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We much appreciate the reviewer taking the time to test our software and are glad to
hear that it performed stably. We have modified the manuscript, taking into account all
the referee’s suggestions. Below are our detailed responses in plain type underneath
the original comments in bold type.

They claim, as the biggest advantage of this software with respect to the previ-
ous ones, that Paramagpy can use CCR effects to improve the calculation. In Fig.
4 they show one example where they compare the results taking and not taking
into account CCR effects but only the correlation plot is presented without any
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statistical analysis. As the effect seems to be important | think that a statistical
analysis of the improvement offered by this new approach should be presented
with some examples, which they already have. For example, just showing the
Pearson correlation coefficients (R) or Q-factors with and without CCR.

In the revised version of the manuscript, the magnitudes of Curie-spin/CSA cross-
correlated relaxation effects and the anisotropic contributions to PREs are illustrated
in a correlation plot that includes error bars. Q-factors are given too. See Figure 1
attached to the final page, which now has the following caption:

Paramagpy GUI showing R;(*®N) PRE data for calbindin Dy, loaded with To?>*. The
correlation plot shows calculated vs. experimental values. Blue: SBM and isotropic
Curie-spin theory are used for calculating PREs (Q-factor 1.01). Red: Taking into
account also the cross-correlation between Curie spin and CSA relaxation (Q-factor
0.49). Green: Including the additional correction arising from the anisotropy of the x
tensor (Q-factor 0.47).

In addition they could explain in which cases the consideration of cross-
correlated relaxation can have a strongest effect on the tensor prediction.

The main text now includes a description of when these effects are expected to be of
significance to the experimentalist (see text below in blue).

The CSA tensors of 1°N spins are much larger than those of 'H spins, so that Curie-
spin/CSA cross-correlation effects can dominate the PRE to the point that even nega-
tive PREs can be observed ((Orton 2016) Figure 4). These CCR effects are predicted
to be most pronounced for >N spins located about 10 A from the metal ion. In con-
trast, the CSA of 'H spins is much smaller, so that their CCR effects are predicted to be
most significant in the range of 20-25 A and therefore too small to be easily observed
experimentally (Pintacuda 2004a).

They also say that the software includes some additional options for PCS and
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PRE calculations not offered by PyParaTools, the other program that can inte-
grate PCS, RDC and PRE effects in the calculations. It would be nice if they
specify which are these options.

The introduction of the main text now includes a description of the additional features of
PCS and PRE calculations that Paramagpy offers over PyParaTools which will replace
the paragraph at line 12 page 2 of the original submission. The text we propose for the
revised version is shown below:

NMR spectra of biomolecules labelled with paramagnetic metal ions with fast electronic
relaxation rates, as afforded by lanthanide tags, simultaneously display PCS, RDC,
PRE and CCR effects in the same spectrum (Pintacuda 2004b). Due to their common
origin in the paramagnetism of the metal ion, all these effects are interrelated. For ex-
ample, the Ax-tensor determined from PCS measurements can, in principle, be used
to predict RDCs, and RDCs arising from paramagnetic alignment allow predictions of
some of the Ax-tensor parameters. The software PyParaTools offers convenient inte-
gration of all of these effects, but it lacks many refinements, such as the computation of
RACS effects which may affect PCS measurements (John 2005), explicit routines for
calculating PREs based on Solomon-Bloembergen-Morgan or Curie-spin relaxation
theory including anisotropic effects arising from non-vanishing Ay-tensors, calcula-
tion of cross-correlated Curie-spin/CSA PRE effects or Curie-spin/dipole-dipole CCR
involving anisotropic Ax-tensors, or anisotropic SBM (Suturina 2018) calculations.
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Fig. 1. Revised figure 4 for manuscript
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Thank you for the review and comment. The following contains our detailed response
in plain type given underneath the original comment in bold type.

1) Could the authors analytically show that the Eqs. 17-21, 24-27 for the Curie-
dipolar cross correlated relaxation (section 5) provide the well-known equation
by Ghose- Prestegard (J. Magn. Reson. 1997, 128, 138) in its conditions of valid-
ity (isotropic susceptibility tensor)?

We agree that an analytical derivation of equations 24-27 from the original description
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of Curie-dipolar cross-correlated relaxation theory by Ghose et al. is important for this
publication as this is the first time such equations have been presented. Attached to
this reply and proposed to be included in the revised supporting information of the
manuscript is a detailed proof of their equivalence for the case of an isotropic magnetic
susceptibility tensor.

2) When indicating that the multiple models in a solution NMR ensemble can
be used to fit the data (section 7), a warning should be provided that ensemble
averaging of the paramagnetic data may be incorrect because the NMR family
reports on the experi- mental uncertainty of the structural model, and not on the
real conformational ensem- ble sampled by the system.

Indeed, the majority of structures solved by solution NMR are presented by ensem-
bles that capture the experimental uncertainty in the coordinates and are not meant
to describe the conformational space. A new version of Paramagpy is in preparation
to support fitting of magnetic susceptibility tensors to each model individually, followed
by averaging of all such fitted tensors. Additionally, an error analysis will calculate the
standard deviation of these fitted tensors to allow propagation of the structure uncer-
tainty to the parameters of the magnetic susceptibility tensors. This fitting routine will
be the default behaviour. Ensemble averaging will remain an additional option, which
is useful for structures, where models describe the conformational space (such as from
an MD simulation). Thank you for raising this important point. Section 7 of the main
text has been amended to make this clear to the reader and is shown below in blue.

7 Molecular structures with multiple models
7.1 Structures with uncertainties represented by a family of models

Biomolecular structures in the PDB, which have been determined by solution NMR,
usually report experimental uncertainty in the atomic coordinates by including multi-
ple models, which individually fulfil the experimental restraints. The default behaviour
of Paramagpy is to fit a magnetic susceptibility tensor to each model independently
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and then report an average of all these tensors. The tensor averaging is achieved by
equation 1 where the summation runs over the tensors fitted to each of the n models.
This ensures no errors are introduced by averaging prolate/oblate tensors with differ-
ent principal axes definitions. All other parameters involved in the fit, such as origin of
the tensor position, rotational correlation time or electronic relaxation time, are aver-
aged in the conventional way. Note that the final result is sensitive to different relative
orientations of the models.
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7.2 Structures represented by a conformational ensemble

Some coordinate sets in the PDB have been determined by molecular dynamics, where
the ensemble of models deposited fulfils the experimental restraints better than each
individual model. For this case, Paramagpy has the option for calculation of ensemble-
averaged paramagnetic effects at all stages of calculations and fitting. Ensemble-
averaged fitting presents a subtle but important difference compared to the multiple-
model method described in section 7.1 above. This is particularly noticeable for RDCs,
where the ensemble average can be much smaller than the corresponding RDC of
a single model, and therefore several models representing different bond orientations
may be simultaneously required to fit an appropriate alignment tensor or Ax tensor.

