

















Appendix

interaction between different relaxation mechanisms. Typically relaxation for large
proteins at high magnetic field strengths, the transverse T, relaxation is dominated by
the dipole-dipole (DD) mechanism and the chemical shift anisotropy (CSA)
mechanism. As the relaxation mechanisms are generally correlated but contribute to
the overall relaxation rate of a given component with different signs, the multiplet
components relax with very different overall rates. The TROSY experiment is
designed to select the component for which the different relaxation mechanisms have
almost cancelled, leading to a single, sharp peak in the spectrum (Figure A.1.2.1.1).

Figure A.1.2.1.1. When no decoupling is applied in a 'H-">N HSQC for a large system at high fields the
different relaxation properties can be seen on the multiplets, left panel. For one of the components the
relaxation mechanisms have almost cancelled, blue circle left panel, leading to a sharp peak. The other
three components experience different relaxation rates due to the dipole-dipole and chemical shift
anisotropy mechanism effects. The middle panel depicts the same experiment with decoupling on the
>N nuclei during acquisition and decoupling of 'H during "N evolution. The TROSY experiment
selects for the component, where the CSA and dipole-dipole relaxation mechanisms cancel out (blue
circle right panel).

This significantly increases both spectral resolution and sensitivity. But, it generally
requires high magnetic fields (> 750 MHz) to achieve the necessary balance between
the CSA and DD relaxation mechanisms; CSAs scale with field strength, while
dipole-dipole couplings are field-independent.

Using perdeuteration and TROSY techniques has proven to be a very powerful way of
acquiring high quality data for large proteins™.

The basis of the CBCA pair 3D spectra is to correlate the chemical shifts of all the
residues and link them to each other. The CBCANH experiment correlates the NH
group with its Ca, CPB chemical shifts of its own residue (strongly) and of the
preceding residue (weakly). The CBCACONH only correlates the NH group to the
preceding Ca, Cp (Figure A.1.2.1.2).
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Figure A.1.2.1.2. Depicts the peptide chain and the resonances visible for each of the CBCA pair
experiments, CBCANH top and CBCACONH bottom. Marked in blue boxes are the visible resonances
that are correlated to each other, Ca, Cp to N, HN. Resonances in dashed boxes are visible at lower
intensity. Two correlations are obtained from the CBCANH, n and n-1, and in the CBCACONH, n+1.
After a Ca, CP pair has been determined in CBCANH the CBCACONH experiment can be used to
correlate these resonances to the next neighbour residue in the chain. The resonances for the next
residue is then displayed in the CBCANH and are matched to the subsequent residue. This procedure is
called “walking through the chain”.

The most common way of visualising 3D spectra is with so-called Strips. If one starts
from the easier 2D "H-""N HSQC spectra, every peak correlates to a residue defined
by the 'H, '°N chemical shifts. The coordinates (chemical shifts) in the 3D spectral
cube will yield a plane, usually with 'H chosen as x-axis, with the Co,, CB, chemical
shift, shown in the "*C dimension, y-axis. Each peak in the 2D 'H-">’N HSQC will
hence yield a 2D strip with its H" (‘H), Ca and CPB chemical shifts (*C). This is
better understood in Figure A.1.2.1.3.
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Figure A.1.2.1.3. Shown is how a strip plot is selected from a 3D experiment. The 'H-""N HSQC serves
as a projection of the 'H, '°N dimension of the 3D experiment, a). The resolution of the correlation in
the 3D experiment in comparison to the 2D is greatly enhanced, b), and by choosing a plane in the °N
dimension one can easily obtain the 'H, ">C correlation of respective residue in the "H-""N HSQC, c).
The plane is then cut to only obtain the correlations of interest, d). When all the strips have been
collected they can be put next to each other for comparison, ¢) and f).

From the reasoning from Figure A.1.2.1.2 all the strips are connected to each other,
Figure A.1.2.1.4. Remember that proline due to its build up does not show up in the
2D 'H-""N HSQC spectra or in the NH plane of the CBCA pair. But, the Ca,, Cp can
be detected from the preceding residue.

The Ca, CB chemical shifts adopt values characteristic of the amino acid type.
Alanine, Serine, Threonine and Glycine are very easy to determine due to their CB
chemical shifts being very different of those of the other amino acids (In the case of
Glycine there is no C). Valine, Isoleucine are also likely to stand out by the fact that
they have lower than normal Co chemical shifts. Once a chain of NH groups with
their corresponding Ca and CP chemical shifts has been built, the identification of
some of the amino acid types makes it possible to match this string to the sequence. If
some of the residues in the chemical shift matching string can be readily identified,
1.e. xxxGxxxTx the two readily assigned residues can be matched to the primary
sequence and sequence specific assignment can be made. Note that, without the
primary sequence the sequence specific assignments can’t be made!

In larger systems the signal-to-noise or the spectral overlap can be to poor or to great
respectively. In these cases the HNCA/HNCOCA pair and the HNCO/HNCACO pair
experiments can be used. They both give reduced spectra and are more sensitive since
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Figure A.1.2.1.4. Chemical shift matched strips of the CBCA pair experiments. The Co, Cp chemical
shifts of N'; are shown in a CBCANH strip in the very left panel. The Ca,, CB chemical shifts are then
correlated to the N",,, strip from the CBCACONH. Strips are then matched to complete the “walk
through the chain”.

the observed magnetisation only comes from one correlation and not two. Though the
HNCO experiment is the most sensitive 3D experiment in protein NMR, the
dispersion of the C’ nuclei is very small, 174 — 177 ppm.

A.1.2.2 Sidechain assignments

Various methods and spectra are available for sidechain assignments, which method is
the best is debatable and comes down to personal taste. The classical way is to record
the HCCH-COSY and HCCH-TOCSY experiments''. The HCCH-TOCSY will at any
one carbon position show in one dimension the chemical shift of the hydrogen which
is attached to the carbon and in another the other hydrogens belonging to that
sidechain. The dispersion of the carbon chemical shifts ranges between 10 - 80 ppm,
and the irradiation of the carbon channel is usually set at around 45 ppm. This has the
consequence that the Ca, CP carbons have higher signal-to-noise and sometimes the
methyl carbons of Leucine can have poor signal intensities. The TOCSY transfer of
magnetisation in the carbon chain is not perfect and the transfer might not be enough
to see the full sidechain from the Co or CP chemical shift. The HCCH-COSY is
similar, except that instead of transferring the magnetisation through the whole
sidechain, it only transfers magnetisation to the neighbouring carbon atoms. The
general principle behind using the HCCH-TOCSY and HCCH-COSY spectrum is that
from the already known Ca, CP3 chemical shifts correlate them to the carbon chemical
shifts in the HCCH-COSY, HCCH-TOCSY. The HCCH-COSY, HCCH-TOCSY
strips will then contain the hydrogen chemical shifts of the sidechain. By navigating
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via these new hydrogen chemical shifts, both 'H dimensions is set to a hydrogen shift
i.e. Hy the carbon chemical shift correlated to that hydrogen will be on the diagonal in
the spectrum, the rest of the carbon chemical shifts can be identified. This is
illustrated in Figure A.1.2.2.1 for a Valine residue.
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Figure A.1.2.2.1. Visible correlating cross-peaks in a Valine residue depending on the different transfer
of magnetization used in a HCCH-TOCSY and HCCH-COSY, left and right respectively. Strips are set

to the different auto-correlations of Ca, CB, Cyl, Cy2 of Valine, left to right respectively, for both the
HCCH-TOCSY and HCCH-COSY experiments'.

When using perdeuterated proteins to obtain Co, CP chemical shifts these need to be
corrected for in the HCCH-TOCSY and HCCH-COSY experiments. The deuterium
nuclei attached to the carbons will perturb the chemical shifts of the Ca, C3 nuclei in
residue specific manner, Table A.1.2.2.1, and its effect has been reported by Gardner
and co-workers™.
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Table A.1.2.2.1. Chemical shift difference between the "N, '*C, *H and the "N, "*C, '"H domain of

PLCC SH,™.

Amino acid BN BCa 13CB

Gly -0.23+£0.10 -0.50 £ 0.02 Na

Ile -0.16 +£0.12 -0.45 £0.04 -0.91 £0.07
Thr -0.15 -0.40 -0.57

Val -0.23 £0.07 -0.49 £ 0.05 -0.77 £0.02
Asn -0.28 -0.34 £0.01 -0.61 £0.01
Arg -0.17+0.14 -0.43 +£0.02 -0.70 £ 0.02
Cys -0.49 -0.46 -0.65

Gln -0.19 £0.05 -0.43 £0.04 -0.82 £0.05
Glu -0.22 +£0.07 -0.44 +0.09 -0.83 £0.06
His -0.18 £0.05 -0.44 £ 0.08 -0.72 £ 0.05
Leu -0.28 £0.06 -0.45+0.05 -1.08 £0.04
Lys -0.22 £0.06 -0.40 £ 0.04 -1.04 + 0.06
Met -0.29 + 0.05 -0.46 +£0.10 -0.94 +0.03
Phe -0.24 £0.08 -0.37 £0.03 -0.90 £ 0.01
Pro nd -0.45 £ 0.01 -0.85 £0.05
Ser -0.20£0.10 -0.43 +£0.09 -0.72 £ 0.06
Trp -0.15 -0.34 -0.69

Tyr -0.27 £0.11 -0.43 £0.05 -0.86 £ 0.04
Ala -0.22 +£0.05 -0.42 £ 0.04 -0.93 £0.05

Sidechain nitrogen chemical shifts, belonging to Lysine, Arginine, Glutamine,
Asparagine, Tryptophan and Histidine, cannot be assigned with previous mentioned
experiments. Nitrogen chemical shifts of Glutamine and Asparagine resonate around
112 ppm and both attached hydrogen chemical shits resonate between 6.8 - 7.8 ppm
and can easily be observed in the "H-""N HSQC. The Tryptophan nitrogen chemical
shifts resonate at around 129 ppm and the hydrogen chemical shift between 11 — 9.8
ppm. Lysine NC and Arginine N1 chemical shifts resonate at around 30 and 85 ppm,
and with their hydrogen chemical shifts at 7.8 and 6.2 — 7.0 ppm, respectively. The
nitrogen chemical shifts are outside of the normal spectral window, but are observed
folded into the visible spectral window. The Histidine nitrogen chemical shifts
resonate between 180 — 200 ppm, and the hydrogen chemical shifts between 7.0 — 13
ppm. Therefore specially constructed experiments needs to be implemented to detect
them.

The connectivity between the sidechain nitrogens and the amide nitrogen can be seen
in the ""N-NOE-HSQC'' by matching strip plots from the N-H" correlations in the 'H-
"N HSQC. If multiple matching NOE peaks can be seen in the amide and sidechain
nitrogen strip plots, they correlate each other and the resonances can be readily
assigned. Strip plots for two Tryptophan residues with their Ne strips are illustrated in
Figure A.1.2.2.2 together with ranges plotted out in a 'H-'"N HSQC where the
sidechain nitrogens commonly resonate.
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Figure A.1.2.2.2. NOE peaks are matched in the N, Ne strip plots (left panels) and if correlating peaks
can be seen, the strip scan be matched and assigned. Right panel depicts the areas where the sidechain
nitrogens of Trp, Lys, Arg, GIln and Asn normally resonate. Lys 1SN(; chemical shifts resonate at ~30
ppm but are doubly folded into the spectrum at ~135 ppm (blue). Arg ISNn chemical shifts resonate at
~85 ppm, and are folded into the spectral window at ~140 ppm (blue).

Other common experiments for sidechain assignments are the HBHACONH'', that
correlates the Ho, HB chemical shifts to the N-H" resonances, the CCCONH'' that
correlates the carbon chemicals to the N-HY, the HACACONH'' can give the Ha
chemical shifts of bigger proteins that are not deuterated. The advantage with these
three experiments is that they correlate hydrogen and carbon values directly from the
N-H" chemical shifts, and hence the deuterium chemical shift correction step is not
needed.

Random coil chemical shifts and chemical shifts of well-folded proteins have been
gathered creating a database table with expected chemical shift values and their
ranges for amino acids in folded and unfolded states. One of these can be found at the
BMRB databank for NMR at http://www.bmrb.wisc.edu/devise/histogram.html.
These reported values will greatly aid in the assignments of the chemical assignments
and should be used to validate the complete assignment.

