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Summary

'H detected solid-state NMR has emerged as a powerful tool to study all aspects of proteins.
Facilitated by significant advances both on the side of sample preparation through partial
protonation of exchangeable sites and on the side of hardware with the advent of solid-state
probes capable of spinning speeds of 50-100 kHz and above the 'H nucleus becomes more read-
ily accessible as detection nucleus enabling all types of protein studies ranging from resonance
assignment to structure calculation as well as the characterization of dynamics. Supported
through these improvements, techniques formerly developed for solution-state NMR become
increasingly adaptable for solid-state NMR allowing for more sophisticated approaches to
study challenging proteins such as those of high molecular weight, which are usually inacces-
sible for solution-state NMR due to their slow correlation times. The work presented here
introduces 'H-detected solid-state NMR experiments with the focus of studying proteins of
high molecular weight or interactions between the protein and a ligand. The emphasis lies
in developing high-dimensional experiments with more than three dimensions using non-
uniform sampling. At the same time, also the concept of projection spectroscopy is adapted
from solution-state NMR, and analyzed towards its feasibility in solid-state NMR. This work
presents 5D experiments for backbone and side-chain assignment and applies them to the
SH3-domain of chicken a-spectrin as a model system for method development and addition-
ally uses 5D backbone experiments for the de novo assignment of the tryptophan synthase
of Typhimurium salmonella, a 2x72 kDa protein greatly exceeding the size of proteins com-
monly studied by (solid-state) NMR. Assignment strategies involving the newly developed
experiments are presented and evaluated, both based on manual assignments and in combi-
nation with algorithms for automated assignments, which recently experienced an emerging
usage. These new approaches facilitate substantial assignments of tryptophan synthase and
provide unique insights into its S-subunit active site for the first time directly observed from
the proteins without special labeling schemes, through chemical shifts, as direct reports on
their chemical environment, as well as first relaxation data acquired on tryptophan synthase.
Additionally, the developed 5D experiments present an easy and near-complete resonance
assignment of the backbone and side-chain of the SH3-domain proposing an alternative ap-
proach over the established strategies for resonance assignment in small proteins. Ultimately,
a new pulse sequence aimed at studying a ligand’s structure in complex with a protein is
adapted from solution to solid-state NMR. First results are presented showing the overall

feasibility of such pulse sequences also in solid-state NMR.




Zusammenfasssung

'H detektierte Festkorper Kernmagnetresonanz (NMR) hat sich zu einer leistungsstarken
Technik zur Untersuchung von Proteinen entwickelt. Ermoglicht durch grofle Weiteren-
twicklungen sowohl im Sinne der Probenpreparation durch partielle Protonierung von aus-
tauschbaren Gruppen, als auch auf der Seite der verwendeten Hardware durch die Entwick-
lung von Festkorperprobenkoépfen mit Rotationsfrequenzen von 50-100 kHz und dariiber hin-
aus, ist der 'H Kern zunehmend zur Detektion geeignet und erméglicht somit eine Bandbre-
ite von Experimenten, die sich von der Resonanzzuordnung bis zur Strukturrechnung und
Charakterisierung von Dynamik erstrecken. Unterstiizt durch diese Entwicklungen, wer-
den auch ausgefeiltere Techniken, die urspriinglich fiir Losungs-NMR entwickelt wurden,
zunchmend anwendbar fiir Festkréper-NMR und ermdoglichen den Zugang zu komplexeren
Proteinen, z.B. solchen mit hohem Molekulargewicht, welche aufgrund der langsamen Korre-
lationszeiten iiberlicherweise nicht durch Losungs-NMR betrachtet werden konnen. Die hier
vorgestelle Arbeit préasentiert 'H detektierte Festkorper-NMR Experimente, mit dem Fokus
auf die Betrachtung von Proteinen mit hohem Molekulargewicht als auch auf Interaktionen
zwischen Ligand und Protein. Der Schwerpunkt der Arbeit liegt in der Entwicklung von
hoch dimensionalen Experimenten mit mehr als drei Dimensionen unter der Verwendung von
non-uniform sampling. Dariiber hinaus wird auch das Konzept der Projektionsspektroskopie
von Losungs-NMR adaptiert und dessen Eignung fiir Festkorper NMR, analysiert. Diese Ar-
beit stellt 5D Experimente zur Proteinriickgrat- und Seitenkettenzuordnung vor und zeigt
deren Anwendung an der SH3-Doméne von Hiihner a-Spektrin als Modellsystem zur Meth-
odenentwicklung als auch die Anwendung von 5D Riickgratexperimenten fiir die de mowvo
Resonanzzuordnung der Tryptophansynthase von Typhimurium salmonella, einem 2x72 kDa
groflem Protein, welches die Grofle von géngingen mit NMR untersuchten Proteinen weit
iiberschreitet. Es werden sowohl manuelle als auch aufkommende algorithmenunterstiitzte
automatisierte Zuordnungsstrategien unter Verwendung der vorgestellten Experimente en-
twickelt und analyisiert. Die neu entwickelten Strategien ermoglichen substanzielle Reso-
nanzzuordnung fiir die Tryptophansynthase und zeigen vorher unzugéngliche Einblicke in
das aktive Zentrum ihrer S-Untereinheit, die zum ersten Mal von der Seite des Proteins
ohne Zuhilfenahme von speziellen Markierungstechniken durch chemische Verschiebungen,
als direkte Reporter ihrer chemischen Umgegbung, als auch durch erste aufgenommene Re-
laxationsexperimente betrachtet werden konnen. Zusétzlichen ermoglichen die entwickelten
5D Experimente die einfache und fast vollstédndige Zuordnung von Riickgrat- und Seitenket-
tensignalen auf der SH3-Doméne und zeigen eine mdogliche Alternative zu géngingen Zuord-
nungsstrategien fir kleine Proteine. Zuletzt wird eine neue Pulssequenz zur Betrachtung von
Protein-Ligand Interaktionen fiir Festkorper-NMR, adaptiert und erste Ergebnisse gezeigt,
die veranschaulichen, dass solche Experimente allgemein auch fiir Festkérper NMR geeignet

sind.
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Introduction



1.1. Physical principles in NMR, spectroscopy

1.1 Physical principles in NMR spectroscopy

Larmor frequency and chemical shiftt%2

In the early 1920s, Stern and Gerlach demonstrated that the orientation of the spin angular
momentum in an external magnetic field is not stochastically distributed but instead quan-
tized and therefore occupies only discrete energy states®2. Despite being initially described
for the angular momentum of electrons, the findings can be transferred to atomic nuclei as
well. Applying an external magnetic field By to a nuclear spin will orient it along the outer
field, usually along the z-axis. The Hamilton’s operator representing the energy of this ori-
entation is given as H= —fyBof » where ~y is the gyromagnetic ratio of the spin and I, the z
component of the nuclear spin angular momentum. For spin % particles associated with spin
quantum numbers of m = :t% the By field will cause a splitting of the otherwise equivalent
eigenstates of the spin in two states in which the « state represents a parallel and energet-
ically preferred orientation, with an energy F, = —hyBym = —|—%h’yBo, while the 5 state
corresponds to an anti-parallel and therefore less favored orientation of the spin, with an
energy of Fg = —hyBym = —%TwBO. Therefore, the energy difference AE = hyBy depends
only on the applied By field. The energy difference is referred to as Larmor frequency, which

is defined as

_ 7Bo

Vg = ———
2 (1.1)

wo = —y DBy

The Larmor frequency of nuclear spins depends not only on the By field but also strongly
on the surrounding electron environment, which in most cases causes a magnetic field that
is directed against the outer By field. Therefore, a high electron density, as found, e.g., in
aliphatic groups, shields the nucleus efficiently from the outer magnetic field and creates
a weaker local field, resulting in a reduced Larmor frequency. In contrast, low electron
densities, e.g., in polar bonds, have the opposite effect, i.e., the nuclear spin is less shielded
and experiences a higher By field, resulting in a higher Larmor frequency and vice versa.
This phenomenon is referred to as the chemical shift, and the effective Larmor frequency is

then given by
werf = —7(1 —0)Bo (1.2)

with the average isotropic shielding constant

P Ugy + O (1.3)

and the principal values of the chemical shift tensor 0., oyy and o, along their respective
axis. Whereas averaged due to fast tumbling in solution, the chemical shift also contains

anisotropic components: chemical shift anisotropy (CSA)

Oyy + 02z

5 (1.4)

Ao = 04y —

Chapter 1. Introduction 4



1.1. Physical principles in NMR, spectroscopy

and asymmetry

3oy +022)
n= oA (1.5)

To make the chemical shift comparable amongst different By fields, it is usually given in ppm
as in equation (|1.6)).

§(ppm) = ”;V;ef - 10° (1.6)
re

For practical reasons, the reference chemical shift § = 0 is not defined relative to a pure
spin without any electrons but rather a reference compounds like Tetramethylsilane (TMS)
or 2,2-Dimethyl-2-silapentane-5-sulfonate (DSS).

Quantum mechanics and product operators in NMR#2

In quantum mechanics, the overall wavefunction of a system can be expressed as a linear

combination of the individual eigenfunctions representing the system, i.e.
n
n=1

In the case of an isolated spin only interacting with the By field, equation ([1.7]) can be written

as

Y = cota + Cﬂ@bﬁ

1.8
[¥) = cala) +c5|6) )

Using this formalism, the expectation values, i.e., average, for the x, y, and z-magnetization,

are given as

A 1 1

< Z> = QCZCQ - 50%05 (1.9)
1., 1,

<Ix> = 5CaC8 ~ 5C3Ca (1.10)
N 1., 1.,

<Iy> = 51C3Ca — 5iCaCs (1.11)

Free precession In contrast to the time-independent bulk magnetization

M, = 7N<fz> = %ny(cgca — cjch> = %’y (na —ng) (1.12)

described by the time-independent Schrédinger equation, other essential processes in NMR,
like free precession or RF pulses are, however, time-dependent processes. Therefore the

time-dependent Schordinger equation

) _p
A0 (1.13)

has to be used. Free precession is assumed to happen around the z-axis, and in the rotating

frame, the Hamiltonian is given as

H =0, (1.14)
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1.1. Physical principles in NMR, spectroscopy

, where ) is the frequency offset relative to the Larmor frequency. Using (1.13) in its time-
dependent variant, the solution of ([1.14)) is

deq(t) 1

a5 = —izfea(t) (1.15)
dcdﬁft) = zéQcB(t) (1.16)

The solutions of those differential equations are given as
Ca(t) = ca(0)e 2 and cs(t) = cp(0)eiz (1.17)

, which describes a phase oscillation that depends on the eigenvalue :l:%Q of the Hamiltonian
and for « is clockwise while for § is counterclockwise. The effect of this trajectory on the

z-component can be calculated as

() (1) = 565(0)ca(0) — 5¢5(0)cs(0) (118)

and is therefore time-independent, whereas the x and y components are expressed by

() (1) = 5ea(0)es(0)e'™ + Leh(0)ca(0)e ™

(1.19)
= cos Qt (1)) (0) — sin Q¢ () (0)
<Iy> (t) = %CE(O)CQ(O)e*iQt + %C:';(O)Cﬂ(o)eiﬂt (1 20)

= cos Qt (I,) (0) + sin Qt (1) (0)

This means the free evolution periods will solely affect x and y magnetization, whereas z-

magnetization remains unaltered during those episodes.

Pulses A radiofrequency pulse that is applied on resonance, i.e., with the Larmor frequency,
makes the outer By apparently disappear in the rotating frame, and the only field that is
experienced by the spins is the B; field of the RF wave with the Hamiltonian

I;[RF :wlfx (1.21)

The solutions of the time-dependent Schrédinger equation for this operator that describe the

time dependency of the individual coefficients are

dcgt(ﬂ = —%mcﬁ(t) ca(t) = cos (;wlt) ca(0) — isin (;w1t> c5(0) (1.22)
dcst(t) _ _i%wwa(t) c(t) = cos (;wlt) c3(0) — isin (;wlt) ca(0) (1.23)

These equations can be plugged into equations ([1.10])-(1.11]) to describe the single spin angular

momentum components and result in
(I») = (1) (0) coswit + (1) (0) sinwyt (1.24)

<Iw> = <Iz> (0) (1‘25)

Chapter 1. Introduction 6



1.1. Physical principles in NMR, spectroscopy

(Iy) = (Iy) (0) coswit — (I;) (0) sinwnt (1.26)

As can be seen, a pulse along the x-axis does not alter the x component while the z and y
components are in an oscillatory dependency. The same situation would be obtained while
pulsing along the y-axis so that the y component remains unchanged while the z and x
components are periodically interchanged. A 90° pulse, i.e., w1t = § would therefore cause
(I;) = —(I.)(0). Considering a higher population of |a) states in the bulk sample, that

means that the entire z-magnetization would be turned into magnetization along the y-axis.

