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1. Introduction

Structural molecular biology is the study of the structure of biological
macromolecules, such as proteins and nucleic acids. Such structural information is then linked
to biomolecular functioning in the biological systems.

Over the years, several techniques have been developed for tackling the complexity of
macromolecular systems and to improve our knowledge in many aspects of structural biology
at different levels of resolution, i.e. from the atomistic details of individual proteins or protein
domains up to the information related to their conformation, position and orientation in a
macromolecular assembly or biological system, both in vitro and in their cellular context.
These techniques include NMR spectroscopy, X-ray and neutron crystallography, electron
microscopy and tomography, small angle X-ray and neutron scattering, mass spectroscopy
and advanced light microscopy techniques (Figure 1). Each of these techniques provides very
useful biological insights, but their combination is expected to yield more profound
advancement: i.e.: the information provided by these techniques as a whole is much greater
than the sum of each of them taken as stand-alone tools. Therefore, we can expect that hybrid
methods will play an essential role in the near future of structural biology leading to a deeper

and more complete understanding of many important biological problems.'
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Figure 1: Overview of the most commonly used techniques in structural biology.

During the last decades, a number of biological systems have been investigated by the
combination of a high- and low- resolution structural techniques achieving, in most of the
cases, groundbreaking results. The study of HIV capsid formation is an important example
where cryo-electron tomography has been used in combination with molecular dynamic
simulations as well as previously solved X-ray and NMR structures to reconstruct the virus
tubular assembly.”” Through the integration of these techniques, Zhang P., Gronenborn A.,
and co-workers have been able to identify novel inter-molecular interactions that are
considered responsible to provide the necessary plasticity for the assembly and disassembly of
the virus capsid. Another remarkable example of integration of multiple structural
methodologies has been presented by Sgourakis N.G., Lange A. and co-workers where cryo-
electron microscopy is used as a constraint to aid the determination of solid state NMR
structures.® Sattler M. and co-workers proposed an efficient protocol for the determination of
protein complexes in solution, starting from individual domain obtained from X-ray
crystallography, NMR spectroscopy or homology modeling and determining the relative
position and orientation of the domains by taking advantage of the measurements in solution

of residual dipolar couplings (RDCs) and paramagnetic relaxation effects (PREs),
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respectively.” Based on the increasing need of combining a multitude of different information,
an Integrated Modeling Platform (IMP) software package®® has been recently developed to
facilitate the process of data integration for the determination of the structure of
macromolecular assemblies, providing a frame in which the resulting models can be easily
evaluated and re-refined when new information is gathered. IMP includes the use not only of
the most widespread experimental techniques used in structural biology (X-ray
crystallography, NMR spectroscopy, electron microscopy, chemical cross-linking, FRET
spectroscopy, small angle X-ray scattering, proteomics data) but also of more theoretical
sources of information, such as comparative modeling, statistical inference and physics-based
energy functions. This integrative modeling approach has been already used to solve
numerous structures ° ' like in the case of 26S proteasome, where Baumeister W., Sali
A. and co-workers were able to determine its molecular architecture based on data from cryo-
electron microscopy, X-ray crystallography, residue-specific chemical cross-linking, and

. . 12
several proteomics techniques.

Among all the available methodologies, NMR spectroscopy, X-ray crystallography
and, to a lesser extent, single molecule cryo-electron microscopy are the only high-resolution
techniques able to provide atomic-level structural information of biomolecular systems and
the most commonly used among the deposited structure in the Protein Data Bank (Figure 2). X-
ray diffraction is a very powerful and reliable technique and it is by far the most widely used
methodology for solving protein structures, accounting as of August 2016 for 90% and 60%
of all deposited protein and nucleic acid structures, respectively. The strength of X-ray
crystallography lies in a precise determination of a unique macromolecular structure or of a
unique set of different structures present in the asymmetric unit of the crystal. NMR
spectroscopy has the unique capability to provide information on the internal dynamics of the
biomolecular system in solution and over a wide range of timescales. In this way, by
combining structural and dynamic aspects, NMR spectroscopy affords a complete picture of
the behavior of proteins, which cannot be fulfilled by the use of any other technique.
Nevertheless, neither X-ray nor NMR, if used as stand-alone tools, can provide a complete,
precise and accurate picture of the biological system under investigation and of its interactions
with other complexes or biomolecules. It should also be mentioned that X-ray
crystallographic diffraction and NMR data are intrinsically different - the former gives

information that progresses from the overall shape of the molecule up to individual atom
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positions as the resolution increases, whereas NMR provides immediate information about
short-range inter-atomic distances and bond orientations, which progresses to overall shape of
the molecule with increasing number and quality of restraints. Therefore, the combination of
these two highly complementary techniques is mutually beneficial, yielding valuable
information throughout the spectrum of distance scales, even in the presence of suboptimal X-

ray and/or NMR data.

Deposited structures in PDB by experimental method

e X-RAY

NMR
EM

other

0,2% 0,9%

Figure 2: Statistics of the experimental methods used for solving the structures deposited in the

Protein Data Bank (PDB) up to 2016.

Among all the structural restraints that can be obtained by NMR-based experiments,
pseudo-contact shifts (PCSs)"” and residual dipolar couplings (RDCs)'* gained increasing
popularity within the scientific community during the last decades due to their intrinsic
capability of providing long-range information. PCSs and RDCs originate from the presence
of a paramagnetic metal in the molecule, which results in an interaction of the unpaired
electron with the nuclear spins of the molecule."> The unpaired electron spin, averaged by the
fast electron relaxation results in distance- and/or orientation- dependent effects that can be
exploited as structural restraints.”>'” More specifically, PCSs result from chemical shifts
perturbations due the dipolar interaction between paramagnetic centre and the nuclei
belonging to the molecule, and can be exploited as structural restraints due to its distance -
and orientation- dependence (Figure 3-A)."”' RDCs, instead, arise from the partial alignment
of the molecule in the magnetic field due to the magnetic susceptibility anisotropy associated

to the paramagnetic centre, which leads to an incomplete averaging of the nuclear dipole-
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dipole coupling and thus results in a modulation of J-couplings between nuclear pairs that is

orientation dependent (Figure 3-B). In the case the paramagnetic centre is not originally present

in the molecule, the metal can be included by substitution of a diamagnetic metal ion'® > or,

alternatively, rigidly attached through tags®*>®

. Partial alignment of the molecule in the
magnetic field can alternatively be induced by external alignment media (i.e. bicelles”, poly-
acrylamide gels™, bacteriophages®') to collect RDCs, defined “diamagnetic” in antithesis to

. . 40,42-50
the “paramagnetic” version.

Pseudo-Contact Shifts (PCS) B Residual Dipolar Couplings (RDC)

Chemical shift perturbations Modulation of J-coupling
HSQC IPAP ,
i I 8 e
p o g & O
/ —~ | | o
o 9 |a | 8, O £
& = Qv (O
o(F1)/ppm o(F1)/Hz
o diamagnetic (®) unaligned
() paramagnetic O aligned

\\\d 0
SN0 ? | Z %
\\
N\,

Figure 3: Schematics representing how paramagnetic restraints (PCSs and RDCs) are practically
measured. (A) For PCSs the chemical shift differences of NMR resonances between a paramagnetic and a
diamagnetic protein are measured in a HSQC experiment. (B) RDCs are extracted from the observed
splitting in an IPAP experiment that is decoupled in one dimension. The lower panel displays the
structural parameters that are measured for the different types of restraints. The frame of reference is the
magnetic susceptibility tensor frame associated with the unpaired electron. A single NH vector is
displayed in this reference frame and 0 describes the displayed angle in polar coordinates. Modified figure

taken from Koehler J. & Meiler J°'.

Nowadays, PCSs and RDCs are routinely measured through NMR experiments and
used for solving protein structures. Various programs (i.e. Xplor-NIH ™%,

PARAMAGNETIC CYANA>"®, PCS-HADDOCK”’, PCS-ROSETTA”, PATIDOCK"®) for
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protein structure determination from NMR data allow the use of PCSs and RDCs as structural
restraints. PCSs and RDCs proved to be even more helpful for the characterization of very
challenging systems, such as multi-domain proteins and protein complexes, because their
long-range nature allows for retrieving the information about either static or dynamic
conformational variability. Indeed, the comparison of the paramagnetic tensors calculated
using PCSs and/or RDCs for individual domains or binding partners provide the direct
detection and quantification of the conformational arrangements and dynamic effects present

in the system,*’"-*0-2

In paragraph 1.1, FANTEN will be presented: a user-friendly web application for the
determination of the anisotropy and alignment tensors related to PCS and RDC data. In
paragraph 1.2, a protocol will be described for the integration of NMR and X-ray
crystallographic data and the latest developments that allow for the inclusion of constraints in
the tensor calculations. Finally, in paragraph 1.3, it will be shown how the previous programs
can be used and efficiently combined together to accomplish a systematic characterization of

multi-domain proteins and complex systems.

1.1 User-friendly web application for paramagnetic NMR data

Many computational tools have been implemented in order to allow for the use of
paramagnetic data and to aid the correct analysis and interpretation of the results
(FANTASIA”, NUMBAT®, PALES*, PATI®®, REDCAT®). Laboratory experience is of
prior importance for understanding the set of needs and of problems that a scientist might
experience when working with this kind of data. Even more essential is to make such
knowledge available to the wider scientific community. For such a purpose, a web application
for the treatment and the analysis of PCSs and RDCs has been implemented in the program
FANTEN (Finding ANisotropy TENsor), available through the We-NMR portal®’
(http://abs.cerm.unifi.it:8080/). FANTEN has been developed not only to provide a tool easily

accessible for the scientific community but it has been designed with particular focus on user-
friendliness, which frequently represents one of the major hurdles for scientist non-expert in

the field.
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Contribution of my thesis

The program is organized in three main parts (also termed “actions’), which have been
designed to perform different types of calculations and with different levels of complexity.
The action “PCS-RDC Fitting (Smart)” has been implemented to perform the most
commonly required types of calculations in very easy and quick way. This action allows for
the calculation of tensors for multiple datasets of PCSs and RDCs and for multiple models
present in the PDB file. In one single step, all the tensors are computed and the results of the
fitting can be readily visualized and examined through the correlation plots. Moreover, this
action provides some additional features, such as the generation and the visualization of the
1s0-PCS surfaces using an integrated JSmol application, and the estimation of the error on the
tensor parameters using a Monte-Carlo bootstrap approach. The action “PCS-RDC Fitting
(Custom)” allows for a fully customized calculation of the tensor where, for any single
dataset, the user can define (if known) the metal position, the tensor orientation and the
anisotropy parameters, or any combination thereof. Moreover, some global actions are
available, such as the calculations using the same metal position for all the defined tensors or
the same tensor for all the uploaded datasets. The first operation is very useful when the
position of the paramagnetic centre is unknown but can be reasonably assumed to be the same
for different metals. The second operation is important if the experimental data have been
collected from different binding partners of a complex but using the same experimental
conditions, therefore it can be reasonably assumed that the tensor is the same. Finally, the
action “Rigid Body Minimization” has been realized to support the calculation of the optimal
arrangement between two binding partners or protein domains according to PCSs and RDCs
restraints. In this case, the rigid rototranslation to apply to the second structure provided by
the user is computed to obtain the best agreement with the available structural restraints. For
each action, all the results in terms of tensor parameters, data fittings and rototranslated
structures are fully available for download. An Overview of some of the tools and

functionalities available in FANTEN web application is shown in Figure 4.

FANTEN web application is presented in detail in “FANTEN: a new web-based

interface for the analysis of magnetic anisotropy-induced NMR data” in Section 3.1.
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Figure 4: Overview of some of the tools and functionalities available in FANTEN web application.

1.2 Integration of paramagnetic NMR and X-ray data

NMR spectroscopy data are often used in comparison (or, ideally, in combination)
with X-ray crystallographic data, whenever available. It has long been known that X-ray and
NMR data provide complementary information, which can be profitably analysed together for
a more accurate description of biomolecules. The complementarity of X-ray and NMR resides
in the different types of information provided by these techniques, since X-ray relies mostly
on the contribution given by the heavy atoms to the electron diffraction pattern, while for
NMR the vast majority of restraints involve the hydrogen nuclei. Even more importantly, as
anticipated above, at low and medium resolution, X-ray data contain information on the
overall shape and long-range structural details, whereas short-range structural details, of the
order of the interatomic distances, are accessible only at very high resolutions, which are not

always achievable. In contrast, NMR data mainly provide direct information on local details,
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in the form of inter-atomic distances or orientations of vectors connecting chemically bound

nuclei. Therefore, information from NMR and X-ray data is perfectly complementary.

During the past years, the combination of structural information derived from these
two techniques opened up the way to an integrated elucidation of macromolecular structures.
However, one potential pitfall is represented by the fact that, often, apparent discrepancies are
observed between the models determined independently from these two methods. In general,
NMR data frequently show limited compatibility with models obtained from crystallographic
data but, intriguingly, the level of agreement often depending on the resolution of X-ray
data.®® Historically, such discrepancies have also occasionally led to correction of the X-ray
structure on the basis of the NMR information.”” However, such discrepancies may either
reflect real differences between the true structures of the molecules in crystals and in solution,
or may be due to the different but complementary information contained in the X-ray and
NMR data, where the true structures may be the same but the process of deriving the models
by analysing the different types of data may lead to inconsistencies. In a number of cases,
refinements performed using combined X-ray and NOE-derived restraints revealed large
consistency of the data, resulting in the improvement of the geometry of the model in terms of
Ramachandran plot with respect to the structure calculated without NMR data.”’ ™ The few
violations were interpreted as real differences between the structures in crystals and in
solution, mostly ascribable to a limitation of the conformational freedom for some flexible
parts and to the presence of crystal packing forces in the solid state. As an example, some
discrepancies were observed between a very large NMR dataset collected for ubiquitin, a
protein frequently used as a model system for the development of new NMR methodologies,
and its crystal structures.”” In some cases, these discrepancies were interpreted as mobility
effects and used to derive motional information on the system.” '’ In other cases, the
inconsistencies were explained by the intrinsic inaccuracy in the crystallographic models, so
that the assumption of a single newly refined structure was considered sufficient to adequately
explain the NMR data.”®”® This points out some critical aspects in the interpretation of
potential inconsistencies observed between solution data and crystal models, which require a

careful analysis before any further interpretation.

For such purpose, a joint refinement using both X-ray and NMR data was

implemented in the program REFMAC-NMR’®, part of the CCP4 suite’’, with the purpose of
p prog
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demonstrating that X-ray and NMR data can be profitably combined to produce models that
are compatible with both experimental methods and to reliably identify the genuine
differences between the solution and crystal structures. In particular, REFMAC-NMR
performs a simultaneous refinement of macromolecular structures using X-ray diffractions
together with structural restraints derived from PCSs and/or RDCs. Such refinement protocol
has already been successfully applied to several single domain systems’®, and it has found
even more interesting application in the study of multi-domain proteins and protein
complexes, due to recent developments that allow for the inclusion of constraints to the

tensors calculated for individual structural units.

Contribution of my thesis

In REFMAC-NMR, tensors are calculated at each refinement step and used as further
restraints together with those encoded in the X-ray data and by ideal geometric values. A
limiting aspect of this approach is the high number of degrees of freedom arising in the fit of
the tensor, making the optimization problem under-constrained. Assumptions on the relations
between the parameters describing the tensors (i.e. anisotropy values and orientation) referred
to the different domains or binding partners can be profitably used and included as further
restraints during the refinement. The use of constraints (or restraints, more in general) not
only reduces the effective degree of freedom, but it stabilizes the refinement and ensures that
the final model is consistent with prior knowledge. A-priori information can be
mathematically translated into constraints that can be included in the optimization function for
the estimation of the tensor. Imposing properties for the tensors estimated from individual
structural units constituting multi-domain proteins and protein complexes, results of particular

importance when:

a) Domain rearrangement occurs in the crystal with respect to the solution state — in this
case, all the tensors calculated for the individual units must have the same anisotropy

values, although their orientation can be different;

b) Data are provided by independent experimental datasets (this usually happens for
RDCs collected through the use of external alignment media) — in this case, all the
tensors calculated for the individual units must have the same orientation, although

their anisotropy values can be different.
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A special case of multi-domain systems arises when a number of identical structural
units related by symmetry operations constitute the macromolecule. RDCs collected from
external alignment media can be measured on these symmetric assemblies, resulting in a
single set of data encoding both the structural information of the repeating units and of their
overall organization. In this case, further properties related to the specific symmetry of the
system must be taken into account during the calculation of the tensor. Estimated tensor must
fulfill specific properties depending of the type of symmetry (Figure 5), which can be

summarized as following:

a) C, symmetry — one axis of the tensor must be directed along the symmetry axis of the

system (Figure 5-A);

b) D, symmetry - two axis of the tensor must be directed along the two symmetry axes of

the system, thus defining completely its orientation (Figure 5-B);

c) C,/D, symmetry (with n greater of 2) — the tensor must be completely axial and one

axis must be directed along the axis of cyclic symmetry (Figure 5-C).

The practical implementation of the algorithm together with the analytical derivation
of the first and second derivatives used for solving the constrained optimization problems are
described in detail in “Extending the possibilities of joint X-ray/NMR structure refinement to
high molecular weight complexes” in Section 0. The latest version of REFMAC-NMR will be
soon available in the CCP4 suite, with the additional possibility of performing the joint
refinement with NMR data directly from the interface.
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Proteasome-11S activator complex (pdb 1YA7)

L-Asparaginase (pdb 3ECA)

Figure 5: Example of symmetric assemblies for which RDCs can be measured. The symmetries are
classified according to the characteristic properties that the alignment tensor must assume in that

condition.

1.3 Systematic characterization of multi-domain systems

Paramagnetic data are widely used in structure determination, refinement and
validation. In particular, PCSs and RDCs due to their intrinsic nature of being long-range
restraints can provide even more precious information in the investigation of proteins
constituted by multiple domains and of protein-protein complexes. If the structural model of
the molecule is already available, PCSs and RDCs can be used to determine the correct
mutual orientation and positions of the domains or binding partners constituting the

80-83.31 pCSs and RDCs can also provide insights into the conformation variability

system.
experienced by the macromolecule in solution. RDCs, which are independent on the distance
from the metal ion and which are sensitive to motions occurring on time scales faster than
milliseconds, can be exploited to identify and quantify the extent of the mobility present in the

system. Indeed, when dynamics affect the system, RDCs experience an averaging effect that
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is proportional to the extent of such motions.®® This is not valid in principle for PCSs, which
due to their dependence on the metal-nucleus distances cannot be described by the use of a
averaged tensor in case of motion, unless all nuclei have a fixed distance from the metal ion
during the motion**, which is never the case in practice. Once the presence of significant
mobility has been assessed for the system both PCSs and RDCs can be used to further
characterize the resulting conformational variability. Although this is by definition an ill-
posed problem, a multitude of methods and mathematical approaches have been developed to
reconstruct the potential ensemble of conformations sampled by the system in

. 5,85 6,61,86,87,88
solution,’>8%77-76.61.86.87,

Contribution of my thesis

As already discussed, the local adjustments provided by NMR data reveal if
discrepancies observed using X-ray -derived structural model can be reasonably explained
within the uncertainty related to its atomic coordinates and, in case, to provide more reliable
structural models. In the case in which significant differences are detected, a top-down
approach can be used by performing independent refinement for different structural units of
the original structure, or by discarding the residues responsible for the mismatch (if only few).
Once adequate structural models for the single units are obtained, the comparison of tensor
magnitudes help in detecting the presence of extensive mobility, whereas comparison of
tensor alignments can be used to retrieve the relative arrangement of its constituting sub-units.
The use of REFMAC-NMR and FANTEN can be easily combined in this frame to perform a
systematic characterization of the biological system. A simple schematics of the discussed
approach in reported in Figure 6.

This approach, discussed in detail in “How to tackle protein structural data from
solution and solid state: An integrated approach” in Section 3.3, has been used for the
investigation of multi-domain protein (Calmodulin-IQ peptide complex) and protein-protein

complex systems (SxI-Unr-msl2-mRNA regulatory complex).

SxI-Unr-msl2-mRNA regulatory complex

Sxl-Unr-msl2-mRNA regulatory complex consists of two RNA recognition motifs
(RRMs) of Sxl, the first of five cold shock domains of Unr (CSD1), and an 18-mer single
stranded RNA derived from msl2-mRNA. Assembly of this complex is vital for female
viability in fruit flies, as repression of msl2-mRNA by Sex-lethal (Sxl) and Upstream-of-N-
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Ras (Unr) prevents the formation of the dosage compensation complex resulting in normal

991 The X-ray structure of the SxI-Unr complex was refined

transcription of X-linked genes.
using RDCs induced by Pfl phages alignment medium revealing that — despite the poor
quality of the fit observed for the original structural model — the NMR data could be largely
accommodated within the structural uncertainty of its primary X-ray data, with a decrease in
the Q-factor of more than 50%. Moreover, joint refinement of X-ray and NMR data
confirmed the overall domain arrangements and binding interfaces to be preserved in solution
and highlighted local conformational differences, which provide additional information on
specific features of the structure. For example, conformational dynamics and heterogeneity
observed at the interface between the CSDI and Sxl protein components in the ternary
complex could be revealed only by the combination of NMR and crystallographic data.

The refinement of the SxI-Unr-msl2-mRNA regulatory complex is described in detail
in “Improved Accuracy from Joint X-ray and NMR Refinement of a Protein—-RNA Complex

Structure” in Section 3.4.

X-ray PDB NMR
data file data

Refinement
of structural units [
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Figure 6: Simple schematics representing the approach used for the characterization of multi-

domain and complex systems.
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Calmodulin-IQ peptide complex

Calmodulin (CaM) comprises of two very similar domains linked together by a long
central a-helix that occasionally unfolds, making the system very flexible. Peculiarity of CaM
resides in its inter-domain mobility that allows the protein to sample a wide range of
conformations, and that is highly related to its biological function of intermediate
messenger.”> The complex of CaM with the IQ-recognition motif was refined using H, N
PCSs and HY-N RDCs measured for six different lanthanides (Tb3+, Dy3+, Ho’", Er’", Tm’",
and Yb').” A stepwise approach has been used to investigate the origin of the
inconsistencies found for the NMR data with the different CaM conformations present in the
asymmetric unit of the crystal. REFMAC-NMR was applied to perform the refinement of
both the single domains and full-length protein, achieving very good agreement with all the
available NMR data without increase in the crystallographic Rfree-factor or significant
deviations of the structure from the ideal geometrical values. Beside the detection of the most
compliant conformation, joint refinement by X-ray and NMR data showed that all the
available data agree with the assumption of a single static conformation. This conclusion
questions the application of an ensemble-based approach”, previously used to achieve a
satisfactory agreement of the data. This confirms that resolution-dependent inaccuracies
present in X-ray models may lead to unreliable interpretation of the data and thus need to be
always taken into account for obtaining significant conclusions.

The refinement of Calmodulin-IQ peptide complex is described in detail in “Impact of

experimental uncertainties in protein mobility studies” in see Section 3.5.
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2. Methodological Aspects

2.1 Paramagnetic and diamagnetic NMR-based restraints

Pseudo-contact shifts (PCSs) and residual dipolar couplings (RDCs) are long-range
structural restraints that for their nature have been shown to be valuable restraints to help
solving protein structures in the solution state. While PCSs give information about the relative
positions of the paramagnetic metal and the interacting atoms, RDCs tell us how the vectors
joining pairs of coupled nuclei are oriented in the space.

Both PCSs and self-orientation RDCs arise in the presence of paramagnetic metal ions

24-38

coordinated to the protein' or purposely attached to it with a paramagnetic ta . In the
p purposely p g g

absence of a paramagnetic metal, diamagnetic RDCs can be induced by other sources of

. . . . . . . . . 40.42-50
molecular magnetic anisotropy, i.e. by adding external orienting devices in solution. ™

2.1.1 Magnetic susceptibility and its anisotropy

Magnetic susceptibility’' is an inherent property of a molecule that represents how the
molecule interacts with an external magnetic field and it is generally expressed by a scalar
quantity . If the response is orientation-dependent, the magnetic susceptibility is anisotropic

and is mathematically described by a symmetric second rank tensor in the following way:
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Xxx  Xxy Xxz
XZ(Xxy ny Xyz)

Xxz Xyz Xzz

where (x, y, z) are the principal axes in a molecule-fixed coordinate system. The axial and the

rhombic components of the magnetic anisotropy can be easily defined, respectively, as:

. IxtX
A)(ax:)(zz_y

Ath = X~xx - X~yy

where ¥yx, Xyy» X2z are the components of the magnetic susceptibility tensor in the frame in

which it is diagonal.

2.1.2 Pseudo-contact shifts (PCSs)

The pseudo-contact shift is the rotational average of the electron-nuclear dipolar interaction
when paramagnetic center has an anisotropic magnetic susceptibility and, as such, it can be
regarded as an additional chemical shift term, which reflects an average “distortive” effect of
the electron on the magnetic field.

The equation for PCS can be written in many ways, depending on the reference frame,
on the coordinates used to describe the positions of atoms (Cartesian, polar or direction
cosines) and on different combinations of the magnetic susceptibility parameters. The
complete list of these expressions is available in Bertini et al."” In the frame given by the
principal axes of the magnetic susceptibility tensor centered on the metal ion, the value of

PCS is given by:

1 3 .
PCS = 1203 Axax(3cos?® — 1) + EAth(SmZ O cos 2Q)) (1)

where Ay,, and Ay, are the axial and rhombic components of the magnetic susceptibility

anisotropy tensor X, r is the metal-nucleus distance and ® and Q are the spherical angles
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describing the orientation of the metal-nucleus vector with respect to the principal axes of the
X tensor.

In Cartesian coordinates, the most suitable expression for computational purposes is:

1 _ZZZ—XZ—yZ x2_y2
PCS = m (Xzz - X) 272 + (Xxx - ny)T
2xy 2xz 2yz (2)
Y Xey 2 T Xxz gt Xy

where y is the trace of y divided by three. Of note, the equation is linear in the tensor

variables.