A.1.3 Secondary structure from chemical shifts

NMR can provide structural data by assessment of the assigned chemical shifts from a
macromolecule. As described before, the chemical shifts of amino acids are not only
highly sensible to the amino acid type, but also to the local conformation of that
amino acid. Secondary structures give distinct perturbations of the chemical shifts.
Random coil structure, dipeptides or tripeptides of all natural amino acids, chemical
shifts have been measured and analysed against chemical shifts of proteins with
solved structure. This comparison between measured chemical shifts from a protein
without a known structure to the random coil values can give important early
structural data without too much effort. This relationship between secondary structure
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and chemical shifts was first described in the late 1960s by Jardetzky and co-
workers®® and has been given a renaissance by Wishart and co-workerks in 1992°°.
Solving the secondary structures is the very first step into getting the full tertiary
structure. Distinct motifs can be recognised and later these smaller structural
components will be the starting point of the arrangement of these within the overall
tertiary structure. Two different methods of doing secondary structure predictions are
described further in this chapter.

A.1.3.1 Direct interpretation of chemical shifts

The most straightforward method is to use the Ca, CB chemical shifts of all assigned
amino acids in a protein sequence’™’. The chemical shifts are directly compared to
the random coil chemical shifts and the difference can then be plotted to determine the
similarity to any of the three secondary structure elements. An alpha helical secondary
structure gives low field Ca chemical shifts and up field CB chemical shifts
respectively. Beta strands on the other hand perturbs the chemical shifts up field for
the Ca and low field for the CPB. There is no direct assessment of the 310 helices, but
these can be readily detected in the ’N-NOE HSQC experiment. A minimum stretch
of three amino acids in the primary sequence should show the same behaviour to be
considered as a secondary structure element. Longer stretches are more reliable than
short ones and local mismatches can be acceptable, i.e. a six stretch with the first two
amino acids showing a clear beta strand dependence followed by one amino acid with
no beta strand similarity followed by three amino acids with a clear beta strand
similarity. This is most likely a six amino acid long beta strand. Examples of beta
strand and alpha helical chemical shift predictions are illustrated in Figure A.1.3.1.1.

AéCexpt'AﬁCRC

1
1
1
1
1
1
1
1
1
U
I
i
I
d
1
1
1
1
1
1
1
-1

Figure A.1.3.1.1. Ca, CP chemical shift comparison. a-helical propensity can be seen for the amino
acids in the red box, beta strand propensity for amino acids in blue box. Right blue box contains one set
of Ca, CP shifts that does not match a beta strand, but are considered an outlier and belonging to the
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beta strand. In burgundy a clear beta strand propensity for a too short stretch, i.e. not considered a beta
strand.

A.1.3.2 Database analysis of chemical shifts

Where the direct analysis of the chemical shifts for secondary structure propensities is
a rough tool other methods have been developed. The software TALOS, Cornilescu et
al.*®, calculates protein backbone torsion angles by inference from measured Co, Cf
chemical shifts and prior information available at BMRB and PDB databases. TALOS
is a database system for empirical prediction of phi and psi backbone torsion angles
using a combination of five (CO is optional) kinds (Ha, Ca,, CB, CO, N) of chemical
shift assignments for a given protein sequence. The approach is an extension of the
well known observation that many kinds of secondary chemical shifts (difference
between measured chemical shifts and their corresponding random coil values) are
highly correlated with aspects of protein secondary structure.

&-helix ﬁ_sheet

& 4 2 0 -2 -4
Ocaq PPM

Figure A.1.3.2.1. Ca and CP secondary shifts distribution and their propensity for secondary structure
type. Figure from Cornilescu et al.™.

TALOS use the secondary shift and sequence information in order to make
quantitative predictions for the protein. The secondary shifts of a given amino acid
with the secondary shifts of the preceding and next amino acids are used; data from
three consecutive amino acids are used simultaneously to make predictions for the
central amino acid in a triplet. The triplet is matched to a protein with known structure
and if the secondary shifts are also well matched, and then the phi and psi angles in
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the known structure will be useful predictors for the angles in the target. The
similarity is measured with a score based on the weighted sum of squares differences
between the shifts in the target protein and the database entries, so that lower scores
indicated high similarity. In order to take advantage of the correlations between
residue type and secondary structure, the score also includes a small, qualitative
residue type term, which biases the matching towards roughly similar sequences.
TALOS searches a database for the 10 best matches to a given triplet in the target
protein. If these 10 matches indicate consistent values for phi and psi, then their
averages and standard deviations are used as a prediction. However, if the 10 best
matches have mutually inconsistent values of phi and psi, the matches are declared
ambiguous, and no prediction is made for the central residue. In the TALOS
approach, an initial classification of good versus ambiguous is performed
automatically, and the classifications are then adjusted interactively through a
graphical interface, which is part of the TALOS system.

X [E TALOS 1999.019.15.47 Residue V4 valpha.tab

m_ 132 +/- 16

N ] Psi
-126 +1- 25
Phi
Geed T Ambiguous | Bad | Unclassified |
Prev | Hext | Redraw | Clear | Save I Quit |

Figure A.1.3.2.2 Ramachandran plot with predicted values of backbone angles for a specific amino
acid. Green squares represent the ten matched secondary shifts to ten different structures in the TALOS
database®®. All matches are within the B-strand phi- and psi-angles of the Ramachandran plot and
therefore have a strong prediction for B-strand propensity in the unknown structure. Figure from
Cornilescu et al.™.
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The TALOS database, while small, was constructed using the most well defined parts
of high resolution (2.2 A or better) X-ray crystal structures to define the phi and psi
angles. It originally included data from 21 proteins, representing around 3,000 triplets.
The current database includes data from 186 proteins, representing over 24,000
triplets.

The accuracy of TALOS predictions have been cross-validated by removing one of
the structures from the database and then predicting its phi and psi angles from the
secondary shift data. The result were that TALOS makes predictions for 72 % of the
residues on average, with a range from 55 — 80 %, over all 186 protein structures,
about 1.8 % of the predictions were incorrect relative to the corresponding protein
structure.

TALOS backbone angle restraints are easily attained and create a vast amount of data
for structure calculation of NMR protein structures. The TALOS angle restraints have
been incorporated into all common structure calculation programs and have been a
great tool for structure determination not only for systems with limited distance
restraints data.

A.1.4 Chemical shift mapping

Protein-protein interactions are operative at almost every level of cellular function, in
the structure of sub-cellular organelles, the transport machinery across the various
biological membranes, packaging of chromatin, the network of sub-membrane
filaments, muscle contraction, signal transduction, and regulation of gene expression
to name a few. Aberrant protein-protein interactions are implicated in a number of
neurological disorders such as Creutzfeld-Jacob and Alzheimer's disease.

Because of their importance in development and disease, these systems have been the
object of intense research for many years. It has emerged from these studies that
nature has employed in many instances a strategy of mixing and matching of domains
that specify particular classes of protein-protein interactions. In the current post-
genomic era these domains and classes can be readily identified and vast amount of
systems can be interpreted in a rapid pace. To fully understand all these processes a
large variety of methods and analysis can be used for elucidation. A review by Fields
and co-workers” shows a wide range of biochemical methods at hand, and numerous
structural biology incentives like RIKEN™, Montreal-Kingston Bacterial Structural
Genomics*' and the CESG*, have helped to give complimentary high-resolution data.

The NMR chemical shift is extremely sensitive to any changes in its vicinity; some of
the effects that can alter it has been described in chapter A.1.2.1 NMR Theory. There
are many ways of detecting protein-protein or protein-ligand interactions by NMR;
Pascal e al.* have compiled some of the methods. A common way is to record 2D
'H-""N HSQC or 'H-"*C HSQC experiments in absence and presence of the ligand.
The chemical shift perturbations display the interaction and if a 3D structure is
available the interaction site can be mapped out on the protein surface. The chemical
shift perturbations can also be used to determine the Kp value of the interaction®.
With an uniformly "N labelled protein, interaction studies can be performed with
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proteins < 20 kDa**, with "°N, 'H labelled proteins this size limit can be extended to <
80 kDa, or in some extremely favourable cases even larger protein complexes, with
the help of earlier mentioned TROSY-type experiments®****. Flexible regions of
interest of very large proteins like the 20S proteosome (670 kDa)*” can also be studied
if the dynamics is within NMR time scale'***,

HSQC chemical shift mapping requires relatively high protein concentrations ranging
between 50 — 500 uM, but other NMR techniques have been developed to overcome
this. STD-NMR™¥, WaterLogsy "', NOE pumping’® and transfer NOE™, all uses
unlabelled protein and ligand and at concentrations of 10 — 100 uM, but does not
always give high-resolution information. Nevertheless, NMR is able to perform as a
robust method that gives the strength and localization of the interaction. This with
little effort and a small amount of time.

A.2 NMR relaxation

In the recent decade X-ray diffraction and multidimensional NMR have determined a
remarkable number of three-dimensional structures of proteins and nucleic acids.
While this effort has provided a wealth of insight into protein architecture of reactive
sites and biomolecular interfaces, it has also become abundantly clear that knowledge
of the static structure alone is insufficient to explain how biomolecules function.
Perhaps as a consequence, designing therapeuticals on the basis of static biomolecular
structures has been much less successful than expected. Many lines of evidence point
to the existence of large scale dynamics on the milli- to microsecond time scale that
are essential to biomolecular function. Even events as basic as the binding of oxygen
to hemoglobin are only possible when the protein transiently opens. Entire enzyme
domains must move to sequester and release substrates. Hormones deliver their
commands to the cellular nucleus by a signal transduction cascade of protein—protein
interactions, in which the proteins dynamically change their conformations between
““on’’ and ‘‘off’’ states, Rexm. The amplitudes of the above motions can almost be as
large as the enzymes themselves. It is of interest to study the time scale of these
motions/conformational changes, and it would be the dynamicist’s dream to actually
describe these motions in terms of models. Much faster dynamics, on the nano- to
picosecond time scale, are equally interesting. Many experimental results show that
these motions are present, from temperature factors that accommodate vibrations in
atom positions in X-ray structures, from molecular dynamics simulations, and of
course, from NMR relaxation. The motions can be as large as several tenths of an
Angstrom, and can be associated with retention of entropy in the folded state and with
the protein’s
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Figure A.1.2.1. Time-scales of high resolution NMR. The different dynamic processes with their time
scale, arrow, and the NMR properties they affect, boxes.

management of thermal energy in general. The presence of dynamics may appear at
odds with the protein’s local functions. Proteins often carry out chemical reactions,
which require orbital overlap between the reacting species. Orbital overlap is a very
steep function of inter-atomic distance, and (random) dynamical events of several
tenths of an Angstrom in amplitude seem large compared to the precision required. Is
it possible that the fast motion of individual protein atoms allows active-site residues
in enzymes to make transient contact with the substrate to affect the enzyme’s
chemistry, thus circumventing the need for more precise design/evolution of the
active-site architecture? Or can it generally be stated that flexibility in the active site
may guide the chemical dynamics of transition states, as was suggested for
Bacteriorhodopsin®. Alternatively, are the motions of active-site atoms correlated and
are essential chemical groups at the static nodes of more global normal modes®'.
Local geometry is maintained if atoms move in a correlated way, but not when
uncorrelated motion pertains. In locations with correlated motion, chemistry and
function could be understood on the basis of a static structure description, in locations
with uncorrelated motion they could not.

To understand how these effects can be measured one has to understand the different
NMR relaxation processes. The term relaxation in NMR describes the rate by which
nuclear magnetization prepared in a non-equilibrium state return to the equilibrium
distribution. The relaxation rate describes how fast spins reorient themselves to
ground state. Different physical processes are responsible for the relaxation of the
components of the nuclear spin magnetization vector, parallel and perpendicular to the
external magnetic field, By, which is conventionally oriented along the z-axis. The
principal relaxation processes are termed longitudinal or spin-lattice, T;, and
transverse or spin-spin, T, for an isotropic system. Relaxation due to cross-relaxation
mechanisms is named the nuclear-Overhauser-effect (NOE). The rotational relaxation
time, Ti,, is the same as T, unless there is chemical exchange or anisotropy in the
system. The parameter T,* is the time constant of dephasing and is caused by a
combination of relaxation and magnetic field inhomogeneity.