The density operator and product operators The density operator p is defined as the

ensemble average of all combinations of coefficients.

A:W:<<a|§\a> <alﬁlﬁ>>:<czca c;;ca>5<pn p12> .27

Cacs  CpCp P21 p21

and provides an easier way to compute the outcome of the problems above as no expectation
values have to be calculated explicitly but are instead already contained in p such that, e.g.,

the bulk magnetization along the z-axis can be expressed as

1
M, = §’YN (p11 — p22) (1.28)
(1.29)

The Liouville-von Neumann equation ((|{1.30])) describes the time-dependent evolution of the

density operator,

dpt e .
a5 =" (Hp) - p0)H) (1.30)
and has the general solution
p(t) = e Mp(0)e Mt (1.31)

It is therefore used to describe all time-dependent effects using a matching Hamiltonian.
If the density operator is expressed as a linear combination of the basic operators I., I, and fy
in their matrix representation and the identity matrix E, every component can be analyzed

independently

A

—aEE—I-a;pI + ay a1,

I, +
:aE< >+ax<(1) é)%—ay(()l ﬂé)%—az(é Ol>
5 0 iz 0 0 —35 (1.32)
1 <2CLE +a, a;— iay) <P11 PlZ)
P21 p21

2 \az +iay 2a.—a,
Free precession of x-magnetization around the z-axis can therefore be expressed as

p(t) = efiQIAztIA eiﬂfzt
- xT

= cos M1, + sin Qtfy

Chapter 1. Introduction 7



1.1. Physical principles in NMR, spectroscopy

using p(0) = I, as the initial density operator and the Hamiltonian for free precession H =
QI,. As equation (1.19) this shows, that the x-component interchanges into y-magnetization

over time. Similar, a pulse around the x-axis is obtained as

p(ty) = erleto fgienluty (1.33)

= cos(witp)l, — sin(wity)ly (1.34)

now using p(0) = I, as the initial density operator and the Hamiltonian for a pulse H = w1,
This gives the same results as in equation (1.24). If wit, = 8 = T then the pulse creates full
—1I,, magnetization. For simplicity, the product operator formalism can be used to describe

these transformations by
cos(f) x original operator 4 sin(f) x new operator (1.35)

J-coupling and INEPT An important isotropic interaction between two spins I and Ir
is the J-coupling or scalar coupling. Scalar coupling only acts during free precession periods

and interconverts in-phase and anti-phase magnetization.

Hy = 2nJio0h 1o,

fy 2mhelialoaT, o (mJ127) I, + sin (mJ127) 211,15, (1.36)
2f1$f22 M) COS <7TJ12T) 2[A1$IA2Z ~+ sin (7TJ12T> fy (1.37)

As chemical shift evolution would also occur during free precession periods, J-couplings are
usually evolved in a spin-echo sequence consisting of two symmetric delays, 7 and a 7 pulse in
the middle to refocus the chemical shift. The outcomes of such echo sequences are summarized
in table as found in common textbooks!. Using these elements of pulses, chemical

Table 1.1: Interconversion of individual terms using the product operators formalism as found in
common textbookst.

end state
intial state X cos(2wJ127) X sin(27wJ127)
L L 211 I
Iy I 2hi 12,
2{11{2,3 _2A11£BAI2Z _IAy
21y1s, 21yls, —1I,

shift evolution, and J-coupling, the magnetization transfers in (solution-state NMR) can be
sufficiently described, however, without the influence of relaxation on the system. The most
crucial building block built from those is the INEPT (insensitive nuclei enhanced polarization
transfer)® which is usually used to transfer the high polarization of the 'H nucleus to less
sensitive nuclei such as *C and '®N and back. Built from a combination of INEPTs, are
essential NMR experiments such as the HSQCY and early triple-resonance experiments as

reviewed by Sattler et al’.

Chapter 1. Introduction 8



1.2. Solid-state NMR

1.2 Solid-state NMR

Like liquid-state NMR, solid-state NMR, has numerous applications ranging over various fields
like inorganic solids to protein research. At the same time, also the nature of the sample can
vary from single-crystal over gel-like compounds to micro-crystalline powders. In this work,
only micro-crystalline protein samples were of interest, and the following section will serve as
a short introduction to the most important theoretical aspects of solid-state NMR, associated
with that.

Magic angle spinning (MAS)&?

Dipolar interactions are the dominant non-isotropic interactions in solid-state NMR with an
interaction strength of several kHz, compared to Hz of, e.g., J-couplings, which in contrast
to solution-state NMR are not averaged as molecular tumbling is absent. Dipolar coupling
is the driving force behind increased line widths in solid-state NMR but also the basis for

essential techniques. The Hamiltonian for the dipolar coupling is defined as

(1), (18 UG
Hyq = <47r) Yrysh <r3 3 5 (1.38)
, which simplifies to
N 1 ) C A . s
Hyg=—d- 3 (3cos?0— 1)) [3L.8. — I- 9] (1.39)

for homonuclear interactions under the high-field approximation, i.e., d < wgp , and when

expressed in spherical coordinates with the dipolar coupling constant

1
d=h (Z‘;) SIS (1.40)

For heteronuclear interactions, the interaction is defined by

A

N 1 &
Hyy=—d- 3 (3 cos? 6 — 1)) 1.5, (1.41)

Solid matter can be exposed to a strong magnetic field, i.e., an NMR spectrometer, in a
static fashion in which all spins, except molecular motion like vibrations, etc., maintain a
single relative orientation towards the By field. However, the concepts presented in this work
rely entirely on magic angle spinning (MAS) techniques, in which the spins move through all
possible orientations relative to the magnetic field. MAS was initially introduced in the late

11% and Lowel as a technique for averaging non-isotropic,

1950s independently by Andrew et a
i.e., orientation-dependent, spin-spin interactions like chemical shift anisotropy (CSA) and
dipole-dipole interactions. As shown in figure the sample, contained in a rotor, is spun
around an axis tilted by 0 = 54.74° away from the z-axis, i.e., the By field. All orientations
0, of the interaction tensors are found in a powder sample as they are fixed to the molecular
frame rather than the rotor frame. Upon rotation, 6, varies, and all possible orientations

are taken at least once. Therefore,

(cos? O — 1) = % (3cos?0—1) (3cos? B 1) =0, 6= 54.74° (1.42)

Chapter 1. Introduction 9



1.2. Solid-state NMR

Figure 1.1: For MAS, a rotor is oriented along an axis tiled by 54.74° away from the z-axis. During
one rotation, the angle 6,,, the orientation of the interaction tensor towards the By field, undergoes
all variations while the angle § remains constant. For each tensor and the entire powder sample, the
anisotropic interactions are averaged to 0.

With S being the angle between the rotating axis and the orientation of the interaction
tensor. If the spinning frequency is on the order of the interaction strength (in Hz), the
anisotropic interactions are averaged to 0. As CSA interactions are comparably small, slower
spinning speeds of around 5 kHz can be sufficient to achieve good results, while the averaging
of homonuclear dipole-dipole interactions, especially "H-'H interactions, require the fastest

probeheads available by now with spinning speeds up to 110 kHz or abovelZL3,

Magnetization transfer in solid-state NMR

The strength of 'H-'H dipole-dipole interactions renders long J-coupling-based magnetization
transfer mechanisms inefficient as they are greatly dominated by the non-isotropic interactions
and suffer from severe relaxation losses, especially at low spinning speeds, which nowadays,
however, do not present significant hurdles anymore. As the 'H nucleus was historically not
suitable as a detection nucleus due to limited resolution'® but offered significant sensitivity
enhancements, the large magnetization source of the protons is transferred to a heteronucleus
via cross-polarization (CP) or Hartmann-Hahn transfer!®® rather than INEPT®. Due to
the different gyromagnetic ratios v and the different Zeeman splittings, the 'H nucleus and
a heteronucleus do not exchange polarization. However, when applying a spin-lock field on

both nuclei which matches the Harmann-Hahn condition,

wy =YuBig = 7xBix = wx (1.43)

the splittings become equal as the spins experience only the Bj field. If before the CP a
7/2 pulse is applied on the protons to create net magnetization, the spin-locked system can
equilibrate, i.e., polarization is transferred to heteronucleus with no net magnetization in the
rotating frame, as now the exchange is energy conserving over the dipolar coupling between

O T415

the 'H and heteronucleus The maximum enhancement gained on the heteronucleus
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1.2. Solid-state NMR

is therefore depending on the gyromagnetic ratio of the two nuclei. If magnetization is
transferred to '3C, a factor of 4 can be gained, whereas transfer to "N results in a 10fold
enhancement in polarization. Under MAS, however, the dipolar coupling is not constant
but modulated in time at +w, and +2w, and, more importantly, is significantly attenuated.
Consequently, the CP efficiency at the condition mentioned above is strongly reduced but

can be restored to a large extent under conditions

Wl — wx = Fnw, (1.44)

wH + wx = tnw, (1.45)

referred to as zero-quantum (ZQ) or double quantum (DQ) conditions*®. To account for
slight differences in the Hartmann-Hahn condition during MAS, various amplitude modu-
lated pulses have been developed that enhance CP efficiency, especially at higher spinning
speeds’®20. Further development of CP for selective transfers from N—Ca or N—CO rather
than broadband transfer is SPECIFIC-CP (spectrally induced filtering in combination with
cross-polarization 2! which introduces a chemical shift dependence in the CP condition such
that an energy-conserving interaction can only occur between particular spins. A similar con-

cept for selective transfers from H—Ca or H—CO was introduced by Laage et all22

. Here,
the spin-locks are chosen so that the RF field on the carbon nuclei is comparably weak and
therefore more selective than a high-power spin-lock. As magnetization transfer in MAS
solid-state NMR usually relies on reintroducing dipole-dipole interactions, a large variety of
recoupling techniques were developed for homonuclear and heteronuclear recoupling. Among
the most important besides CP are REDOR%? for accurate measurements of heteronuclear
dipolar coupling constants and magnetization transfer, REDR2%2% for homonuclear recou-
pling, and recently BSH-CP2%27 for improved CaCO transfers over DREAM2%2Y at high

spinning speeds.

1.2.1 'H-detected solid-state NMR spectroscopy

Despite the severe limitations put by the 'H nucleus, its superior properties in terms of
sensitivity and access to additional chemical shifts have fostered the development of a broad
range of techniques both on sample preparation and hardware with the goal of constantly
improved 'H detection in solid-state NMR. Early approaches aimed at strong dilution of the
'H content, and therefore, dipole-dipole interactions through deuteration of exchangeable

Chevelkov2003, [12:30732 55 well as constantly increasing the MAS frequencies 2133336,

sites
Both developments lead to significantly improved 'H line widths and further improve the

signal-to-noise ratio (SNR) gained by 'H detection beyond

(’”’)g (1.46)

0.6

as it strongly depends on the resulting line width as shown by Zilm and co-workers for the

enhancement in a H/N correlation“’

Vi
SNRH _ 169. b
SNRy (v

(1.47)
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1.2. Solid-state NMR

Whereas high dilution of the 'H-'H network is required for low spinning speeds from as low as
10 % at around 14 kHz to yield narrow line widths around 20 HZ223738 the increase in MAS
speeds enables higher protonation ratios at the exchangeable sites of 30 % at 24 kHz 2391
and 100 % at 60 kHz with maintained narrow proton line width!24244  However, at these
spinning speeds, side-chain information can merely be achieved over carbon spins through
mixing schemes such as MOCCA#>4% and TOBSY4Z or is restricted to partial protonation via
random adjoint protonation®?, methyl labeling*® and fractional deuteration®®. The advent of
solid-state MAS probes capable of spinning speeds beyond 60 kHz nowadays facilitates the

use of fully protonated systems with 'H line width around 80 HZ052

and respective lower line
widths in deuterated and back-exchanges sample preparations®223. The increase of spinning
speeds implies a reduction of rotor diameter, e.g., 1.3 mm for 60 kHz probes and 0.7 mm for
111 kHz probes, and therefore a reduction of sample volume. While the reduced sensitivity of