2.1.3 Paramagnetic residual dipolar couplings (paramagnetic RDCs)

The dipolar coupling is a through-space interaction that arises between any two
magnetically active nuclei. As a result of the effects of isotropic tumbling due to Brownian
motion, dipolar couplings average to zero, but are different from zero when a preferential
orientation is induced to the molecule, producing a modulation in the 1-bond splitting of
coupled nuclei. This effect occurs, for instance, when a paramagnetic ion is introduced in the
molecule, generating paramagnetic (self-orientation) RDCs. The RDC value on two coupled
nuclei A and B thus depends on the paramagnetic susceptibility anisotropy tensor , and on
the orientation of the vector connecting A and B with respect to the tensor.

Similarly to PCSs, the equation to determine RDCs can have many expressions,
depending on the reference frame, on the coordinates used to describe the positions of atoms
(Cartesian, polar or direction cosines) and on different combinations of the magnetic

susceptibility components'”, where the most commonly used are:

3
RDC = k|Ax,(3cos?0 —1) + EA)(rh(sin2 O cos 2Q) 3)
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_ ZZ;%B_X,ZB_}’,ZB X _3’2
RDC = 3k (Xzz_)() o2 +(Xxx_ny)%
TaB TaB (4)
2XaBYaB 2XaBZap 2Y4BZap
xy 2 T XxzT 2 T AXyz— 2
TaB TaB TaB

with:

Sis Bg YaYsh

f=—2L
4m 15kT 2mr,

xﬁB = (x4 — x5)%, }’33 = (yy — }’3)2' ZjB = (24 — )%, rAZB = xﬁB + y/%B + ZjB

where 1,5 is the distance between the two coupled nuclei A and B, S5 is the Lipari-Szabo
model-free order parameter, introduced to take into account some average local mobility of
the nitrogen-amide proton vectors, Y, and yp are the gyromagnetic ratios of the two nuclei
and other symbols have the usual meaning. RDCs do not depend on the position of the
coupled nuclei with respect to the metal ion. Of note, except for the constants reported in front
of the expressions, equations for PCSs (1-2) and for RDCs (3-4) are very similar and if
measured in the same structure and in presence of the same paramagnetic ions, they depends

exactly from the same parameters describing the tensor anisotropy and orientation.

Once a structural model of the molecule is available and S;s is estimated, RDCs
depend only on the five parameters defining the paramagnetic susceptibility anisotropy tensor.
If these five parameters are determined from the analysis of the PCSs, RDCs are directly
dependent on the orientation of the vectors connecting the coupled nuclei in a common frame.
Degeneracy in the solutions can be removed by measuring several sets of RDC data arising
from different paramagnetic metal ions, with different principal frames of the susceptibility

anisotropy tensor.

2.1.4 Diamagnetic residual dipolar couplings (diamagnetic RDCs)

For diamagnetic molecules the spatial anisotropy of the dipolar coupling can originate

from external orienting media.
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Diamagnetic RDCs are described by an equation of the same form of self-orientation

RDCs:
_ 3uoSisvaysh 225 — Xip — Vg Xip — Vip
RDC = — 4 3 zz 272 +(Dxx_Dyy) 272
T g TAB T4B (5)
2X4pYap 2X4pZp 2YaBZap
+ ny 2 Xz 2 yz 2
TaB TaB TaB

where D; are the components of the molecular alignment tensor.

2.1.5 Q-factor

The agreement between experimental and back-calculated PCSs and RDCs against a

given structural model is usually monitored by the Q-factors™, defined as:

exp calcy?
Yi(RDC;*P —RDCF€)

Zi(RDCf"”)2

exp calcy?
Yi(Pcs; P =Pcs{*)

Zi(PCSiexp)z

Qpcs = ’ Qrpc =

Q-factors are independent from the weights used, so they provide an essential tool to
evaluate the agreement of the NMR data with the calculated structures.

Sometimes, it is useful to determine an overall agreement of all the available
restraints. This can be achieved by the use of a global Q-factor’ that results from the

combination of the PCS and RDC Q-factors, expressed as following:

0 _ (NpcsQpcs + NrpcQhpe)
PeSHRDC (Npcs + Nrpe) .
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2.2 Software tools for NMR data

2.2.1 FANTEN web-application

FANTEN is a web-application for the simultaneous fit of PCSs and RDCs to protein
structures, to determine the anisotropy or alignment tensors (see Section 3.1). The underlying
library is written in Python in an object-oriented fashion, which permits to organize the
program in a clear and modular structure by definition of abstract datatypes (i.e.
ParamagneticTensor, PCS, RDC etc.) and which makes the existing code easy to maintain and
to modify. The web development exploits the Pylons framework and HTML, CSS, jQuery
and JavaScript languages. For the initial reading of pdb files, the program makes use of a
modified version of the p3d package.”” For the fitting of PCSs and RDCs equations (1), (2)
and (3), (4), have been used.

2.2.2 Constrained optimization in REFMAC-NMR

In the new version of REFMAC-NMR, the inclusion of constraints is fulfilled by the
direct adaptation of the algorithm used for solving the unconstrained problem to the
constrained case by re-parameterization (see Section 0). The generated constraints were
mathematically translated in terms of additional contributions to the first and second
derivatives of the target function with respect to the tensor parameters for the re-
parameterized problem. Finally, first and second derivatives were used to iteratively solve the
problem using a Gauss-Newton optimization approach. The main program and all the libraries

have been entirely written in Fortran90.
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3. Results

3.1 FANTEN: a new web-based interface for the analysis of magnetic

anisotropy-induced NMR data
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Abstract Pseudocontact shifts (PCSs) and residual dipolar
couplings (RDCs) arising from the presence of paramagnetic
metal ions in proteins as well as RDCs due to partial orien-
tation induced by external orienting media are nowadays
routinely measured as a part of the NMR characterization of
biologically relevant systems. PCSs and RDCs are becoming
more and more popular as restraints (1) to determine and/or
refine protein structures in solution, (2) to monitor the extent
of conformational heterogeneity in systems composed of
rigid domains which can reorient with respect to one another,
and (3) to obtain structural information in protein—protein
complexes. The use of both PCSs and RDCs proceeds
through the determination of the anisotropy tensors which
are at the origin of these NMR observables. A new user-
friendly web tool, called FANTEN (Finding ANisotropy
TENsors), has been developed for the determination of the
anisotropy tensors related to PCSs and RDCs and has been
made freely available through the WeNMR (http://fanten-
enmr.cerm.unifi.it:8080) gateway. The program has many
new features not available in other existing programs, among
which the possibility of a joint analysis of several sets of PCS
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and RDC data and the possibility to perform rigid body
minimizations.

Keywords Paramagnetic NMR - Pseudocontact shift -
Residual dipolar coupling - Magnetic susceptibility tensor -
Web-based interface

Introduction

Pseudocontact shifts (PCSs) and residual dipolar couplings
(RDCs) from self alignment arise in paramagnetic molecules
in case the magnetic susceptibility tensor associated with the
paramagnetic center is anisotropic. RDCs can also be
induced in the absence of paramagnetic centers by the pre-
sence of an anisotropic alignment medium. PCSs and RDCs
contain structural information that proved very helpful for
solving protein structures (Gochin and Roder 1995; Banci
etal. 1996, 1998; Bertini et al. 2001; Gaponenko et al. 2004;
Diaz-Moreno et al. 2005; Jensen et al. 2006; Schmitz et al.
2012; Yagi et al. 2013b). They have been thus included as
structural restraints (Balayssac et al. 2006; Banci et al. 2004)
in the most commonly used programs for protein structure
determination from NMR data [CYANA (Giintert 2004) and
Xplor-NIH (Schwieters et al. 2003)] and more recently for
structural refinement in combination with X-ray data (Ri-
naldelli et al. 2014) using the program REFMACS5 (Murs-
hudov et al. 1997). PCS and RDC values depend on the
coordinates of the nuclei and on the orientation of internu-
clear vectors between coupled nuclei, respectively, with
respect to the unique magnetic susceptibility anisotropy
tensor associated to the paramagnetic center present in the
molecule (Bertini et al. 2002, 2011b).

In order to translate PCS and RDC data into structural
information, the magnetic susceptibility anisotropy tensor

@ Springer



22

J Biomol NMR (2015) 61:21-34

should thus be determined. Conversely, once the protein
structure is known, PCSs and RDCs can be used to cal-
culate the tensor. Such a calculation can be performed by
several available programs. In our lab, we have developed
a series of programs (FANTASIA (Finding ANisotropy
Tensors: A Simplex Approach), FANTALIN, FANTA-
ORIENT) (Banci et al. 1996, 1998). Huber and co-workers
have developed NUMBAT (Schmitz et al. 2008) to obtain
the magnetic susceptibility anisotropy tensor from PCSs
and protein structures. A python-based library, PyPara-
Tool, has been recently developed, which encompasses the
use of PCS and RDC (http://comp-bio.anu.edu.au/mscook/
PPT/). RDCs may also arise in the absence of paramagnetic
ions by molecular partial orientation achieved in the pre-
sence of orienting devices in solution (Tjandra and Bax
1997; Chou et al. 2001; Tolman et al. 2001; Prestegard
et al. 2004; Chill et al. 2007; Lange et al. 2008; Grishaev
et al. 2008), or by molecular anisotropy (Zhang et al.
2007), with the difference that they are not coupled to
PCSs, as the latter are not present in diamagnetic systems.
In this case the relevant tensor is the alignment tensor of
the molecule, which depends both on the biomolecule and
on the alignment medium. Command-line software pack-
ages (PALES and PATI) are available to fit RDCs arising
from external alignment media and to give an estimate of
the alignment tensor due to either steric effects or elec-
trostatic effects or both (Zweckstetter and Bax 2000;
Zweckstetter 2008; Berlin et al. 2009, 2010, 2011).

In practice, in structure calculations, PCSs and RDCs
are used (1) to calculate the magnetic susceptibility
anisotropy tensors in best agreement with a tentative pro-
tein structure, using either programs of the FANTASIA
family or NUMBAT, and (2) to calculate the protein
structures with minimal restraints violations in agreement
with the tentative magnetic susceptibility anisotropy ten-
sors, using appropriate versions of CYANA (Balayssac
et al. 2006) or Xplor-NIH (Banci et al. 2004). These cal-
culations are repeated iteratively, until convergence of the
tensors is achieved, usually in few steps if the restraints are
enough to reconstruct the protein fold. PCS-Rosetta have
been also employed to obtain simultaneously the protein
structure and an accurate fit of the tensor, without the use
of an external software for tensor determination (Schmitz
et al. 2012; Yagi et al. 2013b). PCSs and RDCs also proved
useful for the refinement of protein structures starting from
available models (Gochin and Roder 1995; Bertini et al.
2004, 2009, 2012a). In these cases, the models could be
used to determine the first estimate of the magnetic sus-
ceptibility anisotropy tensors. The same procedure can of
course be followed if RDCs from external alignment are
used: the tensor can be fit (by PALES or PATI), and the
iterations needed for structural determination can be as
well performed with Xplor-NIH or CYANA. Also in this
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case an existing model (Chou et al. 2001) can be used to
determine an estimate of the alignment tensor, of course to
some degree of approximation.

It was also shown that RDCs and PCS can be used to
screen the PDB for proteins which have a partial homol-
ogy, based on the 3D arrangement of secondary structure
elements as given by PCSs and/or RDCs (Meiler et al.
2000). Other most used programs available for the analysis
of PCS and RDC data are reported in Table 1.

PCSs and/or RDCs are even more precious structural
restraints in the case of proteins composed of multiple rigid
domains, the structure of which is known but not the rel-
ative orientation, or of protein—protein complexes, when
the structure of each protein is known but again their rel-
ative orientation is not known. In these cases, a rigid body
minimization can locate the position of the different
domains or molecules with respect to one another in order
to reproduce the experimental PCS and RDC data (Al-

Table 1 Some of the most used programs available for the analysis
of PCS and RDC data

Ay-tensor determination

FANTEN

FANTASIA Banci et al. (1996)
FANTAORIENT Banci et al. (1996)
NUMBAT Schmitz et al. (2008)
RDCs analysis

iDC Wei and Werner (2006)
MSPIN Navarro-Vazquez (2012)
PALES Zweckstetter (2008)
PATI Berlin et al. (2009)
REDCAT Valafar and Prestegard (2004)
Protein assignment

ECHIDNA Schmitz et al. (2006)
PARASSIGN Skinner et al. (2013)
PLATYPUS Pintacuda et al. (2004)
POSSUM John et al. (2007)
Protein structure determination

DIPOCOUP Meiler et al. (2000)
MODULE Dosset et al. (2001)

PARAMAGNETIC CYANA Banci et al. (1996);

Balayssac et al. (2006)
Berlin et al. (2011)
Schmitz and Bonvin (2011)
Schmitz et al. (2012)
Rinaldelli et al. (2014)

Schwieters et al. (2003);
Banci et al. (2004)

PATIDOCK
PCS-HADDOCK
PCS-ROSETTA
REFMACS
Xplor-NIH

Conformational averaging
FLEXIBLE MECCANO
MaxOcc

REDCRAFT

Ozenne et al. (2012)
Bertini et al. (2012b)
Bryson et al. (2008)
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Hashimi et al. 2000; Clore 2000; Dosset et al. 2001;
Valafar and Prestegard 2004; Pintacuda et al. 2006; Huls-
ker et al. 2008; Simon et al. 2010; Bertini et al. 2011b). A
rigid body molecular docking program, PATIDOCK
(Berlin et al. 2011), was developed to recover the structure
of a molecular complex from the three-dimensional struc-
ture of the individual components and the experimental
RDCs arising from the steric alignment, due to the
anisotropy of the molecular shape, in the presence of
external orienting devices.

Due to the quadratic mathematical form of these
restraints, more than one set of PCSs and RDCs are needed
to remove degeneracies in the solutions (Dosset et al. 2001;
Longinetti et al. 2002; Bertini et al. 2002; Fragai et al.
2013). These multiple sets can be obtained by alternative
replacement of the paramagnetic ion with other paramag-
netic ions with different magnetic susceptibility anisotropy
tensors or by attaching, once at a time, paramagnetic tags
in different points (Bertini et al. 2001; Pintacuda et al.
2006; Otting 2010; Liu et al. 2012). Finally, PCSs and
RDCs can provide information on interdomain mobility in
multidomain proteins or internal mobility in protein—pro-
tein complexes, whenever internal consistency of all PCSs
and RDCs arising from each paramagnetic metal with its
own magnetic susceptibility anisotropy tensor cannot be
achieved by assuming a single rigid structure (Gardner
et al. 2005; Longinetti et al. 2006; Bertini et al. 2007, 2010,
2012b; Russo et al. 2013; Ravera et al. 2014; Andralojc
et al. 2014).

The advantages offered by paramagnetic restraints are
more and more exploited thanks to the development of
paramagnetic tags that can be attached to diamagnetic
proteins, so that PCSs and RDCs can be easily measured
also for molecules without a natural metal binding site
(Wohnert et al. 2003; Rodriguez-Castaneda et al. 2006;
Su et al. 2006; John and Otting 2007; Su et al. 2008a;
Keizers et al. 2008; Su et al. 2008b; Zhuang et al. 2008;
Héussinger et al. 2009; Su and Otting 2010; Hass et al.
2010; Man et al. 2010; Das Gupta et al. 2011; Liu et al.
2012; Cerofolini et al. 2013; Yagi et al. 2013a; Gempf
et al. 2013; Kobashigawa et al. 2012; Saio et al. 2011;
Watanabe et al. 2010; Loh et al. 2013; Swarbrick et al.
2011a, 2011b).

Due to the increasingly wide use of paramagnetic
restraints and diamagnetic RDCs for structural purposes
we found it useful to make available a new web-based
interface, called FANTEN (Finding ANisotropy TENsor)
for the simultaneous fit of PCSs and RDCs to protein
structures in order to determine the anisotropy tensors.
FANTEN accepts as experimental data both PCSs and
RDCs, and can perform a minimization using several sets
of data either independently or globally; it can also be used
to perform a rigid body minimization, when data are

available for different rigid domains. This user-friendly
web interface is based on a framework (Bertini et al.
2011a) developed within the WeNMR project (Wassenaar
et al. 2012), and can be accessed from the open access web
site (http://fanten-enmr.cerm.unifi.it:8080). Data can be
provided either in the Xplor-NIH format (also available
through the WeNMR web pages) or in the PARAMAG-
NETIC CYANA format (Balayssac et al. 2006), and thus
the program can be easily used in combination with these
programs.

Methods

PCSs, arising in the presence of a paramagnetic metal,
depend on the magnetic susceptibility anisotropy tensor
and on the nuclear coordinates according to the following
equation, written in the so-called linear form (McConnell
and Robertson 1958; Kurland and McGarvey 1970; Kem-
ple et al. 1988; Bertini et al. 2002):

2 2 2

XT =y
+ (Xxx - ny) T2

1 272 —x* —y
PCS = - 22

473
2xy 2xz 2yz
+Xxy 7 + Xxz 7 + Lyz 7

where x, y, z are the coordinates of the nucleus when the
metal ion sits at the origin of the coordinate system, r is the
distance between the observed nucleus and the metal ion
and y;; are the components of the symmetric susceptibility
anisotropy tensor. Paramagnetic RDCs arising in the pre-
sence of the same metal depend on the same 7 tensor
components and on the orientation of the dipole—dipole
coupled nuclei according the following equation (Tolman
et al. 1995; Bertini et al. 2002):

2 2 2 2 2
2235 — Xip — Yap + (X —y )xAB — YaB
XX Lyy

RDC = 3k Lzz 2’%3 2’%3
2XABYAB 2XABZAB 2YABZAB
+ Ly 2 + X 2 + Tyz 2
AB AB AB
(2)
where
wig = (wa —wp)®  (w=1x,y,2)

__Sis B vavsh
47 15KT 27ri g

rap 1s the distance between the two coupled nuclei A and
B, and S, is the model-free order parameter, introduced to
take into account some average local mobility of the cou-
pled nuclei vectors. Other symbols have the usual meaning.
RDCs do not depend on the position of the coupled nuclei
with respect to the metal ion.
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Diamagnetic RDCs are described by an equation with
the same form as that for paramagnetic RDCs (Eq. 2):

_ 3upSisvavsh 22/243 - X/ZAB - y/zw
RDC = — 2 |AL 4
812 rip 2rip
xfxB - )’fxB
(A Ay T 2
TAB
2 2 2
4 Axy XAzzayAB t AL foZAB i Ayz YA§ZAB
y:; TaB y:;

3)

where A;; are the components of the molecular alignment
tensor.

In Egs. 1-3, PCSs and RDCs are reported as linear
functions of the five linearly independent components of
the traceless y or A tensors. However, it is common to
describe these tensors by reporting two anisotropy values
and the three Euler angles describing the rotations needed
to pass from the reference frame in which the nuclear
coordinates are provided to the frame in which the y or A
tensors are diagonal. These values can be determined after
diagonalization of the y or A tensors. The magnetic sus-
ceptibility anisotropy values are defined by the axial and
rhombic components provided by

o Lxx + ny _ 3

AXax = Xz T EXZZ

and
Ath = Xx — Lyys

where y;; are the components of the y tensor in the frame
where it is diagonal. Analogously, the anisotropies of the
alignment tensor are described by the fraction of alignment
along the z axis (A) and by the rhombicity (R), (Zweck-
stetter 2008)

where A;; are the components of the A tensor in the frame
where it is diagonal. Alternatively, the anisotropy values can
be described by the maximum RDC induced for a specific
nuclear pair, i.e. the N-"H pair (Dnp) (Tjandra and Bax 1997),

_ Sisoyaysh

D =
AB 167313

and by the rhombicity R.

Due to the dependence of Egs. (1) and (2) on the nuclear
coordinates, the axes of the y tensor are not uniquely
determined. Using a standard convention, they are defined
in such a way that Iyy,| < Iyl < Iy, and 1Ayl < 2/3

[Ay.x (Banci et al. 1996).
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The agreement of calculated and experimental PCSs/
RDCs is described by the Q-factors (Cornilescu et al.
1998), defined as

S (PCSSP — PCSeale)?

1

Opcs = , OrpDC

> (PCSP)?

1

S (RDCS™® — RDCE)?
S 4
> (RDC]P) @

L

The estimation of the error of the values determined
through the best fit procedures is implemented using the
bootstrap Monte Carlo method, which consists in calculating
the standard deviation of the values obtained after multiple
removals of a user-defined number of randomly selected data.

The web interface is based on Pylons (www.pylon
sproject.org) web application framework (Bertini et al.
2011a), and library functions has been implemented using
Python 2.6 (www.python.org). The following Python
packages were used: scipy, numpy (Oliphant 2007), Imfit
(http://Imfit.github.io/Imfit-py/), and P3D (Fufezan and
Specht 2009).

Results

The program FANTEN performs a linear fit of the five
independent components of the traceless y tensor (¥.x, Yz
Yz Ayzs Xoys With )y, = —7.. — ¥x) in order to obtain the
best agreement of experimental PCSs and/or paramagnetic
RDCs against the protein structure, when the coordinates of
the metal are included in the structure (if not, the metal
coordinates are three additional parameters to be deter-
mined in the minimization procedure, see later); it deter-
mines the five components of the A tensor in best
agreement against the protein structure when diamagnetic
RDCs are provided. Users can provide one protein struc-
ture or an ensemble thereof (in PDB format) and multiple
sets of PCSs and/or paramagnetic RDCs or diamagnetic
RDCs (both in PARAMAGNETIC CYANA format or in
the format used in the paramagnetic routines for Xplor-
NIH) referred to the same or different metals or orienting
devices. The interface for data upload is shown in Fig. la.
The calculations can be performed using three different
interfaces (Custom Interface, Smart Interface and Rigid
Body Minimization), designed and optimized for specific
applications with different levels of complexity.

Custom Interface

FANTEN allows for a fully customized calculation of the
tensor: from the user-provided PDB file it is possible to
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Fig. 1 a Interface for the
upload of the PDB file and of
the NMR restraints. b Overview
of the results of the fit
performed using six PCS and
RDC datasets

WELCOME TO FANTEN WEB PORTAL PROFILE >>
eego
Project
Structure upload
Select pdb file §y test2.pdb
| Browse... | No file selected.
( d)
Restraint upload
Pseudo-contact Shift (PCS)
Type iy testlpcs
[cvana ¢ |
PCS file:
| Browse... | No file selected.
Residual Dipolar Coupling (RDC)
Type fy testi.rdc
|CYANA S| [ from external alignment
ROC file:
| Browse... | No file selected.
(B) Tensor 1 Tensor 2 Tensor 2B Tensor 3 Tensor 4 Tensor 5 Tensor 6 Tensor All

Metal n°1 in PCS file has 204 data
Metal n°1 in RDC file has 59 data

a Visualize Tensor < I Download Files <

PCS fitting

RDC fitting

Qfactor = 0.107

x: -1.90 y: -2.36
48 LEUN

W Fitted PCS
Predicted PCS

Observed PCS (ppm)

Qfactor = 0.069

M Fitted RDC
Predicted RDC

Observed RDC (Hz)

Tensor values Axial Rhombic
Ay (12n * 106+ AZ) 8507.981 -4720.949
AX (m3) 3.20743e-31 -1.77976e-31
[Euler angles in szyz convention (rad) [-0.61825 |-2.0409 |-0.038447 |
[Euler angles in szyz convention (deg) [-35.423 [116.04  [-2.2020 |
Tensor Matrix
138773.3 -46406.031 144097.417
-46406.031 -74467.383 69455.031
144097.417 69455.031 -64305.917
Eigenvectors AX AY AZ
-0.39114 -0.23104 -0.89086
-0.56499 0.82438 0.034268
0.72649 0.51673 -0.45298
Tensor in PDB layout:
HETATM 7809 ME ME A 701 -41.812 -7.601 -11.111 1.00 34.67 ME
HETATM 7827 AX ME A 701 -42.203 -8.166 -10.385 1.00 34.67 ME
HETATM 7828 AY ME A 701 -42.043 -6.777 -10.594 1.00 34.67 ME
HETATM 7829 AZ ME A 701 -42.703 -7.567 -11.564 1.00 34.67 ME

» Fitted PCS

» Fitted RDC

» Montecarlo Statistics
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select the model and the chain for which the calculation
should be performed, and the associated PCS and/or RDC
datasets (Fig. 2; Fig. S1). For any dataset, the user can
define, if known, (1) metal position, (2) tensor orientation,
and (3) anisotropy parameters, or any combination thereof.

1. In case the coordinates of the paramagnetic metal are
provided in the PDB file, the metal can be simply
selected from the list of the metals present in the PDB,
with the possibility of keeping its coordinates fixed (by
selecting “Fix position to this metal”) or refining them
(by selecting “Fit position around this metal”) during
the calculation. Information on the position of the
paramagnetic metal can also be provided as distance
restraints from any atom present in the PDB, so that
during the fit the metal position can be restrained in a
user-specified volume of space. These restraints may
be available from knowledge of the metal binding site
or protein tagging position and may be useful to

PDB file

Fig. 2 Scheme of the workflow
of the Custom Interface,
showing the steps performed
and the available options

increase the speed of the calculations. In case the
paramagnetic metal position is completely unknown, a
grid search can be performed starting from points in
the proximity of the protein surface or from atoms
constituting its backbone. The minimization is per-
formed using eight different starting points for the
metal position, corresponding to the vertices of a box
containing the protein or randomly choosing eight
atoms belonging to the protein backbone, respectively.
The tensor orientation can be fixed in three different
ways: by providing the Euler angles (in the preferred
convention), the eigenvectors of the tensor expressed
in its non-diagonal matrix form, or by selecting the
tensor origin and axes orientations as defined by
pseudoatoms included in the uploaded PDB. The Euler
angles convention is defined by a 4-character string, in
which the first character defines if rotations are applied
to static (s) or rotating (r) frame, whereas the

PCS file
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remaining three characters specify the axes about
which the three consecutive rotations occur. The
resulting transformation matrix represents the rotation
that brings the reference system to coincide with the
principal axis system of the anisotropy tensor (passive
rotation) (Dosset et al. 2013). As example, in the
“szyz” convention, where three consecutive rotations
of o, B and y about the fixed initial z, y and z axes,
respectively, of the reference frame occur, the rotation
matrix is

coordinates, the restraints on the metal position selected for
the first dataset are automatically applied to all other datasets,
with the additional constraint that the best fit position must be
unique for all metals.