The theoretical treatment of NMR relaxation phenomena may be carried out on many
levels ranging from a fully classical to fully quantum mechanical treatment. The fully
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classical treatment correctly predicts the general behaviour of spin-lattice or
longitudinal relaxation (R;), but is however unable to generate the correct analytical
expression for the longitudinal relaxation time, T;. A semi-classical treatment, in
which the relaxing spin is considered quantum mechanically, but the lattice or thermal
bath is treated classically, gives the correct expression for the relaxation time. If the
Redfield density matrix formalism is used, this approach also leads naturally to a
description of spin—spin (R;) relaxation. This semi-classical approach, however, fails
because it predicts that as the system relaxes, all states become equally populated,
equal to an assumption of infinite temperature. A fully quantum mechanical treatment
of the spins and the lattice or thermal bath results in an approach to the correct
equilibrium situation given by the Boltzmann distribution. The different treatments of
the relaxation phenomena therefore make the theory very complex and would also
expand this chapter beyond its point. Immense work, over a long time, describing
these phenomena, theoretically and empirically, has already been published to great
length by Fischer et al. 199872, Palmer A. G. 2001%, Cavanagh et al. 2007"" to name a
few.

A.2.1 T-relaxation

Consider the proton nuclei in a sample of water. In the absence of an external
magnetic field, the spin polarizations are uniformly distributed, pointing in all
possible directions in space. The total magnetic moment of the sample is very close to
zero, since approximately the same number of spins point towards a given direction as
against it.

If a magnetic field is suddenly turned on, all protons spins begin executing Larmor
precession around the field. This precessional motion is essentially invisible. It does
nothing to change the total magnetic moment of the sample. An isotropic distribution
of spin polarizations makes no contribution to the magnetism of the material. As the
external magnetic field is turned on the nuclei will start to grow to their biased spin
polarizations (Larmor frequency) by a build up curve. Suppose that t,, is defined as
the moment when the external magnetic field is applied, and the direction is defined
to be the z-axis. The build up of longitudinal magnetization has the form:

M™(t) =M (1— exp{—(r—1, ']ITI]-:} [A2.1.1]

for times ¢ >t,,:
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Figure A.2.1.1. The buildup of longitudinal spin magnetization. Figure from Spin dynamics: Basics of
Nuclear Magnetic Resonance'

The exponential time constant for the process T; is known as either the spin-lattice
relaxation time constant or the longitudinal relaxation time constant. The use of the
term ‘lattice’ derives from the early days of NMR, when theoretical efforts
concentrated on the treatment of NMR in solids, and thermal equilibration was
explained in terms of the interactions between the nuclear spins and the crystal lattice.
The term is still used in NMR for liquids and gases, with the term ‘longitudinal’
indicating that the magnetization build up occurs in the direction of the applied
magnetic field.

The term ‘relaxation’ is widely used in the physical sciences to indicate the re-
establishment of thermal equilibrium after some perturbation is applied. In the case
discussed above, thermal equilibrium is first established in the absence of an external
magnetic field, so that all spin orientations are equally likely. When a magnetic field
is applied, this situation no longer corresponds to equilibrium, and the system
‘relaxes’ to the new equilibrium state, in which the spin polarizations are distributed
anisotropically. If the magnetic field is suddenly turned off at a later time, tos, where

ton — torr » T1, the nuclear spin magnetization relaxes back to zero again, followingm:

M ()= M2 exp|~(r—1,,)/T;] [A2.1.2]

For times t > t,4:
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Figure A.2.1.2. The decay of the longitudinal spin magnetization. Figure from Spin dynamics: Basics
of Nuclear Magnetic Resonance'®.

or shown in a more complex manner of spectral density, the energy of the signal

distributed by the frequency, versus the correlation time, 7, of a molecule''®:
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Figure A.2.1.3. The spectral density or the efficiency of relaxation for different Larmor frequencies and
rotational correlation times 7. Figure from Grzesiek S. 2005,

The relaxation time constant T; depends on the nucleus and the sample, including
parameters such as temperature and viscosity, if the sample is a liquid. Typically the
value of T, is in the range of ms to s, although T, may be as long as days or even
years in exceptional cases.
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Measuring the T-relaxation

For spin-lattice RS(S,) measurements, an inversion-recovery building block is applied
during the relaxation building block. Thus, after an initial refocused INEPT pulse
train, the in-phase S magnetization is converted to S, magnetization by applying a 90"
S pulse. During the T period, proton saturation is needed to remove other relaxation
mechanisms. After the following T period, another 90° S pulse creates transverse S
magnetization, which is allowed to evolve during the conventional t; period and
converted to the desired in-phase 'H magnetization by a refocused retro-INEPT pulse
train.

The signal intensities are then measured for different T periods. Fitting of the signal
intensities gives the T;-relaxation for the measured system.

A.2.2 T,-relaxation

The longitudinal nuclear spin magnetization is almost undetectable'*'*. It is about
four orders of magnitude less than the typical diamagnetism of the sample, associated
with the electrons. Experimental study of the longitudinal nuclear magnetization is
impractical.

Instead of measuring the nuclear spin magnetization along the field, the magnetization
perpendicular to the field is measured. The net magnetization perpendicular to the
field is achieved by applying a radiofrequency pulse, causing the spins to rotate /2
radians around the x-axis, of appropriate frequency and duration. Only the
consequences of this will be discussed.

If a spin polarization is initially along the z-axis, and is rotated by 772 about the x-
axis, the result is a spin polarization along the —y-axis.

Radiofrequency
Pulse

_
y y

X X

Figure A.2.2.1 Rotation of a spin around the x-axis. Figure from Spin dynamics: Basics of Nuclear

Magnetic Resonance' ™.

Since the pulse rotates the polarization of every single spin in the sample by the same
angle, the pulse also rotates the entire nuclear magnetization distribution of the
sample. The net spin polarization along the z-axis is therefore transferred into a net
spin polarization along the —y-axis.

This net magnetization moment perpendicular to the magnetic field is called the
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transverse magnetization.

When the pulse is turned off the spins continue their precessional motion. The state
immediately after the pulse corresponds to a net polarization along the —y-axis,
perpendicular to the main field. Since every single spin precesses, the bulk moment
precesses too. The macroscopic nuclear magnetization rotates in the xy-plane,
perpendicular to the main magnetic field.

z z z

= . R

L X X X

Figure A.2.2.2. Precession of the transverse magnetization. Figure from Spin dynamics: Basics of
Nuclear Magnetic Resonance' ™.

The precession frequency of the transverse magnetic moment is equal to the
precession frequency of the individual spin, i.e. the Larmor frequency.
The macroscopic magnetization components at a time ¢ after the pulse corresponds
to102.
MM =M cos{r.ur"r Jexp{—t/T,}
[A.2.2.1]
M™ =M™ sm[:w"f}axp{—r IT,}

The transverse magnetic moment precesses at the nuclear Larmor frequency o,
slowly decaying at the same time

Figure A.2.2.3. Decay and oscillation of the transverse magnetization. Figure from Spin dynamics:
Basics of Nuclear Magnetic Resonance'”.
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The transverse magnetization decays slowly because it is impossible to maintain exact
synchrony between the precessing nuclear magnets. Since the macroscopic magnetic
fields fluctuate slightly, the precessing nuclear magnets gradually get out of phase
with each other and they will loose coherence.

This decay process is irreversible. Once the transverse magnetization is gone, it
cannot be recovered. This is called in homogenous decay in NMR jargon.

The time constant T, takes into account the homogeneous decay of the precessing
macroscopic magnetization. This time constant has various names, the most common
being transverse relaxation time constant, coherence dephasing time constant and
coherence decay time constant. All that is required is that different spins experience
slightly different magnetic fields, so that they precess at slightly different frequencies.
This will always be true in a real sample, independent of whether the spins interact
with each other.

For NMR of small molecules in liquid, T, is typically of the same order of magnitude
as Ty, 1.e. several seconds. This implies that the nuclear spins execute several tens of
million of Larmor precession cycles without losing synchrony. For large molecules or
solids, the transverse relaxation time constant T, may be as short as milliseconds.

Measuring the T,-relaxation

Data on transverse relaxation time T, for backbone "’N nuclei are essential to study
pico-nanosecond as well as micro-millisecond dynamics of proteins. The presence of
chemical exchange produces an additional transverse relaxation term Re to the
experimental value RN(Ny ), which is proportional on @y (Larmor frequency). Thus,
the presence of chemical exchange for a residue may be noted by a transverse
relaxation rate that is high compared to that of the neighbouring residues. Otherwise,
slow dynamics ranging from microsecond to second time scale exchange processes
can be studied from "N relaxation dispersion experiments.; this will be discussed in
section A.2.5.

The T,-relaxation can be measured by a series of HSQC measurements modified so
that the magnetization will remain on the nitrogen at different amounts of time in each
measurement. The delay time during which the "N relaxes is specified by a delay,
which will be set differently for each determination in the series. The signal intensities
are then extracted and by fitting the decline in signal strength over time to a
decreasing exponential, the T,-relaxation can be determined.

A.2.3 Heteronuclear NOE

From the homonuclear case we see that the NOE depends on the rotational correlation
time of the internuclear vector of two nuclei, which undergo dipolar relaxation'®”. In
principle, the rotational correlation time could be extracted from the intensities of the
homonuclear proton-proton NOE experiment. In practice, this is very difficult,
because often the exact distances are not known and secondly many protons interact
at equal strength since their distances are similar. The heteronuclear NOE between a
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proton and directly heteronucleus is much easier to interpret, because the one-bond
distance is rather well determined and because this NOE is the dominant relaxation
effect on the heteronucleus™. >N NOEs and to a lesser extent””. ?C NOEs are used to
obtain information on the correlation times of the respective internuclear vectors in
biological macromolecules. Usually the steady-state NOE effect is measured. The
proton spin is often called I and the heteronuclear spin S. The steady-state NOE
enhancement compares the z-magnetization of the S-spin in thermal equilibrium to
the z-magnetization of the S-spin at equilibrium when the I-spin is saturated*.

XS P [A.2.3.1]

NOE({1}-5)= —
Z eq

Saturation of the [-spin means that its magnetization vanishes. This can be obtained
by applying a large number or random RF-pulses on I. the z-magnetization of the S-
spin for this case can be calculated as a steady-state solution of the Solomon equation.
For the steady-state, the time-derivatives are simply set to 0. Because of the saturation
of spinl, weuse</,>=0

0 =k, (1) —kyop - >,
=k —k,(S) S -8 >, [A-2-3-2]

NOE I-sat

solving for < S, >/, yields

O = kN()E < I: >>m/ _kl (S)(<< S:. >>l—.\ul -< S: >>m/)

[A.2.3.3]

<8 >, = knor <[> +<8 >

< sa kl Ve e [[ Z & ([

and therefore
k <[l > k

NOE({1}-8) =200 =T g~ Dhor 1o [A2.3.4]

k, <S. >, kv

k; is the longitudinal relaxation rate (1/T;). It can also contain contributions from
other relaxation mechanisms besides the dipolar 1-bond relaxation. A significant
contribution to k; for SN amide nuclei is the relaxation stemming from chemical shift
anisotropy (CSA). The Figure shows the behaviour of the amide 'H-"’N NOE as a
function of the correlation time when this mechanism is taken into account. The effect
clearly distinguishes between motions faster or lower than ~ 0.5 s.
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Figure A.2.3.1. Values of the steady-state heteronuclear 'H-""N NOE as a function of correlation time
for magnetic field strengths corresponding to 400, 600 and 800 MHz proton Larmor frequency. The
effect of 160 ppm chemical shift anisotropy (o; . o) on k; has been taken into account. Figure from
Grzesiek S. 2005'".

Measuring the heteronuclear NOE

The backbone 'H-"’N heteronuclear NOE provides information about the motion of
individual N-H bond vectors. Those that undergo motion faster than the overall
tumbling of the molecules (i.e. in the pico- nanosecond time scale) show a decreased
NOE intensity relative to the average observed for the majority of the residues. Thus,
for instance, decreased values are usually found at both N- and C-terminal ends of the
protein.

For heteronuclear NOE cross-relaxation rates, Rg(I, -> S,), a single refocused reverse
2D INEPT experiment is used in which proton saturation is achieved during the
relaxation T delay prior to the starting 90° "N pulse. Two different spectra are usually
recorded in an interleaved manner with and without proton saturation during 3 - 4
seconds. A long recycle delay is needed in order to ensure complete relaxation of
water magnetization at the beginning of each scan.