1252 proteins with low expression

smaller rotors is mainly compensated by the probe design
yields can readily be accessed due to the significantly reduced sample requirements in fast
MAS probest?2254 The improved averaging of non-isotropic interactions at increased MAS
speeds leads to equally increased coherence lifetimes in all nuclei?2®? affecting the line width

and simultaneously enables INEPT transferg>®41i00:57

rather than CP or any combination of
those*8 to improve sensitivity further®® and give access to flexible regions®*°%27, On the
other hand, the improved averaging of dipole-dipole interactions lead to a decrease in effi-
ciency for many recoupling techniques or alter their mode of action as rotor periods become
short. This is found, e.g., for DREAM282) RFDR242559 and symmetry-based sequences®,
and therefore require the implementation of new or newly combined approaches such as
BSH-CP2%27, Nevertheless, with the overall improved performance in combination with a
third nucleus providing information, solid-state NMR is now capable of adapting more tech-
niques from solution-state NMR. Solution-like backbone experiments like hCANH, hCONH,
hCAcoNH, hCOcaNH, hcaCBcaNH, and hcaCBcacoNH334EAEOTO80L - 5 well as amide-to-
amide HNCOCANH type experiments®263 are routinely used in the assignment of proteins

64165

of increasing size and, as transfer efficiencies in solids are independent of molecular size,

are more frequently expanded to higher dimensions®2 1646670

66167

where they prospectively out-
perform solution-state NMR, experiments Whereas in deuterated samples, side-chain
information can only be obtained via the carbon nuclei as described above, solution-like
experiments such as HCcH and hCCH and the sequences presented in this work can be em-
ployed to obtain side-chain 'H as well as *C chemical shifts?!. Along with experiments for
through-bond correlations, those for through-space correlations providing NOESY-like 'H-
'H contacts have been developed, primarily as HSQC-NOESY derivatives in thred™ 2 and

A0/487374

four dimensions with increasing accuracy and multi-state modelling adapted from

solution-state NMR"2. Most recently, Hoa nuclei have been facilitated as detection nuclei in

2 and in combination with amide protons® to further ex-

fully protonated samples alone
pand the chemical shift information that can be obtained from proteins and exploiting their

narrow line width.
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1.3 Basic concepts of relaxation in solution and solid-state
NMR!2

The laws of thermodynamics predict that a system moved away from its equilibrium state will
ultimately return to its equilibrium. The application of pulses in NMR, spectroscopy poses
such a disruption as the population states of a and 5 states are altered, and two types of re-
laxation are distinguished. The first type of relaxation is longitudinal relaxation. It describes
the return of the spins to the +z-axis after a pulse, and the second is transversal relaxation
which describes the loss of coherence in the transverse plane. Longitudinal relaxation and
the non-secular part of transverse relaxation are driven by the presence of varying local B
fields, which affect the x,y, and z-components while in addition, minor differences in the local
field of every spin cause different frequencies or chemical shifts which lead to dephasing of
the transverse magnetization. Derived from the Bloch equations, both types of relaxation

are given as

—_ MO .

dj\f;t(t) _ _Mz(t;1 M L) = (M.(0) = MO) e 75 + M0 (1.48)
dMy(t)  Mqy(t) B 2

i~ M) = Ma(0)e (1.49)

with 77 as the longitudinal relaxation time and 75 as the transverse relaxation time. The
local fields leading to relaxation are mainly caused by dipole-dipole interactions and chemical
shift anisotropy (CSA) and have to bear similar energy as the spins, i.e., they have to oscillate
at the same frequency, which is the Larmor frequency. This oscillation is provided through
rotational motion, and the amount of rotational motion at matching frequencies contributing
to relaxation is given by the correlation function G(7) or its F'T, the spectral density function
J(w) or the reduced spectral density function j(w), which ignores the amplitude of the local
fields.

Te

2
Jw)=2—T0
(w) 51+ w?7?

(1.50)

, with 7. as the correlation time. Based on this, two motion regimes can be defined. The
slow-motion regime in which w?7? > 1 and equation (1.50])) becomes

_2 Te

J(w) = 5wir? (1.51)
and the fast motion regime for which w?7? < 1 and therefore
2
J(w) = 5Te = J(0) (1.52)

Knowing the different spectral density functions contributing to different relaxation rates
can show to which type of motion, i.e., time regime, these relaxation rates are sensitive. In

solution-state NMR, e.g., the Ry rate, Ry = T% is given as

2
Ry = <(SZD> (3J(w[) +6J(wr + wg) + (wr — ws)) + dcsad (ws) (1.53)
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1.3. Basic concepts of relaxation in solution and solid-state NMRL2

Here pp = —2%% and dcsa = (y1BoAo)?/3. As the Ry rate is dominated by the
Larmor frequency of the nuclei, it is mostly sensitive to ns time-scale motion. In solid-
state NMR under MAS, additional modulations due to spinning are contributing. However,
Ry rates in a heteronuclear two-spin system such as HN, are given similar to the rates in

solution-state NMR, and are given as'®

5pp\? 3

Ri= (22 (J(wr = w) + 3J(w0) + 61 +w) + sy Jws)  (154)

with the dipolar coupling constant dpp = —2%?7[7;75%, the anisotropy of the chemical shift
S

tensor dcsa = —vBo(0., — 0iso) and the spectral density function, here defined as J(w) =

% (1- 52) H(Z)icn)g with the order parameter S. Here, only a dependency from the Larmor

frequencies is given, and therefore, R; rates are mainly sensitive to motions in the ns regime.

In contrast, Ry rates are given as’®

_ (dpp\* /4 2 1
Ry — (4) (5760n) + 27 () + 5 Ty = ws)

+ 3J(wy) + ;](ws) + 3J(wr +ws)) (1.55)
1

+ s (37 r) + 57 (200) + 20 (w5))

With the spinning speed w,. Simulations show that Ro in solids is sensitive to ns to ms

motion but is most sensitive in the ps regime

. Depending on the spinning speed the ps
time-scale can be sampled from somewhat faster ps for faster MAS frequencies and slower ps
motion for slower MAS rates™. In this work, conformational changes are the most relevant
observed dynamics, which occur primarily in the ps time regime, which can be particularly
well studied using solid-state NMR. To suppress the influence of coherent contributions to
transverse relaxation rates, often Rjp rates are measured, which spin-lock the magnetization
in the transverse plane. Using RF fields of varying strength and length, relaxation dispersion
(RD) profiles can be obtained to give insights into the present motion regimes %", For lower
RF fields, so-called Bloch-McConnell RD (BMRD) is obtained, which is sensitive to ps-ms
time-scales, while additionally in solid-state NMR also near-rotary resonance RD (NERRD)
can be observed for stronger RF fields approaching the MAS frequency27% 1™\ In solid-state

NMR, the R;p rates are defined as’%"

1
R,p = Ry +sin’ By (Rm - 231)

5pp\? 1
Rip = (ZD) (37(ws) + 3 (Wegp — 2wr) (1.56)

2 2 1
+ §J(w6ff - wr) + §J(w€ff +wr) -+ 5‘](%” + QLUT))

1 2 2 1
+ 5%SA(§J(Weff —2w,) + gJ(weff —wy) + gJ(weff +wr) + gJ(weff + 2wr)>

where (s is the angle of the applied RF field with the resulting strength w.rs. As Ryp rates

depend on weyry, as well as the w;,, the adjustment of those allows to sample the motional

regime on a fine scale from a few to hundreds of ps™".
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1.4 Concepts of non-uniform sampling

An in-depth theoretical description of general non-uniform sampling (NUS) concepts as well
as the various reconstruction algorithms is beyond the scope of this work and can be found
in various review papers®? 83 as well in NUS related work by the groups of Gerhard Wagner
at Harvard Medical School, USA, Wiktor Kozminski at the University of Warsaw, Poland,
Vladislav Orekhov at the University of Gothenburg, Sweden and many others. Nevertheless,
a general overview of relevant aspects such as the sampling density and sampling schedules
and an overview of the NUS methods used in this work should be given.

Multi-dimensional NMR experiments usually consist of equally spaced 1D experiments,
i.e., FIDs, along the indirect dimensions. Incrementation of free evolution periods leads to
an oscillating, time-dependent alteration of the signal amplitude detected in the direct, i.e.,
acquisition dimension, and step-wise Fourier-transformation (FT) in all dimensions yields an
n-dimensional spectrum. For quadrature detection, two phase increments have to be acquired
for each time increment in every dimension. As can be seen from , the overall number

of FIDs to be recorded grows fast.

FIDotal = 2" 1 - j1 - j2 - Jin1 (1.57)
Ji = swi - 7" (1.58)

Consequently, NMR spectra with n > 2 dimensions usually cannot be acquired to t™* in the
indirect dimensions with a direct impact on the resolution and the sensitivity of the resulting

82184 while 4D (or higher) experiments are practically not feasible. Table gives

spectrum
exemplary measurement times for different dimensions, with the time needed to acquire one
FID being 1 s and 128 increments being acquired in every indirect dimension. Non-uniform
Table 1.2: Exemplary time estimations of uniformly sampled NMR spectra of different dimensions.
A single scan experiment with a duration of 1 s and 64 time increments, i.e., 128 total increments,
were assumed in every indirect dimension.

2D 3D 4D 5D
time 2.1m 45h 243d 85y

sampling (NUS) can avoid these problems as only a subset of the initially required FIDs
is recorded (Fig, and the full spectrum or peak positions are predicted or reconstructed
through different algorithms®®2, NUS can be employed to increase resolution, i.e., extending
the acquisition time in the indirect dimension, increasing sensitivity by weighting the number
of scans in relation to the time increment, and decreasing experimental time or combining

thosdS082/84

Point spread functions and NUS schedules

Fourier transformation of a real-life NMR signal can be understood as FT of the individ-
ual components it is constituted from, which ultimately results in a more or less narrow
Lorentzian peak with sinc wiggles of different intensity depending on the relaxation rate and
truncation of the signal. These components are i) a non-decaying oscillatory function resem-
bling only the frequency, i) an exponentially decaying function due to relaxation, and in case

of digital sampling ¢ii) a train of delta function matched with the sampling rate. FT of i) and
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Figure 1.2: Comparison of non-uniform and uniform sampling. While in a conventional, uniformly
sampled, NMR experiment, all data points are equally spaced, NUS datasets usually only contain a
subset of data points that are "more or less" randomly distributed over the Nyquist-grid. Direct FT of
those datasets is possible but can lead to severe artifacts in the spectrum, and therefore the spectrum
usually has to be reconstructed by various algorithms.

ii) will lead to a Lorentzian peak while considering i) introduces a sinc function®*285 Tt
should be noted that adjusting the sampling rate is crucial to avoid aliasing in the spectrum.
In NUS, however, several data points are omitted, and direct FT (DFT) results in deconvo-
lution of the sparsely sampled FID and the sampling function. Omitted points are assumed
to have zero intensity, which ultimately leads to artifacts in the spectrum®®8?. The FT of the
sampling function is called the point spread function (PSF), and for the mentioned reasons,
the choice of a suitable sampling schedule directly impacts the NUS artifacts observed in the
spectrum. Therefore, the intensity of NUS artifacts depends on the intensity of the actual sig-
nal; intense signals lead to intense artifacts but additionally will affect signals which position
in the spectrum overlaps with the PSF&L. In this context, random sampling was found to be
highly suitable as the intensity of artifacts is equally distributed of the entire space leading to
artifacts of lower intensities. Besides purely random schedules, several varieties exist, such as
Poisson-Gap sampling®%e1:83%80  The equal distribution of NUS artifacts in random schedules
causes white noise like artifacts, and their intensity or signal-to-artifact ratio solely depends
on the number N of NUS points®1#2:85 sych that

S/A x VN (1.59)

as well as the absolute number of peaks in the spectrum which is of great relevance, as
narrow lines can be obtained through long evolution times without the necessity to increase
the number of samples or, alternatively, the number of dimensions can be extended, which
effectively causes a decrease of NUS density. Nevertheless, this also implies that a higher
number of points has to be chosen for large molecules to improve S/A. To improve the
signal-to-noise ratio, noise being white noise here, the sampling function can be probability-
weighted such that more samples of shorter evolution times and higher S/N are sampled,
which is essentially equivalent to the application of a window function in uniformly sampled

datasetsSHE2:87,
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1.4.1 Automated Projection Spectroscopy (APSY)

Automated projection spectroscopy (APSY) might present a special case of NUS and was
first presented by Hiller et al. in 2005%8. APSY traces back to the cross-section theorem
of Nagayama et al% which states that a cross-section of an angle a, running through the
origin in the two-dimensional time-space, i.e., FID, is Fourier-transformed into a cross-section
in the two-dimensional frequency space, i.e., spectrum. While not directly omitting points
in the full FID, all peaks in the n-dimensional space are projected onto two-dimensional
planes, oriented in the n-dimensional space at different angles «, S, .. 85 Therefore, a three-
dimensional spectrum is the lower limit in which all 2D projections are oriented with an angle
a. There is no theoretical upper limit of dimensions, and so far, APSY has been reported for
up to seven dimensions?, with sensitivity being the limiting factor®L. For every additional

dimension, one additional angular dependency has to be introduced®®8%92 Ag the projection

¢l

F3

Figure 1.3: Representation of projection planes. Shown are two planes, representing +-projections
of an arbitrary angle 0° < o < 90° as well as, framed in black, one of the special cases for a = 0°.
For a better overview, the o = 90° projection is not shown. A peak in the 3D space (black) would be
orthogonally projected on a tilted plane with o = 0°,90° representing the F3-F2 and F3-F1 projection
of a conventional spectrum.

planes run through multiple indirect, i.e., n—1 dimensions, the chemical shift of the projected

signal is mixed from all crossed indirect dimensions, and therefore, the evolution time tspgy
is mixed?Z,

tapsy =t1 +1to =tcosa + tsina (1.60)

The above equation has two exceptional cases for a = 0° and a = 90°, in which the time

increment for one of the indirect dimensions vanishes. Those projection planes represent the

orthogonal planes F3-F1 and F3-F2, also obtained from conventional experiments (Fig.