The implementation of ensemble averaging in Paramagpy averages the paramagnetic
values calculated for each atom in the different models, identifying the specific atoms
by identical atom numbers in the PDB file. Custom ensemble averaging behaviour can
be changed by the user in the scripted environment. In the implementations of the SVD
algorithm, ensemble averaging involves summation of rows for common atoms of the
matrix A of equation 5 before calculation of the singular values. In the implementations
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of the non-linear gradient descent algorithm, the values calculated for the common
atoms are averaged prior to calculating the sum of squares of differences. This is
shown in equation 2 where a°® and a*? are the calculated and experimental PCS,
RDC, PRE or CCR values, respectively. The index m is for atoms that are common
between models, and the index i runs over all atoms in the structure.

(S [aszt, — a2
COStensemble = Z (2)

2
; Ta(i)

7.3 Fitting tensor parameters to multimers In the case of symmetric multimers com-
posed of monomers with each containing a paramagnetic metal ion, the ensemble
averaging feature of Paramagpy can be exploited to fit the Ay tensor associated with
a given monomer. This is achieved simply by defining the monomeric units in the PDB
file as models of the same structure and applying the ensemble averaging routine to
fit the Ay tensor using the experimental PCSs, which reflect the average of the PCSs
observed in each monomer. Note that, due to the averaging, the final fitted Ax tensor
must be scaled by the user n-fold, where n is the number of monomers. This feature
can also be exploited in NMR crystallography (Kervern 2009).
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Please also note the supplement to this comment:
https://www.magn-reson-discuss.net/mr-2019-3/mr-2019-3-AC2-supplement.pdf

Interactive comment on Magn. Reson. Discuss., https://doi.org/10.5194/mr-2019-3, 2019.
C4



Proof of equivalence between the matrix representation of Curie-spin
dipole—dipole cross-correlated relaxation (equation 19 of the main text)
and the original description by Ghose and Prestegard

Henry Orton

December 29, 2019

This proof concerns equations 24-27 of the article on the software Paramagpy [I], which describe
the cross-correlated relaxation between the Curie spin and dipole—dipole relaxation mechanisms. The
equations 24-27 follow the matrix representation of relaxation theory (equations 20-21) by Suturina et
al. [2]). It is shown below that these equations are equivalent to the equations established previously by
Ghose and Prestegard [3] and reported in slightly modified form by Bertini et al. [4]. The proof begins
with equations 24-27 of the manuscript and describes their rearrangement into the form given by Bertini
et al. [4].

For a specific example, we consider the case of a '’ N-'H group, with the Curie-spin shielding tensor
o at the site of the 'H spin located at 7 = [z,, z] and distance r from the paramagnetic centre.

1 (3%2 - T’2) 3xy 3rz Xzz Xzy Xzz
7T 4 3xy (3y* —r?) 3yz | Xey Xyy  Xyz (1)
3xz 3yz (322 —1?) Xzz Xyz Xzz

We choose the orientation of the electron—'H vector to be aligned with the z-axis such that z — r. In
the case of an isotropic magnetic susceptibility, z = y = 0 and the x tensor is represented by a diagonal
matrix with three identical elements Yiso, yielding the following simplification

—r2 0 0 Xiso 0 0

1 2
c=——1 0 -—r 0f(.1]0 xio O (2)
477 2
0 0 2r 0 0 Xiso
-2 0 0
=¢psa | O —r2 0 (3)
0 0 2r?
where épsa = Xiso (4)
4D

The nuclear dipole shielding tensor arising from the N spin can be described in the same coordinate
frame for an arbitrary orientation of the bond vector 7un = [z, y, z] with bond length rux by

1 FHN ® I
oN = Bfﬂfmh[ gN DTy 3 (5)
o 4m AN TAN
(322 — r¥y) 3xy 3xz
on = &pp 3zy (3y* — réy) 3yz (6)
3xz 3yz (322 — )
1 hI
where ¢pp = 370%21]\; (7)
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and z, y, z denote the coordinates of the "N spin relative to the 'H spin.

The effective shielding tensor at the site of the 'H spin, when the >N partner is in the spin-up state,
is given by the sum of the two tensors

o =0+ o0N (8)
(3z% — rf)éop — (r*)€psa (3zy)épD (3z2)épp
= (3zy)épD (3y? — rfn)épp — (1H)épsa (3y2)épp 9)
(3z2)épp (3y2)épD (322 — rin)épp + (2r%)épsa

Note that this matrix is symmetric. Therefore we can ignore equation 18 of the main text and only
need to substitute matrix elements into equation 19. Expanding and simplifying (via symbolic processing
in the program Mathematica), this yields

A(oy)? =02, + 00y + 02, — OuaOyy — Ogu0zz — Oyy0
+ % [((oay + Oyz)? + (s + 02z)® + (02 + O'Zy)Q] (10)
= ((32® — rfin)épD — (T2)€DSA)2
+ ((3y* = r*)épp — (T2)€DSA)2
+ (32" — rfin)épp + (20 )§DSA)
— ((32% — rfin)épp — (r*)épsa) ((3y* — r*)épp — (r*)épsa)
—((32” — THN )épp — (1*)épsa) ((32% — rfin)épp + (2r°)psa)
— (By* = r*)épp — (r*)épsa) ((32” — riin)épp + (2r*)épsa)
+ 5 [(6ny€on)? + (672E0)” + (6y=60n)” (1)
= 9&BpriN + 9€hsar” — 9pp iy — 32%)épsar” (12)

The angle 6 between the electron-nuclear vector 7 and the nuclear bond vector 7y is captured by the
dot product formula

F.FHN = ’FHFHN’ cos 0 (13)
= [0,0,7].[x,y, 2] = r.ruN cos@ (14)
- 2z = rgN cos 0 (15)

Using equation [T5] to substitute z in equation [12] yields

A(or)? = 9 priin + 9Dsar* — 9¢ppriin (1 — 3 cos? 0)Epsar® (16)

where the first two terms account for the dipolar and Curie spin auto-relaxation terms respectively, and

the last term accounts for their cross-correlation. The Rs relaxation rate can be calculated by substitution
of A? into equation 21 of the main text.