Values of steady-state NOEs are established from the ratio of peak intensities

. 118
according to” ":

NOE = (I yyaes ! Lguiion )1 [A23.5]

Ry(I; > S,) is extracted from combined NOE and Ry(S,) measurements according to

NOE =-9.86-(R (L. —> S.)/R,(S.)) [A.2.3.6]
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A.2.4 The correlation time, T..

In a liquid, the random molecular tumbling modulates the magnetic fields exerted by
spins on each other. The correlation time of the random fields 7. corresponds to the
rotational time of the molecules. The rotational correlation time is given (roughly) by
the average time taken for the molecules to rotate by one radian'>'"’. Generally
speaking, small molecules have short rotational correlation times, while large
molecules have long rotational times. In reality the 7. is dependent on the size, shape,
and dynamics of the molecule, as well as the bulk physical characteristics of the
solvent.

OQOOOQO

time —»

OO Q QOO

Figure A.2.4.1. Overall tumbling of two macromolecules of different size. In the same time interval, a
small molecule rotates more than a large molecule. Figure from Spin dynamics: Basics of Nuclear
Magnetic Resonance'”.

The correlation time, 7., is dependent on the T;- and T,-relaxation rates of the
molecule. At very short rotational correlation times, the values of T, and T, are equal.
This is called the extreme narrowing limit. As the correlation time is increased, T;
passes through a minimum and then increases. The transverse relaxation time constant
T,, on the other hand, continues to decrease. Line width at half-height of the NMR
line can be estimated followmg102

when 7, = T>

linewidth = 2—:: = ﬂLTl [A.2.4.1]
for larger molecules when 7, < T}

linewidth = é—j = ﬂLTZ [A.2.4.2]

In practice, this means that the NMR peaks get progressively broader as the molecular
mass is increased. The experimental relaxation rate, extracted from the line width, is
called I/Tz* (l/Tz*:l/Tz + 1/T2(inhomogeneity)).

For many years, this behaviour was believed to set a fundamental limit on the size of
molecule that may be studied by solution NMR. However, the development of the
TROSY method allows one to overcome the increase in linewidth at large rotational
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correlation times.
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Figure A.2.4.2. Variation of 7; and T, with correlation time, for intramolecular dipole-dipole
relaxation. Figure from Grzesiek S. 2005'"®.

Oschkinat and co-workers presented a way of estimating the macromolecular z. and
its molecular weight by analysis of the T; and T, values”. The first step in the
analysis is the estimation of the overall correlation times from the trimmed mean T,/
T, ratios. The assumptions underlying such use of the T,/ T, ratio are the following:
(i) one assume large order parameter (S° > 0.5) and rapid internal motion (T < 100

ps) for the majority of residues such that the spectral density function is approximated
by 15:

T
J(w)=S" i [A.2.4.3]
R

which is simply the rigid rotor model scaled by the order parameter; (ii) it is then
assumed that for overall correlation times typical of proteins (zz > 3 ns), all high-
frequency terms (wy - Wy, oy Wi+ @) have negligible contributions to the Ty, T, and
NOE rates. In this manner, the relaxation rates for T; and T, reduce to:

1 1
7 = §[3J((0N)]
[A.2.4.4]
% = é[3d2 +c* [4(0) + 3J(w,)]

129



Appendix

and the ratio is given by'%:

T, [40)+3J(0)] T+4(0,7)

[A.2.4.5]
T, 6J(w,) 6

The overall correlation times are then determined using the trimmed mean T,/ T
ratio, such that after the mean is calculated, all values differing from the mean by one
standard deviation are removed and the mean value is recalculated.

In this manner residues undergoing rapid internal motions or conformational
exchange and for which the above arguments do not hold are removed from the
analysis. The correlation times thus derived are then used to determine which residues
have abnormally high R, relaxation rates and therefore should be fitted using an
additional exchange term, R, [

——=—+R, [A.2.4.6]

where Ts,exp 1s the experimentally observed relaxation time and T, is the component
arising from dipolar and CSA mechanisms as discussed earlier. The overall
correlation time can then be fitted to experimentally determined molecular weights of
different proteins of different shapes and.
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Figure A.2.4.3. Experimentally measured t. values for a range of proteins with known molecular
weight. Figure from Strauss, H. M.''®
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A.2.5 Carr-Purcell Meiboom-Gill (CPMG)

Folding and unfolding reactions of proteins are of great importance and they often
occur on a time-scale, which cannot be probed by NMR in conventional ways. They
can however be probed by using so-called Carr-Purcell Meiboom-Gill
experiments'®'%, by measuring the contribution to line widths of cross peaks in
correlation spectra, T,-relaxation. They are interpreted in terms of the rates of
interconversion between states (kinetics), their chemical shift differences (structure)
and their populations (thermodynamics)'’’''°. For exchange rates varying from a few
hundred to a few thousand per second, and for populations of the higher-energy
(unfolded or intermediate) state greater than about 5 %, this approach provides a
sensitive measure of the exchange dynamics'''. This gives data that are site-specific
and in absence of denaturant.

Experimental data has shown that an assumption of a two-site exchange is normally
adequate to obtain high quality of the fits of the data and the associated statistical
analysis''"'2,

In non-viscous liquids, usually T, = T;. But some processes like scalar coupling with
quadrupolar nuclei, chemical exchange, interaction with a paramagnetic center, can
accelerate the T,-relaxation such that T, becomes shorter than T;. In principle T, can
be obtained by measuring the signal width at half-height according to Eq. S1.4.2.
However the line width for non-viscous liquids is most often dominated by field
inhomogeneity. Fortunately, the dephasing of spins isochromats, resulting from field
inhomogeneity, is a reversible process: it can be refocused by using a 180° pulse
inserted in the center of an evolution time. This is called a Hahn spin-echo'"”. The
Hahn echo is constituted first by a 90° pulse that flips the magnetization in the XY
plane. During the first 7 delay, the magnetization evolves according to its chemical
shift (and field inhomogeneity). An 180° pulse is then applied. This 180° pulse inverts
the magnetization. (This pulse can be applied along the X or the Y axis). Following
the inversion pulse, another 7 delay is applied. During this delay, the magnetization
refocus: for example, if the nuclei with chemical shift 1 have had the time to precess
clockwise by 15° degree during the first 7 delay, it will also precess by the same
amount after the inversion pulse as the identity of the nuclei have not been changed.
Similarly, if field inhomogeneity is present for the first 7 delay, the same
inhomogeneity is present after the inversion pulse and will influence the precession in
the same manner allowing to refocus this unwanted effect at the end of the second
delay. This will give rise to an echo after the 2*z delays. The spin-spin relaxation
processes will only affect the size of this echo.

At the end of the second delay, the echo will be lined up:

along the Y axis if the 180° pulse was applied along the Y axis,
along the -Y axis if the 180° pulse was applied along the X axis.

The Carr-Purcell-Meiboom-Gill'”'% sequence is derived from the Hahn spin-echo
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sequence'®. This sequence is equipped with a "built-in" procedure to self-correct
pulse accuracy error.

If the first inversion pulse applied is shorter (e.g. 175") than an 180° pulse, a
systematic error is introduced in the measurement. The echo will form above the XY
plane (e.g. 5°) and therefore the signal will be smaller than expected.

To correct that error, instead of sampling immediately the echo, a third 7 delay is
introduced, during which, the magnetization evolve as before but slightly above the
XY plane.

If the second inversion pulse, also shorter than an 180° pulse (e.g. 175°), is applied, as
the magnetization is already above the plane, this shorter inversion pulse will put the
magnetization exactly in the XY plane.

At the end of the last tau delay, the echo will form exactly in the XY plane, self-
correcting the pulse error.
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Figure A.2.5.1. The spin-echo effect, (A), a 90°; pulse puts M, into the y’ direction, (B), the spin
isochromats fan out, (C), a 1800y pulse interchanges slow and fast spins at time t, (D), refocusing
occurs, (E), the echo at time 2. Figure from Grzesiek S. 2005'"%.

The process of refocusing by the 180° pulse can be repeated many times. The
amplitudes of successive echoes decay exponentially and the true value of T, can be
found from the envelope of the echoes.

A.2.6 Relaxation changes and molecular interactions

Monitoring the transverse relaxation (T,) of the ligand signals is one of the most
common methods to detect ligand binding by NMR. The transverse relaxation rate
(1/T,) of a small molecule tumbling rapidly in solution is typically longer than those
of the protein molecules and ligands bound to protein, which are tumbling much
slower. The linewidths in the spectra are directly dependent on the tumbling rate, T,
and by linewidth analysis the interaction between the protein-ligand, protein-protein
interaction can be determined. The interaction can be done more elaborate by using a
T, relaxation filter''**?. By this method the signals of the bound ligand can be
selectively filtered out. In this method, two relaxation-edited spectra are obtained, one
with and one without the ligand, upon differencing these spectra the binding ligand
can be obtained.
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A.3 Residual dipolar couplings (RDCs)

While NMR spectroscopy is now successfully established as the most important
technique for the high resolution structure determination of small to medium sized,
compact macromolecules in the solution state’’*"*, the method has some notable
limitations for more complex molecular systems.

The basic experimental parameter used for the determination of molecular structure
(Nuclear Overhauser Effect, NOE) becomes difficult to measure in large protonated
molecules due to prohibitive relaxation effects, making the determination of structure
beyond 30 kDa unrealistic using classical techniques. Moreover, modular or
elongated proteins, and large RNA superstructures, encounter the serious problem of
ill-defined relative orientation of different domains, due to inadequate local structural
information at interfacial or hinge regions. The relative orientation of different
domains is however known to be closely correlated to physiological function while
the characterization of the exact nature of molecular interaction in reaction complexes
clearly holds the key to understanding macromolecular function.

The last five years has seen a rapid acceleration in the search for viable, alternative
sources of structural information for the resolution of long-range orientation in
systems of more complex geometry™.

In particular weak alignment of proteins prevents complete averaging of the dipolar
interaction, while retaining the solution properties necessary for high resolution NMR.
This alignment can exist naturally, due to the paramagnetic properties of the
molecule®®, or can, more generally, be induced by solvation in liquid crystal media’’.
The residual dipolar coupling (RDC) measured under these conditions provides
geometric information relative to the common alignment frame.

The degeneracy of the RDCs can be raised if we can measure more couplings in a
domain of known structure, and whose relative orientation in the domain is known.
There are now four equivalent orientations of the differently valued couplings, which
are in agreement with measure values. This four-fold degeneracy is inherent to the
orientation of any three-dimensional structure relative to a molecular alignment
tensor, and derives from simple symmetry operations (180° rotations around A, Ayy
and A,;). Despite this inherent four-fold orientational degeneracy, the ability to
determine domain orientation is a very powerful complement to classical structure
determination and forms the basis of many recent studies of the molecular architecture
of multidomain systems**®’, and protein-ligand complexes®"*.

The use of residual dipolar couplings have been around for a long time, but prior to
1995 the measurement of residual dipolar couplings (RDCs) was confined to small
molecules'>®. Only in recent years the technique has entered macromolecular
solution nuclear magnetic resonance (NMR) spectroscopy. Since then the number of
pulse sequences and alignment media required has been growing steadily, and new
applications for residual dipolar couplings are continually being reported. Residual
dipolar couplings are used in structure determinations, protein fold recognition of
folded and denatured proteins and for insight into dynamic mechanisms™>**%.
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A.3.1 The dipolar interaction

A dipolar interaction arises from the interaction of a pair of nuclear magnetic
moments. A nucleus will experience a local magnetic field from a neighbouring
nucleus depending if the nucleus’ magnetic dipole reinforces or opposes the static
magnetic field By. The strength of the local field induced in a neighbouring atom is
dependent on several factors, the nature of the nuclei (via its magnetogyric ratios), the
distance between the nuclei (ryy) and the angle 0, which the internuclear vector makes
with the static external magnetic field.

B, 6
.
(ohg H”
™~ N~ INH

C,
Figure A.3.1.1. Diagram showing two parameters which define the size of the dipolar coupling

between the N and HY atoms of a protein backbone: ryy, the N-HY bond length and the angle, &,
between the N-H" bond and the static magnetic field, By.