For phase-sensitive spectra, 2"~ phase increments have to be acquired for each increment
of t1 and t2, e.g., four FIDs in the 3D case, as shown below? .

1.61
1.62
1.63
1.64

Sy = cos (24t cos @) cos (pt sin @) (1.61)
S3 = cos (24t cos a) sin (Qpt sin @) (1.62)
S3 = sin (24t cos a) cos (Qpt sin @) (1.63)
S4 = sin (24t cos a) sin (Qpt sin «) (1.64)

The sums and differences of those FIDs, S; — Sy, So+ 53, So— S3, and S7 + 54, can be Fourier-

transformed to obtain phase-sensitive projection planes at an angle +« representing the cosine
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and sine modulated signals necessary for phase-sensitive spectra??. A direct implication of the
mixed indirect dimensions is that the spectral-width changes accordingly in every projection
plane as it also consists of both indirect dimensions. The SW in the projection planes is then

given as?t

N-1
SW = | 3 (Wi pi)? (1.65)

)

with

p= (Cf)s a) (1.66)
sin a

Consequently, the resolution is lowered depending on the acquisition time when the num-
ber of acquired points is kept constant as AQ = ﬁ -TD, with T'D representing only time
increments. This can potentially have an impact on the geometric reconstruction of the
peak positions by GAPRO. The sensitivity is also compromised in non-orthogonal projec-
tion planes, as not only the overall acquisition time for a non-orthogonal plane might be
shorter, but also because relaxation and potential window functions act on both indirect
dimensions simultaneously”l. These limitations are putting a potential sensitivity limit to
APSY, particularly in solution-state NMR, when used for higher-dimensional spectra. APSY
does not reconstruct the entire spectral space but back-calculates the peak position in the
n-dimensional space based on the Euler angles and the peak position on the projection plane
using the GARPO algorithm®. Therefore, only peak positions, i.e., chemical shifts, are
obtained. While determining parameters like line width and 72 times are possible®®9192
a manual assessment of peaks and artifacts remains elusive. A comprehensive overview of
how APSY/GAPRO works and the parameters that have to be considered can be found in
the literature®®*192 Here, only a short outline for the features of APSY/GAPRO will be
given, which are relevant in the later course of this work. Peak identification, and at the
same time, artifact suppression in APSY are achieved by geometrical analysis of the recorded
projection planes. Based on the picked peaks, potential intersections of peak positions in
higher-dimensional space are created from a randomly chosen subset of projections, with
each intersection marking a potential peak position in the n-dimensional space. Based on the
parameter Spin,1, called support, those points, i.e., potential peaks, which are based on the
highest number of intersections S, are selected, and the respective peak leading to those are
excluded from the further analysis. The process is repeated until the support for all remaining
peak candidates drops below Spyin1 . The peak list obtained through this selection process
is then subjected to further treatment®, and the entire analysis will be repeated several
times with a different set of projection planes from which ultimately a consensus peak list is
obtained as the final result®®. Besides the Sy, parameter for defining the minimal support,
other important parameters include the signal-to-noise threshold for the automated peak
picker implemented in the GAPRO algorithm as well as the tolerances of the intersections in
the direct and indirect dimensions. Due to the broader line-width present in solid-state sam-
ples, the signal-to-noise ratio is usually reduced compared to solution-state NMR, experiments

and with weak peaks usually being present in every spectrum, the peak picking threshold has
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to be set comparably low if a complete peak list is desired. In turn, these adjustments lead
to artifacts being suppressed mostly on the S, as those are randomly distributed over the
spectrum and will be filtered out over the many iterations performed for every GAPRO run.

In solution-state NMR, APSY has been used for various proteins with up to seven

2Uin non-globular proteins and generally with different dimensions for backbone20:93/ 98

90496199

dimensions
and side-chain assignments of globular proteins, high-throughput applications?® for
which time is a crucial factor, protein-ligand interaction studies” and IDPs?>1Y%01 Dye to
the previously mentioned sensitivity limit, APSY is usually not applicable for globular pro-
teins beyond 20 kDat%€3, However, TROSY based sequences have been reported for proteins
upto 38 kDa%, and recently 'H-detected 5D solid-state APSY has been reported®® for small
to medium size proteins at 60 kHz MAS, 100 % back-exchanged, as well as 100 kHz for fully

protonated samples, published shortly after the work presented here.

1.4.2 Signal separating algorithm (SSA)

Similar to the growing measurement time requirements affected by an increase in dimen-
sionality, the time for processing, i.e., Fourier-transforming, the spectrum, and disk space,
growi%2, Although these effects are negligible for modern computers working with 1D, 2D,
and even 3D spectra, they have to be considered for experiments with more dimensions. Po-
tential problems arising for 4D spectra usually regard only disk space, with the size of one
spectrum easily exceeding > 20 GB, especially in experiments with a large spectral width
compared to a few MB necessary for 2D or 3D spectra. Thinking of a 5D spectrum as a stack
of n 4D spectra, it requires n times the space of each 4D when no further manipulation, e.g.,
zero filling, is applied and therefore easily can reach TBs, rendering it impossible to han-
dle. Additionally, the time for FT also increases, however, only logarithmically rather than
quadratidl®3, §S ATOZT0LI05

(SMFT)® to avoid both problems. SMFT will only process a subset of dimensions out of the

uses the concept of sparse multidimensional Fourier transform

n-dimensional space for given, pre-defined coordinates for the remaining dimensions. Figure
illustrates this process exemplary for the 5D HNcoCANH experiment. For 5D experi-
ments, a set of 2D planes would be Fourier-transformed, with each 2D plane directly linked
to a 3D resonance information and therefore adding up to a peak, actually dispersed in five
dimensions. To do so, a 3D experiment has to be recorded previously, processed and peak-
picked. Due to the nature of SMFT, 3D peaks not provided for processing the 5D will remain
virtually invisible in the end and by that putting a limitation to the technique. Therefore, it
is crucial to obtain high-resolution and high-intensity 3D spectra in the first place, which in
turn can readily be acquired using NUS. NUS reconstruction using SSA works in two steps.
First, the removal of sampling artifacts from the sparse FID, and second, the Fourier trans-
formation using SMFT of the cleaned FID!V2194105 Ty the case of 5D data, SSA takes only
predefined regions into account for the before mentioned reasons, while lower-dimensional
data can be fully processed. In the first step, the sparse data set is searched for intense
points or signals in the time-domain for every point in the Fourier-transformed direct dimen-
sion. For every intense point or signal, a modeled FID is modified, and FT to best resemble
the sparse FID. As NUS noise is not random but deterministic, this ultimately removes NUS
artifacts from the experimental FID. Consequently, subtraction of the simulated and sparse

FID will lead to a residual FID or spectrum with reduced noise. If now an inverse Fourier
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Figure 1.4: Concept of 5D processing with SSA / SMFT. First, a 3D experiment, sharing three
dimensions with the 5D, has to be acquired, and peaks have to be picked. In the second step, a
5D experiment is acquired and afterwards processed. For processing (in all NUS experiments), SSA
first reduces artifact noise (see main text), and afterwards, Fourier-transforms the additional two
dimensions of the spectrum. However, both steps are only performed at positions pre-defined by the
3D peak list provided. As a result, a stack of 2D planes, each corresponding to a 3D peak, is created,
with each 2D plane providing five-dimensional information in combination with its respective 3D peak.
While NUS is advantageous in the case of the 3D to obtain high resolution, it is mandatory for the
5D.

transformed signal of a 5D model as used for fitting the sparse FID is added to the residual
FID, a cleaner, i.e., artifact noise reduced signal is obtained, which can be subjected to the
same process again. For the following F'T, the peak information and residual signals obtained
in this way a read and the spectrum can be fully transformed using FFT or SMFT in case

of slicing as used for the 5D.

1.5 Studied proteins

1.5.1 Proteins as fundamental building blocks of life'¢

Proteins play a crucial role in all types of physiological processes. As a direct product
of protein biosynthesis, they control important cellular processes such as proliferation or
apoptosis, which is why a fundamental understanding of the structure and function is crucial
for treating diseases. The structure of proteins can be classified into four categories. The
primary structure describes the amino acid sequence of which the protein consists and carries
no information about the protein’s three-dimensional structure. The secondary structure
describes individual structural elements of which the most common are the beta stand, the
alpha helix, and the loop. The present ¢ and v angles can classify these elements in the protein
backbone, but not all possible combinations are equally populated. This was found by G.N.
Ramachandran in 1963 and can be visualized in the so-called Ramachandran plot1%Z. Besides
the most common, various additional structural elements, e.g., the 3¢ helices, exist'’®. Beta
sheets or strands are constituted from a more or less linear sequence of amino acids which often
interacts over H-bonds with another beta-strand running in parallel, with side-chains pointing
in the same direction, or antiparallel orientation, with side-chains pointing in the opposite
direction. Despite expected dihedral angles of 180°, the commonly populated angles are ¢ =
—139° or ¢ = —119° and 1 = 135° or ¢» = 113° for antiparallel and parallel 3 respectivelyl%,
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Figure 1.5: Visualization of ¢ and ¢ angles shown on an Ala-Ala dipeptide. The ¢ angle describes
the angle between the amide group and the Ca atom, whereas the ¢ angle describes the angle between
the carbonyl carbon and the Ca atom. The di-peptide was build in USCF Chimera,

a-helices, or 3.613 helices, consist of 3.6 amino acids and 13 atoms per turn, in contrast to, e.g.,
310 helices which are built from 3 residues and 10 atoms per turn, and mostly occupy dihedral
angles of ¢ = +57° and ¢ = +474% The tertiary structure of proteins describes their
overall three-dimensional monomeric shape build from the beforementioned elements and
often grants intensive insights into the protein’s function. Therefore, many structural biology
techniques such as X-ray crystallography, cryo-EM, and biomolecular NMR aim to elucidate
this three-dimensional structure. Beyond the tertiary structure, the quaternary structure
describes the assembly of protein machinery that is constituted from multiple subunits, e.g.,
tryptophan synthase or the proteasome. Recombinant protein expression is one of the most
used techniques in all fields of molecular biology. It allows the overexpression of a specific
protein in a particular host, e.g., bacterial cells. To do so, a DNA vector carrying the gene
for the target protein, usually along with genes for antibiotic resistance and a switchable
promotor, is transformed into the cell. For bacteria, the heat-shock protocol is one of the
most established methods to achieve this. Bacteria that took up the plasmid can easily be
selected through antibiotics as only those will show resistance towards the selected antibiotic.
Once in the cell, the expression of the target protein can be induced. One of the most chosen
operons to control gene expression is the lac operon. Naturally, lactose would bind to the
lac repressor and activate the expression of the gene, encoded after the operon. However, as
lactose is gradually metabolized by bacterial cells, the expression rate decreases over time,
and therefore, Isopropyl-/5-D-thiogalactopyranoside (IPTG) is widely used as a replacement
as it cannot be metabolized and the expression rate remains constant. If the cell density is
sufficiently high at the point of induction with IPTG, the desired protein can be expressed in
relatively high amounts and then isolated through a series of purification steps. These usually
involve the lysis of the cells and multiple chromatography steps, e.g., affinity chromatography
with His-tags and size-exclusion chromatography (SEC).