1
ROWie(g) = @“ﬂ [43(0) + 3T (w)] (9B prin + 9€hsar? + 9pprin(3cos? 0 — 1)épsar?)  (17)

The same derivation for o yields the same result except for a sign change in the cross term:



urie 1
R$™(0)) = 4*5337?{ [43(0) + 33 (w)] (9¢DDTiN + 9bsar’ — Hpprin(3cos® @ — Dépsar?)  (18)

Taking the difference we obtain

Rg}urieXDD _ Rgurie(O_T) _ Rgurie(ow) (19)
1
= EBgﬁ{ (18§DD7"12{N(3 cos® 6 — 1)§DSA7“2) [43(0) + 33 (w)] (20)

_ g@ BO’Y%I'YNFLI Xiso
45 47 N 473

(3cos? 6 — 1) [43(0) 4 3T (w)] (21)

Substituting yis, and the spin of N as I = 1/2 yields

i 9 2 Byl pg® I (J + 1)
CuriexDD Ho 0Yg YNNI U9 9
T 0—1)[4d J 22
B 45 (477) TN 3LTr3 (3 cos ) [43(0) 4 3J (w)] (22)
_ 2 102 B(W}%IVNH /~L2BQ2J(J +1) (3cos?6 — 1)
T 15 <47r) =N K7 5 [43(0) + 3T (w)] (23)

The differential line width can be calculated from the relaxation rate as Av = RS™*PD /7 and thus
this equation matches equation 7 from reference [4].
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Thank you for the review and thoughtful comments. The following contains our detailed
response in plain type given underneath the original comment in bold type.

(1) As was pointed out also in the public discussion, taking an average of struc-
tures from an ensemble could a simplification. NMR ensembles usually repre-
sent experimental uncertainty, which should be reflected in the uncertainty of
the paramagnetic parameters derived for this ensemble.

Indeed, the point about ensemble averaging of NMR structures is important. Please
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see our public discussion reply to Claudio Luchinat’'s comment regarding the new and
improved behaviour of the magnetic susceptibility tensor fitting algorithm.

(2) The standard Q-value definition is used here. We have introduced an alter-
native definition (Qa), with the sum of the absolute experimental and calculated
values in the denominator rather than only the experimental values. The stan-
dard definition results in a bias in cases where the deviation between calculated
and experimental data is large. This is relevant in particular for PRE data that can
vary strongly with small changes in distance. In cases where the experimental
PRE is much larger than the calculated, the Q value is low, in cases where the
experimental value is low and the calculated high, the Q value is high, thus bi-
asing the results toward fitting the low PREs better than the high ones. ... The
authors could consider whether the Qa is a better alternative for the Q factor.

The Q-factor reported in the main text is a widely accepted criterion that has been in-
troduced for its inverse proportionality to the Pearson Coefficient (see Bax A.: Weak
alignment offers new NMR opportunities to study protein structure and dynamics, 2002,
Prot. Sci. 12:1-16, where also an alternative version of the Q-factor introduced by G.M.
Clore is discussed). We acknowledge that the Q-factor does not behave symmetrically
with respect to experimental or calculated inputs (unlike the Qa values of your exam-
ples). Paramagpy actually does not use the Q-factor as the score function to be min-
imised during fitting of the magnetic susceptibility tensor. This is instead achieved by a
weighted sum of squares as outlined in equations 8, 23, 28 and 29. This score func-
tion was chosen for giving less weight to relatively large experimental values (as they
are usually associated with a greater uncertainty in measurement), which is therefore
less prone to a bias in the fitting. As a consequence, the best fit does not necessarily
give rise to the smallest possible Q-factor. The new version of Paramagpy will include
a routine for calculating the Qa-factor, but the more established Q-factor will still be
displayed by default in the GUI. The following paragraph in blue has been added to
section 8 of the main text.
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Alternative Q-factors have been proposed (Clore 1999, Bashir 2010). The Q-factor
proposed by Bashir et al. (Bashir 2010), which uses sums of experimental and cal-
culated values in the denominator of equation 31 and therefore tends to be two times
smaller, is supported by the scripted environment of Paramagpy. It is important to note
that the fitting algorithm used by Paramagpy targets the minimal root-mean-square-
deviation between experimental and calculated data rather than the @Q-factor. It has
been pointed out that Q-factor evaluations are meaningful only if the number of fitted
data greatly exceeds the number of variables (Bax 2003).
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Abstract. Paramagnetic metal ions with fast relaxing electrons generate pseudocontact shifts (PCS), residual dipolar cou-
plings (RDC), paramagnetic relaxation enhancements (PRE) and cross-correlated relaxation (CCR) in the NMR spectra of the
molecules they bind to. These effects offer long-range structural information in molecules equipped with binding sites for such
metal ions. Here we present the new open-source software Paramagpy, which has been written in Python 3 with a graphic user
interface. Paramagpy combines the functionalities of different currently available programs to support the fitting of magnetic
susceptibility tensors using PCS, RDC, PRE and CCR data and molecular coordinates in Protein Data Bank (PDB) format,
including a convenient graphical user interface. Paramagpy uses efficient fitting algorithms to avoid local minima and supports
corrections to back-calculated PCS and PRE data arising from cross-correlation effects with chemical shift tensors. The source

code is available from https://doi.org/10.5281/zenodo.3594568.

1 Introduction

Paramagnetic metal ions with fast relaxing electrons produce a number of spatially dependent effects in NMR spectra of
biomolecules which are useful for probing molecular structure and interactions. These effects arise from the magnetic sus-
ceptibility of unpaired electrons, which manifests in NMR spectra most notably as pseudocontact shifts (PCS), paramagnetic
relaxation enhancements (PRE) and residual dipolar couplings (RDC), but also as cross-correlated relaxation (CCR) effects.
PCSs and RDCs only arise when the magnetic susceptibility is anisotropic, which is the case for all trivalent paramagnetic
lanthanide ions except Gd3+.

A number of programs have been developed for fitting the parameters of magnetic susceptibility tensors, y, to atomic coordi-
nates of biomolecules using the paramagnetic effects experimentally observed in NMR spectra. The program Numbat supports
calculation and fitting of the magnetic susceptibility anisotropy tensor, Ay, from experimental PCS data with corrections for
residual anisotropic chemical shifts (RACS) (John et al., 2005) in a convenient graphical user interface (GUI) (Schmitz et al.,
2008). The Python module PyParaTools offers similar functionality to Numbat but in a scripting environment and adds meth-
ods for fitting  tensors and alignment tensors using PREs and RDCs, respectively (Stanton-Cook et al., 2014). The software
FANTEN offers a convenient web-based GUI for fitting Ay and alignment tensors from PCS and RDC data sets, respectively
(Rinaldelli et al., 2015).


https://doi.org/10.5281/zenodo.3594568
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RDCs arise not only from paramagnetism, but also in the presence of alignment media such as dilute liquid crystals. The
programs PALES (Zweckstetter and Bax, 2000) and REDCAT (Valafar and Prestegard, 2004) fit alignment tensors to atomic
coordinates using RDCs. The program Module can use RDCs to fit alignment tensors for molecular structure refinement
(Dosset et al., 2001). PCS and RDC restraints have also been implemented in the software packages CYANA (Balayssac et al.,
2006), XPLOR-NIH (Banci et al., 2004), Rosetta (Schmitz et al., 2012; Raman et al., 2010) and HADDOCK (Dominguez
et al., 2003; de Vries et al., 2010) for structure determination and refinement.