More specifically the dipolar coupling between two nuclei A and B is given by

Eq A.1.6.1.1. Where S is the generalised order parameter for internal motion of the
AB vector, u is the magnetic permeability of vacuum, y4 and y5 are the magnetogyric
ratios of A and B, / is Planck’s constant, 45 is the distance between A and B, 4, and
A, are the unit less axial and rhombic components of the alignment tensor A, and &
and ¢ are the cylindrical coordinates describing the orientation of the vector AB in the
principal axis system of the alignment tensor®.

=Sty 47 h {Aa (3 cos’ - 1)+ ;Ar (sin2 fcos 2¢)}

3.3
16777,

[A.3.1.1]

D=
This equation simplifies to™*
3 /.
D,=D, [(3 cos’ O— 1)+ ER(sz Ocos 2¢)} [A.3.1.2]

where
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D = _S/Jo7/A7/BhAa — l[Dzz _ (Dxx +DW)]

A3.13
a 167°r), 3 2 [ ]
- h4, \D.-D,
D - S,uOJ/Aj/f ,:( . w) [A.3.1.4]
16777, 2
A
R=—
v [A.3.1.5]

a

In these equations D, and D, are the magnitudes of the axial and rhombic components
of the alignment tensor, respectively, and R is known as the rhombicity.

The alignment tensor, which is used to describe the magnitude and orientation of the
alignment of the molecule, can be expressed as an order matrix, S. This is both
traceless (Sx + Sy + S-: = 0) and symmetric (S; = Sj;) 6467 1t therefore contains only
five independent elements, which correspond to the magnitude of the axial, D,, and
rhombic, D,, components of the alignment tensor, as well as three Euler angles (¢, £
y) describing the orientation of the principle component of the tensor with respect to
the molecular frame.

In solid-state NMR large dipolar couplings, order of kHz, can be measured and these
provide important structural information. However, in the case of solution-state NMR
the solution is isotropic and the dipolar couplings are averaged to zero. Producing
small net alignment of molecules creates residual dipolar couplings, which are
observable.

Most diamagnetic molecules will have a tendency to align with a magnetic field due
to their magnetic susceptibility anisotropy. In proteins the magnetic susceptibility is
made anisotropic through ring currents from aromatic residues such as Histidine,
Phenylalanine, Tryptophan and Tyrosine. However, the effects from these residues
often cancel one another out and the magnetic susceptibility anisotropy is generally
very small in proteins.

A.3.2 Inducing alignment

A breakthrough was the alignment of a protein in liquid crystalline medium®’. Since
the first report in 1997, it has become possible to dissolve proteins in a variety of non-
isotropic environments, such as liquid crystalline solutions or anisotropically strained
gel matrices. These media all result in a weak net alignment of the protein with
respect to the static magnetic field, by biasing the tumbling of the protein due to steric
or electrostatic effects. This makes the measurement of small residual dipolar
couplings of the order of 10 — 20 Hz possible, while still leaving the molecules
tumbling rapidly enough to produce sharp solution-state NMR spectra.

All work involving RDCs assumes that the alignment of the biomolecule occurs
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without altering its structure and that there is no direct contact or binding between the
molecule and the alignment medium. This is supported by the fact that chemical shifts
are the same in the isotropic and anisotropic medium. Some cases in which
interactions between the protein and the alignment medium do occur have been
reported, but are rare®®. If the protein being aligned is charged, then the alignment
medium must either be of the same charge or high concentrations of salt needs to be
present to counter the electrostatic effects’”’'. Nonetheless the possibility of the
alignment medium affecting the structure of the protein continues to be a concern and
several studies have been conducted which attempt to show that alignment media only
disturb the protein structure on a non-significant way.

In many cases the alignment is achieved purely by static interactions, such as with
neutral bicelles or n-alkyl(PEG)/n-alkyl alcohol mixtures. This has been verified by
producing models, which mimic the steric interaction between a protein and the
aligning medium and will predict RDCs on this basis. These programs show good
agreement with experimental data from neutral alignment media, indicating that no

L - - 72-75
other significant interaction occur'~ ™.

A.3.3 Determination of the alignment tensor

In general, the alignment tensor of a given protein is not known a priori. In addition,
any single measured RDC value does not uniquely define a vector orientation. Rather
it defines two cones, of opposite sign, about the z-axis’®. If the structure of the
molecule is known then the cones can be narrowed down to exact positions due to the
constraints of the molecular structure. The molecule can be rotated to obtain the best
fit alignment tensor’’. Alternatively an order matrix analysis can be conducted using
singular value decomposition, provided a minimum of five RDCs have been
measured®’.

Figure A.3.3.1. Diagram showing the degeneracy of the directions defined by a single RDC value.

In situations where the structure is not known, the magnitude of the axial component
of the alignment tensor and the rhombicity can be estimated from the distribution of
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the normalised RDCs’®. If more than one type of RDC is available, RDC values are
normalised, usually to the N — HY RDCs, using a factor of (VWHr3pQ)/(yprr3NH). A
histogram of these values is plotted and provided the distribution of the vector is
relatively uniform, this should resemble a chemical shift anisotropy powder pattern.
Values for D, and R can then be extracted by noting that the minimum RDC occurs at
0 =90°, ¢ = 90°, the maximum RDC occurs at 6 = 0° and the highest probability RDC
occurs at 0 =90", ¢ =0°. From equations A.1.6.1.2-5 it follows that

D =—D [A.3.3.1]

R:K_g‘:i“} —1}@) [A.3.3.2

An extension to this method has been made which uses a fitting procedure to optimise
the shape of the histogram and extract values for D, and R”’. The authors show that
although this method is more accurate than that proposed by Clore e al.™*, it is
nevertheless equally limited by the restricted sampling of orientational space®. More
recently, a maximum likelihood technique has been proposed for the estimation of D,
and R which is particularly advantageous when using small datasets or if the
distribution of vectors is particularly non-uniform®.

A theoretical approach has been described which makes it possible to analyse how
well a set of RDCs samples the tensorial space and therefore how likely it is that the
alignment tensor can be accurately defined®'. This analysis shows that N-H" vectors
tend to sample the available orientations very badly®'. This is easily rationalised by
observing that the N-H" moiety is important in fixing secondary structure via
hydrogen bonds and therefore has a strong tendency to point in the same regular
directions in any single element of secondary structure (e.g. in a helix all N-H" bonds
point nearly parallel to the axis of the helix). By contrast the C* — C” and N-C’ bond
vectors tend to sample orientational space better®, though the C*-C’ and N-C” RDCs
often carry larger experimental errors due to their smaller size.

Data from two different alignment media can reduce the degeneracy problem. The
cones for a vector from two different orientations overlap, and so the orientation of
the vector is reduced to, maximally, eight points of intersection of the cones’®. By
analysing simple correlation plots of RDCs from two different alignment media, it is
possible to determine the relative orientation of the two alignment tensors®’. With as
many as five or more data sets, it is possible to reconstruct all vector orientations
completely without any previous knowledge of the structure™, however the problem
of a two-fold degeneracy always remains®*.
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A.3.4 Alignment media

Ever since Tjandra and Bax published their report of measuring RDCs in a protein
suspended in a dilute liquid crystalline medium®, a growing number of media for the
alignment of biological macromolecules have become available.

A widely used alignment medium, which was in used in this work, is Pfl filamentous
bacteriophage. It consists of rod shaped particles of ~60 A diameter and ~20,000 A
length and has a negatively charged surface with a pl of ~4.0. It aligns in a magnetic
field and induces alignment in proteins, DNA and RNA®. By varying the Pfl
concentration of the solution the degree of alignment can be altered™. Addition of
salts is possible™, and can enable the alignment of positively charged proteins which
would otherwise stick to the surface of the phage. Alternatively, working at very low
(0 — 4 mg/ml) concentrations of phage has also made the measurement of RDCs in a
positively charged protein possible®. In recent years Pfl phages appears to have
become one of the main aligning media used®*'. As an alternative to Pfl phage, Fd
phage and tobacco mosaic virus have been used to align proteins’.

A.3.5 Domain orientations and protein complex structures

Defining the orientation of two protein domains relative to one another can be
difficult using conventional NMR techniques because there is often a lack of
sufficient numbers of inter-domain NOE restraints to define the orientation fully.
However, using RDCs in a similar way as for normal structure determinations can
help yield the correct orientation, as has been found to be the case in a number of
systems®**,

In some proteins the crystal packing is thought to distort the inter-domain orientation
in crystal structures away from that in the solution structure. By measuring RDCs for
both domains and fitting these separate alignment tensors, the correct solution
orientation can be found®*>**. Alternatively the two domains can be subjected to a
simulated annealing protocol to determine the correct orientation’*°.

RDCs can also be an indicator for inter-domain dynamics. For example, if the
magnitude of the alignment differs markedly between the two domains, this may be
because one is more strongly aligned than the other and there is substantial inter-
domain motion present®’**”*® Similar processes are also possible with protein-
protein or protein-ligand complexes’ %!,

A.3.6 RDC NMR experiments

A large number of two and three-dimensional pulse sequences for the measurement of
RDCs have been reported in the literature. The most commonly measured RDC is the
N-HY RDC. This is generally measured by recording an HSQC-type spectrum in
which the nitrogen decoupling has been removed in the indirect dimension. To avoid
overcrowding of spectral peaks two approaches are possible; (i) the two components
of each doublet can be separated into two different spectra. This can either be done by
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recording an in-phase and an anti-phase spectrum, which are added and subtracted to
obtain the individual components, IPAP method''"®, or by a spin-state selective
approach, S°E method'". (ii) The dipolar coupling can also be measured by recording
a regular HSQC-spectrum and an HSQC trosy-type spectrum. This will effectively
give half the coupling that can just be multiplied by two to give the true value. This
approach is especially well suited for larger macromolecular systems (P. Schmieder,
personal communication).

Pulse sequences for other RDCs such as C*-H* C®C’, C’-N and C’-H" have been
comprehensively reviewed by Bax et al.%*. These tend to fall into two categories of
either being decoupled versions of other experiments, or (particularly for C-H RDCs)
being J-modulated experiments®*.
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A.4 RDCs of MalF-P2 in presence and absence of MalE

RDCs for MalF-P2 in absence and presence of MalE (molar ratio 1:1). All residues
are listed according to the full length MalF primary sequence, specifying residue type,
nucleus, the observed residual dipolar coupling (D_OBS), the back calculated reidual
coupling (D) using the PDB file 2r6g, and the difference in coupling (D_DIFF),
respectively.

H™N all (in absence of MalE)

IDI RESI ATOM I IDJ RESJ ATOM J D OBS D D_DIFF
100 LEU H 100 LEU N 1,6442 1,399 0,2452
101 THR H 101 THR N 4,9807 7,409 -2,4283
102 PHE H 102 PHE N 3,0967 5,807 -2,7106
105 ALA H 105 ALA N 4,6432 7,090 -2,4475
106 GLN H 106 GLN N -5,8213 3,887 -9,7085
107 GLU H 107 GLU N 4,3539 0,602 3,7517
113 SER H 113 SER N -2,4860 12,45 9,9696
115 GLN H 115 GLN N -8,6411 -4,078 -4,563
116 ALA H 116 ALA N -2,3500 4338 -6,6888
117 GLY H 117 GLY N -9,9317 1,471 -8,4599
118  LYS H 118 LYS N -16,798 0,221 -17,020
119 THR H 119 THR N 12,250 1,414 10,836
121 ASN H 121 ASN N 12,327 7,980 4,347
123 GLY H 123 GLY N 22,146 12,71 -9,4292
125 TYR H 125 TYR N -16,355 4475 -11,879
127 ALA H 127 ALA N 13,213 6,808 6,4059
130 GLU H 130 GLU N 14,735 6,004 8,7313
132 GLN H 132 GLN N -19,644 -12,56 -7,0762
134 ALA H 134 ALA N -11,337 -8,822 -2,5147
135  LEU H 135 LEU N -12,869 -5,879 -6,9897
137  ASP H 137 ASP N -6,3875 4278 -2,1092
140 THR H 140 THR N 11,275 3,886 7,3892
141 GLY H 141 GLY N -1,3079 3,054 -4,3624
144 TYR H 144 TYR N -18,523 -11,03 -7,4837
145 LEU H 145 LEU N -13,928 9,756 -4,1717
147  ASP H 147 ASP N 5,9944 3,918 2,0763
148 ALA H 148 ALA N -9,1381 -1,102 -8,0355
150 LYS H 150 LYS N -12,404 -8,700 -3,7041
151  PHE H 151 PHE N -0,6638 3,966 -4,6302
152 GLY H 152 GLY N 9,4855 0,826 8,6587
153 GLY H 153 GLY N -23,700 11,72 -11,975
156 LYS H 156 LYS N -0,7281 7,565 6,8372
157 LEU H 157 LEU N -2,2549 3,220 0,9655
158 GLN H 158 GLN N 7,9006 0,423 74771
159 LEU H 159 LEU N 14,634 8,912 5,7217
161 GLU H 161 GLU N -14,116 -10,10 -4,0155
164 ALA H 164 ALA N 0,2905 3,056 3,3469
168 GLY H 168 GLY N 5,4430 6,426 -0,9835
170 ALA H 170 ALA N 14,242 3,270 10,972
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177
178
179
180
182
183
184
185
186
188
190
192
193
196
198
199
200
201
204
205
206
210
211
213
214
217
219
220
221
222
227
228
232
237
238
239
240
241
245
247
248
250
254
255
257
260
268
269
271
272
273
274
275