1.5.2 The SH3 domain as a model system in solid-state NMR

Src-homology 3 (SH3) domains are a, around 60 residues long, conserved motif found in

several cytosolic proteins, e.g., tyrosine kinases, that were originally discovered in the c-

111

Src tyrosine kinase of the Pous sarcoma virus*. Like those, they play an essential role in

protein-protein interaction and are involved in many essential processes like enzymatic regu-

1121116

lation of cell growth and many others , while their exact physiological role is relatively

poorly understood™#. Due to their regulatory properties, SH3-domains also pose an onco-
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genic potential upon mutation™#. SH3 domains usually share a high structural similarity and

conserved tertiary structure, resembling a (-barrel-like structure, while the similarity in se-

HAIIELS - However, a conserved hydrophilic binding pocket recognizing of

112J114)1154119/120

quence remains low
a proline-rich PxxP motif can be found throughout different protein constructs
and the specificity for ligand binding is regulated by the highly flexible RT and N-Src
loops (Fig1177118=121. While physiological relevance and functionality of SH3-domains

RT loop N-Src loop

distal loop

Figure 1.6: Crystal structure (PDB:2NUZ12%) of the SH3 domain of chicken a-spectrin. Secondary
structure elements are shown in dark blue (S-strand), teal (a-helix), and white (loop). Residues 55-57
show 31¢ helical propensities while just completing a single turn, as indicated by the red color on the
worm element!2%122  Highlighted in orange are residues known to be flexible and are therefore not
(M1-E7, N47, and D48) or only weakly detectable (R21) in CP-based experiments.>™22  Structure
depiction and editing in UCSF ChimeraV.,

is not completely understood, the isolated domain of chicken a-spectrin has been used ex-
tensively as a model system for NMR method development, in particular for solid-state
NMR 2208758 2A S0 TOSIT2I 211230120 45 it can be expressed in high yield and homogeneously
crystallized suing Cu-EDTA as PRE agent to shorten 7} times3’. In typical solid-state NMR
experiments that facilitate CP for magnetization transfer, the N-terminus until residue E7 as

21122 wwhile also

well as residues N38 and D48 are not found due to their inherent flexibility
R21 shows significant line broadening and is, therefore, likely only visible in high sensitive
experiments such as 2D hNH or 3D hCONH/hCANH and deuterated sample preparations,
whereas both, E7 and R21, are absent in fully protonated sample preparations. The high
[B-strand results in well-dispersed spectra and isolated resonances (Fig, and residues in
these areas can be considered rigid, while the three loops, RT-loop, n-Src loop, and dis-
tal loop, as well as the N-terminus regions, display significant flexibility® 2220267129 1y
this work, the SH3-domain of chicken o domain was used as well for the development of
new pulse sequences as expression and purification are well established, and assignments are

readily available, enabling easy evaluation of new NMR experiments.
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Figure 1.7: Assigned hNH spectrum of SH3.

1.5.3 Tryptophan Synthase of S. typhimurium

Tryptophan synthase (TS) is a 2x72 kDa enzymatic complex that catalyzes the synthesis
of tryptophan in bacteria. Each 72 kDa (665 aa) asymmetric unit consists of a 29 kDa
(268 aa)a-subunit and a 43 kDa (397 aa) S-subunit, which are assembled as aff« in the
heterodimer. TS belongs to the family of pyridoxal-5-phosphate (PLP) dependent enzymes,
which catalyze a plethora of enzymatic reactions, including transaminations, racemizations,
decarboxylations, eliminations, and substitution reactions’®% 33 The broad range of phys-
iological functions taken by PLP-dependent enzymes makes them a well-studied drug tar-
get for an equal variety of diseases such as tuberculosis, epilepsy, Parkinson’s disease, and
more?4 139 Furthermore, TS is a target for new antibiotics in the context of the emerging
number of multi-resistant strains’®®, The S-subunit of TS has the unique ability to cat-
alyze the reaction of tryptophan, an indole derivative, in bacteria and has therefore gained
immense interest in biotechnology, foremost as a bio-catalyst for the synthesis of unnatu-

135l140H143

ral amino acids in the form of indole derivatives made from TS mutants through

directed evolutiont24:145,

Figure below shows the crystal structure of TS in complex with the ligand N-4’-
trifluoromethoxybenzenesulfonyl)-2-aminoethyl phosphate (F9) trapping the a-subunit in its
closed conformation and the B-subunit in its open conformation#® together with the PLP
cofactor, bound to K355 (SK87) in the internal aldimine state, which plays a crucial role in
the catalytic cycle of TS, in particular of the B-subunit!4V 11421461150,

The synthesis of L-tryptophan in TS takes place in two consecutive steps, each step taking
place in one of the subunits and without the release of the intermediate indole. Instead, the
indole molecule is transported through an intramolecular tunnel between the e and S-subunit.
While the a-subunit catalyzes the hydrolysis of indole-3-glycerol phosphate (IGP) into indole
and glyceraldehyde-5"-phosphate (Fig A), the B subunit catalyzes the condensation of
indole and L-serine to L-tryptophan (Fig[l.9 B) in a complex catalytic cycle involving the
PLP cofactorl46-14d,

The entire process, especially substrate uptake, transport, and release of tryptophan,
is associated with allosteric mechanisms due to large conformational changes necessary in
different parts of the proteint4®, in particular, the COMM domain in the S-subunit but
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Figure 1.8: Crystal structure of tryptophan synthase (PDB:4HT34%) showing the a-subunit in teal
with the ligand N-4’-trifluoromethoxybenzenesulfonyl)-2-aminoethyl phosphate (F9) in orange, and
the S-subunit in dark blue with the PLP-cofactor in orange. The crystal structure shows the complete
aL6 and aLl.2 loop with the a-subunit in the closed state and the S-subunit in the open conformation.
Structure depiction and editing in UCSF Chimerat?.,
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Figure 1.9: Reactions catalyzed by TS. A) In the a-subunit indole-3-glycerol phosphate (IGP)
is hydrolyzed into indole and glyceraldehyde-3-phosphate. The indole is afterwards transported
through the intra-molecular tunnel and B) reacts in a complex catalytic cycle with L-serine to L-
tryptophanT0HTA2/Ta6HT50]

also loops aL2 and aL6 in the a-subunitt4®121054 While TS is well studied by X-ray
crystallography and molecular dynamics (MD) simulations, NMR data remains mostly absent
up to now, and NMR studies have been restricted to labeled substrates or the labeling of
individual amino acids!4%M47%149  The high molecular weight of the asymmetric unit, as well
as the allosteric and transport mechanisms, make TS an interesting and highly challenging
sample for NMR method development and relaxation studies, but offers great perspectives
for new insights into the chemical and dynamic machinery of TS, in particular, 'H detected
(solid-state NMR) could potentially shed new lights onto the 'H chemistry involved in the
active site of the [-subunit. Such insights can account, e.g., for the protonation states of
the Schiff base in the internal aldimine state (Fig[L1.10[C) for which protonation of the imine
has been proposed to active the C4’ carbon of the cofactor before the nucleophilic attack
of L-serin, but for which physicochemical details can only be estimated from first principle

147/155H157

calculations , without the support of actual chemical shifts.

1.5.4 Human carbonic anhydrase II (hCAII): A model system for studying
protein-ligand interactions

Human carbonic anhydrase II (hCAII) is a member of carbonic anhydrases (CA), or more
specifically a-CA which catalyze the interconversion of CO, to HCO3 and are among the

fastest enzymes known with a turnover rate of up 1 x 10% s~ 158 Like all CAs, hCAII contains
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Figure 1.10: A) Conformational changes of the COMM domain (highlighted in blue tones) between
the open conformation of the S-subunit (dark grey and dark blue; PDB ID: 4HT3E|) and the closed
conformation (light grey and teal; PDB ID:4HN416) with the latter one showing a salt bridge between
R409 and R573 (B)). In the open conformation, K355(SK87) is covalently bound to the PLP cofactor
and in a tautomeric exchange between a neutral and zwitterionic state before L-serin diffuses in the
active site and binds to the cofactor (C)). Structure depiction and editing in UCSF Chimera®lC.,

a metal center in which the reaction is catalyzed, consisting of a Zn(II) ion complexed by
three histidine residues (Fig and a solvent molecule in a tetrahedral geometry™8. hCAII
is a well studied system, inter alia, as a drug target for the treatment of glaucoma®¥160 and
X-rayl6l162 45 well as neutron diffraction 83165 gtructures and MD simulations™66-168 are
readily available. Recently, however, NMR could shed new light on the catalytic reaction,
in particular involving protonation states of the His side-chains as well as dynamics and the
water network involved in the reaction both in the solid and the solution state>#64168169]
With a molecular weight of 29 kDa, hCAII poses as an enzyme close to the size-limit of
solution-state NMR and was one of the largest proteins assigned by solid-state NMR% for
which it now can be used as an assigned and well-understood sample for the development
and application of new methods on larger proteins®¥64169 Tn the course of this work, hCAII
was chosen for such purpose to evaluate the performance of a pulse program adapted from
solution-state NMR to study protein-ligand interactions in the solid state (see section .
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Figure 1.11: Crystal strucutre of hCAII with the ligand SBR ((R)-N-(3-Indol-1-yl-2-methyl-propyl)-
4-sulfamoyl-benzamide)* ™ (teal). Structure depiction and editing in UCSF Chimera®lC.
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2.1 Automated projection spectroscopy (APSY) in solid-state
NMR

The results of this section were published'*? as Klein, A., Vasa, S.K. & Linser, R. Automated
projection spectroscopy in solid-state NMR. J Biomol NMR 72, 163 170 (2018).

Introduction

As introduced in section automated projection spectroscopy (APSY) only requires the
acquisition of two-dimensional planes rather than the full number of FIDs in every dimension.
Treating a uniformly sampled spectrum with at least three dimensions simply as a collection
of 2D planes in every additional indirect dimension, APSY can lead to immense time-savings
as usually a small number of planes is sufficient for the back prediction of peak positions.
APSY relies, however, on sufficient resolution of the individual peaks, albeit not in every plane
but at least in some of them, as the separation of resonances is not constant due to the mixed
indirect dimensions. In solution-state NMR, the resolution of small to medium size proteins is
often ensured due to significantly narrower line widths compared to micro-crystalline samples,
whereas solid-state samples and spectra can be severely affected by broader lines due to
incomplete averaging of mainly dipolar interactions as well as inhomogeneities of the sample
and generally broader line widths in the projection dimensions”?. Solid-state APSY might
therefore be prone to more overlap and concomitantly reduced performance as line-width of
40-100 Hz for proton resonances and 15-20 Hz for nitrogen resonances can be observed on
SH3 under the given conditions. To evaluate the performance of APSY, existing 3D 'H-
detected experiments commonly used for the backbone assignment of solid protein samples
were recorded after having been made compatible for APSY. All experiments were recorded
on a microcrystalline sample of u- [QD,13C,15N] labeled and 100 % back-exchanged SH3-domain
of chicken a-spectrin at 50 kHz MAS and a 'H Larmor frequency of 700 MHz. Details on the
sample preparation as well as APSY parameters can be found in section

Pulse program and processing modifications necessary for APSY

Existing pulse programs in Topspin can be used for APSY with small modifications. Strictly
not affecting the actual pulse program, a header has to be included, which is later on read
by the APSY program to correctly identify the dimensions involved as well as back-predict
the chemical shifts of every peak. A detailed description, especially of the "Experiment"

parameter can found in various references:L.

Listing 2.1: Pulse program header required for APSY experiments
;; Dimensionality :3
;; Experiment :ONH
;; Phaseoverlap:000
;5 trosy :0
;; DimProjections:2
;; Hfreq : BF1
;; Cfreq : BF3
;; Nfreq : BF2
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;; Carrierl : O3P
;; Carrier2 : CNST23
;; Carrier3 : CNST24

The actual pulses used for the NMR experiment remain completely unaffected by APSY,
and solely the evolution of indirect dimensions as well as the routines for quadrature detection
have to be adjusted as the commonly used macros in Topspin do not support APSY directly
and therefore have to be manually replaced. The step size in0 and in10 for time evolution
in both indirect dimensions is defined straightforward from equation (1.60) with cnst51 as
the projection angle that has to be individually set for every 2D plane and in1l representing

the default step size defined as 2%”})“ = ﬁ which consequently also has to be individually

set for each different projection angle according to equation (1.60]). 111 only serves as a loop

counter to ensure the correct size of the final FID.