The coordinates of paramagnetic centres can also be determined from PREs and suitable fitting programs include the

programs RelaxGUI (Bieri et al., 2011) and Spinach (Hogben et al., 2011). CCR effects can occur between Curie-spin and

dipole-dipole relaxation (Ghose and Prestegard, 1997) and also between Curie-spin and CSA relaxation (Pintacuda et al., 2004a
. The former is observed as a difference in relaxation me%%hem%ﬁple&&uewfe rates between the multiplet components

of scalar coupled resonances whi

(Ghose and Prestegard, 1997; Bertini et al., 2002a). The software FANTACROSS supports calculation of €€Rthis CCR effect,

but does not allow fitting of the  tensor position (Bertini et al., 2001b). The latter CCR effect was experimentally demonstrated
only recently (Orton et al., 2016).
NMR spectra of biomolecules labelled with paramagnetic metal ions with fast electronic relaxation rates, as afforded by

lanthanide tags, simultaneously display PCS, RDC, PRE and CCR effects in the same spectrum (Pintacuda et al., 2004b). I

prineiple;Due to their common origin in the paramagnetism of the metal ion, all these effects are interrelated. For example, the
Axtenser—tensor determined from PCS measurements allews-predieting-the—can, in principle, be used to predict RDCs, and
RDCs arising from paramagnetic alignment allow predictions of some of the A x-tensor parameters. In-addition;the-A-tenser

tﬁeﬂeetedﬂﬂﬂmse%fepﬂlREs—Apreseﬂ{—eﬂ}y%h&The software PyParaTools offers convenient integration of all of these
effects, but
it lacks many refinements, such as the computation of RACS effects which may affect PCS measurements (John et al., 2003)
» explicit routines for calculating PRES based on Solomon-Bloembergen-Morgan or Curie-spin relaxation theory including

anisotropic effects arising from non-vanishing Ay-tensors, calculation of cross-correlated Curie-spin/CSA PRE effects or
2018) calculations.

Curie-spin/dipole-dipole CCR involving anisotropic Ay-tensors, or anisotropic SBM (Suturina et al.

Here we present a new Python-based program, Paramagpy, which offers a graphical interface for fitting magnetic suscep-
tibility tensors using PCS, RDC, PRE and CCR data, and seamless transition between these calculations. The fitting routine
of Paramagpy for determining Ay tensors from PCSs employs an efficient grid search algorithm as previously implemented
in GPS-Rosetta (Schmitz et al., 2012). The algorithm is adept at overcoming the local minima problem that sometimes com-
promises the results obtained with Numbat and PyParaTools. Paramagpy uses both Curie spin (Guéron, 1975) and Solomon-
Bloembergen-Morgan (Solomon, 1955) theory to calculate PREs, and it includes cross-correlation effects with anisotropic
chemical shift tensors (Pintacuda et al., 2004a), which have not been taken into account by any previous tensor-fitting soft-
ware. Paramagpy can be installed as a Python module and scripted for efficient calculations, or run via an intuitive GUL

Calculations using Paramagpy have been verified with data from previous publications. This includes fitting of Ay tensors

to amide PCS data of lanthanide-loaded calbindin Dy and calculating PREs for amide 'H spins (Orton and Otting, 2018).
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Paramagpy has also been used successfully to predict cross-correlated CSA-Curie spin relaxation giving rise to negative PREs
for amide '°N spins (Orton et al., 2016). CCR calculations have been verified with data from high- and low-spin paramagnetic
myoglobin (Pintacuda et al., 2003). Paramagpy has been shown to fit alignment tensors consistent with previous results for
lanthanide-tagged ubiquitin (Pearce et al., 2017), but may also be applied to datasets arising from alignment media where
paramagpy-Paramagpy reports alignment and Saupe tensors alongside A tensors. Paramagpy can thus be used with RDC data
obtained by any means of weak molecular alignment in the magnetic field, substituting softwares like Module. (Dosset et al.,
2001).

2 Pseudocontact shifts

The magnetic susceptibility tensor x associated with a paramagnetic centre creates a dipolar shielding tensor o at a given
position 7 and distance r from the paramagnetic centre as shown in equation (1), where I3 is the 3 x 3 identity matrix and ®

denotes the Kronecker product.

1 rerl I
=—13 -—- 1
7 4 [ 75 73 (D
(3I2 - TQ) 3y 3rz Xzz  Xzy Xzz
= m 3xy (3y2 - 7,2) 3yz . X:by ny Xyz (2)
3xz 3yz (322 —1r?) Xaoz Xyz Xzz

The PCS is given by the trace of the shielding tensor as shown in the PCS equation (3). The Ax tensor is given by the
traceless part of the x tensor. Considering only the Ax tensor, a linear form of the PCS equation can be obtained, which
characterises the A tensor by 5 explicit parameters as shown in equation (4). Including the 3 position parameters represented

by the coordinates of the metal centre (z, y, 2), solving the PCS equation requires determining 8 parameters in total.

oPCes = éTT[O] 3)
[ A
1 Axyy

:W x? — 22, yQ—zz, 2zy, 2xz, 2yz|-|AXay )
AXez
_AXyz_

2.1 Singular value decomposition (SVD) grid search

Equation (4) can be rewritten in matrix form to give equation 5, where B is a column vector of length n of the calculated PCS

values, x is a column vector of length 5 of the Ax-tensor parameters and A is a n x 5 matrix as defined by the row vector in
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equation 4 containing coordinate parameters.

Azxz=B )
r=A"B (6)
r=W.A)".(W.B) 7

Populating vector B with many experimental PCS values and the matrix A with atomic coordinates from a molecule of
known structure, the system is likely over-determined and a least-squares solution for the Ay-tensor parameters = can be
obtained analytically by considering the singular values of the matrix A and constructing the pseudo-inverse A™. This allows
calculation of the best-fitting tensor at a given position by equation 6 (Schmitz et al., 2012). A weighted least-squares fit can
be obtained using equation 7, where the square matrix W contains the weights along the diagonal W;; = 1/Spcs ;, which may
be sourced from the experimental standard deviations Spcs ; of the ith spin.