The program can also calculate PCSs and/or RDCs, without
performing any minimization, if the anisotropy parameters are
provided as input together with a single PDB file containing the
protein structure and the pseudoatoms defining the anisotropy
tensor, as obtained from PARAMAGNETIC CYANA or
Xplor-NIH.

cosocos fcosy —sinasiny  —sinacos fcosy —cosasiny  sin fcosy
R = | cosoacosfsiny +sinoecosy —sinocosfsiny + cosacosy sinfsiny
—cosoasin f§ sin o sin f§ cos f
whereas in the “rzyz” convention, where three The distances of coupled atoms, rap in Egs. 2 and 3, can

consecutive rotations of o, B and y about the z axis,
the new y’ axis and the new z’’ axis, respectively,
occur, the rotation matrix is

cosocos fcosy — sinasiny
R = [ sinacosffcosy + cosasiny

—sin fcosy sin fsiny

be (1) determined from the coordinates of the protein
atoms, (2) fixed to default values, or (3) fixed to values
preset by the user. Also the temperature and the model-free

—cosocos ffsiny —sinacosy cososinfi
—sinacos ffsiny + cosacosy

sin o sin f3
cos f§

3. Users may also choose to fix the anisotropy values in
case the latter are known from e.g. analogous constructs
(Keizers and Ubbink 2011; Skinner et al. 2013) or
previous calculations performed for the same paramag-
netic metal and protein domain by providing them
through the web interface. This can be useful to obtain a
preliminary orientation of the tensor which can then be
left free for refinement during structure calculations.

Multiple datasets of PCSs and paramagnetic RDCs refer-
ring to different metals can be provided for the minimization
against a protein structure. In this case a different anisotropy
tensor in best agreement with both PCSs and RDCs related to
the same paramagnetic metal is calculated for each metal. The
positions of the different metals can be independent or con-
strained to coincide. The different datasets may in fact arise
from the presence of different paramagnetic ions alternatively
substituted in the same position: in these cases, the different
datasets must be associated to different metals (because the
associated anisotropy tensors are different), and the different
metals can be either constrained to have the same coordinates
or restrained individually using the same distance restraints. In
case that the metals are constrained to have the same

order parameter (Szg) can be fixed by the user. In case
calculations are performed using both PCSs and RDCs to
determine the same anisotropy tensor, their relative con-
tribution can be controlled through a weight constant.

The Custom Interface permits the optimization of metal
coordinates, anisotropy parameters and/or Euler angles
defining the orientation of the anisotropy tensor. The
minimization is performed using the Levenberg—Marquardt
algorithm, available from SciPy library, which also permits
the inclusion of constraints on the parameters to be opti-
mized in the minimization procedure. A least-squares
approach is used to minimize the norm of the vector with
components provided by the product of the differences
between experimental and back-calculated data and the
corresponding weights. The latter are provided by the
product between the specific weights provided in the
uploaded files (if present) and the global weights provided
through the web interface in the case that both PCSs and
RDC:s are fitted simultaneously. The default values for the
global weights for PCSs and RDCs are 1 and the ratio
between the norm of vector with components equal to the
experimental values of RDCs and of PCSs, respectively.
The target function which is minimized is
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1/2

TF = Z Z (W;Wi (Xi,obs - Xi,calc))z
1 i

where the index / runs over the two classes of restraints
(PCSs and RDCs), the index i on all experimental data of
each class, w; is the weight of the i-restraint and w'; is the
weight of the /-class restraints.

Once the anisotropy tensor has been calculated through
the best fit minimization, the quality of the fit can be
evaluated at a glance by inspection of the correlation plots,
which show the agreement between experimental and
back-calculated PCSs and RDCs, as shown in Fig. 1b.
These interactive plots allow the user to identify outliers by
positioning the pointer directly on the data point. More-
over, the agreement between experimental and back-cal-
culated data is quantified and reported on the top left of the
plots, in terms of Q-factors of PCSs and RDCs (Qpcs and
Qrpo)-

The calculation provides the anisotropy parameters
(Ayax and Ayy,) and the Euler angles (in the “szyz” con-
vention or in any user-selected convention) defining the
main coordinate frame of the anisotropy tensor with respect
to the frame of the protein coordinates. The tensor matrix
and the eigenvectors providing the main axes of the tensor,
i.e. the frame where Y is diagonal, are also provided,
together with the tensor representation as a triad of
pseudoatoms representing unit vectors in PDB format. The
latter can be easily copied and pasted in the uploaded file
for graphical visualization. Experimental and back-calcu-
lated data are also given at the bottom of the page in tabular
form.

When RDCs arising from partial alignment induced by
external orienting media are provided, the results of the
calculation are given in terms of alignment tensors. As
mentioned in the methods section, the size of the tensors is
provided by their magnitude A and rhombicity R; for the
sake of completeness also the maximum Dyy value is
given (Fig. S2).

Simultaneous calculation of all tensors referring to
several datasets can be performed after the set-up of each
of them. The program automatically generates a summary
of all calculated tensors, including the plots showing the
agreement between experimental and calculated data for
the different tensors, so that they can be easily compared
(Fig. S3).

All results from the fit procedure and the associated
parameters can be downloaded as text files.

Smart Interface

This interface can be either used as a simplified stand-alone
interface or, after having run the custom interface, to
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Fig. 3 Scheme of the workflow of the Smart Interface, showing the
steps performed and the available options

exploit its additional graphical features or for the calcula-
tion of the Monte Carlo error (Fig. 3). The use of this
simplified interface is recommended to obtain the best fit
anisotropy tensor(s) when the position of the paramagnetic
metals is known (or previously determined through the
Custom Interface) or when diamagnetic RDCs should be
analyzed. Since the metal position does not need to be
determined, the Smart Interface permits a more efficient
calculation of the anisotropy tensor, which can be esti-
mated directly using Eqs. 1-3. In this case the first derivate
can be easily computed and used in a Gauss—Newton
optimization procedure. As for the Custom Interface, the
procedure minimizes the squared residuals between
experimental and back-calculated data, weighted by the
product between the specific weights provided in the
uploaded files (if present) and the global weights provided
through the web interface in the case that both PCSs and
RDC:s are fitted simultaneously. Again, a model-free order
parameter, the value of which can be adjusted in the
General Parameters frame of the interface, is used as in
Egs. 2 and 3. Moreover, this interface allows the users to
perform the minimization in a single step even if multiple
datasets of PCSs and/or RDCs are provided in input, as
described above (Fig. 4a).

If a single protein structure is provided as input, the
errors on the best fit anisotropy values and on the values of
the Euler angles defining the orientation of the anisotropy
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Fig. 4 a The Smart Interface
permits to upload multiple PCSs
and/or RDCs datasets and
determine the anisotropy tensors
in a single step. A single
anisotropy tensor in best
agreement with both PCSs and
RDCs can be determined, at
will, through the “joint fitting”
option. b The isoPCS surface
(with threshold equal to 1 ppm)
superimposed to the protein
chain can be visualized through
an integrated JSmol applet
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Fig. 5 A rigid body minimization can be performed after determi-
nation of the anisotropy tensor for the Subunit A, shown in gray (a).
The position of the subunit B, in yellow, is uniquely determined if at

tensors can be estimated through a bootstrap Monte Carlo
approach, in which the user may decide the percentage of
retained experimental data used during the calculation as
well as the number of iterations (Fig. S4). When PCSs are
used for the calculation, the isoPCS surface can be gen-
erated and visualized (with threshold equal to 1 ppm)
superimposed to the protein chain selected for the calcu-
lation by an integrated JSmol applet, as shown in Fig. 4b.
The isosurface is downloadable as a cube file that can be
imported by PyMol and UCSF Chimera.

In case a structural ensemble is provided as input, a
tensor for each model contained in the PDB is estimated,
and Ay, and Ay, values, the Euler angles and the tensor
matrices are reported in terms of average and standard
deviation obtained from the different models. The results of
the individual fits are also given and available for download.
A plot showing the agreement between experimental and
back-calculated PCSs and RDCs for all the models is pro-
vided in the interface, with the possibility of visualizing the
data referred to the different models by simply clicking/
unclicking of the corresponding checkbox (Fig. S5).

Rigid body minimization

In case of systems composed of multiple domains or sub-
units the structures of which are rigid and available but
with unknown relative positions, PCSs and RDCs arising in
the presence of paramagnetic metal(s) in one subunit can
be used to determine the relative position of the other
subunit(s). As already seen, PCSs and/or RDCs in one
subunit can easily provide the anisotropy tensor(s); since
PCSs and/or RDCs in another subunit should also yield the
same tensor(s) (provided the overall system is rigid), the
superposition of the tensors determined from the fit of the
data measured for the two subunits permits to reconstruct
their relative position (or orientation if only RDCs are
used).

@ Springer

least two datasets with non-parallel anisotropy axes are provided (b).
If a single dataset is provided, the four degenerate solutions are
shown (c)

This interface has the same structure for data upload of
the previous interfaces. After the upload of the first
molecular structure (Subunit A) and the related experi-
mental datasets, a second molecular structure (Subunit B)
and the corresponding PCS/RDC datasets can be provided
(Fig. S6). The datasets for the two subunits corresponding
to the same tensors can be paired and associated to the
corresponding metals, the coordinates of which must be
provided in the PDB file related to Subunit A. After having
determined the anisotropy tensors from the data referred to
Subunit A (see Smart Interface for the algorithm used), the
algorithm automatically performs a grid search to deter-
mine the metal position and tensor orientations with respect
to the coordinates of Subunit B (see Custom Interface for
the grid search algorithm). The algorithm maximizes the
agreement between the experimental and the back-calcu-
lated data referred to Subunit B, using the anisotropy val-
ues previously determined for Subunit A. Subunit B is then
translated and rotated rigidly with respect to Subunit A in
order to superimpose the anisotropy tensors of the two
subunits. In this way the relative position of the two sub-
units is recovered. A further estimate of the paramagnetic
tensor based on the resulting structure, i.e. the structure
comprising both Subunit A and the rototranslated Subunit
B, is finally carried out. As in the previously described
interfaces, FANTEN provides as output the anisotropy
parameters (Ay,, and Ay,y,), the values of the Euler angles,
the tensor matrices and the eigenvectors providing the main
axes of the tensor together with the plots showing the
agreement between experimental and back-calculated data
for both Subunit A and Subunit B (Fig. S7). The applied
transformation can be written as

X' =Tl +M(X-T2)

where X and X’ are the coordinates of Subunit B before and
after the transformation, respectively, T2 is the vector of
the metal coordinates, M is the rotation matrix, and T1 the
translation vector. T1, T2 and M are provided as output.
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The results of the fit, the parameters defining the calcu-
lated tensors as well as the structure comprising Subunit A
and the rototranslated Subunit B are available for download.

When all PCS/RDC data refer to a single paramagnetic
metal, the position of Subunit B is not univocally deter-
mined, but four degenerate solutions are possible (Tolman
et al. 1995; Fragai et al. 2013). Indeed, once one of the four
degenerate solutions is obtained, the other three are auto-
matically generated by changing the sign of two out of
three nuclear coordinates, when the latter are expressed in
the anisotropy tensor frame centered on the metal ion. All
the possible solutions are available for download.

Finally, if only RDCs are provided, only the relative
orientation of the two subunits can be determined; in this
case the relative position of Subunit B with respect to
Subunit A is unchanged.

Figure 5 shows the results of the rigid body minimization
performed for the two-domain protein calmodulin when
bound to a peptide from the death-associated protein kinase.
The position of the C-terminal domain of the protein with
respect to the N-terminal domain is determined using PCSs
and RDCs measured for Tb(III) or for three lanthanides
(Tb(III), Tm(III) and Yb(III); Bertini et al. 2009).

FANTEN is hosted in the WeNMR gateway, which is a
worldwide e-infrastructure for NMR and structural biology
(Wassenaar et al. 2012) jointly maintained by the NMR
facilities of Florence, Frankfurt and Utrecht.

Conclusions

A new, user-friendly, web-based interface, FANTEN, for
the analysis of PCSs and RDCs against structural models
has been made available. It allows the users to determine
the anisotropy tensors through a joint analysis of these
restraints. The agreement of the experimental data with the
structural model can be monitored from the quality of the
best fit of the experimental data.

In structural calculation protocols, the PCSs and RDCs
files used in either PARAMAGNETIC CYANA or Xplor-
NIH can be given as input to FANTEN together with the
PDB file of the protein produced by these programs, so that
the anisotropy tensors (and possibly the metal coordinates)
can be obtained and used for further PARAMAGNETIC
CYANA or Xplor-NIH calculations, until convergence is
reached. Alternatively, FANTEN can be used to predict
PCS and RDC data from the coordinates of the protein
structure and the anisotropy tensor either provided as input
or determined from the available data.

FANTEN can be run from the open access web site
http://fanten-enmr.cerm.unifi.it:8080 through the WeNMR
gateway.
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Extending the possibilities of joint X-ray/NMR structure refinement to

high molecular weight complexes

Abstract

Integrative approaches play an increasingly important role in structural biology, as it is
acknowledged that the best of different methodologies can be brought together to
achieve a unified result instead of competing on each other’s turf. In particular, the
advent of methyl-TROSY and related methodologies, which allow NMR to access systems
larger than a MDa, yields direct information on the orientation of aminoacidic side
chains. In this frame, combination with other primary data such as X-ray diffraction,
which tend to lose handle on side chains for lower resolutions, is needed to maximize
the attainable information.

We here present a set of new features of REFMAC-NMR that allow for improved
handling of data for large proteins, including symmetry-related restraints for multimeric

assemblies.

Keywords:

Structure refinement; integrated structural biology; RDC; symmetric assemblies
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Introduction

Historically, solution NMR studies on biomolecules have been limited to molecular
weights up to 60 kDa. However, the technological improvements and the new
methodologies that have maturated upon the last 15 years have made it possible to
approach systems exceeding MDa. The core idea is to detect the resonances of the
methyl groups, which can be approached by the sequences tailored to exploit cross-
relaxation to drastically reduce the transverse relaxation time and of the improvements
in isotope labeling strategies. This strategy, later extended so as to exploit the
resonances of aromatic residues has its main disadvantage in the intrinsically limited
number of probes (methyl groups) that can be observed. This brings forth an increased
need to rely upon libraries of idealized geometry so as to make the best possible use of

the available restraints.

We have thus decided to extend the applicability of the REFMAC-NMR approach to the
study of larger systems. To do this, we have introduced several new features in REFMAC.
First of all, we have introduced the possibility of using residual dipolar couplings from
methyl groups, which are likely to be the most common reporters for biomolecules
larger than 60 kDa. More importantly, we have introduced symmetry-based restraints in
the optimization of the NMR alignment tensors. Large assemblies are often made of
several subunits, which may be related by symmetry operations, imposing restraints to
the features of their alignment tensor. We also take onto account the massive use of
differential labeling of the subunits that is common in biomolecular NMR studies to
reduce the spectral complexity in larger systems: this corresponds to producing multiple

samples, in which the extent of the external alighment medium may be slightly different
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depending on the sample preparation, but in which orientation of the alignment tensor

can be safely assumed to be maintained.

As a test case, we have applied this newly-developed approach to the case of the 20S
proteasome, a heptameric protein playing a crucial role in regulating some cellular

processes, such as cell division, gene expression, signal transduction and apoptosis.

Program implementation

Description of the alignment tensor

In solution NMR, it is assumed that molecules reorient freely, sampling all the possible
orientations with equal probability. If, for any reason, not all orientations have the same
probability, two effects arise: dipolar couplings do not average to zero any more, and the
chemical shifts average to values different from those measured in isotropic solutions.!
Partial orientation of molecules in solution can be induced by the use of external
alignment media in solution (i.e. bicelles, poly-acrylamide gels, bacteriophages), in
which case the extent of the alignment depends on the shape of the molecule and/or on
its charge distribution. Alignment also occurs when the magnetic susceptibility of the
molecule is strongly anisotropic (also referred to as “self-alignment”), such as in the
presence of paramagnetic centers, of extended aromatic systems or in nucleic acid
stacks. In the most general form, the effect of residual dipolar coupling (RDC) is

described as follows:



ZZ/%B - xﬁB - y/%B ij - y/%B 2X4pYap 2XaBZap
RDC =3k| S +(S,., —S +S
[ s ZTAZB ( = yy) erZB i rAZB ¥ TAZB
2YaBZaB
+ Sy, ———
B
with
k= — UoSLs YaYph
4 2mr,

ij = (x4 —x3)%, yﬁg =Yy — yB)Z' ZjB = (24 — 25)%, TAZB = ij + ij + Z/%B

where 7,p is the distance between the two coupled nuclei A and B, and S;; are the

components of the molecular alignment tensor. The anisotropies of the alighment tensor
are described by the fraction of alignment along the z-axis (4) and by the rhombicity (R)

as follows:

when §;; are the components of the alignment tensor in the frame in which it is diagonal.

In the case in which the alignment of the molecule is induced by magnetic susceptibility
anisotropy, the alignment is dictated by the anisotropy of the magnetic susceptibility

tensor y and the tensor components are expressed as follows:

— X -0

where §;; are the principal components of the alignment tensor S, ¥; are the principal

components of the magnetic susceptibility tensor y, and y is the trace of the tensor y
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divided by three. The subtraction is required as we consider only the anisotropic

component of the tensor.

Constrained optimization in REFMAC-NMR

In the previous version of REFMAC-NMR?, the alignment tensor S describing the RDCs
was determined through a Gauss-Newton optimization approach of 5 tensor
components Sz, S &Sy, Sy, Sxz Syz. Using these components as fitting parameters,
constraints between tensors referring to different structural units could not be applied,
neither in terms of magnitude nor in terms of orientation (see Section “Tensor
orientation in rigid multisubunit systems”). We have thus re-parameterized the problem

to allow the inclusion of such constraints.

Instead of using the 5 tensor components given above, the tensor § is
reconstructed as follows: the orientation is provided by three variables describing the
rotation that brings the tensor S from any arbitrary molecular frame to the frame where
it is diagonal, and the magnitude is determined by two of the diagonal elements, S, and

S~yy (Szz = _Sxx -S

yy» as the tensor is defined as traceless). For a convenient sampling

of the orientational space and to simplify the handling of the derivatives, the rotation is

expressed in terms of quaternions:
6 . . 0
q=qot+q,+q;,+q3 = cos§+ (vl + vyJ + v32) sin>
where i, j, k are unit vectors representing the three Cartesian axes, (v4, v,, v3) are the

components of the unit vector defining the axis of rotation, and 6 is the angle of rotation.

To represent a rotation, quaternions must satisfy the constraint |g] =1 (unit
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quaternions). This reduces the number of independent variables describing the rotation
matrix to three. Thus, the new parameters used in the calculations are the following:

P = (40, 41, 92, 43, Sxxs Syy| With |ql =1 .
The minimization performed by REFMAC for the structure refinement requires the
computation of the first and second derivatives with respect to the selected parameters

of the target function f to be minimized, reported Appendix A.1.

In the presence of two structural units, two independent tensors can be defined, S, and

S», depending on the two sets of the parameters p, and p, defined as:

Pa = [qai Saiil, o = [abi Spii] withi=0,1,2,3 and ii = xx,yy
The function f'is thus the sum of the functions referring to each domain:

f(p’) = f(pa' pb) = fa(pa) + fb(pb) = fa(Qa,i'Sa,ii) + fb(qb,i'gb,ii)

where

p' = [Papp] = [qa,ifga,iirqb,irgb,ii]

The first and second derivatives of f are given by the derivatives of f, with respect to the
pa parameters and of f, with respect to the p, parameters, and are reported in the
Appendix A.2.

In order to constrain the orientation of the two tensors to be the same (q,; = q;;

for i=0, 1, 2, 3), parameters and target function can be re-expressed in the following way:

p' = [qi,Sa,ii» Spi] F®@") = fu(q.Saii) + fo (i Sp.ii)

where the non-null elements of the first and second derivatives of f for the present case

are reported in the Appendix A.2.
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In order to constrain the anisotropy values of the two tensors to be the same
(§a,ii = §b’ii for ii=xx, yy), parameters and target function can be re-expressed in the
following way:

p' = [qa,ifgii» Clb,i] f@') = fa(qa,ifgii) + fv (Qb,iigii

where the non-null elements of the first and second derivatives of f are given in the
Appendix A.2.

The constraints described above can be applied to any generic set of tensors, indicated
in form of list of pairs in the standard instruction file provided to REFMAC-NMR. The
algorithm in REFMAC-NMR can now identify the tensors to be constrained (in
orientation, anisotropy values, or both) according to user’s instructions, and perform the
appropriate minimizations.

In the presence of symmetric assemblies, the alighment tensor assumes particular
properties strictly related to the symmetry of the system (automatically detected by the
program) and that are taken into account during the calculations. Based on the
symmetry of the system, the program automatically sets the constraints to be applied in
the tensor calculation. These constraints are then “translated” in terms of additional
contributions to the first and second derivatives of the target function for the re-

parameterized problem.

In the presence of a cyclic 2-fold (Cz) symmetry, one of the tensor axes must be directed
along the symmetry axis of the system. The directions of the two other axes can thus be
determined by a rotation about the C axis, so that in this case only three parameters
[qo, S fyy] need to be determined. The first and second derivate with the respect of g,

are reported in the Appendix A.3.
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In case a dihedral 2-fold (D2) symmetry has been identified, two axes of the tensor must
be directed along the two symmetry axes of the system, thus defining completely its
orientation. This further reduces the number of parameters that need to be estimated

during the calculation of the tensor to only two [Syy, Sy -

In the remaining cases in which a cyclic or dihedral symmetry has been identified with
higher multiplicity (C. or D), one axis must be directed along the cyclic n-fold symmetry
axis of the system, and the tensor must be assumed to be completely axial. Assuming S,
as the eigenvalue associated to the eigenvector directed along the symmetry axis, the
last condition implies the other two eigenvalues S, and §yy to be equal, making the
tensor invariant with the respect to the direction of their associated eigenvectors.
Therefore, since one axis of the tensor is defined by the symmetry of the system and the
other two can be arbitrarily chosen, the only parameter that needs to be estimated is S,

(S,, = —2S,,), with further simplification of the problem.

The case of the proteasome

The PDB structure of the 20S proteasome at the highest resolution, 1YAR (1.9 A
resolution, D9S mutation) was refined against X-ray data together with available NMR
data using the new version of REFMAC-NMR. The available NMR restraints were the 1H-
13C RDCs, measured with a methyl-TROSY experiment on the Ile-8:-[13CH3], Leu, Val-
[13CH3, 12CD3]-labeled side chains of the a7a7 rings of the 20S proteasome (360 kDa),
also referred to as “half-proteasome”. RDCs for the methyl groups were collected in
presence of about 40mg/mL Pfl phages.3 Mobile residues were identified from

relaxation measurements of both ?2H and 13C spins#, providing the order parameters Sis?,
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and treated accordingly. Indeed, RDCs contain information on both protein structure
and dynamics. In the limit of axially symmetric internal motion about a mean axis, the
measured RDC can be expressed as:

RDCeasurea = RDCspqticXSis (1)

where RDCg4:ic is the coupling that would be obtained for a bond along the time-
averaged orientation in the absence of internal protein dynamics, and Sis is the
reduction in the size of the observed coupling due to internal motion. For simplicity, we
assume that the S;s determined by relaxation measurements (affected by mobility in the
time scale up to ns) coincides with that of RDCs (which are affected by mobility in a
much larger time scale, up to ms). It is important to remark that for structured parts of
the protein backbone, these motions are usually small (S;s = 0.9), and the dynamic
component of the 1H-15N RDC is often assumed to be uniform. Side chains, on the other
hand, are often differentially mobile, with dynamics that can be asymmetric, leading to

complications in the interpretation of RDCs in terms of structure.>

Structural variability in the X-ray structure

Before proceeding with the combination of the different available experimental data, we
have analyzed the structural variability among the chains as present in the PDB
deposition. As expected, while the backbone conformation is mostly preserved in the
different chains of the X-ray structure, the conformations of side chains may differ

significantly (Fig. 1).
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RDC agreement against X-ray and REFMAC-NMR structures

Residues resulting as mobile from relaxation measurements are expected to experience
multiple side chain conformations. The fitting of experimental data was performed by
fixing the direction of one axis of the § tensor to the main cyclic symmetry axis (Fig. 2),
and by imposing it to be axial. The agreement between the X-ray structure and the
observed methyl- RDCs, as obtained through the best fit of S tensor, was thus monitored
by excluding these mobile (S.s<0.77) residues. The remaining RDCs (with S1s>0.77) are
in a quite remarkable agreement with the X-ray structure, as shown by comparing the
experimental data with the data back-calculated from the best fit § tensor (Fig. 3, left
and Table 1). It is interesting to observe that the variability in the data back-calculated
for the different chains of the X-ray structure is much larger among the residues

identified as mobile than among those identified as rigid.

We then performed a joint refinement of the structure against both X-ray and RDC data.
The Sis for each residue was considered in the evaluation of methyl- RDCs as indicated
by Eq. (1), i.e. assuming an axially symmetric motion within a cone. Due to the weakness
of this assumption for mobile residues, the RDCs of the latter were given a half weight
with the respect to those of the residues classified as rigid. As the structure has a D7
symmetry, the S tensor was constrained to be axial, with the z-axis pointing along the
axis of higher symmetry (Fig. 2 - this choice is encoded in the software and does not
require any a-priori user intervention). The agreement between experimental and back-
calculated RDCs against the protein structure shows a significant improvement after the
joint refinement (Fig. 3 and Table 1). Although the relevant improvement in the
agreement of the X-ray structure with the NMR data, some significant discrepancies

between experimental and back-calculated data can be observed, interestingly, clustered
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at the interface between the individual units constituting the a7 ring (Fig. 4). The chain

showing the best agreement with the NMR data is shown in detail in Fig. 5.

The side chains experiencing the largest structural variation after joint refinement
undergo a conformational change as illustrated in Fig. 6, which is a non-trivial
rearrangement of the position of a few atoms. The individual side chains undergoing the

largest structural variations after the refinement are shown in detail in Fig. 7.

Using tensor restraints in other systems

Restraints on the tensors reciprocal orientation and/or magnitude can also be imposed
by the user. We here describe a particular case that is representative of a situation that
is easily encountered in real life: a rigid multisubunit system, where RDCs have been

measured in different samples to reduce spectral complexity.