Listing 2.2: Definition for simultaneous incrementation of the indirect dimensions.

define delay PI
"PI=3.1416"

"inO=abs (inlxcos (2*PIxcnst51/360)/2)"
"inl0=abs (inlxsin (2xPIxcnst51/360)/2)"

"111 = td1/4"

As mentioned, Topspin macros do not support APSY and therefore have to be replaced
manually by different loops (Listing , which control the phase incrementation depending
on the projection angle a. For the two special cases a = 0° and a = 90°, corresponding to the
pure H/N and H/C planes, only one phase has to be changed for quadrature detection, i.e.
ph17 and phi11 respectively. For all other angles 0° < a < 90°, both phases have to change
within one time increment, ultimately leading to four FIDs per time increment rather than the
usual two. To ensure a constant number of four FIDs also for the orthogonal planes, simple
waiting periods were introduced that leave the non-required phases untouched. Evolution of
the indirect dimensions, on the other hand, is straightforwardly implemented after quadrature
detection by adding inO and id10 simultaneously. A direct consequence of the doubled
number of FIDs per time increment is first that the overall pulse program has to be repeated
1/4 times the TD points instead of 1/2 and second that a direct Fourier-transformation, via
the xfb command, of the collective FID will lead to wrong spectra, as Topspin always assumes
the latter case of two FIDs per time increment. A Fourier-transformation of the unedited
FID leads to a false sorting of phase and time increments, causing some signals to be moved
to the edges of the spectrum, similar to artifacts moved when using States-TPPI or related

methodst72173,

Listing 2.3: Manual implementation of quadrature detection and time evolution
go=2 ph3l
d11l do:f2 wr #0 if #0 zd
i——— Quad detection for Projection
if "cnst51==90"
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30m
}
else
{
3m dpl7

lo to 3 times 2

}
if "cnstH1==0"

{

3m rpl7
3m
3m

}

else

{
3m rpl7
3m ipll

lo to 4 times 2
3m rpll
}
;——— Evolution for Projection
3m id0
3m id10

lo to 5 times 111

exit

The individual FIDs, therefore, have to be re-sorted, combined according to equation
and written to a new file, which can easily be done by a Python™ or Topspin AU
program. The APSY setup script will create two data sets for each angle intended to corre-
spond to the +a and —a« projection but is actually set up for the same angle, and therefore,
the two spectra will look identical and can be summed up in the first place to increase the
signal-to-noise ratio. In a second step, two new datasets have to be created in which the
FIDs corresponding to the +a and —a plane are stored in a way that corresponds to the
linear combinations of the FIDs belonging to one time increment (see equation (1.61])). For
example, the difference of the first and fourth FID, S; — S4, and the sum of the second and
the third, Sy + S35 will create the x and y component of the first time increment in the +a«
projection and be stored in the first data set, while S; + 54 and Sy — S3 do so for the —«
projection and are therefore stored in the second data set. The two resulting total FIDs
can then be Fourier-transformed, representing the respective 2D projection plane at the pro-
jection angle and subjected to the APSY program, involving automatic peak picking and
geometric analysis by GAPRO®. Scripts for automatic generation of 2D APSY experiments
in Topspin as well as automated peak picking and GARPO were kindly provided by Prof.
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Figure 2.1: xemplary representation of projection planes. Blue peaks on the cube surfaces (left)
represent the o = 0° and « = 90° planes, corresponding to the pure H/N and the H/Ca projections
Transparent blue planes indicate & projections of an arbitrary angle 0° < o < 90° with an exemplary
projection depicted on the right for o = 28.2°. The axes are shown in frequency units of Hz, with 0
Hz representing the carrier frequency, rather than in ppm to account for the mixed evolution along
the indirect dimension for non-orthogonal planes.

Sebastian Hiller from the University of Basel.

Performance of APSY in backbone experiments

To assess the performance of APSY, a set of commonly used three-dimensional experi-
ments for backbone assignments were recorded, i.e., hCANH, hCONH® and hCAcoNH,
hCOcaNH® and the peak positions reconstructed based on two-dimensional H/(NC) projec-
tions. As the actual pulses remain unaltered by APSY, spectra of good quality and a sufficient
signal-to-noise ratio are obtained, and the found resonances in the orthogonal planes, i.e.,
the H/N and H/C plane, reflect those found from conventional experiments as pure >N or
13C indirect dimensions are obtained (Fig and ) In all experiments, the o = 0° plane
corresponds to the H/N plane, and the a = 90° plane equals the H/C plane. All other planes
will show a mixture of those two planes, and so will the chemical shifts of the individual
peaks, which might bear some resemblance but eventually cannot be analyzed manually. In
this case, the chemical shift does not reflect the actual position anymore, and therefore, the
analysis is done in the frequency domain with 0 Hz at the carrier position (Fig left). Only
in the final step, when the three-dimensional coordinates are known, the frequency units will
be converted back to chemical shifts for the respective nuclei.

At no point does the GAPRO algorithm perform an actual reconstruction of the full spec-
trum, in contrast, e.g., to most NUS reconstruction algorithms, and a plain peak list with the
reconstructed, i.e., geometrically analyzed, peak positions are obtained. To evaluate the accu-
racy as well as the precision or overall correctness of the peaks, the respective chemical shifts
were compared with those known for the SH3 domain based on conventional experiments.
However, the experiments will always only share the two amide proton and nitrogen chemical
shifts among all of them, while the carbon resonance either deviate in their connectivity, i.e.,
i or i-1, or the shift region they occupy, i.e., Ca and CO are not comparable, and the best way
for comparing all experiments with each other is to look only at the 1H/ 15N chemical shifts
(Fig. Good accuracy is obtained as most peaks group well in regions of expected peaks,

as well as high precision among the peaks in a defined region. While the accuracy generally
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Figure 2.2: Analysis of geometric reconstruction of peak positions by GAPRO for different 3D
backbone experiments. A) shows an overlay of H/N correlations from 3D peak lists with a different
number of predicted peaks for every experiment, either due to the presence of artifacts or the involved
magnetization pathways. Relatively high precision is, however, obtained for the peak positions with
average deviations of 0.005 ppm in the H dimension and 0.03 ppm along the *°N axis, which is below
the resolution of the recorded FID. Marked with red dotted circles are exemplary artifact peaks that
do not show up in normal, uniformly sampled experiments, and dotted black circles indicate crowded
and overlapping regions for which a reliable prediction of chemical shifts is challenging. B) shows
an overlay of a conventional 2D hNH (light blue) and the H/N orthogonal plane of the 3D hCONH
experiment (dark blue) together with predicted peak positions by GAPRO for the latter experiment
(grey/black crosses). A magnification of the before-mentioned crowded regions highlights correctly
found peak positions (green checkmarks) as well as artifacts and missing peaks (red crosses) due to
unresolved peak overlap as well as inefficient magnetization transfers in the case of broadened peaks.

will reflect on whether a peak is generally found, the precision indicates that the GAPRO
algorithm reliably calculates the same chemical shift of a certain peak among different runs
or experiments, which is essential for assignment, especially as manual assignment based on
peak lists is challenging, and automated assignment, heavily relying on good referencing, is
the method of choice in combination with APSY. Isolated peaks are faithfully detected, and
their chemical shifts are in good agreement among different experiments, and the RMSD for
those groups is 0.005 ppm in the 'H dimension and 0.03 ppm in the ®N dimension. Artifacts
as well as crowded regions, however, are not considered in these values as the former ones
do not appear in all experiments or are generally reproducible (Fig red circles) and the
latter ones as it is not possible to define which peaks belong to one group of peaks (Fig
black circles).

Nevertheless, >90 % of the expected peaks are found in all APSY experiments with slight
differences in the absolute number of resonances found in every experiment (Table . This
is expected for certain peaks based on the magnetization pathways as, e.g., amide resonances
for glutamine and arginine side-chains can be detected in hCONH or hCAcoNH experiments
but remain absent in hCANH or hCOcaNH spectra. Other peaks, however, are frequently
not found as they are located in crowded and overlapping regions, leading to insufficient
separation in the projections, or can generally be considered weak, e.g., due to strong line
broadening. While those generally can be recovered when lowering the threshold for peak
detection, this usually is accompanied by an increase in artifacts found by GARPO, which
cannot be suppressed by setting the Spin1 2 higher as this, in turn, causes other, correct, peaks
not to be found. Especially for those experiments with a lower sensitivity, the hCAcoNH
and hCOcaNH, few artifacts can be found (Fig[2.2]A red circles) even for optimal GAPRO
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parameters, most likely due to the reduced signal-to-noise ratio for these experiments, but

likely will have little impact on the assignment procedure as they can easily be ruled out. It

Table 2.1: Number of peaks reconstructed by GAPRO/APSY for all experiments in comparison to
conventional data sets

hCANH hCAcoNH hCONH hCOcaNH

APSY 50 52 61 51
Conventional 53 58 66 51
Fraction / % 94 90 92 100

can therefore be concluded that despite intrinsically broader line widths in solid-state spectra
and resonance overlap in certain regions, APSY/GARPO pick up 94 % of the expected peaks
when only considering the pure number of peaks, and missing peaks are mostly related to

overlapped regions or weak signal intensities whereas the number of artifacts remains low.

APSY performance in smaller subsets

The biggest advantage of APSY possibly lies in the significant time savings that can be ob-
tained even in for three-dimensional experiments but more pronounced for higher dimensional
experiments. To find the minimum number of planes necessary for reliable reconstruction of
peak positions, a reduced set of planes was facilitated, exemplarily for the hCANH exper-
iment, and the obtained peak lists were analyzed similarly as done before. In the full set,
22 planes were recorded in 12.5 h in contrast to a conventional and uniformly sampled 3D
hCANH with the same ¢;ndmax times, i.e., the same number of increments, which would
require about 78 h of measurement time. The number of necessary projections can hardly
be determined after strict rules as the number of expected peaks, the number of dimensions
as well as the sensitivity of the experiment play a crucial role for reliable reconstruction and
the initial set-up. Nevertheless, it can be expected that less than 22 planes should lead to
satisfactory results when considering that 5D APSY experiments were successfully performed
with merely 18 projections?!H79,

The number of projections can be reduced by a factor of two, considering only the non-
orthogonal planes, with small to moderate impact on the outcome of the geometric analysis
(Fig and table , which therefore directly translates into a time-saving of close to
a factor of two taking into account the additional orthogonal planes. The RMSD, here
calculated for well grouping peaks and as deviation from reference shifts obtained from a
conventional hCANH, remains unchanged throughout all three different sets in all dimensions.
In the 'H-dimension, the RMSD is unaffected compared to the precision among the different
experiments as shown in the previous section, and while the RMSD is slightly higher along
the indirect dimensions, it remains on the order of the FID resolution (Table [2.2)).

As can be suspected from the previous observations, the success of reconstruction for weak
peaks and those located in overlapping regions of the spectrum is altered when using fewer
projection planes as input for GAPRQO, substantiating the initial assumption that APSY
will be prospectively less suited for solid-state spectra due to the inherent lower resolution.
Nevertheless, isolated peaks can be faithfully detected with a reduced number of projections
with only small changes in the GAPRO parameters (Table [2.2)). These adjustments do not

follow trends and are rather set in a way to yield the best possible results for every set of
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Table 2.2: Reconstructed peaks for reduced data sets employing a different, smaller number of planes
for peak identification in the case of the 3D hCANH experiment

Number of planes 20+2 1642 1042 conventional 3D

Peaks found 50 57 46 53
GAPRO parameters

Smint,2 ¢ 7 7 7

T'min © / Hz 50.0 40.0  55.0

Av € 20.0 18.0 25.0

RMSD ¢ 1H/ppm 0.034 0.033 0.036

RMSD ¢ ’N/ppm 0.17 0.15 0.18

RMSD ¢ 3C/ppm 0.18 0.19  0.19

@ Synini,2: minimal support needed for a peak candidate

b rin: peak matching tolerance in the indirect dimension
¢ Av: peak matching tolerance in the direct dimension

4 Compared to the conventional 3D as reference

reduced projections. The values for peak matching in the direct (Av) and indirect dimension
(Tmin) were initially set to the FID resolution and consecutively optimized around that while
the support parameter (S,,in12) has to be significantly higher than the recommended initial

JLLTS - Not only the precision but also the accuracy is

value of the number of dimensions
maintained on a high level in all dimensions for well-defined peaks, whereas especially in
crowded regions, more artifacts are picked up by the algorithm (Fig red circles) when
reducing the number of projections.

