead to a strange
behavior, where the RDC vectors show a collective movement around the
fixed structure. At some point (around iteration 190) this leads to an instant
rearrangement. Still the correct relative configuration was found for this run.

As expected the setup 1-F does not show convergence. A change of
algorithms cannot help if the data quality is not sufficient.
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2.5 RDC list

Table S-81: List of all RDCs used in the runs of 1-A, B and C.

RDC pair | 11 RDCs 17 RDCs 23 RDCs 31 RDCs 39 RDCs

C1-H1

C2-H2

C3-H3

C4-H4a
C4-H4s
C5-H5

C7-H7a
CT7-H7s
C10-C2
C6-C8

C6-C9

H1-H2

H1-H3

H1-H4a
H1-H4s
H1-H5

H1-H7a X
H1-H7s X
H2-H3 X X X
H2-H4a X
H2-H4s
H2-H5

H2-H7a
H2-H7s X
H3-H4a X
H3-H4s X X X
H3-H5
H3-H7a X
H3-H7s
H4a-H4s X X
H4a-H5 X
H4a-H7a
H4a-HT7s
H4s-H5 X X
H4s-H7a
H4s-H'7s
H5-H7a X X
H5-H7s X
H7a-HT7s X

o B A B A B e
SR R R I S S
SRR R R R R

S R R I R

"o
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™

™

™
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2.6 Final structures

1-A11

1-A17

1-A23

1-A31

1-A39

1-B11

1-B17

1-B23

1-B31

1-B39
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1-C23

1-C31
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1-D11 1-E11 1-F11

1-D17 1-E17 1-F17
1-D23 1-E23 1-F23
1-D31 1-E31 1-F31
1-D39 1-E39 1-F39

The xyz coordinates of the final structures are all available in the supple-
mentary material.
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3 Tubocurarine (2)

Tubocurarine was optimized in two setups, which were built on the same
eight randomly generated alignment tensors. The goal was to investigate the
possibility of optimizing a rather complex structure with conformational flex-
ibility and to investigate the impact of heterogeneities on the result. There-
fore the data will differ from those in section 2. For a better understanding
the structure containing all RDCs (in addition to the respective RDC list in
section 3.3) is given here.

2

Figure S-19: Structure of tubocurarine 2 with all RDCs used for the TITA-
NIA optimization marked in red.
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3.1 SECONDA eigenmodes

The eigenmodes of 2-A and 2-B give additional insights into the homogene-
ity and heterogeneity of the RDC data. As expected from literature the
eigenmodes 1 to 5 obtained from the homogeneous setup 2-A have equally
distributed elements with no spikes. This is also expected from figure 10 in
the main text showing the SECONDA plot of 2-A and 2-B, in which the
collectivities of 2-A are all larger than 50 %. This behavior is changed dras-
tically by adding heterogeneity in setup 2-B. Here most eigenmodes contain
large spikes, which can all be assigned to ' D¢y couplings. These couplings
have the largest relative error in the data set. This is due to the fact that
the added random numbers were not scaled down for these RDCs despite the
low magnitude of the corresponding D,,... The effect of the heterogeneity is
even large enough that the principle variance A\ 2_a and the corresponding
eigenmode |42_a) coincide with A5 o_p and |52_pg) (see gray trace in fig. S-
20). This means that a principle variance and eigenmode which is mainly
elicited by the synthetic error (A\y2-p) is within the first five eigenvalues,
thus implying a shift of eigenvalues. Additionally A\52_a and |52_a) are very
similar to A7 2_p and |7,_pg) (see gray trace in fig. S-20).
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Figure S-20: Eigenmodes of the setups 2-A (blue) and 2-B (red) obtained
from SECONDA. Note that in the panel on the right (2-B) a superposition
with the corresponding eigenmodes of 2-A is shown. For eigenmodes |52_g)
and |72_g) the corresponding eigenmode of 2-A is |42_a) and [5a_a), re-
spectively. These are shown in gray.
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3.2 Orientations
3.2.1 Tubocurarine run 2-A

The RDCs of run 2-A were calculated by the orientations summarized in
table S-82. These orientations were generated from random numbers, where
A,, was constrained to be lower than le-2.