Since this calculation is fast, a grid search over many positions of the paramagnetic centre is feasible, providing a robust
initial guess prior to iterative refinement of the tensor position by non-linear gradient-descent methods. Paramagpy can evaluate

5000 grid points for 50 PCS values in under one second using a 2 GHz Intel i5 2016 processor of a typical laptop computer.
2.2 Non-linear gradient descent

When fitting of the position of the paramagnetic centre is required, the PCS equation becomes non-linear. A fit can be found
iteratively by minimising the sum of squares of the differences between experimental and back-calculated PCS values. An
efficient method for minimisation is by non-linear gradient descent. We chose the Broyden-Fletcher-Goldfarb-Shanno (BFGS)
algorithm (Fletcher, 1988) for non-linear least-squares minimisation of the cost function in equation 8 . Here, PCS;" and
PCSE’“11 are, respectively, the experimental and back-calculated PCSs for spin 4, and Spcs ; is the experimental uncertainty in the
PCS of spin <.

cost = Z (Pcsga;; PCS?XP)Z

7 PCS,i

2.3 Multiple PCS data-sets

®)

Often there are multiple PCS data-sets available for different metal ions bound at the same position, obtained from multiple
samples prepared with different metal ions. A simultaneous fit of the common position is possible, independently fitting the
tensor magnitude and orientation for each data set, and can lead to a more accurate overall position of the paramagnetic centre.
Paramagpy supports multiple data sets for simultaneous fitting of a common metal position by both the SVD grid-search and

non-linear gradient-descent algorithms.
2.4 Corrections to PCS calculations

An anisotropic magnetic susceptibility causes alignment of the molecule in the external magnetic field. As molecular orienta-

tions are no longer sampled uniformly, shielding tensors may no longer average to their isotropic values. In this situation, the
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chemical shift actually observed in the paramagnetic sample contains contributions from residual anisotropic chemical shifts
(RACYS) arising from non-zero averaging of the chemical shift anisotropy (CSA) tensor. Paramagpy supports PCS calculations
that include RACS corrections (John et al., 2005). Paramagpy provides standard CSA tensors for amide 'H-spins and back-
bone amide '°N- and carbonyl 'C-spins (Cornilescu and Bax, 2000). Customized CSA tensors may also be set for any of the
nuclear spins.

In addition to the CSA tensor, there is also a dipolar shielding tensor ¢ at the site of a nuclear spin, which arises from the
magnetic susceptibility of the paramagnetic centre. In analogy to the RACS effect, this can lead to a residual anisotropic dipolar
shift (RADS), which is a small perturbation to the observed PCS in paramagnetic samples arising from molecular alignment
(Bertini et al., 2002b). Paramagpy includes RADS as an option in the PCS calculation and Ay-tensor fitting routines.

Systematic errors in experimental PCS values can arise due to variations in the carrier frequency or calibration of the NMR
spectra recorded of the diamagnetic and paramagnetic species. This offset can be included as a parameter during the fitting of

Ax tensors, although doing so is meaningful only, if a sufficient number of PCS data are available to avoid over-fitting.

3 Residual dipolar couplings

An anisotropic magnetic susceptibility tensor induces a coincident alignment tensor A, giving rise to RDCs between nuclear
spins. The alignment tensor can be found from the A tensor using equation 9, where By is the magnetic field, o the vacuum
permeability, kg the Boltzmann constant and 7" the temperature (Bertini et al., 2002b).
B3
=———7A 9
15poksT X ©9)
The RDC values can be calculated using equation 10, where 7 4 5 is the inter-nuclear vector and 7 4 p the distance between

the two nuclei A and B (Kramer et al., 2004). This can be expanded into the vector equation 11, where z, y and z are the

Cartesian coordinates of the inter-nuclear vector 7 4 3.

3yAYBloR 1

RDC = =55 —rap-ATas v
A—Iil)
= SIATBIOT 2 22 222 oay, 2z, Qyz} | A "
83T (
A;r,z
A,.

Unlike the PCS tensor, the RDC tensor does not require parameters for position and can therefore be described by 5 param-

eters for magnitude and orientation. Fitting can therefore be achieved by a linear least squares fit.
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3.1 SVD fitting-algorithm

Paramagpy uses the SVD algorithm similar to the original implementation in the program REDCAT (Valafar and Prestegard,
2004). It is functionally the same as the algorithm applied to solving the PCS equation in section 2.1. A n X 5 matrix as
defined by the row vector in equation 11 containing coordinate parameters is constructed. From this, a pseudo-inverse matrix

is calculated and applied to the experimental RDC values, yielding the best-fitting alignment tensor.

4 Paramagnetic relaxation enhancements

PREs describe the relaxation rates of longitudinal magnetisation, Ry = 1/77, or transverse magnetisation, Re = 1/T5, of

nuclear spins, where 77 and 75 are the longitudinal and transverse relaxation times, respectively. For PREs of paramagnetic

molecules in solution, the relaxation rates are governed by dipole-dipole interactions as described by the Selemen-Bloembergen-Morgan

SBM--SBM equations or the shielding tensor anisotropy as described by the Curie spin equations (Solomon, 1955; Guéron,
1975).

4.1 Solomon-Bloembergen-Morgan theory

The SBM equations for ?; and Ry are shown in equations 12 and 13, respectively, where -y is the nuclear gyromagnetic ratio,
r the distance of the nucleus from the paramagnetic centre, and w and wg are the nuclear and electronic Larmor frequencies,
respectively. 7. is the correlation time calculated as 1/7. = 1/7,. + 1/T}., where 7,. is the rotational correlation time of the
molecule and 77, is the electronic relaxation time. pi.f is the effective magnetic moment of the paramagnetic centre, which can
be predicted from the Landé g-factor, the Bohr magneton pp and the total angular momentum quantum number J (equation
14).

2 (o YHefr | 2 37 TTe
RSBM _ = (7 ) 12
! 15 \47 73 14 12w? + 1 +7'C2w§ (12)
1 /o Ypeee\ 2 37¢ 137,
P (LI P ' (13)
15 \4x 73 47202 1472w
prest = g/ J (J +1) (14)

An extension to the SBM theory which accounts for anisotropy of the dipolar spectral density is described by equations
15 and 16 where G(w) describes the spectral power density tensor (Suturina et al., 2018). 7 is the unit vector from the
paramagnetic centre to the nuclear spin. The spectral power density tensor usually cannot be derived theoretically, but is

instead fitted to experimental data.

_ 2 2

i - 2 (% %) Tr [(3& ©f —I3)>2 ,G(w)] (15)
4 1 2 G G

R;BM—amso _ g (% %) Tr [(3’?’ QP — H3)2 ( (0) + (w))} (16)
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4.2 Curie spin theory

Curie-spin relaxation is governed by the dipolar shielding tensor o as calculated in equation 1, which must include the isotropic
component of the x tensor, s, Which can be predicted using equation 17. The first invariant A and second invariant A of the
shielding tensor are calculated by equations 18 and 19, where o;; denotes the 4, j-th component of the shielding tensor o ()
(Suturina et al., 2018). This allows calculation of the ; and R PREs by equations 20 and 21, respectively. These equations

account for anisotropy of the magnetic susceptibility, provided equation 1 is used to calculate o (Vega and Fiat, 1976).