Given that the support can be relatively low in the full set, with only 7 out of 22 planes
and therefore 32 % of the planes, to obtain good results in particular for isolated peaks which
account for the majority of peaks in the spectrum, APSY/GAPRO performs well to identify
those peaks and differentiate them from noise and artifacts. On the other hand, it becomes
clear that a peak has to be identified in the majority of the projections when reducing their
overall number as the S;;,1,2 values remain constant with a dropping number of projections.
Alteration of the parameter will ultimately yield either a higher number of artifacts when set
to low or a reduced number of correctly found peaks when set to high to suppress artifacts.
In solid-state APSY, it will be hence beneficial to acquire a rather high number of projection
planes to support the correct peak prediction for more challenging parts of the spectrum.
When spectra are already known for a certain protein, like here with the SH3-domain, or a

set of experiments are acquired, it is potentially easier to tell true peaks and artifacts apart.

Potential time-savings using APSY

Using the full set of projections, APSY can provide a time-saving of about a factor of six
compared to a conventional data set acquired with the same conditions, i.e., the same number
of scans and acquisition times in the indirect dimensions. Uniformly sampled experiments,
however, would be acquired with shorter acquisition times, i.e., fewer increments, as resolution
and dispersion are often sufficient for smaller proteins in three-dimensional experiments. Even
when shortened ¢ jqz times of, e.g., 22 ms or 60 time increments in the 15N dimension and
11 ms or 40 time increments in the **Cear dimensions of the hCANH experiment are considered,
APSY can still provide time-savings of about a factor of 2.5 with simultaneously providing

much higher resolution. When truncating the indirect dimensions for the projection planes
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Figure 2.3: Predicted peak positions by GARPO in the hCANH experiment plotted as H/N and
H/Ca planes for a different number of projections used for the calculation. Shown in black as reference
are positions obtained from a conventional experiment, while peaks blue shades represent those ob-
tained from the APSY experiment. Red dotted circles highlight exemplary artifacts found for different
sets of projection planes. Whereas artifacts increase, the level of precision and accuracy for correctly
identified peaks remains on a high level (see also Table .

by half, i.e., 14 ms and 8 ms for the ?N and 3Ca respectively, APSY performs equally well
both when considering the number of found peaks as well as their individual positions and
using those acquisition parameters as a new point of reference, the entire set of planes could
be recorded in less than 8 h providing now significantly accelerated acquisition. Generally,

the time-saving possible through the incorporation of APSY is

tnD

F—
tapsy -2(n+1)

(2.1)

with 2(n 4+ 1) being the number of projection planes used each with the acquisition time
tapsy and the number of angles n and t,p as the experimental time of the conventional
experiment. The number of projection planes does increase, however not proportionally, to
the dimensionality of the experiment performed, and therefore time savings obtained through

APSY will be significantly larger when exceeding three dimensions.

Discussion

It has been shown that APSY is also generally applicable for micro-crystalline solid-state
NMR preparations despite the inherent increased line width. Generally, a good agreement
between known chemical shifts of the SH3-domain from conventional experiments and peak
positions obtained from APSY/GAPRO can be found, and moreover, the precision of peak
positions among different experiments can be obtained on the order of the FID resolution.
APSY does not require any a priori knowledge about the spectrum as is sometimes required
for other techniques like Hadamard spectroscopy-™®, and the processing of projection planes
can be performed as for conventional experiments without specialized processing scripts apart
from splitting the recorded FID into the right data sets for each projection angle in contrast to
many NUS algorithms and processing protocolst ™1, Moreover, as no actual reconstruction
of the full spectrum is performed, the calculation of peak positions is fast compared to most

NUS reconstruction algorithms and completes within less than a minute on current computers,
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which allows for fast optimization of the different GAPRO parameters to yield optimal results.

APSY offers significant time savings for solid-state NMR, experiments even though a
higher number of planes is beneficial to reduce artifacts and resolve peak positions in over-
lapped regions of the spectrum. The effective time saving will, therefore, likely differ among
different samples and experiment conditions, such as the acquisition time in the indirect
dimensions, which can be increased with a low measurement time penalty in APSY. The pre-
sented work only facilitated three-dimensional experiments for APSY, and even though large
time savings can already be obtained, the benefits will be more pronounced in experiments
with more than three dimensions. As APSY prospectively suffers from the low-sensitivity of
higher-dimensional experiments®>%, the molecular weight independent transfer mechanisms
in conjunction with usually shorter transfer times of CPs over INEPTs, make solid-state NMR,
particularly useful for high-dimensional experiments®*%7 and solid-state APSY is a good
potential asset for proteins of larger molecular weight under the condition of a homogeneous
sample preparation, as has been recently demonstrated with five-dimensional experiments®®.

Peak overlap proves to be already a drawback for such small proteins as SH3, and even
though high-dimensional experiments will lead to better peak dispersion in the n-dimensional
space, all peaks are ultimately projected onto a two-dimensional plane. While non-orthogonal
planes can provide better dispersion over their orthogonal counterparts, especially when more
dimensions are used®”, the sheer number of residues with increased line width will put limi-
tations to the proteins accessible with APSY, such as TS as an example for poorly dispersed
spectra due to the high a-helical character. Resolution problems in APSY, however, can
be avoided through special labeling schemes as demonstrated previously for solution-state
studies?098,

The GAPRO algorithm effectively only provides a plain peak list as a result, and other
information about the peak such as intensity and line widths are lost, and whereas artifacts
are usually well suppressed, especially when acquiring a set of different experiments, a manual
assessment of the full spectrum remains elusive. While this is certainly wanted, it can be a
limitation for APSY when used with challenging samples where a careful evaluation of each
spectrum is desired.

It can therefore be concluded that APSY can successfully be used in 'H-detected back-
bone solid-state NMR experiments, despite the hurdles expected and observed for such ex-
periments. APSY yields good accuracy and precision for most peaks and presents a valuable
tool, especially in combination with automated assignment. As measurement time is not
the limiting factor for APSY experiments, it will be beneficial to record higher-dimensional
experiments even for smaller proteins as the prediction of peak positions in crowded regions
could be improved with little cost of measurement time. Most of all, APSY does accelerate
the acquisition of experiments with more than two dimensions and can therefore be a valuable

tool when measurement time is the crucial factor.
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3.1 Assessment of higher-dimensional experiments

Partial results of this section were publishedS” as: Klein, A., Rové, P., Sakhrani, V.V., Wang,
Y., Holmes, J., Liu, V., Skowronek, P., Kukuk, L., Vasa, S.K., Giintert, P., Mueller, L.J.,
Linser, R. Atomic-resolution chemical characterization of (2x)72-kDa tryptophan synthase
via four- and five-dimensional *H-detected solid-state NMR. Proc. Natl. Acad. Sci. U.S.A.
119, 2114690119, doi: 10.1073/pnas.2114690119.

Introduction

In modern NMR, spectroscopy of proteins, three-dimensional experiments on triple-labeled
samples are the method of choice for backbone and side-chain resonance assignment as well
as to obtain restraints for structure calculation. With exceptions?®%8l the size of proteins
in solution-state NMR is usually limited to around 30-40 kDa due to increasing 75 relaxation
rates because of molecular tumbling, and therefore 3D experiments are mostly sufficient for
resolving resonances in the respective proteins. At the same time, long transfer times put
boundaries to the application of > 3D experiments for globular proteins, and hence higher
dimensional experiments are mostly applicable only to systems with long coherence life-
times like the can be found, e.g., in intrinsically disordered proteins (IDPs)1®2. Solid-state
NMR is not subjected to molecular size in that respect, and in combination with compa-
rably short dipolar coherence transfers, it is ideally suited to investigate proteins of high
molecular weight. In recent years the size of studied proteins has steadily increased*2:6465:70

1264697083184 f) assignment and struc-

alongside with the application of 4D experiments
ture calculation!24873% For proteins exceeding 40 kDa, however, even four dimensions will
prospectively fail to provide sufficient chemical shift dispersion and therefore making assign-
ment more challenging. When evaluating the impact on higher-dimensional experiments, two
problems have to be distinguished. First, the problem of resonance overlap, which is expected
to be more pronounced in solid-state NMR due to intrinsic broader line-widths, but gener-
ally increases with the number of residues present in the protein as the chemical shift range
in which resonances occur are limited®?. Second, deriving from that, the problem of signal
ambiguity which should here be understood as the non-uniqueness for linking two adjacent
residues in the protein backbone. While signal overlap can be looked at for experiments
of all dimensions, the problem of signal ambiguity is mostly a two-dimensional problem, as
common assignment strategies will usually ¢) find a carbon resonance for an amide shift pair
of residue i and #7) identify the i+1 amide shift pair in a complementary experiment sharing
the carbon dimension. Ambiguity, i.e., branches, in the assignment process will now occur if
for either of those steps more than one resonance appears in the spectrum and whereas they
do not necessarily have to overlap in all dimensions (pure overlap problem), the ambiguity
arises from overlap in a subset of the facilitated dimensions. For example, three overlapping
resonances in the H/N dimensions will give rise to three carbon peaks in step i) but can be

well separated in the other dimensions.
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The overlap problem

Besides the ambiguity and branches in the assignment arising from peak overlap, peak overlap
will limit the analysis, e.g., of relaxation studies as overlapped peaks in n-dimensions will
yield mixed rates obtained from those peaks or of chemical shift perturbations as often done
to study protein-ligand interactions. To assess the problem of peak overlap over a wide
range of molecular weight and averaged over structural features such as high a-helical or
[-sheet contents, biasing the results either towards higher probability in the former and
lower probability in the latter scenario, synthetic chemical shifts lists were created based
on BMRB statistics. While the BMRB holds mostly globular proteins, a chemical shift
distribution is biased towards structured proteins is introduced, which, however, is more
accurate than, e.g., the multiplication of existing shift lists of one particular protein to reach
a particular molecular weight. Moreover, most backbone nuclei, respective CO, N, and H,
display a normally distributed behavior with respect to their average chemical shift and
standard deviation, whereas Ca resonances of glycines deviate significantly from those of
the other 19 amino acids, and also the usually downfield shifted resonances of serines and
threonines have to be taken in account. Cj resonances show similar behavior and are absent
for glycine residues, and random chemical shifts created from a normal distribution seem
therefore not the correct way as they would not resemble important features. To overcome
these hurdles, a random primary sequence, considering the natural occurrences of amino
acids in vertebrates™®, was created with a defined number of residues, including glycines and
prolines, and random, normal distributed chemical shifts were created for all nuclei, i.e., H,
N, CO, Ca and Cg, of every residue based on aminoacid-specific u and o from the BMRB
were created (Figl3.1). Cp shifts were excluded for glycines while no chemical shifts were
created for prolines, whose amide shifts are absent in 'H-detected experiments as well as
for reasons of simplicity. The obtained shift list was then subjected to overlap analysis for
multiple combinations of nuclei in different dimensions. The Python script for the creation
of the randomized shift list and the actual analysis can be easily modified to obtain a variety
of correlations other than the ones shown below, potentially also including other side-chain
resonances.