Table S-82: Orientational data used for the artifical RDC sets of run 2-A
and 2-B.

Set A, R o/ B/° v/°
set 1| -2.522e-03  2.534e-01  19.620 117.810  39.700
set 2 | 7.391e-04 4.661e-01  71.810  75.570 146.000
set 3 | -7.096e-04 6.177e-01  66.370 138.590 116.000
set 4 | -8.076e-04 5.195¢-01  61.600 154.440 119.000
set 5 | -1.580e-03 3.812¢-01 148.030 117.480 149.500
set 6 | -8.315¢-04 6.143¢-01 142.480 103.210 156.400
set 7 | -7.961e-04 3.370e-01  45.600 118.300 131.000
set 8 | 6.659¢-04 5.547e-01 164.010  71.820  72.200

Output orientations

All orientiations of setup 2-A obtained from the full TITANIA optimiza-
tion runs are listed in the following section. Changes of the Euler angles,
compared to the input data listed above, are due to the change of the ref-
erence frames (TITANIA used the principle axis system of the molecule).
The comparison of the input and output data is summarized in table S-85
(section 3.2.3).
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Table S-83: Orientational data of tubocurarine 2 obtained by TITANIA on

the last optimization iteration for the runs 2-A.

Set A, R o/ B/° v/°
set 1| -2.645¢-03  3.105¢-01  27.927 60.902 131.974
set 2 | 7.445e-04 4.327e-01  67.523 112.378  33.395
set 3| 6.992e-04 6.290e-01  69.164 135.421  34.727
set 4 | -7.588¢-04 5.840e-01  64.918  33.967  59.359
set 5 | -1.457¢-03  4.094¢-01 139.165  70.484  30.973
set 6 | 7.758¢-04 6.192e-01 171.343 134.193 107.367
set 7 | -7.646e-04 3.274e-01  49.797  70.676  46.730
set 8 | 6.092e-04 5.309e-01 172.420 115.822 109.699

3.2.2 Tubocurarine run 2-B

The RDCs of run 2-B were generated from the 2-A RDCs with addition
of Gaussian error (¢ = 0.5 Hz). All orientiations of setup 2-B obtained
from the full TITANIA optimization runs are listed in the following section.
Changes of the Euler angles compared to the literature data listed above are
due to the change of the reference frames (TITANIA used the principle axis
system of the molecule). The comparison of the input and output data is
summarized in table S-85 (section 3.2.3).

Table S-84: Orientational data of tubocurarine 2 obtained by TITANIA on
the last optimization iteration of run 2-B.

Set A, R a/° B/ v/°

set 1 | -2.822e-03 3.615e-01  17.286  88.193 145.503
set 2 | 6.736e-04 4.686e-01  34.365 92.548  32.461
set 3 | 6.277e-04 6.485e-01  40.373 115.349  21.292
set 4 | -6.981e-04 6.483e-01  17.325  30.906 105.648
set 5 | -1.792e-03  4.060e-01 123.030  52.257  38.777
set 6 | 9.544e-04 6.394e-01 137.002 141.092  78.246
set 7| -7.975e-04 2.826e-01  24.163  64.957 64.493
set 8 | 7.868e-04 5.060e-01 147.746 137.159  90.780
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3.2.3 Change in Orientations

To quantify the similarity of the input and the output orientations a com-
mon reference frame has to be used. Therefore an all atom rmsd structure
alignment was performed to match the TITANIA output structure with the
reference structure (or its enantiomer). The alignment tensors of the trans-
formed structures are recalculated and the differences in the orientations
(TITANIA vs. reference) are expressed by the S angle.

Table S-85: Generalized angle [ enclosed by the reference structure of
tubocurarine and the structure obtained by TITANIA from the last optimiza-
tion step of the runs 2-A and 2-B. The data were obtained by transformation
of the respective structures to a common reference frame, followed by recal-
culating the alignment tensors with the in-house software RDC@hotFCHT.[!