Tensor orientation in rigid multisubunit systems

Larger systems are hard to be approached by NMR, not only because size-dependent
nuclear relaxation mechanisms may broaden resonances beyond detection, but also
because spectral complexity is increased. In the case of multisubunit systems, where the
different subunits can be separately expressed recombinantly and subsequently
reconstituted in vitro, it is often the method of choice to label the individual subunits.
This approach largely simplifies the NMR characterization, but it might introduce slight

perturbation when recording RDCs with external alignment media: since the RDCs are
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collected in different samples, the concentration of the alignment medium may vary
from one sample to the other, and this might yield impression of protein mobility. We
have recently encountered such a situation® and here we re-examine the refinement
results by imposing the tensors from the individual subunits (Sxl and CSD1) to be
equally oriented. We found that the inclusion of this orientation constraints, not only
permit a safest approach for the identification of scaling factors between different
experimental conditions, but it also contributes positively to the refinement stabilizing
the calculation (Rfree is smaller when the constraints are applied). Refinements of the
individual SxI and CSD1 domains performed before and after the inclusion of the
orientation constraints between the tensors are compared in terms of REFMAC-NMR

output and tensor comparisons (Tab. 2-3).

Conclusions

We have implemented a new set of features in REFMAC-NMR that encompasses most of
the needs that are encountered when analyzing NMR data, with particular reference to
RDCs, in larger systems. Among those, we have implemented symmetry-based restraints

that allowed for refinement of the 20S proteasome structure.
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Structural variability by residue
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Figure 1: Structural variability among the individual chains in the X-ray structure (PDB:
1YAR). For each residue, the standard deviation among the different chains is reported
for the backbone atoms (blue line), for the side chains (black line). Residues for which an

RDC has been measured are indicated by red (S.s>0.77) and yellow (S.s<=0.77) circles.

Figure 2: X-ray structure of the 20S proteasome (PDB: 1YAR). (A) Side view showing
the axis of cyclic symmetry (C7). (B) Top view showing the seven axis of dihedral

symmetry (Cz).
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Figure 3: Agreement between experimental and back-calculated RDC for (A) the original
X-ray (PDB: 1YAR) and (B) the REFMAC-NMR refined structures. RDC measured for rigid
(Sts>0.77) and mobile (Sis<=0.77) residues are indicated, respectively, by red and
yellow dots. Variability for the fit obtained from the different chains (A, B, C, D, E, F, G)

are indicated by the error bar.
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Original X-ray REFMAC-NMR

IQHZ

-6 Hz

-3 Hz

L—OHz

Figure 4: Agreement of predicted RDCs for the original X-ray (PDB: 1YAR) and
REFMAC-NMR refined structures. Differences between experimental and predicted

RDCs are reported in absolute value and colored according to their discrepancy.

Figure 5: Agreement of predicted RDCs for REFMAC-NMR refined structure. Only the
chain in the best agreement is shown (chain A). Differences between experimental and
predicted RDCs are reported in absolute value and colored according to their

discrepancy.
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deviation (rmsd) between structures refined using REFMAC before and after the
inclusion of the NMR data is reported in terms of mean and standard deviations of the

values obtained from the individual chains. RDC measured for rigid (S>0.77) and mobile
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Figure 7: Detail of the side chains undergoing the largest conformational variations.

Original and refined structures are colored, respectively, in white and in blue. Electron

density map is plotted at 1o threshold.
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X-ray REFMAC-NMR
Chain
Rigid residues | All residues | Rigid residues | All residues
A 0.309 0.540 0.123 0.283
B 0.287 0.506 0.111 0.267
C 0.286 0.629 0.113 0.318
D 0.471 0.600 0.192 0.315
E 0.312 0.586 0.117 0.312
F 0.328 0.573 0.120 0.328
G 0.349 0.585 0.130 0.296
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Table 1: Q-factors calculated for the X-ray and the REFMAC-NMR refined structures

(PDB: 1YAR). Q-factor is reported for the individual chains for both only rigid or all the

residues.

PDB code: 4QQB - Resolution: 2.80 A

Parameters Un_c o_ns_trai_ned C?ll.Stl:ainF d
minimization | minimization

R-value 0.199 0.199

R-free 0.237 0.236

RMSD bond length 0.010 0.010

RMSD bond angles 1.663 1.673

RMSD chiral volume 0.108 0.107

Table 2: REFMAC-NMR output for the independent refinement of Sxl and CSD1 domains,

before and after the inclusion of orientation constraints for the tensors calculated for the

individual units. Refinement are performed with REFAMC 5.9.000 version
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Unconstrained minimization
Axial component Orientation and
Q-factor RDCs P shape
A
Qsx1» Qcsp1 1 = Ssxt * Scsp1
cspt ISsxill IScspsl
Chain A, X 0.147,0.059 0.761 0.980
ChainB,Y 0.135, 0.062 0.759 0.989
Constrained minimization
Axial component Orientation and
Q-factor RDCs p shape
A
Qsx1, Qcsp1 1 > Ssxt * Scsp1
¢sb1 ISsxi !l IScspsl
Chains A, X 0.151, 0.071 0.751 0.997
Chains B, Y 0.143,0.074 0.753 0.996

Table 3: Comparison of the tensors calculated independently for refined structured of
Sxl and CSD1 before and after the inclusion of orientation constraints, in terms axial
components and orientation/shape. Q-factors for the individual Sxl and CSD1 domains

are also reported.
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Appendix

A.1 Problem re-parameterization

To allow the inclusion of the discussed constraints, it results more convenient to re-

express the problem in terms of eigenvectors and eigenvalues of the alighment tensor S.

Eigenvectors e,, e,, e, and associated eigenvalues S,,, S, S,, encode, respectively, the

information about the orientation and the magnitude/anisotropy of the tensor §, and are

related to the tensor matrix by the simple relationship:

Sex 0 0
S=RAR'= (ex € €ex)| 0 gyy 0 |(ex €y ez)_l
0 0 S,

Eigenvectors basis constitutes the rotation matrix R that transforms the tensor from the
molecular frame to its principal axis frame. This allows expressing each element §;; of
the alignment tensor S in terms of its principal components S;; and of element of the
rotation matrix R as following:

11 Tz Ti3 Syx 0 0 Ti1 Tz Tiz\!
S=RART = (121 Ty T3 0o S, O 1 Tz 123

31 T3z T33

3
Sij = Z TieSkTxj -

Each element of the rotation matrix R is then more conveniently expressed in terms of
quaternions, permitting to reduce the number of parameters describing the rotation
from nine to four.

Given f the target function to be minimized, x the set of parameters for the original

problem, defined as:
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X = [Su2 Sxx — Syy» Sxys Sxz» Syz] -
and p the set of parameters for the re-parameterized problem, defined in this particular

case as:

p = [0, 91,42, 3, 5, Sy |
the first and second derivatives of the re-parameterized problem can then be directly
calculated starting from the derivatives of the original problem by application of the

chain rule, as following:

of ~C Of ox;
ap] - axi ap]
9% f dx, 02f 0x, of 0%x,

= +
apiapj = 0p; 0x,0x; dp; - 0xy apiapj

where the last term of the second derivative has not be considered since it involves the
use of the first derivative with the respect of the original problem making the

optimization unstable.

A.2 Imposing anisotropy and orientation constraints between tensors
In the presence of two structural units, two independent tensors can be defined,
Sq and Sy, depending on the two sets of the parameters p, and p, defined as:
Pa = daiSaii], Db = b Spu] withi=0,1,2,3and ii = xx,yy
The function f'is thus the sum of the functions referring to each domain:

f(p’) = f(pa' pb) = fa(pa) + fb(pb) = fa(Qa,i'Sa,ii) + fb(qb,i'gb,ii)

where

p' = [Pa,pp] = [qa,ifga,iirqb,irgb,ii]
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The first and second derivatives of f are given by the derivatives of f, with respect to the
pa parameters and of f, with respect to the p, parameters. The derivatives are reported,

for simplicity, in the following matrix form where only the non-null elements are shown:

of _ fa  0fa Ofy Ofp
dp'  |0qa;’ 0S5, 0qp; 0Syu

azfa aZfa
aCIa,iaCIa,j aCIa,iaga,jj
azfa aZfa
0% f _ aQa,iaga,jj aga,iiaga.jj
ap'? 0*fy, 0%fy
045,:09p,; 0q,;0Sy jj
0%f, 0%fy
aCIb,iagb,jj a51;,1'1'(751;,]'1'.

In order to constrain the orientation of the two tensors to be the same (q,; = q;; for

i=0, 1, 2, 3), parameters and target function are expressed in the following way:
p' = [ai Sa,ii Sp.ii] f@") = fa(qu Sais) + £5(ai Sv.i1)

where the non-null elements of the first and second derivatives of f are given as

following:

of [0, %, O Of
dp’ |0q; 0q;’ 35, 0S8,

0, %y 0%, 0%f,
dq;0q; 0q;0q; 0q;0S,;; 09,08,
o’f _ 0% fa 0*fa
W B aCIiaga,jj aga,iiaga,jj
0*fy 0% fy
aqiaSb,jj 0§b,ii6§b,jj_
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In order to constrain the anisotropy values of the two tensors to be the same (§a,ii = 51,,1-1-

for ii=xx, yy), parameters and target function can be re-expressed in the following way:
P’ = [dai Sii 9,i] f@") = fa(qap Sii) + fo (v Sii

where the non-null elements of the first and second derivatives of f are given as

following:
Of _|9fa  Ofa  9f» Ofv
op'  10qq; 8S;  98S; 0qp,;
[ 0%f, 0%f,
a%,ia%,j aCIa,iagjj
’f | 9%fa 0%f, 0%f 0%f
ap'z aqa'lagﬂ 05,165}] aguag]] aqb,lagn
0% f 0%f
aqb,iagjj 0qp,:9qp ;]

This approach can be used to perform the minimization of a generic number of tensors,

constrained to each other by their anisotropy, orientation or both.

A.3 Imposing symmetry-related constraints to tensor parameters

In case a cyclic 2-fold (Cz) symmetry has been identified, one axis of the tensor must be
directed along the symmetry axis of the system. To include this constraint in the
calculation of the tensor, the interpretation of quaternion in term of axis-angle
representation can be exploited. Indeed, according to the definition of quaternion, the
unit vector (vy, vy, v3) multiplying the three imaginary parts i, j, k define the axis of
rotation. In this way, the tensor calculation is reduced to the estimation of only three
parameters [qo, Xocxer )Zyy], instead of initial six parameters. Taking into account the

following relationship:
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q; = v; ’1—q§ i=1..3

the first derivative of the target function f” of the constrained problem with the respect

to q, is given by:

, 3 3
of _of N _of @ N Of
0qo 09y 4£40q;0q0 090 [1-qZ4& " 9q;

and the auto- and cross- terms constituting the Hessian matrix of the second derivatives

are, respectively:

o2 f' 62f+( % )ii of of 1 of
dq; 995 \J1-q2/ 0q; 7 0q; (1-q2& 04

o*f" _ 9*f qo azf
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1. Introduction

The most widely used techniques for elucidation of molecular
structures at atomic resolution are X-ray crystallography and
NMR spectroscopy, accounting as of July 2015 for 90% and 9.4%
of all deposited protein structures, respectively, and 58% and 41%
of all deposited nucleic acid structures. Besides new experimental
techniques gaining more and more resounding success (e.g. cryo-
EM, with more than 390 new entries in the last 3 years and resolu-
tion down to 2.2 A [1]), X-ray and NMR still play a key role in
answering many unresolved questions in the structural biology
field. The unique importance of the integration of these two tech-
niques has been recognized, taking advantage of the distinctive
features of each. The strength of X-ray crystallography lies in a pre-
cise determination of a unique macromolecular structure (or a
unique set of different structures present in the asymmetric unit
of the crystal), whereas NMR spectroscopy has the power to probe
the dynamics experienced in solution. On the other hand, neither
X-ray nor NMR, if used as stand-alone tools, can provide a com-
plete, precise and accurate picture of the biological system under
investigation and of its interactions with other complexes or bio-
molecules. It also should be mentioned that X-ray crystallographic
diffraction and NMR data are intrinsically different — the former
gives information that progresses from the overall shape of the
molecule up to individual atom positions as the resolution
increases, whereas NMR provides immediate information about
short-range inter-atom distances and bond orientations, which
progresses to overall shape of the molecule with increasing num-
ber and quality of restraints. Therefore, the two techniques are
highly complementary, because the combination of the two yields
valuable information throughout the spectrum of distance scales,
even in the presence of suboptimal X-ray and/or NMR data.

Despite its great success, there are some intrinsic limitations of
X-ray crystallography: molecules in crystals experience crystal
packing forces that may change their conformation and/or reduce
conformational heterogeneity. NMR data are usually very accurate,
but the collection of a large number of long-range interatomic dis-
tances is often very difficult, resulting in a lower precision of the
NMR model with respect to the X-ray structure. Furthermore,
NMR restraints are usually too few for solving molecular structures
without strongly relying on prior knowledge defined by geometri-
cal constraints based on covalent bonding. Therefore, it has long
been known that X-ray and NMR data provide complementary
information, which can be profitably analysed together for a more
accurate description of biomolecules. Moreover, the complemen-
tarity of X-ray and NMR resides in the different types of informa-
tion provided by these techniques, since X-ray relies mostly on
the contribution given by the heavy atoms to the electron diffrac-
tion pattern, while for NMR the vast majority of restraints involve
the hydrogen nuclei. Even more importantly, as anticipated above,
at low and medium resolution, X-ray data contain information on
overall shape and long-range structural details, whereas

short-range structural details, of the order of the interatomic dis-
tances, are accessible only at very high resolutions, which are not
always achievable. In contrast, NMR data mainly provide direct
information on local details, in the form of interatomic distances
or orientations of vectors connecting chemically bound nuclei.
Therefore, information from NMR and X-ray data is perfectly
complementary.

Among the structural restraints which can be obtained in NMR
spectroscopy, pseudo-contact shifts (PCSs) [2] and residual dipolar
coupling (RDCs) [3] have attracted increasing interest during the
last decades for their intrinsic long-range nature. They can in fact
provide structural information on the relative positions or orienta-
tions of pairs of atoms throughout the whole macromolecule or a
large part of it. When the molecule is paramagnetic, dipolar inter-
actions arise between the nuclei and the residual electron polariza-
tion, which is proportional to the magnetic susceptibility. If the
magnetic susceptibility is anisotropic, these dipolar interactions
do not average to zero upon rotation and PCSs arise (see later).
An anisotropic magnetic susceptibility is usually associated with
metal ions coordinated to the molecule [4-6] which, if not origi-
nally present, can be included by substitution of a diamagnetic
metal ion [7-16] or, alternatively, rigidly attached through tags
[17-41]. Other paramagnetic centres, such as organic radicals, have
too little anisotropy to cause PCS or alignment effects. Magnetic
susceptibility anisotropy also causes partial alignment of the mole-
cule. In turn, partial alignment prevents internuclear dipolar inter-
actions to be completely abolished by rotation, causing RDCs. This
self-orientation is an alternate way to generate RDCs without using
an external alignment medium [4,42-54]. PCSs and paramagnetic
RDCs depend on the molecular nuclear coordinates in a common
frame defined by the magnetic susceptibility anisotropy tensor
associated with the paramagnetic metal. Self-orientation RDCs
can also be obtained in the case of molecules for which the diamag-
netic susceptibility is anisotropic [3,55-59] although in this case
PCSs are not present.

It is interesting to observe that the presence of self-alignment
also affects the chemical shifts of the observed species, if the chem-
ical shielding of the nucleus is anisotropic. In the case of paramag-
netic systems, the observed shift (not to be confused with the PCS)
will be a combination of the effects of chemical shielding aniso-
tropy and of the interaction with the electron average magnetic
moment [60-62]; in diamagnetic systems it will reflect the chem-
ical shielding anisotropy [63].

PCSs and RDCs contain structural information that has proved
very helpful for solving protein structures [5,10,64-70], and they
have therefore been included as structural restraints in the most
commonly used programs for protein structure determination
from NMR data [65,69,71-75].

PCSs and RDCs are even more precious restraints in the inves-
tigation of proteins constituted by multiple domains, and of pro-
tein—protein complexes. In the case of rigid systems, in which the
structure of each single unit is known, PCSs and RDCs can be
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used to determine the relative arrangements of the individual
units [76-83]. An easy way to recover information on the relative
orientations of rigid units is to estimate the magnetic
susceptibility tensors for each of the units and then superimpose
them. The presence of degenerate solutions can be removed by
the use of an adequate number of metal ions or orienting media
[84,85].

PCSs and RDCs are even more useful for retrieving important
information about the investigated biological system when mobil-
ity is present. Especially RDCs, due to their intrinsic sensitivity to
small structural changes, are widely used to probe conformational
rearrangements of proteins occurring on timescales up to 1072 s.
Also in this case, the comparison of the anisotropy tensors or
alignment tensors estimated for the single units constituting a
multi-domain protein or a protein-protein complex can provide
interesting insights into the mobility of the system.

Finally, PCSs and RDCs have been used for validation of existing
molecular models and for their refinement. Several protocols have
been presented for calculating refined structures based on restrain-
ing the backbone dihedral angles and/or the nuclear coordinates to
undergo minimal deviations from the values of crystal models and
simultaneously to improve the agreement with the experimental
PCSs and/or RDCs, or also by allowing for sizable global changes
[35,64,86-93].

More recently, PCSs and RDCs have been used for structure
refinement in combination with X-ray data, by implementing them
as structural restraints in the program REFMAC5 [94]. Differently
from the above-mentioned approaches, the refinement protocol
implemented in REFMAC-NMR takes advantage of the structural
information contained not only in the available crystallographic
model, but also directly in the primary X-ray data (i.e. electron
diffraction pattern) and in the NMR data. This permits the limita-
tions of the direct use of crystallographic models, whose accuracy
in the atomic coordinates is related to the resolution of X-ray data,
to overcome, obtaining improved structural models with accuracy
determined equally by the contributions of both X-ray and NMR
data.

2. Combining X-ray and solution NMR data
2.1. General aspects

In several cases, a large number of violations of solution NMR
data have been noticed with respect to structural models obtained
from X-ray crystallography. Historically, such discrepancies have
also occasionally led to correction of the X-ray structure on the
basis of the NMR information [95]. However, such discrepancies
may either reflect real differences between the true structures of
the molecules in crystals and in solution, or may be due to the dif-
ferent but complementary information contained in the X-ray and
NMR data, thus the true structures may be the same but the pro-
cess of deriving the models by analysing the different types of data
may lead to inconsistencies. In a number of cases, refinements per-
formed using combined X-ray and NOE-derived restraints revealed
large consistency of the data, resulting in the improvement of the
geometry of the model in terms of Ramachandran plot with respect
to the structure calculated without NMR data [96-100]. The few
violations were interpreted as real differences between the struc-
tures in crystals and in solution, mostly ascribable to a limitation
of the conformational freedom for some flexible parts and to the
presence of crystal packing forces in the solid state. In other cases,
the joint refinement provided more accurate models, in the sense
that they better fulfil independent sets of experimental observ-
ables, especially in the presence of poorly determined regions of
the electron density maps, due to packing disorder within the

crystal [101], or in the presence of medium or low resolution
diffraction data [102].

As an example, some discrepancies were observed between a
very large NMR dataset collected for ubiquitin, a protein frequently
used as a model system for the development of new NMR method-
ologies, and its crystal structures [103]. These discrepancies can be
interpreted as mobility effects and used to derive motional infor-
mation on the system [103-105]. On the other hand, they can also
be explained by an intrinsic inaccuracy in the crystallographic
models, so that a single refined structure could adequately explain
the NMR data [94,106]. This points out some critical aspects in the
interpretation of potential inconsistencies observed between solu-
tion data and crystal models, which requires a careful analysis
before any further action.

Hence, a joint refinement of the crystal structural model with
solution data may represent a first step that should be undertaken
for the correct interpretation of any inconsistencies between X-ray
and NMR data. In particular, the assessment of the significance of
the possible discrepancies represents a crucial point, which must
take into account the inaccuracies characteristic of the two types
of data.

Zweckstetter and Bax [107] examined the effect of the presence
of structural inaccuracy, also referred to as “structural noise”,
demonstrating through a number of simulations and Monte Carlo
analysis that the agreement between the experimental and back-
calculated RDCs is strictly related to the amount of structural noise
present in the model. Moreover, in many cases the agreement of
the NMR data was observed to depend on the resolution of the
X-ray structure, such that it improves significantly for crystal
structures solved with higher resolution [90,108-110]. Indeed,
the uncertainty in heavy atom positions necessarily affects the
positions of 'H nuclei; because of the small contribution hydrogens
make to the diffraction pattern, information on their positions
from the experimental data is usually insufficient, and the different
computational tools used to position them indirectly on the basis
of ideal geometrical values often give different results. On the other
hand, ultrahigh resolution X-ray structures show that the positions
of the resolved 'H nuclei can deviate from ideal geometry [111].
Indeed, as extensively demonstrated by many authors [111-114],
the geometries of molecules may often deviate from standard val-
ues for various types of protein bond length and bond angles, due
to effects that are conformation-dependent, explained by avoid-
ance of atomic clashes or optimization of favourable electrostatic
interactions.

Regarding the positions of hydrogen atoms, attention should be
paid to the fact that the hydrogen electrons (seen by X-ray data)
are not centred on the positions of the nuclei (seen by NMR data)
but are closer to the atoms to which they are attached. Therefore,
the hydrogen “positions” must differ for the evaluation of the X-ray
and NMR restraints, to take into account the different distances of
hydrogen nuclei and their electron clouds from the atoms to which
they are bound.

In summary, it is of primary importance to take advantage of X-
ray and NMR data in an efficient and unbiased way, and to combine
them carefully so as to avoid any possible misinterpretation of the
data. As already mentioned, REFMAC-NMR performs a structural
refinement by the simultaneous use of primary X-ray and NMR
data, mostly PCSs and/or RDCs, and thus can be used to detect
the presence of significant discrepancies, outside the uncertainty
related to the experimental dataset, between solution and crystal
structures; in cases where all data are consistent, it can provide a
more reliable structural model.

In the sections that follow, a systematic approach to the inves-
tigation of possible structural differences between crystal and
solution data, and possibly to the calculation of refined models,
is proposed, and applied to a number of different proteins.
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Fig. 1. Schematic representation of the information used in REFMAC-NMR structure refinement.

2.2. Structure refinement using REFMAC-NMR

REFMAC-NMR consists of an extension of the crystallographic
refinement program REFMAC5 [115], a part of the CCP4 suite
[116] and commonly used for medium-to-low resolution struc-
tures, by the inclusion of PCS and RDC NMR data as structural
restraints in addition to the X-ray diffraction pattern (Fig. 1).

In the case of medium-to-low resolution X-ray data, the uncer-
tainty related to the heavy atoms coordinates, as determined from
X-ray data alone, may directly affect the positions of those remain-
ing atoms which cannot be observed in the X-ray diffraction pat-
tern (i.e. those with very weak electron density) and which are
then included in the model according to the covalent geometry.
This effect mostly involves the detection of hydrogen positions
and often results in a non-negligible disagreement with experi-
mental NMR data collected for them. Therefore, the inaccuracy
related to the structural model can be taken into account through
joint refinement against both NMR and X-ray data.

The general approach used by REFMAC-NMR for the inclusion of
NMR data in the structure refinement consists of: (i) a first mini-
mization against the X-ray data alone, with an automatic setting
of relative weights of geometry and X-ray violations, possibly fol-
lowed by manual adjustment of the weights to reduce the calcu-
lated rms deviations of bond lengths, bond angles, and chiral
volumes, if too large; and (ii) a second minimization performed
with the same weight settings including the NMR data (i.e. PCSs,
RDCs), in order to decrease the discrepancy between experimental
and back-calculated data, often expressed by means of the Q-factor
value defined as:

>i(exp; — calc,-)2
>_exp;

As detailed in [94], in REFMAC-NMR the NMR restraint contri-
bution (t) to the total minimized function was defined as:

Q=

£ = koes S _wi[max ([PCS{™ - PCS}™| - T;,0)]

+ koY _wi[max (|RDCE™ — RDC?™| — T;,0)’]
i

where T; is the tolerance on each PCS or RDC value, w; is the weight,
and kpcs and krpc are the overall weighting factors for PCSs and
RDCs respectively. Besides the already optimized weight matrix val-
ues, the second minimization requires optimization of the weights
of the NMR data and of the additional torsion angle restraints
pepl, pep2 and w. Three further torsion angles were in fact intro-
duced in the REFMAC library to restrain the planarity of the proper
(04, G;, Ni+1, C%1), of the improper (C;_1, N;, C¥, H;) (out of plane bend-
ing of HN), and of the proper C{*-C;-N;.;-C{%; dihedral angles (pep1,
pep2 and w, respectively). This is needed to avoid departure of geo-
metric parameters from ideality being caused by the inclusion of the
NMR data in the refinement. Furthermore, overall weighting param-
eters are also introduced to enforce the contribution given by the
ideal geometries on all the atoms involved (‘weight refined_atoms’)
or not involved (‘weight other_atoms’) in the calculation of gradients
and of the second derivatives corresponding to X-ray reflections.

In this second minimization, together with the refined struc-
ture, the best-fit magnetic susceptibility anisotropy tensors or
the alignment tensors associated to the PCSs and paramagnetic
RDCs or to the diamagnetic RDCs, respectively, are also calculated.

Comparison between the results of refinement calculations per-
formed with and without the NMR restraints provides the first
indication of consistency between X-ray and NMR datasets and,
thus, whether significant differences are present between the crys-
tal and solution structures.

If the inclusion of NMR data in the structure refinement does
not produce evident worsening in the agreement of X-ray data
with the structural model (indicated by the free R factor), and pro-
vides at the same time a good agreement of the PCS/RDC data
(indicated by the Q-factors), it can be concluded that the molecule
has essentially the same structure in the crystal and in solution.
The local adjustments driven by the NMR data may then reveal
whether or not the discrepancies initially observed with the crystal
structures can be explained within the uncertainty related to the
X-ray data, and in this case, REFMAC-NMR can provide more reli-
able structural models.

In cases where it is not possible to obtain a good agreement
between NMR (high Q factors) and X-ray (high free R factor) data
with the same refined structure, it can be concluded that there
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are significant differences between the structures of the molecule
in solution and in the solid state. Still, a top-down approach can
be used by performing independent refinement for different
units/sub-units of the investigated system, or by discarding the
residues responsible for the mismatch. Obviously, a limitation of
this approach is the reduced number of NMR measurements avail-
able for the different units/sub-units, which may result in a larger
uncertainty in the anisotropy tensors associated with the experi-
mental PCSs and RDCs.