THR
GLN
ASN
ARG
ALA
LEU
SER
ASP
ILE
ALA
LEU
ASP
GLY
VAL
MET
SER
SER
LEU
PHE
SER
GLY
LEU
TYR
LEU
ASP
GLY
LEU
THR
ASN
ASN
LYS
TYR
ASN
TYR
GLN
SER
ILE
THR
ASN
GLY
ASP
LYS
GLY
TYR
VAL
GLY
PHE
THR
GLU
GLY
ILE
GLN
LYS
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177
178
179
180
182
183
184
185
186
188
190
192
193
196
198
199
200
201
204
205
206
210
211
213
214
217
219
220
221
222
227
228
232
237
238
239
240
241
245
247
248
250
254
255
257
260
268
269
271
272
273
274
275

THR
GLN
ASN
ARG
ALA
LEU
SER
ASP
ILE
ALA
LEU
ASP
GLY
VAL
MET
SER
SER
LEU
PHE
SER
GLY
LEU
TYR
LEU
ASP
GLY
LEU
THR
ASN
ASN
LYS
TYR
ASN
TYR
GLN
SER
ILE
THR
ASN
GLY
ASP
LYS
GLY
TYR
VAL
GLY
PHE
THR
GLU
GLY
ILE
GLN
LYS

2222222222222 222Z2Z2Z2Z222Z2Z2Z222Z2Z2Z2Z222Z2Z2Z222Z2Z2Z2Z222Z2Z2Z22ZZZZZ

-2,3760
9,9985
9,7574
16,617
-11,645
21,902
-11,967
-0,1038
-14,012
-7,0637
7,0180
14,247
-1,7196
1,7319
3,9967
3,5282
-2,0286
11,421
6,1440
11,625
3,5207
7,6423
8,2085
12,208
2,2400
8,3815
3,3637
-5,9808
8,6906
10,208
11,614
2,4205
43181
-6,2070
-16,196
29,0268
13,990
7,6287
-1,5354
-5,5358
8,8414
-13,451
-5,2428
4,2847
-8,3383
10,730
-1,4105
-2,8655
1,8345
42452
-8,9972
2,227
3,6060

2,900
6,290
1,514

9,923

-0,783

9,697

-1,608
3,647

-9,650

11,52
8,716

-12,43

-9,435
2,484
0,292
7,294

2,435

6,313
5,575
3,188
1,984

-8,991
1,934
5,258
3,661
3,368

1,431
7,433
8,875

9,517
3,557
3,183

-10,86

-0,589
3,457

-5,465
8,851
6,370
1,170
1,700

4,054

2,964

4,147
2,419

-3,406
6,945

6,721
6,627

-10,40
1,575

-11,46

-6,362

-1,031

-5,2763
3,7083
8,2433
-6,6936
-10,861
-12,204
-10,359
23,7512
43618
4,4635
-1,6985
-1,8116
7,7156
-0,7527
3,7046
-3,7659
0,4073
-5,1078
0,5686
8,4367
1,5358
16,633
6,2744
6,9507
-1,4215
5,0134
4,7955
13,413
-0,1844
19,725
8,0568
-0,7631
15,185
-5,6174
-19,654
-3,5610
5,1388
1,2582
-2,7054
-7,2362
12,895
-10,486
-1,0949
1,8657
49314
3,7853
53113
-9,4932
12,243
-5,8210
2,4667
8,5855
4,6379
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H"N domain 1 (in absence of MalE)

IDI RESI ATOM I IDJ RESJ ATOMJ D OBS D D DIFF
100 LEU H 100 LEU N 1,6442 -1,449 3,0939
101 THR H 101 THR N 4,9807 6,688 -1,7075
102 PHE H 102 PHE N 3,0967 -0,3 3,3971
105 ALA H 105 ALA N 4,6432 0,32 4,3226
106 GLN H 106 GLN N -5,8213 -1,012 -4,8085
107 GLU H 107 GLU N 4,3539 5,386 -1,0320
113 SER H 113 SER N -2,4860 -0,427 -2,0583
210 LEU H 210 LEU N 7,6423 6,801 0,8404
211 TYR H 211 TYR N 8,2085 6,779 1,4287
213 LEU H 213 LEU N 12,208 6,665 15,5438
214 ASP H 214 ASP N 2,2400 -2,7 4,9403
217 GLY H 217 GLY N 8,3815 6,265 2,1163
219 LEU H 219 LEU N 3,3637 6,163 -2,7992
220 THR H 220 THR N -5,9808 5,774 11,755
221 ASN H 221 ASN N 8,6906 6,416 22741
222 ASN H 222 ASN N 10,208 5,564 4,6445
227 LYS H 227 LYS N 11,614 6,546 5,0674
228 TYR H 228 TYR N 2,4200 -1,152 3,5728
232 ASN H 232 ASN N 4,3180 -5,392 19,7104
237 TYR H 237 TYR N -6,2070 -1,556 -4,6509
238 GLN H 238 GLN N -16,190 -9,749 -6,4472
239 SER H 239 SER N -9,0268 -8,655 -0,3710
240 ILE H 240 ILE N 13,990 6,531 7,4588
241 THR H 241 THR N 7,6287 5,977 1,6515
245 ASN H 245 ASN N -1,5354 -12,502 10,966
247 GLY H 247 GLY N -5,5358 -2,289 -3,2467
248 ASP H 248 ASP N 8,8414 6,689 2,1523
250 LYS H 250 LYS N -13,451 -11,51 -1,9324
254 GLY H 254 GLY N -5,2428 0,38 -5,6234
255 TYR H 255 TYR N 4,2847 6,527 -2,2432
257 VAL H 257 VAL N -8,3383 -7,067 -1,2709
HN domain 2 (in absence of MalE)

IDI RESI ATOM I IDJ RESJ ATOMJ D OBS D D DIFF
117 GLY H 117 GLY N -9,9317 -4,654 -5,2772
118 LYS H 118 LYS N -16,798 4,891 -21,689
119 THR H 119 THR N 12,250 6,090 6,1608
121 ASN H 121 ASN N 12,327 9,374 29527
123 GLY H 122  GLY N 22,146 -18,49 -3,6495
125 TYR H 125 TYR N -16,355 -5,697 -10,657
127 ALA H 127 ALA N 13,213 10,98 2,2324
130 GLU H 130 GLU N 14,735 7,362 7,3730
132 GLN H 132 GLN N -19,644 -16,81 -2,8275
134 ALA H 134 ALA N -11,337 -14,61 3,2790
135 LEU H 135 LEU N -12,869 -9,799 -3,0692
137 ASP H 137 ASP N -6,3875 -6,259 -0,1281
140 THR H 140 THR N 11,275 7,335 3,9398
141 GLY H 141 GLY N -1,3079 2,649 -3,9574
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144
145
147
148
150
151
152
153
156
157
158
159
161
164
168
170
177
178
179
180
182
183
184
185
186
188
190
192
193
196
198
199
200
201
204
205
206

TYR
LEU
ASP
ALA
LYS
PHE
GLY
GLY
LYS
LEU
GLN
LEU
GLU
ALA
GLY
ALA
THR
GLN
ASN
ARG
ALA
LEU
SER
ASP
ILE
ALA
LEU
ASP
GLY
VAL
MET
SER
SER
LEU
PHE
SER
GLY
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144
145
147
148
150
151
152
153
156
157
158
159
161
164
168
170
177
178
179
180
182
183
184
185
186
188
190
192
193
196
198
199
200
201
204
205
206

HaCa all (in absence of MalE)

ID I

99

100
101
102
103
104
105
106
107
108
112
113

RES_I

GLN
LEU

THR
PHE

GLU
ARG
ALA
GLN
GLU
VAL
ARG
SER

ATOM I

HA
HA
HA
HA
HA
HA
HA
HA
HA
HA
HA
HA

D J

99

100
101
102
103
104
105
106
107
108
112
113

TYR
LEU
ASP
ALA
LYS
PHE
GLY
GLY
LYS
LEU
GLN
LEU
GLU
ALA
GLY
ALA
THR
GLN
ASN
ARG
ALA
LEU
SER
ASP
ILE
ALA
LEU
ASP
GLY
VAL
MET
SER
SER
LEU
PHE
SER
GLY

RES_J

GLN
LEU

THR
PHE

GLU
ARG
ALA
GLN
GLU
VAL
ARG
SER

2222222222222 22222222Z2Z2222222222Z2Z2Z2ZZZ

-18,523
-13,928
5,9944
-9,1381
-12,404
-0,6638
9,4855
-23,700
-0,7281
-2,2549
7,9006
14,634
14,116
0,2905
5,4430
14,242
-2,3760
9,9985
9,7574
16,617
-11,645
21,902
-11,967
-0,1038
-14,012
-7,0637
7,0180
-14,247
-1,7196
1,7319
3,9967
3,5282
-2,0286
11,421
6,1440
11,625
3,5207

ATOM J D OBS

CA
CA
CA
CA
CA
CA
CA
CA
CA
CA
CA
CA

-0,5500
-1,0142
-33,812
31,610
24,517
-8,5401
20,058
14,003
-12,843
-28,359
28,895
3,5228

-17,134 -1,3887
16,84 2,9172
3219 2,7749
-2,766 -6,3720
-10,90 -1,5030
0,908 -1,5724
5,440 4,0452
17,16 -6,5335
4,697 3,9696
-1,329 -0,9258
4,539 3,3609
8,678 5,9557
16,20 2,0869
1,294 -1,0043
10,73 -5,2938
8,996 5,2461
3,423 -5,7999
10,07 -0,0748
7,803 1,9536
17,47 0,8599
-5,659 -5,9857
17,35 -4,5496
-5,770 -6,1977
0,162 -0,2668
14,25 0,2418
-14,79 7,7304
10,10 -3,0852
17,37 3,1284
-14,55 12,830
5,886 -4,1545
6,418 -2,4213
11,02 -7,4939
-5,033 3,0049
-7,742 -3,6790
8,712 -2,5683
7,046 4,5793
7,810 -4,2896

D D_DIFF

2,627 2,0778
-0,164 -0,8498
-16,67 -17,135
1,872 29,737
18,78 -43,302
11,60 3,0602
2,722 17,335
20,361 14,364
20,77 -33,615
-18,08 -10,272
14,97 -43,867
22,13 -18,614
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114
115
118
119
120
121
127
130
132
133
134
135
136
137
139
140
142
143
144
146
147
148
149
151
154
155
157
158
159
161
162
163
164
166
167
169
170
172
173
176
177
178
179
180
181
182
183
185
186
188
189
192
194
195

TRP
GLN
LYS
THR
TYR
ASN
ALA
GLU
GLN
SER
ALA
LEU
SER
ASP
GLU
THR
LYS
ASN
TYR
SER
ASP
ALA
PHE
PHE
GLU
GLN
LEU
GLN
LEU
GLU
THR
THR
ALA
PRO
GLU
GLU
ALA
ASN
LEU
ILE
THR
GLN
ASN
ARG
GLN
ALA
LEU
ASP
ILE
ALA
ILE
ASP
ASN
LYS

HA
HA
HA
HA
HA
HA
HA
HA
HA
HA
HA
HA
HA
HA
HA
HA
HA
HA
HA
HA
HA
HA
HA
HA
HA
HA
HA
HA
HA
HA
HA
HA
HA
HA
HA
HA
HA
HA
HA
HA
HA
HA
HA
HA
HA
HA
HA
HA
HA
HA
HA
HA
HA
HA