B/°

Set 2-A 2-B
set 1| 8.986 26.982
set 2 | 14.368 43.365
set 3 | 10.712 40.292
set 4 | 14.001 48.061
set 5| 5.750 23.571
set 6 | 9.489 36.148
set 7| 9.769 35.040
set 8 | 12.558 30.525

The S angles for comparison of the reference and final structure in run
2-A are induced by structural change. Additionally to fluctuations of the
spherical angles (angular part of the RDC definition) the bond lengths and
distances (radial part of the RDC definition) show deviations from the refer-
ence structure. These changes lead to differences in the alignment parameters.
2-B shows even higher £ angles, which are caused by the same fluctuations,
but additionally heterogeneities in the RDCs come into play. This is even
more pronounced by the fact, that the final 2-B structure shows large dis-
tortions in the methoxy groups, leading to a change in the process of finding
a proper common reference frame. These distortions are marked in fig. S-21.
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2-A(final)
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9,

reference

2-B(final)

Figure S-21: Comparison of tubocurarine 2 structures. Shown are the start
structure of the optimizations (left), the reference structure used of the
prediction of the RDCs (right) and the final structures obtained from the
TITANIA optimization runs (middle). In the structure of 2-B the methoxy
groups marked showed large distortions which did not disturb the overall

structure optimization.

Table S-86: Generalized angle 3 enclosed by the orientations of tubocurarine
2 obtained by TITANIA in the last optimization step of the runs 2-A and
2-B. The structures were transformed into a common reference frame by
all atom rmsd alignment. Additionally the § angle was calculated from the
reference structure to separate the change induced by errors.

Set

set 1
set 2
set 3
set 4
set 5
set 6
set 7
set 8

B/°
TITANIA Reference
27.9157 10.545
40.1463 12.704
34.3988 6.933
31.1403 14.173
23.0264 2.6737
33.5241 6.9610
32.2838 4.0627
18.0189 3.0128

The previously discussed [ angles in table S-85 (2-B) can again be found
in table S-86 when comparing the final TITANIA structures. Separating the
influence of the structure, as above, from the heterogeneities by using the
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reference structure (see column Reference in table S-86) relatively small 3
angles are found. This means, that the difference of the individual 2-A and
2-B sets is mainly elicited by the changes in the mean structure.
Comparing the final structure of 2-A and the reference structure it becomes
clear, that TTTANIA is capable of a simultaneous interpretation of the RDC
data in the context of conformational and configurational structure determi-
nation, as long as sufficient data is available.

3.3 RDC list

The RDC lists of the IPC 2 runs were equal for the respective sets of align-
ment media. All RDCs used for 2-A and 2-B are listed in table S-81.

Table S-87: List of all RDCs used in the runs of 2-A and B.

RDC pair | RDC pair
C21-H21a | C21-H21e
C22-H22a C22-H22e
C25-H25 C19-H19
C44-N20 C45-N20
C18-H18r C18-H18s
C31-H31 C32-H32
C34-H34 C35-H35
C36-H36r C36-H36s
C6-H6 C43-N1
H1-N1 C2-H2a
C2-H2e C3-H3a
C3-H3e C10-H10
C7-H7 C17-H17
C15-H15 Cl14-H14
H21a-H21le | H22a-H22e
H2le-H22a | H3e-H7
H2e-H3e H2e-H3a
H2a-H3e H2a-H3a
H2a-H36r
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4 Strychnine (3)

Strychnine 3 is an example used to demonstrate the optimization of a highly
fused carbon scaffold. Since previous examples already have shown that opti-
mizations can still be performed when heterogeneities are present in the RDC
data, we refrain from repeating to take this discussion again and perform the
optimization only with artificial RDCs.

4.1 SECONDA plot

Figure S-22: SECONDA plot of strychnine run 3-A. Plotted are the col-
lectivities & in respect to the eigenvalues A (black) of the RDC covariance
matrix. In addition the cumulative sum (red) of the eigenvalues were plotted
to measure the participation of the principle variances to the overall variance
of the RDC matrix.

The SECONDA plot shows a linear independence of the setup, which
is comparable to 1-A (A 1-a/A51-a between 5 and 9). As expected no

additional non-zero eigenvalues A, (n > 5) are observed since homogeneous
back-calculated RDC data was used.

4.2 Orientations
4.2.1 Strychnine run 3-A

Input orientations
The RDCs of run 3-A were calculated by the orientations summarized in
table S-88.
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Table S-88: Orientational data used for the artifical RDC sets of run 3-A.