For multi-domain protein cases, the number of PCSs and RDCs
available is usually sufficient to be used for an independent struc-
ture refinement of each domain. From these data, the anisotropy
tensors are determined independently for each domain. It should
be mentioned that, while RDCs provide valuable information both
in the absence and in the presence of inter-domain mobility (see
Section 2.4), PCSs collected for domains moving with respect to
the metal ion also report on the variation of the metal-nucleus dis-
tance and, with some caveats (see Section 2.4), they are better used
for calculation of the anisotropy tensors for the domain bearing the
paramagnetic metal.

2.3. Tensor calculation

PCSs arising in the presence of a paramagnetic metal depend on
the magnetic susceptibility anisotropy tensor and on the nuclear
coordinates according to the following equation [2,61,117,118]:

1 222 —x? —y? Cx2—y? 2xy 2z 2yz
s XZZT+(XXX7/{yy)272+Xxer+szrT+lyer

(M

PCS=

where X, y, z are the coordinates of the nucleus when the metal ion
is defined to be at the origin of the coordinate system, r is the dis-
tance between the observed nucleus and the metal ion, and y;; are
the components of the symmetric susceptibility anisotropy tensor.

Dipolar couplings are averaged in solution according to the fol-
lowing relation

_ HoYaVsh 29
RDC = e, (3cos“ 0 —1) (2)

where 1,5 is the distance between the two coupled nuclei A and B
and 0 is the angle between the interspin vector r45 and the external
magnetic field; therefore, upon free rotation, they average to zero.
However, when a partial orientation is imposed, the average is no
longer equal to zero. For instance, when orientation arises because
of the presence of a paramagnetic centre, and thus depends on the
same y tensor components present in Eq. (1), Eq. (2) is recast into
the form [4,61]:
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and S;s is the model-free order parameter, introduced to take
account of some average local mobility of the coupled nuclei vec-
tors. RDCs do not depend on the position of the coupled nuclei with
respect to the metal ion.

Diamagnetic RDCs are described by an equation of the same
form as that for paramagnetic RDCs (Eq. (2)):
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where A; are the components of the molecular alignment tensor.
The magnetic susceptibility anisotropy values are defined by axial
and rhombic components given by

T TX 3
AXax =Xz 7% :szz

and

Ath =Xxx — ny

where y;; are the components of the y tensor in the frame in which
it is diagonal. Analogously, the anisotropies of the alignment tensor
are described by the fraction of alignment along the z axis (A) and
by the rhombicity (R), [119]

3
A:jAZZ
R_Axx_ yy

where A;; are the components of the A tensor, again in the frame in
which it is diagonal.

Anisotropy tensors and alignment tensors can be calculated
from the agreement between experimental and back-calculated
PCS and/or RDC data against a structural model. Several programs
are available that can do this, among them the web-based interface
FANTEN [76].

Recently, a method for structure calculations was proposed that
does not require the calculation of a tensor describing RDC (and
PCS) data. This tensor-free method, called the theta-method, relies
on determining the molecular structure from MD trajectories and
replica averaging, to obtain the best agreement between the exper-
imental RDCs and theoretical RDCs directly evaluated using Eq. (2)
[120].

2.4. Motionally averaged data

For systems composed of multiple units or domains, RDCs,
which are independent of the distance to the metal ion, can pro-
vide a first estimate of the presence and extent of mobility. Indeed,
whatever the conformational sampling experienced by the system,
RDCs collected from single units or domains can always be
described by a tensor, though averaged and reduced with respect
to the real susceptibility anisotropy tensor of the paramagnetic
ion (Fig. 2¢). In the case of proteins composed of two domains, only
one of which contains a paramagnetic metal, experiencing mobility
with respect to one another, the RDCs collected for the domains
without a metal ion are reduced by averaging in proportion to
the extent of the motion. Therefore, the anisotropies of the tensors
back-calculated from these data (let us call them A} gydomain 2)) are
reduced with respect to the anisotropies of the tensors back-
calculated from the RDCs of the metal-bearing domain
(AXax(domain 1))- The extent of the motion can be easily quantified
using the ratio of the magnitudes of the anisotropies of the tensors
calculated for the two domains, i.e. from A} ax(domain 2)/A Y axdomain 1)-

This is not valid in principle for PCSs, which cannot be represented
by any mean tensor in the case of motion, unless all nuclei have a
fixed distance from the metal ion during the motion [121], which is
never the case in practice.

Once it has been assessed that significant mobility affects the
system, PCSs and RDCs can be used to further characterize the
resulting conformational variability. In this respect, a multitude
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of methods have been implemented to reconstruct the ensembles
of putative conformations sampled by the system. This is, by defi-
nition, an ill-posed inverse problem, allowing for an infinite num-
ber of solutions (see Section 3.2.1) [57,81,103-105,122-152].

2.5. A step-by-step approach for the refinement of multidomain
systems

When all domains composing a system have been satisfactorily
refined against X-ray and NMR data, the best-fit tensors obtained
for each domain should be compared (Fig. 2a-c). As already men-
tioned, this comparison might provide a very useful insight into
the presence of inter-domain mobility or conformational rear-
rangements for the solution structure with respect to the crystal
structure.

Scheme 1 reports a general approach that can be used to anal-
yse the data and results that may be obtained under various differ-
ent circumstances.

2.5.1. Check 1: Are tensor magnitudes equal?

As seen, mobility affects the measured RDCs, which are aver-
aged over the values corresponding to all sampled conformations;
this always results in a reduction of the observed values with
respect to those that would have been observed in the absence of
conformational variability. This, in turn, corresponds to a reduction
of the associated anisotropy/alignment tensor (Fig. 2c).

In the case of paramagnetic RDCs, the averaged tensor obtained
from the best fit of the experimental data against the structural
model of a protein domain corresponds to an averaged magnetic
susceptibility anisotropy tensor: the average is performed over

all orientations sampled by the tensor with respect to the protein
domain, and results in a reduced tensor.

In the case of diamagnetic RDCs, an averaged tensor can still be
calculated, although in this case it results from the averaging of
alignment tensors, which differ from one another depending on
the shape of the protein conformations (see Section 2.6). Therefore,
a sizable difference in the RDC-determined tensors as calculated
for the different domains is a clear indication of inter-domain
mobility.

PCSs, which for rigid systems are usually employed to obtain a
robust estimation of the tensor, are not scaled correctly in a
dynamic system. For this reason, in principle they cannot be used
in the structure refinement of the protein domain if the latter is
mobile with respect to the position of the metal ion, unless the
geometry of the system suggests that the variability in the metal
position is small compared to the metal-nuclear distances, and
some inaccuracy in the results can be tolerated [121].

Because of their sensitivity to global long-range conformational
changes, RDCs and PCSs can be usefully used jointly to explore the
conformational space sampled by the system in the case of confor-
mational variability. Various approaches have been conceived for
such a purpose (see Section 3.2.1), to generate and analyse ensem-
bles of conformations in agreement with the averaged data.

2.5.2. Check 2: Are tensor orientations equal?

If the system can be stated to be rigid because the magnitudes
of the anisotropy tensors calculated for the different domains are
very similar, still the domains can be arranged differently in solu-
tion and in the solid state. This results in metal positions and ten-
sor orientations that differ for the various domains (Fig.2b).
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reconstruct the reciprocal position of the two domains.

Therefore, the relative arrangements of the protein domains in
solution can be retrieved by applying a rigid rototranslation to
one domain in order to superimpose the sets of estimated tensors
(i.e. the centre positions and axes defining their orientations) on
those determined for the other domain (Fig. 3). This corresponds
to recovering a structure in agreement with a set of tensors able
to correctly describe the whole system.

2.5.3. Check 3: Is the full-length protein refinement acceptable?
If both the magnitudes and the orientations of the anisotropy/
alignment tensors calculated for the protein domains are similar

(Fig. 2a), as well as the metal positions, a full-length protein refine-
ment can be attempted through REFMAC-NMR using a single ten-
sor for each dataset. If this final refinement is also of good quality
(low free R-factor and Q-factor), it can be stated that all data (X-ray
and NMR) are in agreement with a single structural model and that
the refined structure obtained represents a more accurate descrip-
tion of the protein. If not, as may happen in the presence of some
differences in the anisotropy/alignment tensors obtained for the
distinct protein domains, the discrepancies can find explanations
in structural rearrangements or in conformational heterogeneity,
which could not be clearly detected in the previous steps.
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Fig. 4. (a) The two selected conformations of the two domain protein CaM used for the synthetic test: the N-terminal domain is shown in yellow, the C-terminal domain in
blue (elongated conformation) or in red (compact conformation); (b and c) mobility schemes around the two centres: the C-terminal domain (replaced for each conformation
with a 3-axes system centred on its centre-of-mass for a better visualization) is allowed to move within 20 A and 20° (b) or within 20 A and 40° (c) of translation and rotation,

around the central conformations shown in (a).

Table 1

Axial components of the alignment tensors (A,) and axial magnetic susceptibility anisotropy (4 y.x)" calculated for ensembles of structures generated around the extended and

compact conformations shown in Fig. 4a (blue and red, respectively).

d (A) 5(°) # structures N-terminal Aq* C-terminal Az N-terminal Ay g4 C-terminal A yg™¢
Extended conformation
0 0 1 1 1 1 1
20° 20° 321° 0.89 0.86 1 0.88
20¢ 40° 1418°¢ 0.75 0.84 1 0.61
30 50 3872 0.73 0.69 1 0.39
Whole pool of 32,723 0.52 0.41 1 0.025
sterically allowed
conformations
Compact conformation
0 0 1 1 1 1 1
20° 20° 247° 113 1.03 1 0.87
20¢ 40° 1264°¢ 0.67 0.86 1 0.63
30 50 3393 0.81 0.62 1 0.43
Whole pool of 32,723 0.63 0.49 1 0.025

sterically allowed
conformations

2 With respect to the single central conformation.
> Ensembles shown in Fig. 4b.

¢ Ensembles shown in Fig. 4c.

4 With the metal in the N-terminal domain.

As already discussed, this approach can be applied with some
flexibility in the definition of the subunits/domains composing
the biological system investigated. The approach is limited by the
number and variability of the experimental data available for the
individual parts, and thus by the uncertainty in the corresponding
estimated tensors. Moreover, the quality of the achieved agree-
ments intrinsically depends on the experimental error as well as
on the approximations in the applied model. Thus, a careful exam-
ination of all possible cases is generally recommended.

This step-by-step approach can also be applied in a top-down
fashion: in this case, an overall refinement of the whole system
is first attempted and, in case of unsatisfactory results (large Q-
factor and/or R-free value), refinements of the individual subunits/
domains can be performed.

2.6. Averaged tensors from diamagnetic and paramagnetic RDCs

As seen in Section 2.4, in case of paramagnetic (self-alignment)
RDCs measured for two-domain proteins (or for other systems
composed of two, or more, internally rigid domains), one of which
contains a paramagnetic metal, conformational averaging greatly
reduces the magnitude of the alignment tensor of the domain
without the metal with respect to that of the metal-bearing
domain. This reduction is dependent on the degree of interdomain

mobility and, indeed, the ratio of the anisotropies of the alignment
tensors for the two domains is sometimes used as a generalized
order parameter describing interdomain mobility Fig. 2c
[127,153]. The situation is very different for diamagnetic RDCs
induced by external alignment media. In that case, none of the
domains is fixed in the frame of the alignment tensor, and thus
the RDCs measured for both domains are subject to motional aver-
aging (except in the case where one domain is much bigger and/or
more charged than the other and thus completely dominates the
alignment properties of the system [154]). For this reason, the
averaged tensors obtained for the two domains can have very sim-
ilar magnitudes even in the presence of extensive interdomain
mobility. Furthermore, as each conformer aligns to a different
extent (according to its shape and charge distribution), different
alignment tensors should be considered for the different conforma-
tions sampled by the system. This may have the result that, on
passing from a single rigid state to an ensemble of conformations,
an increase rather than a decrease of the alignment tensor can be
observed, if some of the newly populated states align more
strongly than the original structure.

It is instructive to illustrate the statements made above by
means of some specific numerical simulations. For this purpose,
two conformers (one extended and one compact, see Fig. 4) were
chosen from a broad pool of sterically allowed conformations of



62 A. Carlon et al./Progress in Nuclear Magnetic Resonance Spectroscopy 92-93 (2016) 54-70

A

MMP1 (catalytic domain) (3SHI)

Active
a site
i A 3
= )—e\
,\\
Nter | <\
.
\\"Kd v
Cter / L/—l
b .
Original structure
30 Py <
Qo = 0.414 .
o °
¥ .
8 10 o, ..
[a)] L] o™
x L X
3 .
g»lo o ® . .
L_“)) -20 y .
_3930 -20 -10 0 10 20 30

Observed RDCs (Hz)

Refined structure

30

Qgpc = 0.160
—~ 20
N ]
I
» 10
O
o
X o
°
2
°
% -10 9
2
<
O 20
-30
=30 -20 -10 0 10 20 30

Observed RDCs (Hz)

Fig. 5. (a) Structure of the catalytic domain of MMP1, showing the active site Zn(II) ion and the lanthanide tag position; (b) correlation plot between calculated and observed

RDCs before and after the refinement.

the protein calmodulin (CaM, see Sections 3.1.4 and 3.2.2) [140].
The diamagnetic RDCs for the two conformers (and all the other
conformers in the pool), induced by a fully steric alignment med-
ium, were calculated using the program PALES [119,155]. The cor-
responding alignment tensors differ for the two conformers in such
a way that the ratio of tensor magnitudes between the compact
and the extended conformation is 0.83. The presence of conforma-
tional variability around a central structure was then simulated by
constructing ensembles comprised of all the conformers with
Cartesian and angular displacement from either the extended or
the compact structure within defined thresholds (see Fig. 4 and
Table 1). Averaged RDC values (and corresponding averaged ten-
sors) were calculated by averaging (with equal weight) the
PALES-derived RDCs.

Table 1 provides a summary of the obtained results in terms of
the ratios of the magnitudes of the alignment tensors correspond-
ing to the different ensembles with respect to those for the central
(rigid) structures. Clearly, in both cases the magnitudes of the
alignment tensors for the C-terminal and the N-terminal domains
remain comparable even when a very large mobility is present.
Therefore, it is not possible to exclude the presence of extensive
conformational variability, or to quantify its extent, from the
observation that different domains have alignment tensors of sim-
ilar magnitude. This is in contrast with the average tensors deter-
mined from the paramagnetic RDCs, which are progressively
reduced as conformational variability increases (last column of
Table 1). It is also worth noting that for an ensemble around a com-
pact conformer, the presence of limited mobility actually leads to
an increase in the molecular alignment determined from diamag-
netic RDCs, as discussed above.

3. Case studies
3.1. Single domain proteins

3.1.1. The catalytic domain of matrix metalloproteinase 1 (MMP1)

Matrix metalloproteinases are a family of multidomain proteins
that mediate the hydrolysis of extracellular protein substrates such
as elastin and collagen [156], and are putatively involved in cancer
invasion. The interdomain orientation, which is crucial for cataly-
sis, will be discussed in Section 3.2.1. These proteases have one cat-
alytic Zn(Il) ion in one domain, the catalytic (cat) domain. The
structures of the cat domains of several MMPs have been solved
by NMR and X-ray crystallography, mainly for the purpose of
rational drug design [157].

REFMAC-NMR was used to refine the catalytic domain of MMP1
[94] (PDB code: 3SHI), for which PCSs of HN nuclei and RDCs of
HN-N coupled nuclei for three paramagnetic lanthanides (Tb**,
Tm>*, and Yb>*) bound to the protein through the CLaNP-5 tag
were available [35]. Residues revealing extensive mobility through
relaxation measurements were discarded from the refinement cal-
culation. The original crystal structure (resolution: 2.2 A) showed
modest agreement for PCSs and RDCs, initially pointing to possible
discrepancies between the solution and the crystal structure. The
REFMAC-NMR refinement protocol was applied and a significant
overall improvement in the agreement of NMR data was obtained,
especially for RDCs, for which the Q-factor decreases from 0.414 to
0.160 (Fig. 5). The local adjustment to the crystallographic struc-
ture carried out by PCSs and RDCs resulted in a rms deviation for
the backbone atoms with respect to the original model of only
0.039 A. These small displacements in heavy atom positions, which
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Fig. 6. (a) Structure of ubiquitin; (b) correlation plot between calculated and observed RDCs before and after the refinement (empty dots refer to residues 8 and 72).

are as compliant with the X-ray reflections as the original struc-
ture, are sufficient to improve the positioning of HN nuclei in the
structure and, thus, the agreement with the NMR data.

3.1.2. Ubiquitin

Ubiquitin is a small regulatory protein (76 residues, 8.5 kDa),
which is found in almost all eukaryotic cells as well as in bacteria
[158,159]. Attachment of this protein to other proteins exerts a sig-
nalling effect that depends on the location, the residue through
which ubiquitin is coordinated, and how many ubiquitin molecules
are bound [160]; a detailed discussion is given in Refs. [161,162]. A
prototypical example is the covalent binding of ubiquitin to pro-
teins targeted for proteasomal degradation [163,164].

The structure of ubiquitin has been solved as many as 178
times, alone or in complexes, by X-ray (129 PDB entries), NMR
(46 solution and 2 solid-state entries) and electron microscopy (1
entry).

A sizable range of RDC datasets has been available for ubiquitin
for a long time, and this wealth of RDC data has been interpreted
differently by different groups. Prestegard and co-workers devel-
oped a methodology to extract simultaneously both structural
and dynamic properties for ubiquitin, obtaining a solution struc-
ture (in agreement, on average, with the X-ray structure) and a
characterization of its anisotropic internal motions, quantified by
the generalized degree of order [153]. Analysis of the data was car-
ried out by Clore and Schwieters looking for the smallest possible
ensemble which could account for the experimental data, yielding
a two-site jump model [104]. In the same paper it was also noted
that the structural impact of residues showing the largest differ-
ence between the two states is minor, as they can be accounted
for by compensatory movement of the backbone angles. Vendrus-
colo and co-workers developed a protocol for simultaneous deter-
mination of ubiquitin structure and dynamics by combination of
molecular dynamics simulations and experimental information
derived from NMR spectroscopy, finding a considerable conforma-
tional heterogeneity throughout the protein structure [105]. Along
the same lines, Griesinger and co-workers postulated that ubiqui-
tin follows mainly a single concerted motion, which allows for
sampling many of the conformations observed in X-ray structures
of complexes and at the same time explains the discrepancy
between the experimental and the back-calculated data from any
individual conformations [103]. In contrast, Bax and co-workers
recently showed that it is possible to generate a single low-
energy conformation that exhibits similar agreement to the exper-
imental data (both the working set and the cross-validation set) as
the previously discussed ensemble. This implies that the better fit
of the ensemble to the experimental data with respect to any indi-
vidual X-ray structure “is likely dominated by averaging of small
errors in the backbone coordinates and not from true dynamics”

[106]. It is worth noting that these conclusions do not to detract
from the intrinsic ability of RDCs to reveal motions, but rather
question the accuracy of reconstructed ensembles.

In this example, HN-N RDCs measured from as many as 36 dif-
ferent alignment media [54,103] were used [94] for the refinement
of an X-ray structure of ubiquitin (PDB code: 3NHE), which dis-
played a 1.26 A resolution. The initial disagreement shown for
the original structure decreases, in terms of Qgpc, from 0.360 to
0.121 after performing REFMAC-NMR refinement (Fig. 6) [94].
Notably, a few violating RDCs were still found for the refined struc-
ture, mostly belonging to residues located in regions experiencing
extensive mobility, as revealed by relaxation experiments
[103,106], although not showing larger B-factors in the crystal
structure. The possibility of achieving a similarly good agreement
with the experimental data using different structures does not
undermine the validity of the approach, but rather reflects the
need to acquire as many experimental restraints as possible to
reduce the uncertainty in the structural model.

3.1.3. IgG-binding domain of protein G (GB3)

Protein G is of particular interest, as it binds to a wide range of
antibodies and its interactions have been well-characterized. Pro-
tein G has been shown to bind strongly to the Fc fragment and
weakly to the Fab fragment of human immunoglobulin G (IgG)
[165]. Protein-protein interactions between various protein G
domains and isolated fragments of IgG have been studied by both
solution NMR spectroscopy and X-ray crystallography [90,166-
168].

For GB3 (PDB code: 1IGD), RDCs for five alignment media were
collected for HN-N, C*~H?%, and C-C* nuclear pairs [90]. Despite the
acceptable agreement with experimental datasets already shown
for the original model (with resolution 1.1 A), REFMAC-NMR pro-
duced a further improvement in the Qgpc, which decreased from
0.146 to 0.081.

A refinement of the same X-ray structure has been also per-
formed by Bax and co-workers and used to draw interesting con-
clusions about the peptide bond HN-N orientations as a result of
pyramidalization of peptide N and fluctuations orthogonal to the
peptide plane [90]. More recently, the same group presented a
newly refined solution structure of GB3 using further C*~CP RDCs
collected for three different alignment media, and validated the
obtained structure using the prediction of three-bond J couplings
by Karplus equations [168].

3.1.4. The N-terminal domain of calmodulin (CaM)

CaM is a 16 kDa, highly conserved protein, implicated in many
biological functions. It is composed of two very similar domains.
Each domain is composed of two EF-hand motifs, and can bind
up to 2 calcium(Il) ions, so that the full length protein can bind



64 A. Carlon et al./Progress in Nuclear Magnetic Resonance Spectroscopy 92-93 (2016) 54-70

Open state
(1EXR)

C-terminal

Closed state
(1PRW)

N-terminal

C-terminal

(1EXR)
o ,FN':V(WO)

a4

N-terminal

Fig. 7. (a) X-ray structures of free calmodulin, showing open and closed conformation; (b) differences between the solution structure and the X-ray structure of the individual

domains [170].

up to 4 calcium(ll) ions. In resting cells the protein binds one cal-
cium(II) ion only. Upon increase of calcium concentration, all four
sites are occupied, and the protein exposes two hydrophobic
patches that can bind to several targets and is thus a prototypical
intermediate messenger [169]. The interdomain mobility, which
is relevant for the biological function, will be discussed in
Section 3.2.1.

A set of diamagnetic HN-N, C*-H?%, C-C%, and C-H* RDCs [170]
were used as input in an attempted refinement with REFMAC-NMR
of the N-terminal domain of CaM (PDB code: 1EXR) [94]. However,
in this case no satisfactory agreement was achieved for the NMR
data without a significant increase in the R-free values and in the
violations of geometrical parameters. This result confirms the find-
ings by Bax and co-workers [170], showing substantial differences
in the inter-helical orientations between the crystal and the solu-
tion structures of CaM N-terminal domain, mainly due to reorien-
tation of helices 1 and 4. The REFMAC-NMR calculations indicate
that the detected differences are outside the uncertainty of X-ray
data (resolution: 1.0 A) (Fig. 7).

3.2. Multi-domain proteins and complexes

3.2.1. Full length matrix metalloproteinase 1 (MMP1)

Matrix metalloproteinases (MMPs) are enzymes involved in
extracellular matrix degradation, which is a fundamental step in
many physiological processes such as tissue remodelling and
repair [171,172]. Most MMPs comprise a prodomain that is
removed upon activation, a catalytic domain responsible for hydro-
lytic activity, and a hemopexin-like domain that probably plays a
role in substrate recognition. In several pathologies, overexpres-
sion of MMPs, or misregulation of their activity, is related to dis-
ease progression [173-175]. MMPs are thus validated
pharmaceutical targets. Selectively targeting these proteins has
turned out to be a difficult task [176,177], and structure-based
drug design appears to be of great importance [178-180]. For this
reason, the structural characterization of MMPs has received much
attention [181].

After binding of the CLaNP-5 tag into the catalytic N-terminal
domain of MMP-1 (see Section 3.1.1), PCS and paramagnetic RDCs
induced by three different lanthanides (Tb**, Tm3*, and Yb>*) were
also measured for the C-terminal hemopexin-like domain of the
protein. The analysis of the collected RDCs reveals that the

magnitudes of RDC-derived magnetic susceptibility anisotropy
tensors for the catalytic domain are around 3-4 times higher than
those calculated for the hemopexin domain. Such a reduction of
the RDC-derived tensor observed for the metal-free domain is, as
described above, a clear indication of conformational averaging.
Therefore, a joint refinement against X-ray and NMR data was
not performed. On the other hand, the system clearly samples only
a limited subset of the sterically allowed conformations, as a uni-
form population of the entire conformational space would result
in a much more drastic reduction of the tensor magnitudes (up
to approximately 30 times).

As already mentioned, the problem of recovering the sampled
conformers from averaged experimental observables is an ill-
posed inverse problem. This means that an infinite number of,
often very different, ensembles of structures can satisfy the exper-
imental restraints equally well. Still the averaged experimental
data clearly contain information about the conformational prefer-
ences of the system. In order to extract as much information as
possible without the risk of over-interpreting the data, we devel-
oped an approach called Maximum Occurrence (MaxOcc)
[134,140,182,183]. The method permits one to assign to each ster-
ically allowed conformation a value, called MaxOcc, defined as the
highest weight which the conformation can have in any ensemble
in best agreement with the experimental observables. The MaxOcc
of a conformation thus represents the upper bound that the aver-
aged data impose on the statistical weight of that structure.
Numerous synthetic tests have shown that in many cases the con-
formers with the highest MaxOcc correspond to those that are the
most prominent in the actual conformational ensemble
[31,85,140,151].

The MaxOcc analysis performed using averaged PCS and param-
agnetic RDC data, complemented by the SAXS profile measured for
the protein, could identify structures with MaxOcc values up to
47%. Interestingly, only a very small fraction of sterically allowed
conformers have high MaxOcc (only 0.3% of the structures have
MaxOcc > 40%), and all of them are clustered in a well-defined
region of the conformational space of the protein, so that they
are characterized by an interdomain orientation and position that
can be defined relatively well (see Fig. 8). In these highest MaxOcc
conformations the residues of the hemopexin domain responsible
for collagen binding are well exposed to the solution; after collagen
binding by the hemopexin domain, the catalytic domain is already
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preferentially oriented in such a way as to easily access the colla-
gen as well, and a rotation by around 50° is sufficient to recover
the previously proposed conformation responsible for the first step
of collagenolysis [184]. Thus the MaxOcc analysis suggests that
already in its free form in solution the full-length MMP-1 shows
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a preference for conformations which are poised for interaction
with collagen and thus for catalytic activity [38]. Notably, the high-
est MaxOcc conformations differ largely from the closed MMP-1
structures obtained by X-ray crystallography, with a MaxOcc of
about 20%.
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3.2.2. Full length CaM

As already mentioned, CaM represents an interesting system as
it comprises two almost rigid domains able to rearrange freely
with respect to one another, when the protein is free in solution,
because they are connected by a flexible linker. This high degree
of flexibility is of course absent in the solid state, so that no joint
refinement can be performed for the full-length structure using
X-ray and NMR data. The protein has been engineered with the
mutation N60D so as to make it possible for it to bind one lan-
thanide(Ill) ion selectively in the second calcium(Il) binding site
of the N-terminal domain [11].