114
115
118
119
120
121
127
130
132
133
134
135
136
137
139
140
142
143
144
146
147
148
149
151
154
155
157
158
159
161
162
163
164
166
167
169
170
172
173
176
177
178
179
180
181
182
183
185
186
188
189
192
194
195

TRP
GLN
LYS
THR
TYR
ASN
ALA
GLU
GLN
SER
ALA
LEU
SER
ASP
GLU
THR
LYS
ASN
TYR
SER
ASP
ALA
PHE
PHE
GLU
GLN
LEU
GLN
LEU
GLU
THR
THR
ALA
PRO
GLU
GLU
ALA
ASN
LEU
ILE
THR
GLN
ASN
ARG
GLN
ALA
LEU
ASP
ILE
ALA
ILE
ASP
ASN
LYS

CA
CA
CA
CA
CA
CA
CA
CA
CA
CA
CA
CA
CA
CA
CA
CA
CA
CA
CA
CA
CA
CA
CA
CA
CA
CA
CA
CA
CA
CA
CA
CA
CA
CA
CA
CA
CA
CA
CA
CA
CA
CA
CA
CA
CA
CA
CA
CA
CA
CA
CA
CA
CA
CA

6,4419
14,578
-3,6559

42,733

-48,703
10,949

-50,200

22,655
15,085
52,614
39,265
38,252
29,204

-3,7417
23,911

-29,459

-11,963
14,327
27,688
32,880

23,154
41,522
22,204

21,752
10,189
32,250
2,4039

21,686

-7,6420
46,384
45,347

-0,9199

-14,192
31,852

-7,6240
33,201
3,0521

22,2039

-0,1915
52,755

-6,4409

-18,553

41,422

-32,279

-16,381
6,1136
18,407

-20,761
20,541
1,8105
11,722
31,161

-16,449

-7,9882

21,36
7,468
12,68

2,473

4201
2,091

-18,37

17,21
9,521
20,29
19,46
16,77
10,00

20,07
5,171

2,439

-16,10

-1,245
7,956
8,222

22,84
24,37
22,78

2,413
16,80
16,51
22,13

-10,36

-8,226
15,66
15,57
3,400
2,751
23,73

2,634

-3,826
12,28
1,834
5414
24,59

11,54

-7,397
0,086

-5,521

-12,05

-4,037
7,834

-19,97
20,80
9,493
0,868
6,941

-12,56

-7,663

-14,920
7,1094
-16,338
-40,259
-44.502
8,8587
-31,824
-5,4450
5,5641
32,321
19,796
21,477
19,200

16,335
18,740
-27,020
4,1401

15,572
19,732
24,657
-0,3128
17,147
-0,5832
-19,339
-6,6125
15,732
-19,735
11,319
0,5847
30,722
29,775
-4,3207
-16,944
8,1183
-4,9893
37,028
-9,2295
-4,0379
-5,6057
28,165
5,1062
-11,155
-41,509
26,757
-4,3283

10,150
10,573
-0,7883
-0,2673

7,683
10,853
24,219
-3,8891
-0,3251
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196
198
200
203
205
207
208
209
210
211
212
213
214
216
218
219
220
221
222
224
226
227
232
234
236
237
238
239
240
241
245
246
248
249
250
251
252
255
256
257
261
262
264
267
268
269
271
273
274

VAL
MET
SER
GLN
SER
THR
GLN
PRO
LEU
TYR
THR
LEU
ASP
ASP
THR
LEU
THR
ASN
ASN
SER
VAL
LYS
ASN
ILE
PHE
TYR
GLN
SER
ILE
THR
ASN
TRP
ASP
GLU
LYS
LEU
SER
TYR
THR
VAL
TRP
LYS
PHE
VAL
PHE
THR
GLU
ILE
GLN

HA
HA
HA
HA
HA
HA
HA
HA
HA
HA
HA
HA
HA
HA
HA
HA
HA
HA
HA
HA
HA
HA
HA
HA
HA
HA
HA
HA
HA
HA
HA
HA
HA
HA
HA
HA
HA
HA
HA
HA
HA
HA
HA
HA
HA
HA
HA
HA
HA

196
198
200
203
205
207
208
209
210
211
212
213
214
216
218
219
220
221
222
224
226
227
232
234
236
237
238
239
240
241
245
246
248
249
250
251
252
255
256
257
261
262
264
267
268
269
271
273
274

VAL
MET
SER
GLN
SER
THR
GLN
PRO
LEU
TYR
THR
LEU
ASP
ASP
THR
LEU
THR
ASN
ASN
SER
VAL
LYS
ASN
ILE
PHE
TYR
GLN
SER
ILE
THR
ASN
TRP
ASP
GLU
LYS
LEU
SER
TYR
THR
VAL
TRP
LYS
PHE
VAL
PHE
THR
GLU
ILE
GLN

CA
CA
CA
CA
CA
CA
CA
CA
CA
CA
CA
CA
CA
CA
CA
CA
CA
CA
CA
CA
CA
CA
CA
CA
CA
CA
CA
CA
CA
CA
CA
CA
CA
CA
CA
CA
CA
CA
CA
CA
CA
CA
CA
CA
CA
CA
CA
CA
CA

-17,263
-43,701
23,046
16,414
-31,963
28,394
23,814
-19,847
-7,1023
2,1171
0,2113
2,3124
25,011
25,797
-7,5853
-2,4869
-6,5494
-13,196
6,6947
18,555
-16,234
-10,907
-7,2806
-41,008
-13,494
6,8712
32,688
-5,7135
-20,700
7,2655
13,951
-18,508
-11,915
18,143
22,246
31,330
20,263
15,291
9,7553
-10,873
1,0435
0,2962
42701
-1,3850
6,9042
7,6344
0,1557
0,7576
0,3038

-5,560
-14,57
-10,08
-16,28
9,665
-1,039
1,496
19,29
4,345
1,617
-1,579
-3,962
-1,859
-6,745
15,73
-2,960
3,097
2,347
14,59
-8,261
4,181
-12,77
-7,633
8,028
-11,10
-0,259
13,41
-6,649
-8,623
6,641
15,37
-13,85
9,952
21,78
16,44
4,546
-17,03
4316
7414
5,554
6,869
25,642
13,42
-8,174
24,26
22,63
0,114
-8,190
-0,902

11,70
29,12
-12,95
-0,129
2229
29,43
22,31
239,14
2,757
-3,734
1,790
6,274
23,15
32,54
2331
0,473
3,451
-15,54
-7,897
26,81
-12,05
1,863
0,352
-49,03
2,388
7,130
19,27
0,935
-12,07

13,90
1,418
-4.654
-1,963
-3,640
5,799
35,87
3,231
-10,97
2,340
-16,42
-5,826
5,938
9,151
6,789
-17,36
30,27
0,041
8,948
1,206
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HaCo domain 1 (in absence of MalE)

IDI RESI ATOM I IDJ RESJ ATOM J D OBS D D _DIFF
99 GLN  HA 99 GLN CA -0,5500 -16,90 16,35
100 LEU  HA 100 LEU CA -1,0142 5,526 4,511
101 THR  HA 101  THR CA 33,812 -18,68 -15,12
102 PHE HA 102 PHE CA 31,610 30,52 1,082
103 GLU HA 103 GLU CA 24,517 -15,31 -9,202
104 ARG  HA 104 ARG CA -8,5401 -13.21 4,671
105 ALA  HA 105 ALA CA 20,058 12,87 7,184
106 GLN  HA 106 GLN CA 14,003 10,07 3,931
107 GLU  HA 107 GLU CA -12,843 -8,523 -4,319
108 VAL  HA 108 VAL CA -28,359 -16,31 -12,04
112 ARG  HA 112 ARG CA -28,895 -4,052 -24,84
113 SER HA 113 SER  CA 3,5228 10,31 -6,787
209 PRO  HA 209 PRO CA -19,847 -14,66 -5,180
210 LEU  HA 210 LEU CA -7,1023 2,598 -9,700
211  TYR  HA 211  TYR CA 2,1171 -5,650 3,539
212 THR  HA 212 THR CA 0,2113 -6,440 6,651
213 LEU  HA 213 LEU CA 2,3124 4,025 -1,713
214  ASP HA 214  ASP  CA 25,011 -18,33 -6,678
216  ASP HA 216 ASP  CA 25,797 22,94 2,853
218 THR  HA 218 THR CA -7,5853 -12,01 4,427
219 LEU  HA 219 LEU CA -2,4869 -3,068 0,581
220 THR  HA 220 THR  CA -6,5494 -2,688 -3,860
221  ASN  HA 221  ASN  CA -13,196 -10,65 -2,537
222 ASN  HA 222 ASN  CA 6,6947 -3,397 10,09
224 SER HA 224 SER  CA 18,555 15,45 3,103
226 VAL  HA 226 VAL  CA -16,234 -14,05 -2,179
227 LYS HA 227  LYS CA -10,907 -10,64 -0,263
232 ASN  HA 232 ASN  CA -7,2806 -10,96 3,687
234  ILE HA 234 ILE CA -41,008 -17,67 -23,33
236  PHE HA 236 PHE CA -13,494 -14,97 1,480
237 TYR  HA 237 TYR CA 6,8712 20,95 -14,08
238 GLN  HA 238 GLN CA 32,688 23,43 9,252
239  SER HA 239 SER  CA -5,7135 10,42 4,714
240 ILE HA 240 ILE CA -20,700 -16,69 -4,000
241 THR  HA 241 THR CA 7,2655 -17,29 24,56
245  ASN  HA 245  ASN  CA 13,951 2,477 16,42
246  TRP HA 246 TRP  CA -18,508 -12,71 -5,791
248 ASP HA 248  ASP  CA -11,915 7,752 -4,163
249 GLU  HA 249 GLU CA 18,143 12,41 5,727
250  LYS HA 250 LYS  CA 22,246 21,29 0,952
251 LEU  HA 251 LEU CA 31,330 29,46 1,865
252 SER HA 252 SER  CA -20,263 -8,150 -12,11
255  TYR  HA 255 TYR CA -15,291 -14,09 -1,193
256 THR  HA 256 THR  CA 9,7553 11,12 -1,372
257 VAL  HA 257 VAL CA -10,873 24,46 -35.33
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HaCo domain 2 (in absence of MalE)

IDI RESI ATOM I IDJ RESJ ATOM J D OBS D D _DIFF
118  LYS HA 118 LYS CA -3,6559 13,54 -17,19
119 THR  HA 119 THR CA 42,733 25,51 -17,21
120 TYR  HA 120 TYR CA -48,703 22,19 -26,50
121 ASN  HA 121 ASN  CA 10,949 10,32 0,629
127 ALA  HA 127 ALA CA -50,200 29,05 -21,14
130 GLU  HA 130 GLU CA 22,655 26,44 3,790
132 GLN  HA 132 GLN CA 15,085 20,19 -5,105
133 SER HA 133 SER  CA 52,614 42,39 10,21
134 ALA  HA 134 ALA CA 39,265 41,22 -1,959
135 LEU  HA 135 LEU CA 38,252 36,95 1,294
136 SER HA 136 SER  CA 29,204 26,30 2,896
137  ASP HA 137 ASP  CA -3,7417 226,08 22,34
139 GLU  HA 139 GLU CA 23,911 6,314 30,22
140 THR  HA 140 THR CA 29,459 17,01 -12,44
142 LYS HA 142  LYS CA -11,963 -14,69 2,735
143 ASN  HA 143 ASN  CA 14,327 8,937 5,389
144 TYR  HA 144 TYR CA 27,688 22,97 4,710
146  SER HA 146 SER  CA 32,880 23,72 9,159
147  ASP HA 147 ASP  CA 23,154 30,52 7,371
148 ALA  HA 148 ALA CA 41,522 37,56 3,961
149 PHE  HA 149 PHE CA 22,204 29,58 -7,376
151  PHE HA 151 PHE CA 21,752 -11,06 -10,68
154 GLU  HA 154 GLU CA 10,189 12,39 -2,209
155 GLN  HA 155 GLN  CA 32,250 27,08 5,165
157 LEU  HA 157 LEU CA 2,4039 28,65 -26,25
158 GLN  HA 158 GLN  CA -21,686 -11,84 -9,842
159 LEU  HA 159 LEU CA -7,6420 -7,098 -0,543
161 GLU  HA 161 GLU CA 46,384 34,51 11,87
162 THR  HA 162 THR CA 45347 31,79 13,55
163 THR  HA 163 THR CA -0,9199 5,061 -5,981
164 ALA  HA 164 ALA CA -14,192 -10,83 -3,362
166 PRO  HA 166 PRO  CA 31,852 43,61 -11,76
167 GLU  HA 167 GLU CA -7,6240 -11,56 3,941
169 GLU  HA 169 GLU CA 33,201 2435 57,55
170 ALA  HA 170 ALA CA 3,0521 25,02 -21,97
172 ASN  HA 172 ASN  CA -2,2039 -18,87 16,66
173 LEU  HA 173 LEU CA -0,1915 18,91 -19,10
176  ILE HA 176  ILE CA 52,755 37,94 14,80
177 THR  HA 177 THR  CA -6,4409 9,669 3,228
178 GLN  HA 178 GLN  CA -18,553 -4,848 -13,70
179 ASN  HA 179 ASN  CA 41,422 22,53 -18,88
180 ARG  HA 180 ARG CA -32,279 -16,31 -15,96
181 GLN  HA 181 GLN CA -16,381 -11,30 -5,074
182 ALA  HA 182 ALA CA 6,1136 6,216 12,32
183 LEU  HA 183 LEU CA 18,407 22,95 -4,548
185  ASP HA 185 ASP  CA -20,761 -18,80 -1,954
186  ILE HA 186  ILE CA 20,541 26,91 -6,375
188 ALA  HA 188 ALA CA 1,8105 9,852 -8,041
189  ILE HA 189  ILE CA 11,722 1,760 9,962
192 ASP HA 192 ASP  CA 31,161 19,57 11,58
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194
195
196
198
200
203
205
207