Set A, R af B /)

set 1 | 4.702e-04 249e-01 101.85 -126.97 -138.66
set 2 | 5.529e-04 281e-01  90.67 -11.21 87.58
set 3 | 1.761e-04 478e-01 148.27 -63.18 110.96
set 4 | 9.310e-04 408e-01  22.86 12249 -12.90
set 5 | 2.507e-04 329e-01 178.66 -142.29 136.69
set 6 | 2.094e-04 517e-01 132.02 62.69 -147.29
set 7 | 2.134e-04 246e-01 140.50 -45.14 -84.16
set 8 | 4.079¢-04 628e-01 115.52 -87.76 -135.31
set 9 | 4.750e-04 578e-01 142.36 106.33  -25.05
set 10 | 5.166e-04 486e-01  71.08 173.66 91.56
set 11 | 2.898e-04 310e-01 159.43 -1.56  -35.12

Output orientations

All orientiations of run 3-A obtained from the full TITANIA optimization
runs. The orientations differ from table S-88 due to the change of the refer-
ence frame (TITANIA used the PAS of the inertia tensor). The comparison
in the same reference frame can be found in table S-90 (section 4.2.2).

Table S-89: Orientational data of strychnine 3 obtained by TITANIA on the
last optimization iteration for the runs 3-A.

Set 4, R a/° Bl A

set 1 5.681e-04 3.097e-01 100.083 127.472 126.526
set 2 4.648e-04 2.561e-01 135.899  97.251 86.745
set 3 1.724e-04 4.639¢-01 21.351 76.388 140.959
set 4 | 9.215e-04 3.958e-01 75.032 126.756  47.192
set b 2.600e-04 3.487e-01 79.325 153.659  57.116
set 6 2.064e-04 5.263e-01 82.353  93.409  75.199
set 7 2.105e-04 2.432e-01 118.222 4.328 148.826
set 8 | 4.264e-04 5.862e-01 150.163  62.968  67.569
set 9 | 4.755e-04 5.694e-01 3.303 124.333  24.379
set 10 | 5.356e-04 4.846e-01 79.299 132.038 128.516
set 11 | 2.938e-04 3.565e-01 145.537 139.275 125.117
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4.2.2 Change in Orientations

To quantify the similarity of the input orientations with the output orien-
tations a common reference frame is defined by an all atom rmsd structure
alignment. The differences in the respective orientations are quantified by
the generalized [ angle.

Table S-90: Generalized angle 5 enclosed by the orientations of strychnine 3
obtained by TITANIA in the last optimization iteration of the runs 3-A (see
table S-89) and the orientations of RDC@QHOTFCHT (see table S-88).1

B/°
Set 3-A
set 1 | 12.852
set 2 3.791
set 3 9.654
set 4 7.449
set b | 12.323
set 6 8.967
set 7 | 18.427
set 8 | 11.460
set 9 8.322
set 10 | 13.211
set 11 | 11.352

The £ angles show rather low differences in between the reference and
final structure of TITANIA. The main reason for deviations can be found in
the strychnine structures shown in the main text figure 14. Here the plane
of the aromatic ring is tilted. This leads to the differences in the calculated
alignment tensors.

4.3 RDC list
The RDC list of the strychnine 3 run are listed in table S-91.
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RDC pair
C1-H1
C3-H3
H1-H2
H3-H4
C1l1-Hlla
H1l1la-H11b
H1lla-H12
C13-H13
Cl14-H14
C15-H15a
H15a-H15b
H14-H15b
H15a-H16
C17-H17a
H17a-H17b
C18-H18b
H17a-H18a
H17b-H18b
C20-H20b
C22-H22
C23-H23b
H22-H23a

Table S-91: List of all RDCs used in the runs of 3-A.