The very different spread of the RDC data measured for the two
domains when a paramagnetic metal is placed in one domain was
earlier used to deduce the presence of a very large conformational
variability [31,185-187]. Protein conformations can be ranked
according to their compliance with PCSs and paramagnetic RDCs,
using the MaxOcc analysis described for MMP-1 (see Section 3.2.1)
[140,187,188]. This analysis takes advantage of the availability of
the solution structures of the individual domains of the protein,
previously obtained by refining the crystal structures using dia-
magnetic RDC data [170].

Interdomain flexibility is the basis of the functionally relevant
role of CaM, for which a large number of binding partners have been
identified. The formation of complexes induces CaM to assume a
compact conformation, and depending on the specific binding
interactions, the mobility between the two domains can be reduced
to different extents, ranging from still very flexible [134,189] up to
almost complete relative immobilization.

3.2.3. Calmodulin-IQ peptide complex (CaM-I1Q)

Calmodulin is also involved in the regulation of voltage-gated
calcium channels (Ca(V)s), and drives two self-regulatory
calcium-dependent feedback processes that require interaction
between Ca%*-CaM and a Ca(V) channel consensus isoleucine-glu-
tamine (IQ) motif: calcium-dependent inactivation (CDI) and
calcium-dependent facilitation (CDF) [190].

The structure of CaM in complex with the IQ-recognition motif
(PDB code: 2BEG) was refined using HY, N PCSs and HN-N RDCs
measured for six different lanthanides (Tb**, Dy3*, Ho®*, Er**,
Tm>*, and Yb>*) [144]. No reasonably good fit was observed for
any of the three models (chains A, B, and C) contained in the asym-
metric unit of the crystal. The stepwise approach described in
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Scheme 1 was therefore applied so as to try to understand the ori-
gin of the discrepancies between the NMR data and the crystal
structures. A REFMAC-NMR refinement of the individual CaM
domains was first performed using both PCSs and RDCs for the
N-terminal domain (the one bearing the metal ion), and RDCs only
for the C-terminal domain. Note that the exclusive use of RDCs per-
mits one to avoid any kind of assumption regarding the presence of
interdomain mobility. Since the comparison of tensor magnitudes
and alignments revealed the absence of extensive mobility or con-
formational rearrangement, a refinement of the full-length crystal-
lographic structure was performed using both PCSs and RDCs. The
refinement succeeded in reaching low Q-factors without increasing
the free R-factor, thus providing a structure in agreement with
both X-ray and NMR data (Fig. 9) (unpublished observations from
the authors’ laboratory).

This result should be compared with a previously performed
analysis [144]| where the initial discrepancies were explained in
terms of mobility, so that the NMR data could be reproduced using
a conformational ensemble. A careful assessment of the accuracy of
the back-calculated tensors, and of their differences, outside the
experimental error, is thus needed to reveal interdomain mobility.

3.2.4. Calmodulin-DAPK peptide complex (CaM-DAPKp)

Death-associated protein kinase (DAPK) provides a model for
calcium-bound calmodulin (CaM)-dependent protein kinases
(CaMKs). When DAPK is in a complex with CaM, the DAPK autoreg-
ulatory domain forms a seven-turn helix, through which it inter-
acts with the DAPK catalytic domain. When bound to DAPK, CaM
adopts a more extended conformation [191] than found in the
crystal structures of CaM-CaMK peptide complexes.
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In the case of CaM in complex with the DAPK peptide (DAPKp),
neither the crystal structure of the complex (PDB code: 1YR5) [92]
nor that with the full-length DAPK (PDB code: 2X0G) [191] exhib-
ited satisfactory agreement with the NMR data. REFMAC-NMR
refinement calculations could not provide any good agreement
with PCSs and RDCs [94], even excluding residues affected by sig-
nificant mobility (identified by relaxation experiments). Exclusion
of the first helix of the N-terminal domain of CaM drastically
reduced the disagreement, but not sufficiently to obtain an accept-
able result. This indicates that in this complex the arrangement of
the two CaM domains is globally different in solution compared to
the crystal. Each CaM domain in the CaM-DAPKp complex could
actually be refined using Xplor-NIH and NMR data only, by
restraining the backbone dihedral angles to be as close as possible
to those of the X-ray structure. In this case the REFMAC-NMR
refinement would not be possible even for the single domains
because of differences in the inter-helical orientations (see Sec-
tion 3.1.4). The two domains could subsequently be positioned
with respect to one another in order to superimpose the corre-
sponding anisotropy tensors [92]. Interestingly, the final model
shows a relative position of the two domains that is intermediate
between the positions in the crystal structures determined for
the full-length DAPK and the DAPK peptide (Fig. 10).

A more accurate analysis of the data reveals that the anisotropy
tensors determined for the three metals from the C-terminal
domain are marginally (a few percent) smaller than their N-
terminal domain counterparts. The system was therefore subjected
to an additional analysis using MaxOcc and its latest extension
MaxOR (Maximum Occurrence of Regions) [151,192]. The previ-
ously refined structure was shown to have a MaxOcc of 92%, thus
implying that other conformations, although with small weight,
must be considered as contributors to a structural ensemble for a
best fit of the data. The MaxOR analysis allowed us to identify
the most compact structural ensemble (composed of rigid domain
conformations) which can fully explain the experimental observ-
ables [151] (Fig. 11).

3.2.5. SxI-Unr translation complex

An example of a system composed of multiple domains that has
been successfully refined with REFMAC-NMR is provided by the
ternary SxIl-Unr-msl2-mRNA regulatory complex, which consists
of both RNA recognition motifs (RRMs) of SxI, the first of five cold
shock domains of Unr (CSD1), and an 18-mer single-stranded RNA
derived from ms[2-mRNA. Assembly of this complex is vital for
female viability in fruit flies, as repression of msl2-mRNA by Sex-
lethal (SxI) and Upstream-of-N-Ras (Unr) prevents the formation
of the dosage compensation complex, resulting in normal tran-
scription of X-linked genes.

The crystal structure of the complex (PDB code: 4QQB) showed
a modest agreement with the RDCs induced by Pf1 phage align-
ment medium [193]. This modest agreement is probably consistent
with the extent of structural noise expected for a crystal structure
at 2.8 A resolution. The refinement revealed an almost invariant
arrangement of the two domains constituting Sxl, and of the entire
complex, with a relevant decrease in Qgpc from 0.440 in the crystal
structure to 0.144 in the refined structure. Moreover, the reduction
in the structural noise of the SxI-Unr complex by REFMAC-NMR
allowed the identification of putatively mobile residues, and of
minor discrepancies due to packing forces experienced in the crys-
tal lattice [194] (Fig. 12).

Notably, the REFMAC-NMR refinement produced an effective
improvement of the structural model with NMR data. As a proof
that the major contribution to the improvement was not due to
in-plane or out-of-plane distortions of the HN-N bonds (even if
within the standard limits), the protons were removed from the
refined structure and added back using automatic methods avail-

able from common software (Molprobity [195]). Evaluation of
the “reprotonated” structure showed that the agreement with
NMR data was clearly maintained, whereas adding protons with
the same program to the original structure did not provide any
improvement.

4. Conclusions

The results of structural approaches based on the use of individ-
ual techniques such as X-ray and NMR have long provided the
basis for the understanding of complex macromolecules. However,
they increasingly appear somewhat limited; the results summa-
rized here prove that an integrated approach based on the combi-
nation of data from these two radically different sources not only
yields structures with improved quality (i.e., which agree with
both sets of data), but also allows for a deeper understanding of
the behaviour of the biomolecules in solution, revealing changes
that may occur upon crystallization.
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A: Alignment tensor

CaM: Calmodulin

CCP4: Collaborative computational project no. 4 Software for Macromolecular
Crystallography (www.ccp4.ac.uk)

DAPk: Death-associated protein kinase

GB3: IgG-binding domain 3 of protein G

1Q: 1Q-recognition motif of voltage-gated calcium channel

MaxOcc: Maximum Occurrence

MaxOR: Maximum Occurrence of Regions

MMP1: Matrix-metalloproteinase 1

NOE: Nuclear Overhauser Effect

PCS: Pseudocontact shift

PDB: RCSB Protein DataBank (www.rcsb.org/pdb/home/home.do)

RDC: Residual dipolar coupling

REFMAC5: REFinement of MACromolecular structures (software for crystallogra-
phy, www?2.mrc-Imb.cam.ac.uk/groups/murshudov/)

SAXS: Small-angle X-ray Scattering

SxI-Unr: Sex-lethal and Upstream-of-N-Ras

x: Magnetic susceptibility tensor in molecular coordinate frame
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ABSTRACT: Integrated experimental approaches play an increas- X-ray data
ingly important role in structural biology, taking advantage of the
complementary information provided by different techniques. In
particular, the combination of NMR data with X-ray diffraction
patterns may provide accurate and precise information about local
conformations not available from average-resolution X-ray
structures alone. Here, we refined the structure of a ternary
protein—protein—RNA complex comprising three domains, SxI and
Unr, bound to a single-stranded region derived in the msl2 mRNA.

Diffraction REFMAC-NMR
pattern Joint structural
refinement

External
The joint X-ray and NMR refinement reveals that—despite the an;:nrqneam
poor quality of the fit found for the original structural model—the RDCs

NMR data can be largely accommodated within the uncertainty in

the atom positioning (structural noise) from the primary X-ray data and that the overall domain arrangements and binding
interfaces are preserved on passing from the crystalline state to the solution. The refinement highlights local conformational
differences, which provide additional information on specific features of the structure. For example, conformational dynamics and
heterogeneity observed at the interface between the CSD1 and the Sxl protein components in the ternary complex are revealed
by the combination of NMR and crystallographic data. The joint refinement protocol offers unique opportunities to detect
structural differences arising from various experimental conditions and reveals static or dynamic differences in the conformation
of the biomolecule between the solution and the crystals.

B INTRODUCTION very time consuming, especially in the case of high molecular
weight systems where extensive isotope labeling schemes need
to be applied to enhance the spectral quality.">~"” On the other
hand, residual dipolar coupling (RDC) data can be collected,
with relative ease, also for large systems and can be used to
detect potential inconsistencies between solution and crystal
states.”'%'® In case no detectable inconsistencies are found, a
joint structural refinement using both NMR and X-ray data
provides a method to obtain a more reliable structural model,

X-ray crystallography and NMR spectroscopy are the most
popular techniques able to retrieve information at the atomic
resolution level. The structural knowledge provided by these
two techniques is complementary, since X-ray diffraction
patterns are mainly derived from heavy atom contributions,
whereas NMR structural restraints mostly involve hydrogen
nuclei. Moreover, the crystalline and solution states are two
distinct physical environments, which may influence the

structural arrangement of macromolecular systems. Indeed, a which may disclose additional relevant information on its
number of studies document the presence of differences functional mechanisms.
between solution and X-ray structures, where the crystalline Uncertainty related to the experimental measurements is an
state reports on structural snapshots or minor conformations important issue that needs to be carefully analyzed to assess the
that in some cases are not expected to exist in solution.' ™' It is significance of the inconsistencies found when NMR data are
not hard to imagine that the presence of a crystal lattice may used in conjunction with an X-ray structural model. Extensive,
add additional constraints (e.g., crystal packing forces), which long-standing, alrll(%gcc;r’ltroversial discussions have built on such
can induce changes in the intra- and intermolecular inconsistencies. '~~~ In this regard, it is important to realize
conformations and/or in the dynamic features of the system.

Obtaining a comprehensive data set for complete structural Received: November $, 2015
characterization by NMR spectroscopy is usually difficult and Published: January 13, 2016
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that besides the uncertainty related to NMR data measure-
ments also the atomic coordinates in X-ray models may exhibit
a non-negligible level of inaccuracy. Such inaccuracies, which
may affect the positioning of different atomic moieties, mainly
depend on the resolution of the X-ray reflections and on the
structural refinement protocol employed.”’26 Therefore, this
so-called “structural noise” should be actively taken into
account during the evaluation of inconsistencies, if any,
between solution and crystal information.”*™>*

In the recent literature a number of approaches have been
reported for refining X-ray structures with NMR
data »®!' 7131829730 Most common  refinement protocols
consist in starting from an X-ray-derived structure and
morphing the latter to achieve an acceptable agreement with
the NMR data. This approach strongly relies on molecular
libraries where the correct bonding geometry has to be kept
(almost) completely rigid, because NMR measurements
generally do not provide sufficient information to constrain
the atom coordinates. Some of us have thus recently developed
an approach (REFMAC-NMR) based on the simultaneous
refinement of structural models against X-ray and NMR
experimental data.”” This allows for the joint use of the
information about heavy atom positions, which often dominate
X-ray reflections, together with the information about bond
orientations for different nuclear pairs derived, in this particular
case, from RDC data. Here, we show that REFMAC-NMR*
refinement can be used to assess whether experimental NMR
data can be explained by a structural model derived from X-ray
crystallography within the accuracy of its diffraction pattern,
and beyond the validation of the structure, RDCs can be used
to provide a structure that complies with more than one data
set and is thus more reliable. Moreover, we demonstrate that
local conformational differences between the crystalline and
solution states can be detected and exploited as useful hints on
the functional mechanism of the system.

To provide a proof-of-principle of this workflow on a
biologically relevant system, we assessed the recently reported
crystal structure of the ternary Sxl—Unr-msl2-mRNA com-
plex,” which consists of the two RNA recognition motifs
(RRMs) of Sxl, the first of five cold shock domains of Unr
(CSD1), and an 18-mer single-stranded RNA derived from
msl2-mRNA. Assembly of this complex is vital for female
viability in fruit flies, as translational repression of msl2-mRNA
by Sex-lethal (Sx) and Upstream-of-N-Ras (Unr) prevents the
formation of the dosage compensation complex resulting in
normal transcription of X-linked genes. The structure has
unique protein—RNA and protein—protein interfaces that
demonstrate how specificity and affinity for the cognate RNA
is achieved by cooperative action of two distinct RNA binding
proteins. The structure of this ternary complex constitutes an
ideal test case for our purpose, as complementary NMR data
are also available.”** In the present manuscript we focus on
the use of a set of residual dipolar couplings obtained for Pfl
phages alignment medium together with the available X-ray
data at 2.8 A resolution (PDB code 4QQB).

B MATERIALS AND METHODS

Structural Refinement. Structural refinements were performed by
the simultaneous use of the X-ray diffraction pattern and RDC data
employing the recently developed program REFMAC-NMR.*> The
general approach consists of (i) a first minimization against the X-ray
data alone, with an automatic setting of the weight matrix value (i.e., of
the relative weights of geometry violations and X-ray violations),
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possibly followed by manual adjusting of the weight matrix to reduce
the calculated rmsd of bond lengths, bond angles, and chiral volumes,
if too large, and (ii) a second minimization performed including RDC
restraints in order to decrease their Q factor. RDCs were included in
the calculation only for residues which are not dynamic, most of which
are part of secondary structure elements. In particular, the NMR
restraints contribution (¢) to the total minimized function is

t = kepe D, w[max(IRDC™ — RDC;™| — T, 0)]
: (1)

where T; is the tolerance on each RDC value, w; is its weight, and kppc
is the overall weighting factor for RDCs. In tables the products of the
krpc and w; values will be indicated as RDC weight. The second
minimization, besides optimization of the weight matrix value, requires
optimization of the weights of the NMR data and of additional torsion
angle restraints. Three further torsion angles were in fact introduced in
the REFMAC library to restrain the planarity of the O,—C,—N,,;—
C%,1, the C,_;—N;—C%—H, (out of plane bending of H"—N bonds),
and the C%—C—N,,,—C%,, dihedral angles (pepl, pep2 and w,
respectively; force constants and tolerances used in the calculations are
reported in Table S1). This was needed to avoid worsening of the
deviations of geometric parameters from ideality by the inclusion of
the NMR data in the refinement. Furthermore, overall weighting
parameters over ideal geometries of all atoms involved (weight
refined_atoms) or not involved (weight other_atoms) in the calculation
of gradients and of the second derivatives corresponding to X-ray
reflections were also introduced. Of note, bond distances of hydrogens
in X-ray libraries are different from those in NMR libraries, because the
hydrogen electron is not centered on the position of the nucleus but
closer to the atom to which it is attached. Therefore, the coordinates of
the hydrogens used for back-calculating the NMR restraints were
recalculated by increasing the distances between the hydro§ens and
their binding nuclei to the values used in the AMBER™* library
(HN-N distance of 1.020 A). This correction for the evaluation of the
NMR restraints does not affect the geometric restraints in the usual X-
ray refinement, which considers hydrogen positions according to the
standard crystallographic library.

Alignment Tensor Calculation. The alignment tensors and the
agreement between experimental and back-calculated RDCs were
computed using the FANTEN web application,”” available in the
WeNMR portal.*® From the fit of the experimental RDCs to eq 2

2 2 2
3pgSis Yalslt|  2Zxp — Xap —
RDC = ——22 A% | = + (D, - D,)
4r TAB 'sB
2 2
XAB T Yag 2xAE\y 'AB zxABzAB 2)’ABZAB
2 + ny 2 sz 2 Yz 2
2rpp AR AR TAB
2)

the program provides the five independent elements of the alignment
tensor (D, — D,,, D,,, D, D,, D,,), from which the axial component
of the tensor and its rhombicity, A and R, respectively, and the Euler
angles defining the principal directions of the tensor can be derived
(%am Yam and zap are the components of the distance between the two
coupled nuclei A and B). The similarity between tensors calculated
from the best fit against different structures was assessed according to
the following indicators: (1) the ratio of the axial components of the
tensors; (2) the ratio of the tensor sizes, taking into account also their
rhombicity; (3) the normalized dot product between the five
independent elements of the alignment tensor. The first two criteria
report on the similarity of the size of the tensors; the third criterion
encodes information on their shape and orientation. In all cases, values
close to 1 indicate good similarity between tensors.'”**~*'

The experimental RDC data were taken from Hennig et al;>* X-ray
data were taken from PDB accession code 4QQB.

>N NMR Relaxation Measurements. *N R, and R, relaxation
rates for Sxl at two different concentrations (0.25 and 1 mM) were
measured at 800 MHz proton Larmor frequencies at 298 K*
{'"H}-"N heteronuclear NOE data for CSD1 were acquired at 0.3

DOI: 10.1021/jacs.5b11598
J. Am. Chem. Soc. 2016, 138, 1601-1610
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mM protein concentration. For Sxl at 0.25 mM, R, relaxation rates
were derived from measuring 14 different relaxation delays, including 3
duplicates for error estimation (21.6 (2X), 43.2, 86.4, 162, 345.6, 518.4
(2X), 669.6, 885.6 (2x), 1080, 1274.4, 1555.2, 1944, and 2376 ms).
For R,, 12 different relaxation delays with two duplicates were
measured (5 (2X), 10, 15, 25, 40, 55, 70, 80 (2x), 90, 110, and 140
ms). At 1 mM concentration of Sxl, R, was derived from 10 different
relaxation delays recorded with two duplicates (21.6 (2x), 86.4, 162,
345.6, 518.4 (2X), 669.6, 885.6, 1274.4, 1728, and 2376 ms). R, was
derived from measuring eight relaxation delays with two duplicates
(10.88 (2X), 21.76, 32.64, 43.52 (2X), 54.4, 65.28, 76.16, and 87.04
ms). Data were fitted and analyzed using the software PINT.*

Bl RESULTS

REFMAC-NMR Refinement. The crystal structure of the
Sxl—Unr-msl2-mRNA complex was used to evaluate (a) the
conformation and (b) the relative arrangement of the two Sxl
RRM domains and CSDI domain in solution against HN—N
and C—N RDC data.®® From the best fit against a single
alignment tensor, the agreement of the RDCs with the available
X-ray structure (PDB code 4QQB) provides a Q factor of 0.440
(Tables 1 and S2). Despite the quality of the fit appearing to be

Table 1. REFMAC-NMR Refinement Calculations
Performed as for the Original Structure and Without
(-NMR) and With (+NMR) the Inclusion of NMR

Restraints®

PDB code 4QQB; resolution 2.80 A

three tensors Sxl two single-tensor
(Nter), Sxl (Cter), tensors Sxl SxI-CSD1
and CSD1 and CSD1 complex
original
parameters ~ structure —NMR +NMR +NMR +NMR
R 0.198 0.198 0.201 0.201 0.201
Rfree 0.236 0.234 0.236 0.236 0.235
RMSD 0.006 0.006 0.009 0.009 0.009
bond
length
RMSD 1.113 1.260 1.592 1.591 1.595
bond
angles
RMSD 0.074 0.099 0.097 0.097 0.097
chiral
volume
Q factor 0.440 0.124 0.131 0.144
RDC

“Simultaneous refinement of X-ray and RDC data was performed
using independent tensors for two domains of SxI (RRM1, RRM2)
and for CSD1 (three tensors) using independent tensor for full-length
Sxl and CSD1 (two tensors) and using a unique tensor for the overall
Sxl—CSD1 complex (single tensor).

rather modest, the result is in line with what can be expected
from the X-ray data resolution for this system (2.8 A). ¢ The

quality of the fit for the two complexes found in the asymmetric
unit (chains A—P—X and B—C-Y) is slightly different,
although the derived alignment tensor parameters are rather
similar (Table 1).

To evaluate the presence of any intradomain conformational
differences, RDC data were used to refine the conformations of
the individual structural units of the protein components of the
ternary complex (both RRM domains of Sxl and the CSD1
domain). REFMAC-NMR was employed for performing the
structural refinement using the protocol previously described.®
The peculiarity of this approach consists of taking into account
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the experimental uncertainty and coordinate precision of the X-
ray data when RDC data are included as structural restraints
(see Table 1). The joint refinement against both X-ray and
RDC data allows for small but relevant changes of the atomic
coordinates in order to satisfy the RDC data still being in
agreement with the X-ray data. The joint refinement leads to an
overall drop of the Q factor from 0.440 to 0.124, without any
significant increase in the R or R values or in violations of
geometrical constraints (rmsd for bond lengths, bond angles,
and chiral volumes; see Table 1). These results suggest that the
poor agreement of the RDC data initially observed for the
original X-ray structure was mainly due to the presence of
inaccuracy in atom positions and that no significant (i.e.,
outside the experimental error) structural differences in the
conformation of the single domains constituting the complex
exist between the crystalline and the solution states. Moreover,
such improvement in the agreement of RDCs reveals that the
additional information provided by these restraints assists in
better defining the structure upon joint refinement, whereas the
fact that the crystallographic R does not significantly increase
with respect to R indicates the absence of over-refinement.
Actually, the electron density map is even slightly changed after
inclusion of NMR restraints (see Figure 4).

In order to test the presence of interdomain rearrangements,
the tensors calculated for the individual units were compared
with one another in terms of magnitude, alignment, and shape.
These parameters turned out to be very similar for the two
domains of Sxl (Table 2), pointing out that both domains could

Table 2. Comparison between the Alignment Tensors
Calculated Independently for the Two Domains of Sxl
(RRM1, RRM2), and for Sxl and CSD1

comparison between tensors calculated for SxI domains

magnitude magnitude of the
of the axial axial and rhombic
component components (DZZ orientation and shape
Asaweny/  Dedsa@rvi)/ Dz = (Dsawamy) Dsarrmz))/
Asx(RRM2) D..)sa(rrm2) (IDs Ry N Dsacrrazy 1)
chain A 0.98 1.02 0.95
chain B 1.02 1.07 0.98

comparison between tensors calculated for Sxl and CSD1

magnitude of ~ magnitude of the axial orientation and

the axial and rhombic shape (Dgy*
component components (D, — Dcspy)/
Asa/Acspr  Didsa/(Dez = Didespr  (IDsallliDesoull)
chains A, X 0.80 0.81 0.98
chains B, Y 0.79 0.80 0.99

be refined by using the same tensor without any significant
worsening in the agreement with RDC data. As expected, the
refinement results obtained by imposing a single tensor for the
two domains are satisfactory (with only a small increase in the
Q factor from 0.124 to 0.131, see Table 1). This indicates that
the Sxl domains in solution maintain the same relative
rearrangement as observed in the crystal and that the presence
of significant interdomain motion can be reasonably excluded.
On the contrary, a notable difference in the magnitude of the
alignment tensor was observed for CSD1. However, the shape
and orientation of the tensor is almost indistinguishable from
the tensor determined for Sxl (Table 2). The most likely
explanation for this is a difference in the experimental
conditions, e.g, a slight variation in alignment medium
concentrations in the different samples used for the RDC

DOI: 10.1021/jacs.5b11598
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Figure 1. Correlation plots between experimental and back-calculated RDCs for the original structure (gray dots) and for the refined structure (blue

dots).

measurements of the Sxl and CSDI1 data involving Sxl- and
CSD1-isotope-labeled complexes, respectively. This explanation
is supported by the following considerations: (a) the tensor is
reduced but has the same orientation and anisotropy, which is a
hint of just a smaller alignment, and (b) it is unlikely that Sx],
which is larger, with a more anisotropic shape and intimately
connected with the highly charged RNA molecule, could show
smaller alignment than the smaller and more isotropic CSD1.
Hence, a uniform scaling by an empirical factor 0.8 was applied
to CSD1 RDC values in order to perform a new REFMAC-
NMR refinement calculation using a single alignment tensor for
the complete RDC data set. The refinement showed that the
RDC Q factor increases only marginally (from 0.124 to 0.144,
see Table 1) on passing from the use of three independent
tensors for the three individual units of the SxI-Unr complex to
the use of a single tensor, remaining much smaller with respect
to the Q factor of 0.440 calculated for the original X-ray model.
No appreciable differences are observed for the structural
statistics of the X-ray data (see Table 1).