ASN
LYS
VAL
MET
SER
GLN
SER
THR

HA
HA
HA
HA
HA
HA
HA
HA

194
195
196
198
200
203
205
207

H™N all (in presence of MalE)

ID 1
101
102
103
107
113
116
117
123
125
127
130
132
134
135
136
137
138
140
141
146
147
148
152
159
161
164
168
170
171
177
182
188
190
193
196
198
200
203
204
205
206

RES_I

THR
PHE

GLU
GLU
SER

ALA
GLY
GLY
TYR
ALA
GLU
GLN
ALA
LEU
SER

ASP

GLY
THR
GLY
SER

ASP

ALA
GLY
LEU
GLU
ALA
GLY
ARG
ALA
THR
ALA
ALA
LEU

GLY
VAL
MET
SER

GLN
PHE

SER

GLY

>
=
o
<

enjijasfianiiasiianiiasiianfianianjiasiiasflaniasifanfiasanfiasanfiaslanflanianfiasilasilanfasfasilanilanianffaniiasiianiasfiasfanfiasiianiiasfanfiian

D J

101
102
103
107
113
116
117
123
125
127
130
132
134
135
136
137
138
140
141
146
147
148
152
159
161
164
168
170
171
177
182
188
190
193
196
198
200
203
204
205
206

ASN
LYS
VAL
MET
SER
GLN
SER
THR

RES_J

THR
PHE

GLU
GLU
SER

ALA
GLY
GLY
TYR
ALA
GLU
GLN
ALA
LEU
SER

ASP

GLY
THR
GLY
SER

ASP

ALA
GLY
LEU
GLU
ALA
GLY
ARG
ALA
THR
ALA
ALA
LEU

GLY
VAL
MET
SER

GLN
PHE

SER

GLY

CA
CA
CA
CA
CA
CA
CA
CA

ATOM ]

222222222222 222Z2Z2Z2222Z2Z2Z2222Z2Z22222Z2Z2222ZZZZ

-16,449
-7,9882
17,263
-43,701
-23,046
-16,414
-31,963
28,394

D_OBS

14,425
9,0571
2,6068
3,0227
-10,636
-4,3288
-2,2200
-7,6853
-15,312
3,5298
10,731
4,1920
-16,056
-3,8126
-4.4528
1,5724
7,3332
-1,1438
11,521
-4.4620
14,219
-10,604
-5,0220
5,7900
-12,431
1,9592
9,5131
-0,6202
-7,5485
29,489
-2,3532
4,7739
12,291
21,441
9,6463
-4.2704
10,321
9,6773
-3,8162
1,4812
3,8089

-13,88
-7,019
4,120
32,57
-12,58
17,26
-15,52
11,26

D

7,851
5,234
1,117
1,405
7,128
2,676
7,919
7,697
20,011
7,062
8,438
-7,160
5,328
-1,305
-1,989
1,345
6,959
2,325
6,878
-7,990
7,635
4,042
-3,170
0,260
-6,185
-1,987
8,013
-1,773
2,344
6,930
0,228
-5,793
12,31
-5,088
0,671
5,519
2,001
2,377
4,140
4,042
-5,156

2,562
-0,969
-13,14
11,12
-10,46
0,847
-16,44
39,65

D _DIFF

6,574
3,822
3,724
1,617
-3,508
-1,652
5,699
0,012
-15,30
-3,533
2,293
11,35
-10,72
-2,507
2,463
0,226
0,373
1,181
4,643
3,528
6,584
-14,64
-1,851
-4.480
-6,246
3,946
1,499
1,152
-5,203
22,55
2,581
10,56
-0,028
26,53
8,975
1,249
8,320
7,299
-7,956
5,523
8,965
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210
211
213
214
215
217
219
220
221
222
225
226
228
234
238
240
241
245
247
248
250
254
256
260
262
264
268
272
273
274
275

H"N domain 1 (in presence of MalE)

ID 1
101
102
103
107
113
210
211
213
214
215
217
219
220
221
222
225
226
228

LEU
TYR
LEU
ASP
GLY
GLY
LEU
THR
ASN
ASN
GLY
VAL
TYR
ILE
GLN
ILE
THR
ASN
GLY
ASP
LYS
GLY
THR
GLY
LYS
PHE
PHE
GLY
ILE
GLN
LYS

RES_I
THR
PHE
GLU
GLU
SER
LEU
TYR
LEU
ASP
GLY
GLY
LEU
THR
ASN
ASN
GLY
VAL
TYR

asjliasiias e siicsiicoiicsiiizslics e siicsiicsiicslics " "l ">l arjasiia i rijaniiasfianiicniianiianijariianfianiiian

ATOM 1

asjjaniasiiasiiasiianiiasiiasiianfaniianiiasiiananfianiiasiianan

210
211
213
214
215
217
219
220
221
222
225
226
228
234
238
240
241
245
247
248
250
254
256
260
262
264
268
272
273
274
275

D J
101
102
103
107
113
210
211
213
214
215
217
219
220
221
222
225
226
228

LEU
TYR
LEU
ASP
GLY
GLY
LEU
THR
ASN
ASN
GLY
VAL
TYR
ILE
GLN
ILE
THR
ASN
GLY
ASP
LYS
GLY
THR
GLY
LYS
PHE
PHE
GLY
ILE
GLN
LYS

RES_J
THR
PHE
GLU
GLU
SER
LEU
TYR
LEU
ASP
GLY
GLY
LEU
THR
ASN
ASN
GLY
VAL
TYR

222222222222 2Z222Z2Z2Z2Z222Z2Z2Z2Z22ZZZZZ

-12,167
-1,5214
10,060
0,7406
1,2003
15,160
9,9893
4,8724
16,014
-9,6992
1,6436
-1,3864
10,972
4,1099
-9,3636
18,313
14,281
-4,2339
2,1489
-3,2069
1,2459
-6,6783
13,535
-5,6477
-0,5546
-7,7820
-3,0227
3,2306
-1,0671
22,8184
-4.2029

ATOM ] D_OBS

2z2z2222222Z22222222ZZ

14,425
9,0571
2,6068
3,0227
-10,636
-12,167
-1,5214
10,060
0,7406
1,2003
15,160
9,9893
4,8724
16,014
-9,6992
1,6436
-1,3864
10,972

-8,473
-0,361
3,808
0,630
-2,988
6,886
3,974
5411
9,236
7,407
-0,972
3,897
2,506
-0,090
41,332
13,34
10,43
-5,160
7,293
3,363
-5,094
0,360
8,643
4,725
2,561
6,719
3,721
-3,945
7,046
-8,404
2,069

10,35
6,653
1,792
4,592
-13,67
-10,39
0,927
6,186
5,117
-1,781
10,74
7,408
9,876
13,57
11,23
0,186
23,049
7,036

-3,694
-1,160
6,252
0,110
4,188
8,274
6,014
-0,539
6,778
2,291
2,615
5,284
8,466
4,200
-8,030
4,973
3,848
0,926
9,441
0,156
6,340
-7,039
4,891
-10,37
2,007
-1,062
0,698
7,175
5,978
5,586
6,272

D_DIFF

4,070
2,403
0,814

-1,569
3,040
-1,774

2,448
3,873

4376
2,981
4,413
2,581

-5,004
2,434
1,533
1,457
1,663
3,936
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234
238
240
241
245
247
248
250
254
256

H™N domain 2 (in presence of MalE)

ID I
117
123
125
127
130
132
134
135
136
137
138
140
141
146
147
148
152
159
161
164
168
170
171
177
182
188
190
193
196
198
200
203
204
205
206

ILE
GLN
ILE
THR
ASN
GLY
ASP
LYS
GLY
THR

RES_I

GLY
GLY
TYR
ALA
GLU
GLN
ALA
LEU

SER

ASP

GLY
THR
GLY
SER

ASP

ALA
GLY
LEU

GLU
ALA
GLY
ARG
ALA
THR
ALA
ALA
LEU
GLY
VAL
MET
SER

GLN
PHE

SER

GLY

T ZITZTTEDITE T T T

>
—
o
<

eojijasfianiianieniianfianfianiasiianiianflaniiasffaniianilasiiasfanfianiiasiianffanfiasiiasiianiasfiaslanilanfianflasfaniianianffan

234
238
240
241
245
247
248
250
254
256

ID J

117
123
125
127
130
132
134
135
136
137
138
140
141
146
147
148
152
159
161
164
168
170
171
177
182
188
190
193
196
198
200
203
204
205
206

ILE
GLN
ILE
THR
ASN
GLY
ASP
LYS
GLY
THR

RES_J

GLY
GLY
TYR
ALA
GLU
GLN
ALA
LEU

SER

ASP

GLY
THR
GLY
SER

ASP

ALA
GLY
LEU

GLU
ALA
GLY
ARG
ALA
THR
ALA
ALA
LEU
GLY
VAL
MET
SER

GLN
PHE

SER

GLY

2222222 2Z2ZZ

ATOM J

Z 2222222222222 22Z2Z2Z222Z2Z2Z2222Z2Z2Z22ZZZZ

4,1099
-9,3636
18,313
14,281
42339
2,1489
-3,2069
1,2459
-6,6783
13,535

D OBS

-2,2200
-7,6853
15,312
3,5298
10,731
4,1920
16,056
-3,8126
-4.4528
1,5724
73332
-1,1438
11,521
-4.4620
14,219
10,604
45,0220
5,7900
12,431
1,9592
9,5131
-0,6202
-7,5485
29,489
-2,3532
4,7739
12,291
21,441
9,6463
-4.2704
10,321
9,6773
-3,8162
1,4812
3,8089

1,110
-2,979
17,75
14,37
-6,558
4246
-1,034
7,124
1,894
13,07

-10,53
-5,527
3,771
7,832
6,792
-3,804
-6,087
2,388
-3,736
0,642
7,500
-3,640
4,730
-6,768
8,323
2,365
2,438
7412
4239
3,411
9,827
0,352
-1,684
8,956
-0,620
23,444
9,420
2,479
-0,047
2,852
0316
0,589
3,899
-3,860
3,275

2,990
-6,383
0,558
-0,095
2,324
6,395
2,172
8,370
-8,573
0,461

D_DIFF

8,315
2,157
-19,08
4302
3,938
7,996
-9,969
1,424
0,716
0,930
-0,167
2,496
6,791
2,306
5,896
-12,96
22,583
1,622
8,192
-1,452
0,314
-0,972
5,864
20,53
-1,733
8,218
2,871
23,92
9,694
1,417
10,00
9,087
7,715
5,342
7,084
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