RDC pair
C2-H2
C4-H4
H2-H3
C8-H8
C11-H11b
C12-H12
H11b-H12
H12-H13
H13-H14
C15-H15b
H14-H15a
C16-H16
H15b-H16
C17-H17b
C18-H18a
H18a-H18b
H17b-H18a
C20-H20a
H20a-H20b
C23-H23a
H23a-H23b
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5 Content of Supplementary Material

The supplementary material is available as a zip-archive which contains all
information used to perform the TITANIA runs with the respective outputs.
A README.md file was added to the archive using the markdown syntax. This
is also added here:

# TITANIA: Model Free Interpretation of Residual
Dipolar Couplings in the context of Organic
Compounds — Supplementary Material
## Felix A. Roth, Volker Schmidts and
Christina M. Thiele

## Top Level Directories
— 1—-A IPC 20 sets

— 1-B_IPC_6_indep_sets

— 1-C _IPC 6 dep sets

— 1-D_ IPC 20 sets err

— 1—-E_IPC_6_indep_sets_err
— 1-F IPC_6_dep_ sets_ err

All directories listed above (IPC setups) contain
individual subdirectories for the individual runs:
— ipc_xx_rdcs

— yy_ipc_xx_rdcs

where xx is the number of RDCs (11, 17, 23, 31 and 39)

and yy are are variations of the runs with different
settings (random [coordinates| for the input structure

and non_redundant for the structure generation algorithm).
The individual subdirectories contain the input files
(input.tna), output files (input.tna.out), files for alignment
media specific information (input.tna.out.medium_label. ali),
the trajectory file (input.tna.out.trj) and the Cartesian
coordinates of every iteration step (input.tna.out.xyz).
Additional directories for tubocurarine and strychnine
directly contain the respective files mentioned above.
These directories are:

— 2—A tubocurarine & sets

— 2—B tubocurarine 8 sets err

— 3—A_strychnine_ 11_sets
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Some individual runs use different keywords, RDC data
and structures. These are located
directories:

— keywords
— rdecs
— gstructures

in the remaining

For more information on the syntax of the input and
output files see Supporting Information section 1.2

110



References

1]
2]

T. A. Halgren, Journal of Computational Chemistry 1996, 17, 490—
519.

J. R. Tolman, Journal of the American Chemical Society 2002, 12/,
12020-12030.

V. Bakken, T. Helgaker, Journal of Chemical Physics 2002, 117, 9160
9174.

C. Peng, P. Y. Ayala, H. B. Schlegel, M. J. Frisch, Journal of Compu-
tational Chemistry 1996, 17, 49-56.

K. V. Mardia in Statistics of Directional Data, (Ed.: K. V. Mardia),
Probability and Mathematical Statistics: A Series of Monographs and
Textbooks, Academic Press, 1972, pp. 18-38.

S. Hansmann, T. Larem née Montag, C. M. Thiele, European Journal
of Organic Chemistry 2016, 2016, 1324-1329.

M. Schwab, D. Herold, C. M. Thiele, Chemistry — A Furopean Journal
2017, 23, 14576-14584.

A. Marx, V. Schmidts, C. M. Thiele, Magnetic Resonance in Chemistry
2009, /7, 734-740.

R. Berger, C. Fischer, M. Klessinger, Journal of Physical Chemistry A
1998, 102, 7157-7167.

J.-C. Hus, R. Briischweiler, Journal of Biomolecular NMR 2002, 2/,
123-132.

111



	Titania_Maintext_reduced
	Titania_SI_reduced
	TITANIA protocol
	Flowchart
	Input and output files
	Input file
	Output files

	Mathematics
	SECONDA weighting scheme
	RDC theory
	Information content of Y
	Use of Redundant internal coordinates in TITANIA
	Structures from vector addition
	Statistics of directional data


	Isopinocampheol (1)
	Orientations
	epi-C3 start structure
	SECONDA plots
	Orientations
	Optimization Trajectories
	Change in Orientation
	Change induced by error

	Random coordinates structure
	Keyword adjustments
	Output orientations
	Change in Orientation
	Optimization Trajectories

	Vector addition algorithm
	Output orientations
	Change in Orientation
	Optimization Trajectories

	RDC list
	Final structures

	Tubocurarine (2)
	SECONDA eigenmodes
	Orientations
	Tubocurarine run 2-A
	Tubocurarine run 2-B
	Change in Orientations

	RDC list

	Strychnine (3)
	SECONDA plot
	Orientations
	Strychnine run 3-A
	Change in Orientations

	RDC list

	Content of Supplementary Material