In summary, these results indicate that the refined crystal
structures provide a very good fit of the NMR data and thus
represent also a good model of the Sxl-Unr complex in
solution. The correlation plots reporting the agreement of the
experimental RDCs with the refined structural model are
shown in Figure 1. A good overall agreement is observed for
both SxI—Unr complexes (chains A—P—X and B—C—Y) found
in the asymmetric unit of the crystal, with a slight preference for
chains B and Y with respect to chains A and X. Taking into
account the measurement errors (3 and 1 Hz for H'—N and
C—N, respectively), HY—N RDCs collected for CSD1 and C—
N RDCs for Sxl reveal optimal fit of the available data, with
Y reduced values of 1.003 (chain X), 0.97 (chain Y), 1.04 (chain
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A), and 1.12 (chain B); Sxl HY—N RDCs show p*.quced Of
1.458 for chain A and 1.192 for chain B. Whereas C—N RDCs
show agreement between calculated and observed data almost
within the experimental error, it is immediately apparent that
larger deviations exist in H'—N RDCs. These deviations, which
are discussed in detail in the Possible Differences between
Crystal and Solution Structures section, show a peculiar effect
of the joint refinement (see Table 3 and Figure S1). The
refinement produces a sizable overall reduction of the
differences between observed and calculated values, but still
some of the values largely exceed the experimental uncertainty.
Most notably, those residues that stand out after refinement
were not violating more than others in the original structure,

Table 3. Residues Showing after Refinement a Deviation
between Observed and Calculated Data Larger than the
Standard Deviation Compared with Their Deviation before
the Refinement (see Figure S1)

residue original refined
137 A, 0.300; B, 0.246 A, 1.353; B, 1.412
138 A, 0.261; B, 0.068 A, 0.989; B, 0.894
142 A, 1.364; B, 1.307 A, 1.920; B, 1.584
146 A, 2234; B, 2.598 A, 1260; B, 1.110
188 A, 0.404; B, 0.313 A, 1317; B, 1.179
190 A, 0.506; B, 0.124 A, 0.966; B, 0.426
191 A, 1.859; B, 4.463 A, 2.384; B, 2.582
195 A, 0.208; B, 0.492 A, 0.875; B, 0.888
212 A, 0.812; B, 0.963 A, 2.925; B, 2.536
238 A, 1.138; B, 0.763 A, 1.967; B, 1.890
240 A, 0.762; B, 1.199 A, 1.743; B, 1.394
257 A, 1.264; B, 1.043 A, 2.560; B, 2.617

DOI: 10.1021/jacs.5b11598
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whereas they do after the violations of the others that have been
successfully reduced by refinement.

Comparison of the refined structure with respect to the
original model (Table 4) showed slightly improved fits of

Table 4. Quality Evaluation for the Original Structure and
for the REFMAC-NMR Refined Structure As Calculated by
the wwPDB Validation Server (wwwpdb-validation.wwpdb.

org)

original refined
Rfree 0.236 0.235
RSRZ outliers 5.4% 5.0%
Clashscore 4 S

Ramachandran outliers core: 86.0%
allowed: 13.3%
generous: 0.5%
disallowed: 0.2%

RNA backbone 0.35

core: 87.2%
allowed: 12.3%
generous: 0.2%
disallowed: 0.2%
0.34

crystallographic data and Ramachandran scores with an increase
in the percentage of residues belonging to the core (from 86.0%
to 87.2%) and a decrease of those in the allowed (from 13.3%
to 12.3%) and in the generously allowed regions (from 0.5% to
0.2%).

Notably, REFMAC-NMR refinement produced an effective
improvement of the structural model with NMR data. As a
proof that the major contribution to the improvement is not
due to simple in-plane or out-of-plane distortions of the HN—N
bonds (even if within the standard limits, see Figure S2a,b) the
protons were removed from the refined structure and added
back by using automatic methods available from common
software (i.e., Molprobity™* and MOLMOL 2K). Evaluation of
the “reprotonated” structure shows that the agreement with
NMR data is clearly maintained (Table S), whereas adding
protons with the same programs to the original structure does
not provide any improvement. This demonstrates how much
the uncertainty in heavy atom coordinates can affect the
automatic positioning of hydrogen atoms and thus the
orientation of HN—N bonds to which RDCs mostly refer to.

Novel Insights from the Joint Refinement. REFMAC-
NMR does not produce any global difference in the refined
structure with respect to the original one (backbone coordinate
rmsd of 0.066, 0.075, 0.093, and 0.094 A for chains A, B, X, and
Y, respectively). Indeed, complexes A—P—X and B—C-Y,
which slightly differ in their relative positions (backbone
coordinate rmsd of the secondary structure is 0.470 and 0.444
A, respectively, between chains A and B and X and Y), get only
slightly closer after the refinement (backbone coordinate rmsd
of the secondary structure is 0.463 and 0.400 A, respectively,

between chains A and B and X and Y) (Table 6). However, by
looking at the structural changes in more detail, it can be

Table 6. RMSD between the Two Complexes in the
Asymmetric Unit before and after Refinement

refined
A—B, 0.463; X—Y, 0.400

rmsd original

backbone atoms® A—B, 0.470; X-Y, 0.444

backbone @ A-B, 15.686; X-Y, @ A—B, 13.015; X-Y,
angles” 12.324 8.156
w A—B, 13.855; X—Y, 7.681 y A—B, 12.123; X-Y,
7.199

backbone atoms® A—B, 0.508; X—Y, 0.488 A-B, 0.502; X-Y, 0.446

“rmsd calculated upon independent alignment of chains A and B and
of chains X and Y. “rmsd calculated for the secondary structure

elements. ‘rmsd calculated upon alignment of complexes A—P—X and
B-C-Y.

observed that small but significant local differences between the
two complexes in the asymmetric unit exist (e.g, around
residue 60 in CSD1, see Figure S3). Local differences are even
more apparent in the backbone dihedral angles of the two
complexes (Figure S4), which become more similar (average
decrease of the rmsd in the secondary structure elements
around 12% for both ¢ and y angles, see Table 6).

Indeed, inclusion of RDC data mostly aids the local
refinement of the two structures. Figures 2 and 3 report the
backbone rmsd per residue between original and refined
structures. Some differences of modest extent (never exceeding
0.2 A) are present for Sxl (chains A and B). The most relevant
changes involve residues N152, 1230, and A271 for chain A and
residues R146, N152, V185, T190, V191, Q239, and K240 for
chain B, scattered in different regions of the two RRM domains.
Slight differences are also detected in the reco%nition of
secondary structure elements by the DSSP software,* the most
significant involving a better definition of a new p-strand
constituted by residues S285—L288 and of a helix-3 for residues
E206—1208 (Figure 6). The improved definition of these
structural elements is likely a consequence of additional
information provided by the joint refinement.

In contrast, for the CSD1 domain (chains X and Y) structural
variations are found to be all grouped in the well-defined loop
region constituted by residues YS6—P63 (Figure 2), for which a
conformational difference is observed upon joint refinement
(Figures 3 and 6). Refinement of the loop conformation is
reflected also in the slight rearrangement of some of the side
chains, the most relevant one being RS9 (Figure 4a and 4b).
This residue is of particular importance as it forms an essential
contact with Sxl Y164. Substitution of either residue by alanine
severely impairs or abolishes the formation of the entire

Table 5. Comparison of the Qgpc for the SxI-CSD1 Complex for the Refined Structure when H" Atoms Are Added by
REFMAC-NMR by MolProbity and by MOLMOL 2K as Well as for the Original Structure

refined

original

H" added by REFMAC-NMR

H" added by MolProbity

H" added by MOLMOL H" added by MolProbity

SXL (chain A) RRM1
SXL (chain A) RRM2
CSD1 (chain X)
SXL (chain B) RRM1
SXL (chain B) RRM2
CSD1 (chain Y)

Qroc (HN-N, C-N)
0.144 (0.140, 0.390)
0.180 (0.176, 0.360)
0.116

0.134 (0.129, 0.398)
0.161 (0.156, 0.379)
0.114

Qroc (HN-N, C-N)
0.161 (0.157, 0.390)
0.195 (0.192, 0.360)
0.135

0.155 (0.151, 0.398)
0.170 (0.165, 0.379)
0.136
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Qroc (HY-N, C-N)
0.197 (0.194, 0.389)
0.178 (0.175, 0.354)
0.189

0.192 (0.189, 0.396)
0.182 (0.178, 0.376)
0.200

Qroc (HN-N, C-N)
0.425 (0.425, 0.470)
0.366 (0.364, 0.491)
0354

0.560 (0.561, 0.478)
0.336 (0.331, 0.633)
0.403
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Figure 3. Two conformations of Sxl—Unr complex structure (chains A—P—X and B—C—Y) as found in the asymmetric crystal unit (pdb file 4QQB).
Residues showing a rmsd in the backbone C, C,, and N nuclear positions between the original and the refined structures above 0.12 A are shown in

yellow.

complex.” It is also interesting to observe that in the free
CSD1 domain residues RS8 and RS9 exhibit slightly higher
conformational flexibility on subnanosecond time scales as
indicated by the low heteronuclear {'H}—N NOE data
(Figure SS) when compared to other residues in the free state.
This likely correlates with the observed conformational
differences detected by REFMAC-NMR, suggesting that the
refinement is more effective where electron density is less
determined. Further indication of conformational rearrange-
ment of CSD1 loop is provided by the fact that Y164 of Sxl,
which interacts directly with RS9 of CSD1, adopts two distinct
conformations in the crystal by chains A—P—X and B—C-Y
(Figure 4c and 4d). Indeed, while in the A—P—X complex the
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side chain of Y164 is stacked against the side chain of CSD1—
RS9, in the B—C—Y complex it is flipped to the other side and
interacts with the RNA base of U7. The former is not observed
in the absence of CSDI but the latter while bound to
transformer mRNA.* This indicates that both conformations of
Y164 are energetically accessible from the solution conforma-
tion. Bringing together the information about the two partners,
this suggests that the high flexibility of the CSD1 loop, coupled
to the conformational heterogeneity detected through the side
chain of Y164, may play an important role for complex
formation. Of note, in this case REFMAC-NMR refinement
gave access to useful information about the CSDI1 loop,
otherwise impossible to retrieve by NMR relaxation measure-

DOI: 10.1021/jacs.5b11598
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R58

Figure 4. Detail of the CSD1 loop at the interface with RNA (a) for chains A—P—X and (b) B—C—Y. The original X-ray structure is shown in gray,
whereas the refined structure is colored as in Figure 3. Relevant variations are indicated by red arrows. Zoomed view indicating conformational
differences for CSD1 RS9 and Sxl Y164 for chains (c) A—P—X and (d) B—C—Y. The flipping side chain of Y164 in the two conformations is
indicated by a red arrow. Electron density for R59, Y164, and U7 and for neighboring residues/bases is shown in blue mesh lines at contour level of
sigma 1.
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ments of the complex due to line broadening of the amide
resonance.

Possible Differences between Crystal and Solution
Structures. Despite the refined structure presenting an overall
very good fit for the available NMR data, a number of violations
can still be observed, especially for some HY—N RDC values
belonging to Sxl (see section REFMAC-NMR Refinement).
Figures 5—7 report the differences between experimental and
back-calculated data, referred to as residuals, for the HN—N
RDC of both Sxl and CSD1. Interestingly, differences are found
to be mainly clustered in two groups comprising residues T137,
D138, Y142, and R146 (Figure 7b) and N212, V238, K240, and
V257 (Figure 7c), which are located in the RRM1 and RRM2
domains of Sxl, respectively, and at the RNA binding interface.
In particular, residues Y142 and R146 in RRM1 are of special
significance, as chemical shift perturbations and mutational
analyses confirmed their key role during RNA binding and
complex formation® in vitro and during functional activity in
vivo. This illustrates how the joint refinement provides novel
structural insight for regions that are not well defined by the
individual methods.

Minor but significant discrepancies are also observed for
residues G188, T190, V191, and R19S, located in the loop of
Sxl (Figure 7d). This loop represents the region in which the
two complexes A—P—X and B—C—Y are closer in space: the
interaction of R192 in chain A with the loop K246—R250 of
chain B results in the formation of two H bonds (R192—K246,
R192—L247). Therefore, the presence of these interactions in
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the crystalline state may be at the origin of the structural
differences observed for this region with respect to the solution
structure. Of note, although at low concentrations this complex
is monomeric, a concentration-dependent weak dimerization is
observed for Sxl in solution, as indicated by the increased
rotational correlation time (Figure S6). Consistently, residues
around 1189, including G188, T190, and V191 (relaxation rates
of R195 could not be assessed), exhibit longer apparent
rotational correlation times derived from N R,/R, relaxation
rates at higher concentrations. During crystallization of the
complex the concentration is even higher, and the same
residues seem to be involved in the interaction between both
complexes in the asymmetric unit. This interaction does not
take place at lower concentrations at which RDCs were
acquired and may thus explain the discrepancy observed. On
the other hand, residues around K246 are more flexible at both
concentrations. In the ternary complex studied here differences
between crystal and solution data are observed for residues that
interact with the 3’ region of the RNA. As in the cellular
context the full-length RNA sequence extends beyond A20;
additional factors might stabilize the RNA contacts.

Bl CONCLUSIONS

Here, we show that joint X-ray and NMR refinement can be
effectively used to probe if a crystal structure reflects the
conformation found in solution at a residue-by-residue level
(depending on the NMR data used). Moreover, the joint
refinement can reveal local differences between solution and

DOI: 10.1021/jacs.5b11598
J. Am. Chem. Soc. 2016, 138, 1601—1610



Journal of the American Chemical Society

a

CSD1
(Chain'Y)

SXL
(Chain A)

SXL
(Chain B)
3.0 6.0 9.0 Hz
1 1 |
b c d
T137 .(\ 0133 N212 : exL
v257 —_— &G))\”\m i \Chain B)
D G
\ L ; \‘ ‘
K240 &) \ J . .
,f v\\ =
T
SXL \Y1 42 SX V238 SXL %
(Chain A) R1 46 (Chain A) (Chain A) ™~ 5.195

Figure 7. (a) Differences between experimental RDCs and values back-calculated from the original crystal structure for HY—N interactions (in
absolute value) are mapped onto two X-ray models of the Sxl—Unr complex according to the color code reported in the bar. (b—d) Zoomed views
for distinct residues where large deviations (i.e., sizably exceeding the experimental uncertainty) are observed at the protein—RNA interface.

crystal state conformations and thus provide complementary
information. Local conformational inaccuracies can arise from
the uncertainty in the exact position of atoms within the
electron density maps of X-rays, referred to as structural noise.
These inaccuracies can be detected by NMR data, which
provide complementary information about bond angles and
moiety orientations. NMR data provide a direct experimental
handle on these structural properties.

In the present example of Sxl—Unr translation regulatory
complex, where an unsatisfactory fit of diamagnetic RDCs was
obtained against the original X-ray structure, REFMAC-NMR
refinement produced an effective improvement in the quality of
the fit, with a drop of the Q factor from 0.440 to 0.144. This
confirms that the solution and crystal structures of this complex
are sufficiently close, and thus, the general conclusion drawn
from analysis of the crystal structure are unaffected. On the
other hand, the small but significant changes are not trivially
due to adjustments of N—H bond vector orientation but rather
reflect non-negligible backbone rearrangements. In turn, these
backbone rearrangements, although small, imply some adjust-
ments in the corresponding side chains. Comparison of the
tensors calculated independently for the different subunits
reasonably exclude interdomain motion effects. Moreover, the
results from the step-by-step refinement confirm that both the
intradomain conformations and the interdomain positions
observed in the crystal are very good models also for the
solution state. We also demonstrated that the reduction of the
structural noise (i.e., of the uncertainty in the atomic positions
within the electron density map, which imposes systematic
errors in the calculated values of RDCs”®) accomplished by the
inclusion of RDCs in the structural refinement can reveal minor
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but interesting conformational differences between crystal and
solution conformations, which help to better understand the
structural biology of the studied complex. These few differences
could only be spotted after successful reduction of the many
differences that could be taken care of by a minor perturbation
of the structure within the X-ray structure uncertainty. Indeed,
joint refinement yields access to local structural differences that
escaped detection when using the two methods separately and
points to differences in the protein—RNA interface, which may
be relevant for understanding the biological function of the
complex. Detecting differences between solution and crystalline
states can also help to rule out effects and artifacts from crystal
packing and to identify interactions that may be important in
the assembly of higher order complexes and thus guide follow-
up studies. Thus, simultaneous refinement helps to understand
phenomena observed in solution, which cannot be directly
explained from the crystal structure alone.
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PDB code: 4QQB — Resolution: 2.80 A

. Three tensors Two tensors Single tensor
Parameters ?r'g't”a' Sxl (Nter), SxI (Cter), and CSD1 Sxl and CSD1 SxI-CSD1 complex
structure
- NMR + NMR + NMR + NMR
R-value 0.198 0.198 0.201 0.201 0.201
R-free 0.236 0.234 0.236 0.236 0.235
RMSD bond length 0.006 0.006 0.009 0.009 0.009
RMSD bond angles 1.113 1.260 1.592 1.591 1.595
RMSD chiral volume 0.074 0.099 0.097 0.097 0.097
Q-factor RDC 0.440 - 0.124 0.131 0.144
SxI H'-N = 0.015 SxI H'-N = 0.015 SxI H'-N = 0.015
(tol = 1.0) (tol = 1.0) (tol = 1.0)
. Sxl C-N = 0.50 Sxl C-N = 0.50 SxI C-N = 0.50
RDC weight - - (tol = 2.0) (tol =2.0) (tol =2.0)
CSD1H“N=0.009 | CSD1H"N =0.009 CSD1 H'-N = 0.009
(tol = 1.0) (tol = 1.0) (tol = 1.0)
Weight dihedral angles ] 2.0,0.8,2.0 2.0,0.8,2.0 2.0,0.8,2.0 2.0,0.8,2.0
(bep1, pep2, w)
Weight matrix 0.01 0.002 0.002 0.002 0.002
Weight refined_atoms, | 4 4 4 1.0, 25.0 1.0,25.0 1.0, 25.0 1.0, 25.0
Weight other_atoms

[*] REFMAC-NMR additional restraints defined in the CCP4 library:
* pep1 value of 180° with a tolerance of 1.0°
e pep2 value of 180° with a tolerance of 1.0°
* w value of 180° with a tolerance of 5.0°

Table S1: Force constants and tolerances used for the different refinement

calculations performed for the SxI-Unr complex.

Original structure — Tensor parameters
A R DHN (HZ) QRDC
SXL (chain A) and
CSD1 (chain X) -0.00189 -0.186 -21.644 0.392
SXL (chain B) and
CSD1 (chain V) -0.00186 -0.188 -21.403 0.465

Table S2: Alignment tensors calculated for the original X-ray structures of the

two complexes A-P-X and B-C-Y found in the asymmetric unit of the crystal.
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Fig.S1a: RDC residuals compared to their standard deviation before

refinement.
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Fig.S1b: RDC residuals compared to their standard deviation after refinement.



Sxl (Chain A) — Original structure
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Fig.S2a: Reported values of pep2 (Ci+-Ni- C%-H;), w (C%-Ci-Ni+1- C%+1) and
pep1 (Oi-Ci-N;+1-C%) for the original structures of Sxl (Chains A and B) and
CSD1 (Chains X and Y).
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Fig.S2b: Reported values of pep2 (Ci.:-Ni- C%-Hi), w (C%-Ci-Ni+1- C%+1) and
pep1 (Oi-Ci-Ni+1-C%) for the REFMAC-NMR refined structures of Sxl (Chains A
and B) and CSD1 (Chains X and Y).
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Fig.S3: Residue-by-residue backbone RMSD (for secondary structure
elements or for residues not belonging to secondary structure elements for
which RDCs were measured) between the two complexes in the asymmetric
unit before (red) and after (blue) the refinement, for chains A and B (top), and

chains X and Y (bottom) for the .
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or for residues not belonging to secondary structure elements for which RDCs
were measured) between the chains A and B before (red) and after (blue) the

refinement.
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refinement.
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Fig.S5: Heteronuclear {'H}-">’N NOE values for the free CSD1. The region
around and including residues R58-R59 exhibits a lower NOE value,
indicating a higher flexibility.

R,/R,

residue number

Fig.S6: "°N relaxation data R./R;) of free SxI at 0.25 mM (blue) and 1 mM
(red) concentrations. At higher concentration, SxlI has a higher rotational
correlation time (tc = 15.1 ns at 1 mM compared to 1. = 10.9 ns at 0.25 mM),

indicating a weak dimerization propensity, which maybe mediated by residues
around 1189 and K246.
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3.5 Impact of experimental uncertainties in protein mobility

studies
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Impact of experimental uncertainties in protein mobility studies

Abstract

In the light of the recent developments of integrated structural biology
(sometimes also referred to as “integrative”), there is an increasing need to bring
together the information available from the different experimental techniques, such as
X-ray and NMR. In particular, different structural information from the two techniques
may help in characterizing protein mobility in solution. However, it is possible that the
uncertainty in the determination of atom coordinates (also termed “structural noise”)
from the primary X-ray data may affect the outcome of the mobility reconstruction. We
have selected a calmodulin peptide complex, for which a 2 A resolution X-ray structure
as well as a large amount of accurate NMR data are available, as a relevant test case. We
find that on average a single structure refined by simultaneous use of X-ray and NMR
paramagnetic data scores similarly on three parameters able to detect domain motion as

a previously published ensemble of structures.
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Introduction

Biomolecules move, and their motions might be extensive in space and time and
relevant for the accomplishment of their biological function. But, given the quality of the
available experimental data, what is our ability to reconstruct such motions and their
extent in solution - i.e. closer to physiological environment? The situation is even more
complex when facing multi-domain proteins, for which both intra- and inter- domain
motions may occur and need to be described. The two-domain protein Calmodulin
(CaM) bound to a peptide is the system of choice to address these issues.l-7 Extensive
paramagnetically induced NMR data (residual dipolar couplings, RDCs, and
pseudocontact shifts, PCSs) have been previously recorded for CaM bound to the IQ
peptide.® PCSs and RDCs are the cleanest parameters to derive information concerning
inter-domain motions in solution, and furthermore motional averaging reflects to
different extents in these two types of restraints.?#410-14

These paramagnetic data can directly show the presence of inter-domain motions
if intra-domain motions are negligible and the structures of the domains are accurately
known. However, X-ray structures are affected by structural inaccuracy that needs to be
considered: this inaccuracy is not limited to hydrogen atoms, which are often absent in
electron density maps, but it also affects heavy atom coordinates, which in turn may
further affect the positioning of hydrogen atoms. This inaccuracy, termed “structural
noise”,15 is larger the lower the resolution of the X-ray data, and imposes a limitation in
the quality of the attainable fit for the NMR data. In this work, we aim at determining
whether inter-domain motion is required to explain the available experimental NMR
data after careful minimization of the structural noise.16-19.3.20-22,6,23 Tqo this end, we
resort to the use of REFMACZ2425, part of the CCP4 suite for crystallography?2¢, in which

NMR data can be introduced at the stage of structural refinement (REFMAC-NMR).2” We
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have already proven that this approach is able to reveal subtle differences between
solution and crystal data even when the agreement seems already satisfactory?7.?8 or, in
some other cases, to largely reconcile the crystallographic model with the NMR data

when they appeared sensibly different.2?

Materials and Methods

Simultaneous refinement of X-ray and NMR data

The structural refinements of the different X-ray structures were performed by
simultaneous use of X-ray structure factors and NMR data (PCSs and RDCs), using the
REFMAC-NMR software, which is based on Refmac5%42> from the CCP4 crystallography
suite?6. The joint refinement is achieved by a minimization of a target function that
balances the contribution of X-ray data, NMR data and ideal geometric constraints, as

detailed in the Supporting Information.

Agreement of the experimental data
The agreement of the NMR data against the different structural models was
evaluated by the calculation of the Q-factor. In particular, the Q-factor for individual PCS

or RDC data (Qrcs, Qroc) is defined as:3°

n 2
Xiexp;

0= jZ?(expi —calc; )? (1)

where exp and calc indicate, respectively, experimental and back-calculated PCS
or RDC values.
To balance the contributions of PCSs and RDCs, we have applied the composite Q-

factor for PCSs and RDCs (Qpcs+rpc) defined as:®
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0 _ NpcsQpcs+NrpcQapc (2)
PCS+RDC Npcs+Nrpe

where Npcs and Nrpc indicate, respectively, the number of experimental PCSs and
RDCs.

The tensor parameters and the Q-factors for PCSs and RDCs against the original
and the refined structures were obtained using the program FANTEN31, available in the
WeNMR portal32. In particular, for the N-terminal domain the calculation of the tensor
was performed by fixing the metal position to the one optimized during REFMAC-NMR
refinement and by fitting the tensor anisotropies and orientations by a Gauss-Newton
optimization approach; for the C-terminal domain the fit of all tensor parameters as well
as of the metal positions were obtained by using a non-linear least squares approach,
minimizing the weighted differences between experimental and back-calculated data. As
performed in 8, tensor calculations for each domain and each lanthanide were
performed by minimizing the Qpcs+rpc.

Error bars were calculated by using a Montecarlo bootstrap approach discarding

20% of the experimental data. 100 cycles were performed.

Tensor-based criteria

The tensors calculated for the individual N- and C- terminal domains were
compared according to the three criteria proposed by Russo et al.:8 tensor size ratio,
tensor alignment and shape, and metal positioning. The tensor size ratio criterion
reports on the deviation from 1 of the ratios between the anisotropies of the tensors
calculated for the C-terminal and N-terminal domains; the tensor alignment and shape
criterion reports on the discrepancies in alignment and rhombicity between the C-

terminal and N-terminal domains tensors, and the metal positioning criterion reports on
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the differences in the coordinates of the paramagnetic metals as determined from C-

terminal and N-terminal domains data (see SI for more details).