2
Ho et
e 17
Xiso g T a7
A = (0ny — 0ya)? + (0z — 022)° + (0y2 — 02y)° (18)
3

A*=o?, + ij +ol, - OgaOyy — Oxx0zz — OyyOzz + 4 [((Uwy + ny)Q + (002 +022) + (oy=+ gzy)Z (19)
RCurie _ 1A2w2 Tr + 3A2w2 _ ™ (20)

! 2 1+972w2] 15 1+ w272

. 1 T 1 3T,

RCurie _ ~ A2, ,2 r —A202% 14 . _Tr 21
2 i 1+972w? Tt T+1—|—T,?w2 @b

When PREs due to Curie-spin relaxation are cross-correlated with CSA relaxation, the CSA tensor is added to the dipolar
shielding tensor to give an effective shielding tensor oes. The PRE including CSA cross-correlation Reyriexcsa 1S determined
as the difference in relaxation rates in the paramagnetic and diamagnetic state as shown in equation 22. This can give rise to

negative PREs as shown previously and confirmed by experiment (Pintacuda et al., 2004a; Orton et al., 2016).
RCurieXCSA _ RCurie(O_eff) _ RCurie(o,CSA) (22)

4.3 Fitting algorithm

Paramagpy includes routines to calculate PREs and fit all parameters for each of the above relaxation theories, including
cross-correlated relaxation with CSA effects. This is achieved by non-linear gradient descent to minimise the cost function of
equation 23. Here, PRE;* and PRE§al are, respectively, the experimental and back-calculated PREs for spin ¢, and Spgg ; is the
experimental uncertainty in the PRE of spin 7. The user can choose to fit or constrain different parameters, such as the magnetic
susceptibility or power spectral density tensor position, magnitude, correlation time 7, etc. Parameter templates for lanthanide
ions are also provided, based on tensor magnitudes and anisotropies previously reported for lanthanide complexes of calbindin

Dyi (Bertini et al., 2001a). These may be used to give a quick estimate of expected PRE values.

PRESY — PRES*P)2
cost = Z ( 5 i) (23)
i SPRE,i

5 Curie spin dipole-dipole cross-correlated relaxation

Interference of the internuclear dipole-dipole (DD) relaxation with Curie-spin relaxation provides a mechanism for differential

relaxation rates of multiplet components by cross-correlated relaxation (CCR) (Ghose and Prestegard, 1997). This effect is
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readily observed and measured as the difference in the relaxation rate Ry of the two doublet components of an amide *H—15N
spin pair. In this case, the shielding tensor arising at the 'H spin due to the '°N dipole is given by equation 24, where ryy is
the H—N bond vector, ryn is the internuclear distance, yy is the gyromagnetic ratio of 15N and I = % is the spin of 15N, The
factor of 1/ By is necessary to express the °N shielding tensor with units of ppm to match the units of the Curie spin shielding
tensor. The effective shielding tensor for the 'H spin due to both the Curie spin and the °N dipole in either the up or down
spin state is given by equations 25 and 26 respectively. The relaxation rate RS is then calculated using equation 21 for both
the up and down effective shielding tensors o4+ and o, and their difference is taken to represent the Curie xDD differential
line-broadening RC"€*PP n this way the auto-correlated relaxation mechanisms arising from the separate DD and Curie

mechanisms are subtracted out, leaving the pure cross-correlated term. A derivation showing the equivalence of equations
24-27 to those reported by Ghose and Prestegard (Ghose and Prestegard, 1997) is given in the supporting information,

o = g T 37"*}’7%7“5“ - 7“]113; @
0+ =0+O0N (25)
0, =0 —O0ON (26)
[RCuriexDD _ pCurie ( UT) _ RCurie ( ‘U) 27

Paramagpy uses the above equations for all DD xCurie relaxation calculations. By using equation 1 for calculating the
Curie-spin shielding tensor o, these equations also account for anisotropy of the magnetic susceptibility y. CCR values can be
calculated between any two atoms in the specified Protein Data Bank (PDB) file. The calculations have been shown to agree

with previous experimental CCR data on high- and low-spin myoglobin (Pintacuda et al., 2003).
5.1 Fitting algorithm

Paramagpy includes routines to fit all parameters of the  tensor, including position, magnitude and anisotropy to experimen-
tally measured CCR data. This is achieved by non-linear gradient descent to minimise the cost function of equation 28. Here,
CCR;™ and CCREal are, respectively, the experimental and back-calculated CCRs for spin ¢, and Sccg; is the experimental

uncertainty in the CCR of spin i.

CCRS — CCRS*)2
cost = Z ( L i)

(28)
S(2ICR,Z’

i
6 Uncertainty calculations

To judge the quality of a A or  tensor fitted using PCS, RDC, PRE or CCR data, Paramagpy offers two-three methods to test
the robustness of the fit, structure-sourced, bootstrap and Monte-Carlo. The structure-sourced method assumes that multiple
models in a PDB file represent experimental uncertainty in the atomic coordinates as is common for NMR structure (see section
1.1). In this approach, a tensor is fitted to each individual model and uncertainties in the fitted tensor parameters are reported.
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The alternative bootstrapping method repeats the fit many times, with each iteration randomly sampling a specified proportion
of the data, and subsequently reports the standard deviation in the fitted tensor parameters. The Monte-Carlo method repeats
the fit using all the data, but each time adds noise to the experimental values. The noise is sourced from a uniform distribution
that has been scaled by values provided by the user for each atom. These scaling values are ideally calculated from noise in
the spectrum to reflect uncertainty in peak positions or amplitudes (Kontaxis et al., 2000). The standard deviations in the fitted

tensor parameters are then reported.

7 Molecular structures with multiple models
7.1 Structures with uncertainties represented by a family of models

Biomolecular structures in the PDB, which have been determined by solution NMRis-often—represented-by-an-ensemble-of

ensemblesby-ealeulating-, usually report experimental uncertainty in the atomic coordinates by including multiple models,
which individually fulfil the experimental restraints. The default behaviour of Paramagpy is to fit a magnetic susceptibility
tensor to each model independently and then report an average of all these tensors. The tensor averaging is achieved by
equation 29 where the summation runs over the tensors fitted to each of the n models. This ensures no errors are introduced by
averaging prolate/oblate tensors with different principal axes definitions. All other parameters involved in the fit, such as origin
of the tensor position, rotational correlation time or electronic relaxation time, are averaged in the conventional way. Note that

the final result is sensitive to different relative orientations of the models.