Results and Discussion

First of all, we observe that the agreement between the NMR data (RDCs and
PCSs®) and each of the three structures of the three independent molecules in the
asymmetric unit of the crystals of CaM when bound to the IQ peptide (PDB 2BE6) is
already remarkable, the composite Q-factors being below 0.25 for all six lanthanides
alternatively substituted to the calcium ion in the second binding site of the N-terminal
domain of the protein. However, the back-calculation of the tensors for the N- and C-
terminal domains derived from RDCs and PCSs shows some differences (see SI), which
prompted a deeper investigation.? In the previous study,? it was found that, in solution,
an exchange between the three conformations present in the asymmetric unit of the
crystal explained the paramagnetic data for the individual domains better than any of
the individual structures. By contrast to the study here, no attempts were undertaken to
optimize the structures of the individual domains. A structural ensemble constituted by
the three crystallographic structures compounded with few selected conformations
extracted from molecular dynamics simulations was constructed.® The obtained
ensemble shows a remarkable improvement in terms of Q-factors, but most importantly
it almost completely reconciles the differences in the back-calculation of the tensors for
the N- and C- terminal domains. In the present work, we investigate whether the NMR
data and the X-ray data can also be reconciled, and to what extent, at the stage of the

structural refinement.
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Under the assumption of no mobility, we have refined each of the three structures
against all the available PCS and RDC data. The three X-ray models show a much better
agreement with the experimental data after refinement, with chains A and B providing
the best results (see SI). We chose to pursue the investigation using chain A (Table 1) as
it also scores slightly better in terms of the tensor size and tensor alignment criteria
proposed by Russo et al.8 The three panels in Figure 1 show the improvements of the
refined structure (Full-length refinement) with respect to the X-ray structure (X-ray
structure) in terms of these criteria (see also SI for chains B and C).

Of note, although the structural changes introduced by the simultaneous
refinement against X-ray and NMR data are very small (RMSDpb = 0.076 A between the
refined and the original X-ray structures), they result in a large improvement of the
agreement with the NMR data, similar to that of the published ensemble of structures®
(see Table 1 and Fig. S2). Such improvement is not due to trivial deviations of HN-N
bonds with respect to the peptide plane, but rather reflects changes in heavy atom
coordinates (see SI).

The agreement in terms of alignment between the tensors of N-terminal and C-
terminal domains calculated for the refined structure is similarly good as that achieved
for the ensemble solution (Fig. 1, Ensemble approach), whereas the agreement in the
metal position is somewhat worse. The tensor size ratio in the refined structure is
smaller than or equal to 1 for all metals, while the tensor size ratios for the ensemble
scatter around 1 indicating that domain motion drives this parameter to values as would
be expected for a faithful structural representation.

While an essentially random distribution of the differences between
experimental and back-calculated RDCs (residuals) is obtained, the discrepancies of

PCSs show a clear polarization (or bias), especially in the C-terminal domain (Figures
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S3-5S4). The worse reproduction of the metal position with respect to the ensemble
approach could be thus a reporter of mobility, which is obviously not captured by the
static simultaneous refinement approach. To check this, a rigid body minimization for
the two subunits was performed using as starting point the refined structure. This
procedure implies applying a rigid rototranslation to one of the two domains, to provide
the best fit of the NMR data. The resulting structure is shown in Figure 2, and the
transformation mainly consists of a rigid translation of the C-terminal with respect to
the N-terminal domain by about 3 A with a negligible rotation. This simple movement
does produce an improvement in the residuals distribution (Figure S4), together with a
slight improvement in the tensor alignment and a significant improvement in the metal
position (Figure 1 - Rigid body minimization), which now results in a better agreement
for the single structure than for the ensemble, taking all six metals into account. In the
ensemble approach, only 4 metals were used for refinement and Yb and Ho used for
cross validation. It is therefore not surprising that the metal position for those deviates
the most in the ensemble.

Overall, the scoring parameters are differently well fulfilled for the single
structure and the ensemble, but on average for all three criteria, the two representations
score similarly. It can also be seen that tensor size and metal position are the most
sensitive parameters and it might still be possible to improve the structural
representation.

In conclusion, both a single refined structure and the previously selected
ensemble of structures can fit the data similarly well and fulfill the tensor parameter
criteria similarly well (Figure 1), one scoring a little better regarding the tensor sizes,

the other scoring a little better regarding the metal position.
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Given the high quality of the NMR data, the residual small discrepancy in the
back-calculated tensor parameters (the tensor size ratio is still around 10% smaller than
1 for a couple of lanthanides, Figure 1) can still be significant. This residual discrepancy,
which is similar for both cases, may originate from different reasons. While the spread of
tensor sizes is similar for both approaches, the average ratio is closer to 1 in the
ensemble approach than in the single structure approach. Thus, taking motion into
account clearly moves this parameter closer to the value expected for an ideal
description of the structure, i.e. 1. Yet, the spread is similar for both approaches.

The reasons could be different for the two approaches. Clearly in the ensemble
approach, except for averaging the individual domains from the X-ray ensemble, no
further attempts to reduce the structural noise were made. In the single structure
approach, the structural noise is removed as much as possible, such that anisotropic
motion of the domains might explain the scatter. However, it is possible that there are
some other specific inconsistencies between the X-ray data and the NMR data, e.g.
resulting from small local, intra-domain rearrangements that can be present between
the crystal and the solution, as already observed for calmodulin-peptide complexes.1.6:33
This explanation would be supported by the small polarization of several residuals of
the PCSs of protons belonging to the first helix of the C-terminal domain, which is better
observable when the rigid body minimization eliminates most of the other polarization
effects (see Figure S4). Obviously, this hypothesis denies the initial assumption of
rigidity of the two domains. We thus conclude that any further attempt to explain the
small residual discrepancies would require a full re-determination of the structure, and
this is beyond the scope of the present work.

In summary, we have shown that in this test case NMR data can be explained

similarly well either as an average over an ensemble of crystallographic structures
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augmented with additional MD derived structures or by a single structure obtained by
simultaneous refinement against NMR and X-ray data. This result underlines the
importance of structural noise when using non-refined X-ray structures for NMR data
interpretation. Structural noise may play a dual role: on the one hand it may conceal real
structural differences between the crystal structure and the solution structure, but on
the other hand it may introduce ambiguities in the analysis of solution data. Further
refinement removing structural noise as much as possible and taking domain motion

into account is therefore necessary.
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Figure 1: Comparison between the tensor calculated independently for the N-

and C- terminal domains in terms of tensor sizes, tensor alignments and shapes, and

metal positions for the original X-ray structure, for the structure refined by REFMAC-

NMR (full-length refinement), for the refined structure after applying rigid body

minimization, and for the ensemble-based approachég.

Figure 2: REFMAC-NMR structure before (blue)

minimization (green).

and after rigid body
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PCS RDC | PCS+RDC | PCS RDC | PCS+RDC

N-ter | N-ter | N-ter C-ter | C-ter | C-ter
X-ray 0.176 | 0.251 | 0.200 0.181 | 0.350 | 0.232
Refined 0.090 | 0.124 | 0.100 0.154 | 0.156 | 0.156
RBM 0.077 | 0.122 | 0.090 0.136 | 0.130 | 0.136

Ensemble® | 0.094 | 0.191 | 0.125 0.138 | 0.172 | 0.148

Table 1. Q-factors of PCSs and RDCs (calculated as average of the Q-factors
calculated for the seven lanthanides) for the N- and C- terminal domains calculated for
the original X-ray structure, for the refined structure, after further rigid body

minimization, and for the ensemble-based approach.8

Graphical abstract
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Supporting Information

Simultaneous refinement of X-ray and NMR data

The general approach used for the inclusion of the NMR data into the structural
refinement consists of: i) a first minimization against the X-ray data alone, with an
automatic setting of the “weight matrix“ value (i.e. of the relative weights of geometry
violations and X-ray violations), possibly followed by manual adjusting of the weight
matrix to reduce the calculated RMSD of bond lengths, bond angles, and chiral volumes,
if too large; and ii) a second minimization performed including the NMR data (i.e. PCSs,
RDCs), in order to decrease their Q-factor. In particular, the NMR restraints contribution

(£) to the total minimized function is:

t = kecs ) wi [max(|Pesgate — pesp?s| - ;,0)°]

l

+ Krpc z w; [max(|RDCicalc _ RDCi°bS| -7, 0)2]

L

where T; is the tolerance on each PCS or RDC values, w; is the weight, and
kpcs/krpc are the overall weighting factors for PCS and RDC. This term needs to be fine-
balanced with the geometric term and with the X-ray data agreement term. For
simplicity, the products of the kpcs and w; value is indicated as “PCS weight”, and the
products of the krpc and w; value is indicated as “RDC weight” used in the calculations for
the investigated systems. The second minimization, besides the optimization of the
weight matrix value, requires the optimization of the weights of the NMR data and of the

additional torsion angle restraints pep1, pep2 and w. Three further torsion angles have
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been introduced in the REFMAC library to restrain the planarity of the Oi-Ci-Ni+1-C%, of
the Ci.1-(Ni--Hi)-C% (out of plane bending of HN), and of the C%-Ci-Ni+1-C%+1 dihedral
angles (pepl, pep2 and w, respectively). This is needed to avoid the worsening of
geometric parameters from ideality by the inclusion of the NMR data in the refinement.
Furthermore, overall weighting parameters over ideal geometries of all atoms involved
(‘weight refined_atoms’) or not involved (‘weight other_atoms’) in the calculation of
gradients and of the second derivatives corresponding to X-ray reflections has been also
introduced. To guarantee comparable contributions of both paramagnetic restraints to
the total minimized function, in all the fitting procedures RDCs were given a weight of
1.0, whereas PCSs were given weights calculated from the ratios between the maximum

of values of RDCs and PCSs.

Calculation of the paramagnetic tensors
PCSs (in ppm) are described according to the following equation:1-2

SPCS —

3 .
s Axax(3cos?9—1) + EAX”L sin® 9 cos 2¢

where 1, 6, and ¢ are the spherical coordinates defining the position of the
nucleus in the frame where the magnetic susceptibility anisotropy tensor is diagonal,
with origin on the metal ion, and Axax and Ay are the axial and rhombic magnetic
susceptibility anisotropy parameters defined as:

Xoex T Xyy

A)(ax = Xzz — 2 A)(rh = Xxx — Xyy -

The x, y, and z axes of the principal frame of the tensor are defined using the

convention [Ay, | < 2|Axq.|/3.
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RDCs (in Hz) are described according to the following equation: 1.2
3 .
SRPC =k [Axo(Bcos?a—1) + EA)(rh sin® a cos 28
with

_ _Sﬁ BS  yavsh
4 15kpT 211,

where rag is the distance between the two coupled nuclei A and B, and the o and 8
angles define the orientation of the vector connecting the coupled nuclei in the frame of
the magnetic susceptibility anisotropy tensor (the same appearing in the equation of
PCSs), Bo is the magnetic field, T the absolute temperature, kg the Boltzmann constant, y
the magnetogyric ratio, h the Plank constant divided by 2m, and Sis is the model-free
order parameter introduced to take into account the local mobility of the coupled nuclei.
As performed in reference 8, tensor back-calculations for each domain and each
lanthanide were performed by minimizing the Qpcs+rpc defined in Eq. 2 (see “Agreement

of the experimental data” in the main text).

Tensor-based criteria

Comparison of the tensor sizes is performed by computing the ratio of their axial
components according to the following equation:

. A)(ax(Cter)
ratio = ————

A)(ax(Nter)
where values close to 1 indicate very similar tensor size.
Comparison of the tensor alignment and shape is realized by normalized dot
product between the five components of the Saupe matrices (S) for the N- and C-

terminal domains defined as:
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SNter ' SCter
”SNter” ' ”SCter”

normDot =

where values close to 1 still indicate that the tensors are very similar in terms of
alignment and shape.
The distances between metal positions fixed and fitted, respectively, for the N-

terminal and C-terminal domains are calculated for each lanthanide.

Refinement results using REFMAC-NMR

REFMAC-NMR
Parameters REFMAC

Model A | Model B | Model C

R-factor 0.221 0.219 0.219 0.220

R-free 0.249 0.253 0.252 0.252

Rmsd Bond Length 0.014 0.016 0.016 0.017

Rmsd Bond Angle 1.817 1.898 1.918 1.917

Rmsd Chiral Volume 0.128 0.140 0.140 0.145

Q-factor PCS Tab.S2 0.075 0.067 0.082

Q-factor RDC Tab.S2 0.097 0.100 0.108

Table S1: Results obtained from the refinement of the original X-ray structures
without NMR data (REFMAC) and after the inclusion of PCSs and RDCs in the calculation

(REFMAC-NMR) for individual models A, B and C.
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Agreement with the experimental data

X-ray structure | N-terminal C-terminal

PCS | RDC | PCS+RDC | PCS | RDC | PCS+RDC

Model A 0.176 | 0.251 | 0.200 0.181 | 0.350 | 0.232
Model B 0.117 | 0.266 | 0.168 0.153 | 0.281 | 0.191
Model C 0.158 | 0.285 | 0.196 0.151 | 0.358 | 0.219

Table S2: Data agreement for the original X-ray structures. Q-factors of PCSs and
RDCs (calculated as average of the Q-factors calculated for the six lanthanides) for the N-

and C- terminal domains calculated for the original X-ray structure.

REFMAC-NMR structure | N-terminal C-terminal

PCS | RDC | PCS+RDC | PCS | RDC | PCS+RDC

Model A 0.090 | 0.124 | 0.100 0.154 | 0.156 | 0.156
Model B 0.080 | 0.118 | 0.091 0.137 | 0.152 | 0.142
Model C 0.078 | 0.136 | 0.095 0.142 | 0.148 | 0.146

Table S3: Data agreement for the REFMAC-NMR refined structures. Q-factors of
PCSs and RDCs (calculated as average of the Q-factors calculated for the six lanthanides)

for the N- and C- terminal domains calculated for the full-length refinement structure.
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Figure S1: Data agreement for models A, B and C. Q-factors of PCSs and RDCs for

the N- and C- terminal domains calculated for the structures refined by REFMAC-NMR

and for the ensemble-based approachs.
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Figure S2: Data agreement for model A. Q-factors of PCSs and RDCs for the N-

and C- terminal domains calculated from model A for the original X-ray structure, for the

structures refined by REFMAC-NMR, for the refined structure after applying rigid body

minimization, and for the ensemble-based approachég.



Evaluation of the tensor-based criteria

X-ray structure | Tensor size

Ln Model A Model B Model C

Tb 0.842+0.026 | 0.915+0.034 | 1.074+0.026
Dy 0.908+0.024 | 0.923+£0.024 | 0.977+0.027
Ho 0.906+0.025 | 0.950£0.021 | 1.010+0.026
Er 0.839+0.019 | 0.807+0.020 | 0.878+0.025
Tm 0.839+0.018 | 0.826+0.017 | 0.921+0.017
Yb 0.854+0.024 | 0.844+0.029 | 0.875+0.022

Table S4: Ratio between the axial anisotropies of the C-terminal and N-terminal

domains, as calculated from the tensors determined individually for the two domains of

each of the three models A, B and C in the original X-ray structures.

X-ray structure | Tensor alignment and shape

Ln Model A Model B Model C

Tb 0.977+0.005 | 0.980+0.005 | 0.892+0.014
Dy 0.942+0.011 | 0.985+0.007 | 0.943+0.015
Ho 0.953+0.011 | 0.990£0.003 | 0.885+0.017
Er 0.935+0.010 | 0.981+0.007 | 0.910+0.021
Tm 0.962+0.008 | 0.987%0.006 | 0.930+0.017
Yb 0.943+0.012 | 0.997+0.004 | 0.915+0.012
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Table S5: Normalized scalar product between the independent components of
the tensors calculated individually for the N- and C-terminal domains of each of the

three models A, B and C in the original X-ray structures.
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X-ray structure | Metal position

Ln Model A Model B Model C

Tb 4.858+0.326 | 2.432+0.173 | 4.113+0.321
Dy 5.903+0.302 | 2.555+0.250 | 4.140+0.403
Ho 4.730£0.323 | 2.800+0.191 | 4.303+0.361
Er 4.130£0.345 | 2.604+0.349 | 4.813+0.360
Tm 3.651+0.282 | 2.288+0.182 | 5.351+0.298
Yb 4.591+0.378 | 3.076+0.450 | 4.383+0.375

Table S6: Distance (in A) between the metal coordinates calculated individually
for the N- and C-terminal domains of each of the three models A, B and C in the original

X-ray structures.

REFMAC-NMR

Tensor size
structure
Ln Model A Model B Model C
Tb 0.99440.011 | 1.000+0.011 | 0.989+0.014
Dy 0.958+0.011 | 0.972+0.011 | 0.989+0.013
Ho 0.9794£0.018 | 0.987+0.017 | 0.987+0.017
Er 0.9204£0.017 | 0.919+0.021 | 0.898+0.020
Tm 0.956+0.010 | 0.943+0.012 | 0.918+0.012
Yb 0.894+0.024 | 0.914+0.022 | 0.928+0.022

Table S7: Ratio between the axial anisotropies of the C-terminal and N-terminal
domains, as calculated from the tensors determined individually for the two domains of

each of the three models A, B and C in the REFMAC-NMR refined structures.



REFMAC-NMR

Tensor alignment and shape
structure
Ln Model A Model B Model C
Tb 0.999+0.000 | 0.998+0.001 | 0.995+0.001
Dy 0.997+0.001 | 0.999+0.001 | 0.999+0.001
Ho 0.998+0.001 | 0.997+0.001 | 0.994+0.003
Er 0.999+0.001 | 0.999+0.002 | 0.986+0.006
Tm 1.000£0.000 | 0.999+0.000 | 0.989+0.003
Yb 0.996+0.003 | 0.995+0.003 | 0.985+0.005
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Table S$8: Normalized scalar product between the independent components of
the tensors calculated individually for the N- and C-terminal domains of each of the

three models A, B and C in the REFMAC-NMR refined structures.

REFMAC-NMR

Metal position
structure
Ln Model A Model B Model C
Tb 3.152+0.300 | 1.508+0.189 | 2.082+0.220
Dy 3.579+0.281 | 1.514+0.149 | 1.581+0.228
Ho 3.016+0.337 | 1.632+0.192 | 1.797+0.252
Er 3.1094£0.339 | 1.948+0.352 | 2.491+0.237
Tm 2.821+0.195 | 1.467+0.153 | 2.624+0.217
Yb 3.4214£0.393 | 2.189+0.400 | 1.948+0.264

Table S9: Distance (in A) between the metal coordinates calculated individually
for the N- and C-terminal domains of each of the three models A, B and C in the REFMAC-

NMR refined structures.
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Structure validation using MolProbity

Protons were removed and added back to the refined structures by using
Molprobity?19, to verify that such improvement is not due to trivial in-plane or out-of-
plane deviations of HN-N bonds with respect to the peptide plane. Re-protonated
structure shows only minor changes in the agreement with the NMR data, suggesting

that the backbone atoms refinement, although modest, is very significant for the correct

placement of the protons.

HN added using HN added using

REFMAC-NMR MolProbity
Ln Qpcs Qroc Qpcs Qroc
Tb 0.090 0.071 0.092 0.088
Dy 0.053 0.077 0.055 0.094
Ho 0.097 0.133 0.098 0.145
Er 0.088 0.134 0.089 0.134
Tm 0.081 0.097 0.082 0.112
Yb 0.106 0.225 0.107 0.228
Total | 0.075 0.097 0.077 0.110

Table S10: Q-factor for the structure of model A as refined by REFMAC-NMR and

for the same structure where the protons were removed and added back using

Molprobity?-19.
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Analysis of the residuals
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Figure S3: Discrepancies between experimental and back-calculated PCS data of
the N-terminal domain for the REFMAC-NMR refined structure before (blue bar) and

after (green bar) the rigid body minimization.
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the C-terminal domain for the REFMAC-NMR refined structure before (blue bar) and

after (green bar) the rigid body minimization.
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Figure S5: Discrepancies between experimental and back-calculated RDC data of
the N-terminal domain for the REFMAC-NMR refined structure before (blue bar) and

after (green bar) the rigid body minimization.



144 |

C-terminal RDC(HN)
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Figure S6: Discrepancies between experimental and back-calculated RDC data of
the C-terminal domain for the REFMAC-NMR refined structure before (blue bar) and

after (green bar) the rigid body minimization.
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4. Conclusions

The efficient integration of many different physical techniques is required in order to
maximize the reliability of structural biology studies. The combination of the data provided
from these heterogeneous techniques is not as straightforward as it sometimes appears and the
quality of the scientific results is often limited by the level of expertise of the scientist dealing
with them. Hence, it is on the large research infrastructures to encode their specific high-level
know-how into user-friendly computational tools for the combination of different informative
sources that need to be made available to the wider scientific community. As members of the
NMR community, we focused on giving our contribution to extend the applicability of
paramagnetic-assisted solution NMR in the context of structural biology, exploring all the
possibilities that all these data offer. During the last decades, pseudo-contact shifts (PCSs)
and residual dipolar couplings (RDCs) arising from the paramagnetic centers present in
proteins gained a relevant role in the characterization of biological systems and, nowadays,
they are routinely measured in several laboratories. The increasing popularity of these
restraints mostly resides on their wide applicability such as determination, refinement and
validation of protein structures in solution. Besides this, PCSs and RDCs stand out among
NMR-based restrains, for their intrinsic property of giving long-range structural information,
which results of particular interest in the study of multi-domain proteins and protein-protein

complexes, detecting the relative arrangement and/or the mobility effects between the
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different structural units. The measurements and application of paramagnetic restraints has
been widely extended by the use of specific tags able to coordinate the paramagnetic ion that
can be purposely attached to proteins. Another popular approach is the use of external media
for inducing the alignment of the molecule, avoiding the use of paramagnetic ions for such

measurements.

As a first goal, we developed a user-friendly wed-based application for the analysis of
PCS and RDC data. FANTEN, standing for “Finding ANisotropy TENsor”, allows for the
calculation of the anisotropy tensors through a joint analysis of these restraints against an
available structural model, aiding the user step-by-step in the calculation setup and providing
many additional features for the analysis and visualization of the fitting of the experimental
data. Starting from the input data that can be provided in the most common format (i.e.
CYANA and Xplor-NIH), the user is allowed to choose among three kinds of interfaces
having different purposes and different level of complexity. The “PCS-RDC fitting
(SMART)” interface summarizes the most commonly required types of calculations, i.e.
tensor estimation using PCSs and/or RDCs by fixing the metal position, allowing multiple
fittings from different dataset or structural models in one single click. Data loading and
calculation setup is almost automatic, allowing for some modification from the user if
necessary. All the results are reported in very clear and comprehensive way in the interface
output and are all available for download. Inspection of the fitting of experimental data is
fulfilled by using interactive correlation plots thanks to the use of JQuery widgets. Iso-PCS
surfaces can be visualized through the use an integrated JSmol application, or downloaded in
Gaussian cube format and used as input for other molecular visualization programs (i.e.
UCSF Chimera and PyMol). Finally, the uncertainty related to the tensor parameters can be
computed through a Monte-Carlo bootstrap approach where the number of cycles and the
percentage of discarded data are defined by the user. The “PCS-RDC fitting (CUSTOM)”
interface is instead required to tackle more complex types of calculations, allowing the user
for fixing or fitting the position of the metal, the anisotropies and the orientation of the
tensors. Also in this case, the user is helped by possibility of customizing the calculation in
many different ways, depending on the prior knowledge. For instance, the position of the
metal can be just slightly optimized, estimated starting from the information about
neighboring atoms or calculated using a grid-search algorithm. Finally, “Rigid Body
Minimization” allows for a quick determination of relative position/orientation of two

structural units. The calculation exploits the singular value decomposition approach to derive
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the direct transformation that needs to be applied to the second unit to obtain the best

agreement of the data and provide the rigidly rototranslated unit/s ready for download.

The second goal required the integration of the discussed NMR-based restraints with
the most popular technique used for structural studies of biomolecules: X-ray crystallography.
We focused on the reliability of the comparison between NMR- and X-ray- derived structural
information and investigated the sources of discrepancies that usually affect these two
techniques when used in an independent way. We used REFMAC-NMR to efficiently
combine NMR data with X-ray reflections at the refinement stage permitting to take into
account not only the experimental uncertainties related to NMR measurements, but also the
structural uncertainty or “noise” in the crystallographic model, underestimated in most of the
cases. This issue assumes relevant importance if NMR data are combined with X-ray models
from medium to low resolution, where the uncertainties of the coordinates of the backbone
atoms might have a relevant role in the determination of hydrogen atoms (almost absent in the
electron diffraction pattern), on which most of the NMR information is related. As a first test
case, we performed the refinement of medium/low resolution structure of a protein-protein-
RNA complex proving that the addition of RDCs in the X-ray structural refinement is enough
to largely reconcile the crystallographic model with the NMR data also when they appeared
sensibly different. Moreover, the approach permitted to obtain more accurate conclusion on
the preservation of the inter-domain arrangement passing from solution to the solid state but
also the identification of relevant outliers in the fitting of the experimental data in specific
location of the complex. In the second test case, we performed the refinement the two
domains protein calmodulin, for which the initial disagreement of PCSs and RDCs data with
the three conformations present tin the asymmetric unit of the crystal was interpreted in terms
of inter-domain mobility in a previously published work. Each model was refined using
REFMAC-NMR showing significant improvement in the fitting of NMR data. The
comparison between the tensors calculated independently from the two domains in terms of
tensor size, alignment and metal positions permitted to identify the most compliant
conformation that was obtained from a rigid body optimization of the refined domains. This
study shows how a single static structural representation optimized by the joint X-ray/NMR
refinement is sufficient to explain the experimental data in the same way as an ensemble of

conformations do, and makes the point on the reliability of the interpretation of the
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discrepancies between NMR and X-ray. The analysis of the these two cases prompt us to the
development of a systematic approach for the characterization of multisubunit systems that
can be used as a decision tree and that each scientist can follow and interrogate for choosing
the right approach for investigating a biological system. The entire approach is based on the
faithful representation of the individual structural units. This task can be achieved by the joint
refinement using REFMAC-NMR, if the individual domains preserve their structure in the
two states (solution and crystal) or by other refinement methods (CYANA, Xplor-NIH) if the
intra-domain differences are substantial. The use of REFMAC-NMR for the refinement of
multisubunit systems was improved by the implementation of a new algorithm for constrained
optimization that permitted the inclusion of a-priori information for the tensor calculations.
The considered constraints are related to the anisotropies and the orientations that the tensors
must assume during the calculation, with specific focus on the treatment of symmetric
systems. In REFMAC-NMR was also introduced the possibility of structural refinement using
RDC:s collected from methyl- sidechains, extending its applicability to high molecular weight
systems: this lays the grounds for identifying discrepancies in sidechain arrangements, which
are the determinant for an improved modeling of protein-protein and protein-ligand

interactions.
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