1 n (er)v (Xry)z (X'rz)v
Xaverage = E Z (Xxy)z (ny)z (Xyz)z (29)
’ (sz)z (Xyz)i (Xzz)i

7.2 Structures represented by a conformational ensemble

Some coordinate sets in the PDB have been determined by molecular dynamics, where the ensemble of models deposited
fulfils the experimental restraints better than each individual model. For this case, Paramagpy has the option for calculation of
ensemble-averaged paramagnetic effects at all stages of calculations and fitting. Effeets-ecaleulatedfor-the-atoms-of-different
ged;if-the-atoms-havethe same-atom-number Ensemble-averaged fitting presents a subtle but important
difference compared to the multiple-model method described in section 7.1 above. This is particularly noticeable for RDCs,
where the ensemble average can be much smaller than the corresponding RDC of a single model, and therefore several models
representing different bond orientations may be simultaneously required to fit an appropriate alignment tensor or Ay tensor.
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The implementation of ensemble averaging in Parama averages the paramagnetic values calculated for each atom in

the different models, identifying the specific atoms by identical atom numbers in the PDB file. Custom ensemble averaging
behaviour can be changed by the user in the scripted environment. In the implementations of the SVD algorithm, ensemble

averaging involves summation of rows for common atoms of the matrix A of equation 5 before calculation of the singular
values. In the implementations of the non-linear gradient descent algorithm, the values calculated for the common atoms are
averaged prior to calculating the sum of squares of differences. This is shown in equation 30 where a® and a®*P are the
calculated and experimental PCS, RDC, PRE or CCR values, respectively. The index m is for atoms that are common between

models, and the index ¢ is-runs over all atoms in the structure. Fhe-effect-of-ensemble-averaged-fitting-is-particutarty noticeable

cal __ a?XP} )2

_ (Zm [am,i )
COStensemble = Z

2
Ta(i)

(30)

i
7.3 Fitting tensor parameters to multimers

In the case of symmetric multimers composed of monomers with each containing a paramagnetic metal ion, the ensemble
averaging feature of Paramagpy can be exploited to fit the Ax tensor associated with a given monomer. This is achieved
simply by defining the monomeric units in the PDB file as models of the same structure and applying the ensemble averaging.
routine to fit the Ax tensor using the experimental PCSs, which reflect the average of the PCSs observed in each monomer.
Note that, due to the averaging, the final fitted Ax tensor must be scaled by the user n-fold, where . is the number of monomers.
This feature can also be exploited in NMR crystallography (Kervern et al., 2009).

8 Quality factors

To judge the agreement of tensor fits with the experimental data, a (Q-factor can be assigned to a given fit, which Paramagpy
calculates using equation 31. Here, the experimental and calculated PCS, RDC, PRE or CCR values are denoted a®*P and adl,
respectively, the index m is for ensemble averaging of common spins between models and the index ¢ is for summation over

all spins of the molecule. A low Q-factor signifies a good quality fit.

0= > |:(Zm [a:xP — af;iz]) } 31)
[ [687)7)

Alternative (Q-factors have been proposed (Clore and Garrett, 1999; Bashir et al., 2010). The (J-factor proposed by Bashir et
al. (Bashir et al., 2010), which uses sums of experimental and calculated values in the denominator of equation 31 and therefore

tends to be two times smaller, is supported by the scripted environment of Paramagpy. It is important to note that the fittin

algorithm used by Parama; targets the minimal root-mean-square-deviation between experimental and calculated data rather
than the ()-factor. It has been pointed out that ()-factor evaluations are meaningful only if the number of fitted data greatl

exceeds the number of variables (Bax, 2003).

10
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9 Graphical User Interface

Paramagpy has a graphical user interface (GUI) written for the inbuilt Tk/Tcl interface of Python 3, which can run on Mac
OSX, Windows and Linux operating systems. The GUI offers a user-friendly environment for loading and visualising PDB
files and experimental PCS, RDC, PRE and CCR data. Two frames display the initial and fitted tensor. The fitted tensor is
calculated and displayed by the push of a button. An overview of the PCS fitting tab is shown in Figure 1. Hovering the mouse

over any element in the window displays a useful tool tip to help the user.

10 Visualisation

Paramagpy offers a number of plot options to quickly visualise tensors and quality of fit. The scalar PCS or PRE field can be
written to a CCP4 (McNicholas et al., 2011) density map, which can then be visualised as a three-dimensional contour plot in
the program PyMOL (Schrodinger, 2015). The fit quality can be visualized in correlation plots of back-calculated PCS, RDC,
PRE and CCR values versus the experimental values. Finally, a scatter plot of the principle axes of the tensors can be viewed
in a Sanson-Flamsteed-style projection following Monte-Carlo or bootstrap error analyses. Example plots are summarised in

Figure 2.

11 Scripting

Paramagpy is a python module and can be imported into a scripting environment. The module is split into 4 major submod-
ules. (i) The ‘metal’ submodule deals with the paramagnetic centre, tensor representations and methods for calculating PCS,
RDC, PRE and CCR values. (ii) The ‘protein’ submodule handles the atomic coordinates from the PDB file and CSA tensor
definitions. (iii) The ‘dataparse’ submodule manages the reading and writing of data files. (iv) The ‘fit’ submodule contains
functions for fitting tensors to experimental data. An example script for fitting of a Ay tensor to experimental PCS data for
calbindin Dy is shown in Figure 3. It uses only 9 lines of code. Some more advanced features of paramgpy, such as fitting of
power spectral density tensors in equation 15 and 16 are only availble in the scripted environment. The scripted environment
also offers control over which parameters are included for fitting routines and allows calculations for coordinates other than

PDB formats.

12 NMR software integration

Paramagpy includes macro scripts to interface with popular NMR software: CCPNMR analysis and Sparky (Vranken et al.,
2005; Lee et al., 2014). Currently, these macros allow for the rapid calculation of experimental PCS values from NMR spectra

with up to 3 dimensions, fitting of Ay tensors and plotting of back-calculated PCS values onto paramagnetic spectra.

11
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Figure 1. Paramagpy GUI running on Mac OSX. A: Frame for loading PDB coordinates. The atoms and models (conformers) of interest
can be selected and CSA tensor parameters set by the user. B: The user can switch between PCS, RDC, PRE and CCR tabs, where CCR
stands for the Curie-spin/dipole-dipole cross-correlated relaxation. C: Fitting options can be specified by selecting the relevant check box.
The SVD grid search searches for the best-fit tensor within a sphere about the initial tensor origin with radius and grid spacing as specified.
NLR Gradient Descent refines the tensor using non-linear least squares minimisation. D: Experimental data for atoms in the PDB file are
displayed here. The first column contains an ‘x’ if the datum will be used during fitting and may be toggled by pressing the ‘x’ key on the
keyboard. Experimental and back-calculated PCS values are also reported and their correlation can be displayed by clicking the ‘Plot’ button
above. E: To utilise multiple PCS data sets to fit different tensors to a common position, the Multiple Fit Tensor button can be clicked after
selecting the desired data sets. F: Each tab can contain a different PCS data set, allowing up to 6 to be loaded. If more data sets are required,
Paramagpy supports this through the scripted module. G: The initial tensor parameters can be specified here to define a starting point before
fitting. For convenience, the paramagnetic centre can be positioned at any atom in the PDB file by double-clicking on a row of the data view
in the frame to the left. Parameters in red are constrained during fitting. Greyed out parameters are not relevant to PCS or RDC calculations,
but are used in PRE and CCR calculations. H: The fitted tensor is displayed here. Clicking the Copy button allows the tensor to be pasted into
other tabs of the program (see B and F above). The Plot button will prompt the user to save an isosurface file for opening in PyMOL. Error
Sim. will assess the quality of the fit by bootstrap or Monte-Carlo methods. Set UTR converts the tensor parameters to the unique tensor

representation defined by Numbat (Schmitz et al., 2008).
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ece Plot PCS correlation
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Plot multiple PCS data Include Legend
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-2

Monte Carlo Uncertianty Simulation

Fitting: Models: Method: Parameters: Fitted Tensor:
( : - A3 -
°Use Single Fit °Ensemble Average ~  Monte Carlo Iterations: 200 :: : 1:_;; :Ag _iigg
N A | . x | 1E-10 m : 25.517
Use Multiple Fit Use Current Model °Bcotstrap Sample Fraction: 0.600 y | iE-10m . 8,652
Run z | 1E-10m : 6.358
a | deg : 116.011
b | deg : 138.058
g | deg : 43.493
75¢° mueff | Bm : 9.581
shift | ppm : 0.000
BO | T: 18.790
temp | K : 298.150
tle | ps : 0.189
taur | ns : 0.000
0° 30° 60° 90°120°150°

Error Tensor:
ax | 1E-32 mA3 : 0.178
rh | 1E-32 mA3 : 0.189
X | 1E-10 m : 0.145
y I 1E-10 m : 0.189
z | 1E-10 m : 0.120
a | deg : 2.477
-75° b | deg : 1.310
theta g | deg : 1.213
mueff | Bm : 0.000
shift | ppm : 0.000
ales va= LR
temp | K : 0.000

Figure 2. Plotting options available in Paramagpy illustrated with data of calbindin D loaded with Er®*. A: Correlation plot of calculated
versus experimental PCS values after fitting of the Ay tensor. B: PCS isosurface plot viewed in PyMOL. C: Sanson-Flamsteed plot showing

the principle axes projections after bootstrap analysis. The Error-Tensor reports the standard deviation in fitted parameters.
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paramagpy protein, fit, dataparse, metal

prot = protein. load_pdb( ) ax | 1E-32 m*3 : -8.688

rh | 1E-32 m"3 : -4.192

rawData = dataparse.read_pcs( ) X | 1E-1@ m : 25.517

y |  1E-10 m : 8.652

parsedData = prot.parse(rawData) z | 1E-10 m : 6.358

a | deg : 116.011

mStart = metal.Metal() b | deg : 138.058

g | deg : 43.492

mStart.position = prot[0]["A']1[56]( ].position mueff | Bm : 0.000

shift | ppm : 0.000

mGuess, calc, gfac = fit.svd_gridsearch_fit_metal_from_pcs( BO | T E 18.790

[mStart], [parsedDatal, 5 ) temp | K : 298.150

tle | ps : 0.000

mFit, calc, gqfac = fit.nlr_fit_metal_from_pcs{mGuess, [parsedData]) taur | ns : 0.000
mFit [0].save( )

Figure 3. Example python script for fitting a A tensor to experimental PCS data. The output with fitted tensor parameters is displayed to
the right.

13 Tensor conventions and conversions

Paramagpy offers a number of simple routines to convert between tensor representations. In addition to the 3 x 3 matrix

representations of tensors, positions, rotation matrices, eigenvalues, axial/rhombic components and Euler angles, alignment

tensors and Saupe tensors are available upon clicking the ‘More* button within the GUI. The axial and rhombic components
5 are defined as follows (equations 32 and 33).

Axgs + Any )

. (32)

AXax = AXZZ - <
Ath = Ach - Any (33)

By default, Paramagpy reports all fitted tensors in the unique tensor representation used by the program Numbat (Schmitz
et al., 2008). This requires that the principle axes magnitudes of the A tensor are ordered |Ax .| > |Axyy| > |AXze| and all

10 Euler angles are in the range [0, 7] using the ZYZ convention.

14 Example PRE calculation

PRE calculations that include anisotropy effects and cross-correlation with CSA can be daunting to set up as they require the
Ax and CSA tensors to possess the correct orientations in the frame of the molecular coordinates. Paramagpy simplifies this
for the user by allowing A tensors fitted from PCS data to be transferred easily to the tab for PRE calculations. Furthermore,

15 CSA tensor templates are provided for most protein backbone atoms.
As an example, Figure 4 shows the Paramagpy GUI with R;(*°N) PRE data for calbindin Do, loaded with Th3* (Orton
et al., 2016). A Ay tensor was fitted using the PCS tab, then transferred to the PRE tab using the ‘Copy’ and ‘Paste’ buttons.
Curie-spin/CSA cross-correlation is taken into account simply by checking the box “Use CSA”. This greatly improves the

correlation and allows the prediction of negative PREs, resulting in a reduction in the )-factor from 1.01 to 0.49. The small

20 additional correction arising from the anisotropy of the Curie spin can be included by setting the Ax,x and Ay, parameters to
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Experiment

Figure 4. Paramagpy GUI showing R;(*°N) PRE data for calbindin Doy loaded with Th>¥. The correlation plot shows calculated vs.
experimental values. Blue: SBM and isotropic Curie-spin theory are used for calculating PREs (Q-factor 1.01). Red: Taking into account
also the cross-correlation between Curie spin and CSA relaxation (Q-factor 0.49). Green: Including the additional correction arising from
the anisotropy of the x tensor (Q)-factor 0.47).

the non-zero values obtained from the Ay tensor fitted with the help of PCS data yielding a further reduction in the @)-factor
10,047,

The CSA tensors of "N spins are much larger than those of "H spins, so that Curie-spin/CSA cross-correlation effects can

5 predicted to be most pronounced for N spins located about 10 A from the metal ion. In contrast, the CSA of 'H spins is

much smaller, so that their CCR effects are predicted to be most significant in the range of 20-25 A and therefore too small to

be easily observed experimentally (Pintacuda et al., 2004a).
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10

15 Conclusions

Paramagpy is an easy-to-use program that integrates the related paramagnetic NMR phenomena of PCS, RDC, PRE and CCR.
Paramagpy allows the rapid analysis of NMR spectra of samples containing a single paramagnetic centre, which is particularly
useful for data recorded with different paramagnetic lanthanide ions. With an intuitive calculation flow, Paramagpy can be
used, for example, to fit a Ay tensor using experimental PCS data and then quickly report the expected PREs of the same
complex, informing the user which signals may be too broad to observe. Paramagpy uses efficient fitting algorithms and an
up-to-date implementation of paramagnetic NMR theory to capture subtle corrections arising from CSA and anisotropy effects
in the PCS and PRE calculations.

Code availability. https://doi.org/10.5281/zenodo.3594568
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