The radius for overlap was set to 0.075 ppm, 0.36 ppm and 0.29 ppm for 'H, N and '3C,
corresponding to an approximate line width of 100 Hz, 50 Hz and 100 Hz for the respective
nuclei at a 'H Larmor frequency of 700 MHz. Here, two 3D correlations were analyzed, 3D
hCANH and 3D hCONH, which were previously used for relaxation experiments in solid-
state NMR!2. Both experiments do not seem to be prone to spectral crowding when all three
dimensions are considered, even when the length of the primary sequence accounts for 1000
residues (Fig. Nevertheless, even the approximate 5 % of resonances overlapping with
one additional resonance correspond to 50 residues in the latter case as normalized values
are plotted on the y-axis. For such an ideal protein, it can thus be concluded that 3D ex-
periments should prospectively be sufficient to resolve overlap in three and, therefore, also
more dimensions, rendering them adequate for relaxation series or shift perturbations. In
reality, however, these considerations might drastically fail (Fig), as non-homogeneously
distributed line widths due to differential relaxation properties or a high content of a-helical
elements present in a real-life system, to name only a few. The extent of overlap in two dimen-

sions, here shown for H/N and H/Ca correlations, follows a more pronounced dependency of
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Figure 3.1: Exemplary H/X scatter plots for a synthetic shift list containing 502 residues. The
H/N (D)) and H/CO (C)) planes show normally distributed shifts in contrast to the H/Ca (A)) and
H/Cg (B)) planes, which show a non-normal behavior due to the characteristic shift of glycine Ca
nuclei and the Cf shifts of serine and threonines. Prolines are not shown in the plots despite being
included in the synthetic primary sequence.
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Figure 3.2: Barplots showing resonance overlap for different combinations of nuclei and in differ-
ent dimensions for synthetic chemical shift lists of different sizes. The x-axis shows the number of
overlapping resonances, and the y-axis is the occurrence for every event normalized to one. In 3D ex-
periments, i.e., HNCA and HNCO, overlap presents only a small problem, and only starting from 500
residues resonance overlap can be found. The two 2D correlations show a stronger dependence on the
molecular weight, and the number of isolated peaks is steadily decreasing. This is of great importance
for most assignment approaches that are usually based on a 2D hNH/HSQC root experiment, as with
every overlapping resonance, another branch in the backbone assignment is opened.

the molecular weight, i.e., the number of residues. Even for the small hypothetical protein
made from 100 residues, merely about 85 % and 80 % of isolated resonances are found for the
HN and HCa scenario, confirming the better ratio of line width and chemical shift range®.
Despite only about 10-15 residues overlapping with one other resonance in both cases, 10-15
branches in the assignment process are implied when no complementary information will be
used. Both trends get more pronounced with an increasing number of residues for which only
approximately 35 %, i.e., 350 residues, are well isolated and another 40 % overlapping with
one or two additional resonances (Fig. In line with the assessed 3D experiments, these

trends are likely to be more pronounced for an actual protein such as tryptophan synthase.

The ambiguity problem

In contrast to the previous section, the ambiguity problem was approached based on real
chemical shifts obtained from the 260 residue large hCAII and the 490 obtained shifts of TS
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(section to include two real rather synthetic and ideal scenarios in the assessment of
the problem. hCAII was only recently assigned®® and marked the size record for assigned
proteins from solid-state NMR experiments at the same time, while tryptophan synthase
(TS), although only partially assigned by 78 %, presents an even more recent target in
the main focus of this work and with 2.5x more residues. Chemical shift lists from both
proteins were analyzed with respect to the combinations for residue linking based on different
3D, 4D, and 5D experiments (Fig. To do so, all either CO, Ca, CS resonances, or a
combination of those were counted for every given H/N shift pair of a given residue ¢ within
a specified range. In a second step, all H/N shifts for the previously counted combinations
of carbon shifts were counted and multiplied with those to give the overall possible number
of combinations for linking a H/N group of residue ¢ with the adjacent i+1 H/N group.
Although hCAII shows around twice the number of unique Ca resonances for a given H/N
shift pair compared to TS (Fig/F ), a linkage solely based on Ca resonances, i.e., an
hCANH/hCAcoNH pair, is unsuitable for both proteins. In the case of TS, however, the
distribution is strongly shifted away from 0 compared to hCAII (Fig[3.3B/G) and shows
more extreme combination possibilities, indicating that a 3D-based assignment strategy is
unsuitable. The introduction of additional dimensions improves the situation dramatically
for hCAIIL. Both the hCACONH/hCOCANH and the hCACBcaNH/hCACBcaCONH pair
give rise to only one or two possibilities for linking for about 50 % of the resonances. The
additional C8 dimension thereby appears to be even more impactful than the CO dimension,
most likely due to better chemical shift dispersion, as the majority of H/N pairs give rise to less
than five different ways for residue linking while for the CO dispersed scenario the majority lies
below ten. A hypothetical 5D correlating all three carbon resonances with the amide group
for residue 7 and i+1 enables unique linking for about 70 % of the H/N resonances. The
analysis for TS follows the same tendencies, however, with the absolute number of possibilities
being tremendously increased overall and strongly reduced occurrences for only one or two
linking possibilities. In contrast to hCAII, even the constructed 5D allows to uniquely link
only around 40 % of the assigned residues of TS, and the majority of the resonances still give
rise to up to ten ways for linking. It is to emphasize that these tendencies will become more
pronounced for a full peak list of T'S, which would add almost 200 additional resonances to
the analysis. Consequently, the direct linking of residues from a single NMR experiment is
essential for the success of resonances assignment. The linking of residues can most easily be
achieved from straight-through transfers that directly correlate shared resonances of residue
1 with residue i+1, e.g., in an HNNH fashion. 4D HNNH pulse sequences were previously
introduced and successfully used for the assignment of larger proteins®®, but nevertheless rely
on sufficient resolution in the proton and nitrogen dimensions and are therefore of limited
use for proteins like T'S, in which this resolution is barely achieved . For hCAII, a 4D
HNNH provides 80 % of unique links, and although an additional fifth dimension almost
exclusively shows only one linking possibility, the advantage is limited here. In contrast,
the fifth dimension brings significant advantages for T'S in which the occurrence of a unique
link is almost doubled to more than 80 % compared to the 4D HNNH experiment while the
remaining 20 %, with few exceptions, will show two possibilities for linking. These findings
are in good agreement with the results of the synthetic peak lists from the previous sections

(Fig, as amide-to-amide experiments generally only depend on the overlap in the shift
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Figure 3.3: Bar plots showing the number of possible combinations for linking H/N ¢ and i+1
groups via different combinations of carbon resonances and different dimensions (A,F hCANH no
linkage, B,G hCANH/hCAcoNH, C,H hCOCANH/hCACONH, D,I hCACBNH/hCACBcoNH and
E,J hCACBCONH/hCOCACBNH, as a hypotheical 5D)for the 260 residues of hCAII (blue; A-E)
and the 490 assigned residues of TS (teal, F-J). The occurrences of each plot are normalized to one.
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Figure 3.4: Assignment ambiguity in A),C) 5D HNcoCANH and B),D) 4D HNNH amide-to-amide
experiments for hCAII (dark blue) and TS (teal). The x-axis shows the assignment possibilities
based on an initial H/N shift pair or H/N/Ca shift triplet, with the y-axis being normalized to 1 as
previously. No match-making between shared dimensions of two experiments is necessary, and the
ambiguity solely relies on the resolution of the initial shift pair or triplet. The results are in good
agreement with the predictions for resonance overlap in H/N and H/N/Ca correlations made from
synthetic peak lists in the previous section.

pair or triplet of residue 1.

The 5D HNcoCANH and 5D HNcaCONH experiments for backbone assignment intro-
duced in this work, however, perform comparably good as a 4D HNNH when it comes to
linking a residue i+1 and i+2. As the 5D will only provide a H/N shift pair of residue i+1,
only this two-dimensional information can be used for identifying the next H/N/Ca shift
triplet of this residue, which then in turn would give the i+2 residue. Nevertheless, the fifth
dimension can be invaluable not only for linkage of residue but for sequential assignment. The
identification of the amino acid type of a given residue is mostly achieved via CfS chemical
shifts when additional side-chain information is unavailable, as they show the most charac-
teristic shifts of each amino acid compared to Cav or CO. To do so, the H/N resonances from
an hCACBNH experiment are matched with those in other backbone experiments. Similar
to the linkage of residues with the 4D HNNH experiment, this procedure strongly depends on
sufficient resolution in proton and nitrogen dimension and can therefore lead to ambiguities
(Fig B, D). The 5D HNcoCANH, on the other hand, facilitates match-making in three
rather than two dimensions due to the resolved Ca resonances. Similar to the linking scenario,
this leads to rather moderate improvements in the case of hCAII (Fig[3.5]A, B) from around
80 % to 90 % of unique matches, while it significantly reduces the number of possibly associ-
ated Cf resonances for any given H/N/Ca triplet over a H/N shift pair (Fig[3.5(C, D) for TS.
Here around 70 % of the assigned resonances can now unambiguously be matched compared
to 50 % before, and about additional 20 % will show only two possibilities. Considering the
distribution of the above bar plots for 491 residues of TS, it can be concluded that 4D and
5D spectra are invaluable for the assignment of proteins with a molecular weight of 45 kDa
or above as the described tendencies will become more emphasized for a complete assignment
of TS. One might argue that high levels of assignment can also be obtained from different

combinations of 4D spectra in combination with FLYAT86 as presented detailed in section
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Figure 3.5: Number of H/N/Ca/Cpj resonances that can be matched onto either an H/N shift pair
(right column, B,D) or an H/N/Ca shift triplet (left column, A/C) for hCAII (blue, top) and T'S (teal,
bottom) of a given residue 7. As before, the y-axis was normalized to one. While the improvement is
moderate for hCAII, there is a significant shift to the left in the distribution for T'S.

or as recently demonstrated by a set of six 3D spectra for the 41 kDA (371 residues)
large protein maltose binding protein (MBP)®*87 However, these approaches rely entirely
on the high combinatorial power provided through FLYA and, in the latter case, might fail
for proteins significantly exceeding this size. Furthermore, the 5D is not only essential for a
manual assignment strategy but also for actual confirmation, i.e., proof, of assignments given
by FLYA, and can reduce the number of required experiments to a minimum (see section
53).

Another advantage of higher-dimensional experiments, especially in the context of au-
tomated assignment, is the shift redundancy in combination with self-consistent referencing
that is introduced as fewer experiments are required to obtain the same information. For
example, a CO and Ca based, bi-directional backbone walk would require the set hCANH,
hCAcoNH, hCONH, and hCOcaNH when three-dimensional experiments are used and which
can be replaced by the pair 4D hCOCANH/hCACONH. As is demonstrated later in section
higher-dimensional experiments can be acquired comparably fast for smaller-sized pro-
teins and can therefore present an alternative to the conventional assignment strategies also
there.

3.2 5D experiments for backbone and side-chain assignment

3.2.1 Method developement of 5D backbone experiments
Introduction

Traditionally, the backbone assignment of proteins with 'H detected solid-state NMR is
achieved through a representative set of 3D experiments of which usually two complementary
experiments are required to correlate two adjacent residues based on their shared carbon
chemical shifts. Such experiments include the hCANH, hCONH, hCAcoNH, and hCOcaNH

as well as a hcaCBcalNH to obtain the CS resonance often required for the identification of the
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residue type. As demonstrated in the previous section , the two-step match-making strat-
egy that is inevitable when using those experiments or their higher-dimensional counterparts
leads to an error-prone assignment process as ambiguities are unavoidable when dealing with
high molecular weight systems. Amide-to-amide experiments circumvent these problems, but
whereas four-dimensional sequences were previously proposed and facilitated in solid-state
NMROHTSHTRLSE 51 experiments are merely found for APSY® with the mentioned advan-
tages and disadvantages. So far, 5D experiments remain almost exclusively being used for
IDPs in solution-state NMRIEZIESOU where long coherence lifetimes support the extended
number of transfer steps. In solid-state NMR, on the contrary, magnetization transfers are
independent of molecular weight, and higher-dimensional experiments will prospectively out-
perform their solution-state equivalents®®®®. In the following section, two 5D experiments
for backbone assignment are introduced, and their performance with respect to sensitivity,

assignment strategy, and benefits are tested on the SH3-domain as a model system.

The HNcoCANH and HNcaCONH experiment for backbone assignment

In the presented work, two different 5D experiments for backbone assignment were devel-
oped, the 5D HNcoCANH and the 5D HNcaCONH, which enable direct linking of two neigh-
boring amide groups of different residues over an additionally evolved carbon resonance,
and therefore, a straightforward backbone walk. The experiments are based on 4D HNNH
sequences®? 4 hut were expanded by an additional Ca or CO chemical shift evolution period.
The phase cycling was adjusted and allows for a minimal phase cycle of 8 scans in the case of
the HNcoCANH and 16 scans for the HNcaCONH. An additional phase incrementation was
introduced to allow for clean and phase-sensitive spectra in all four indirect dimensions (Fig
. As 5D spectra need a 3D base experiment for processing with SSA, the experiments were
implemented as HNcoCANH and HNcaCONH rather than HNCOcaNH and HNCAcoHH to
make use of the higher sensitivity of the hCANH and hCONH as base experiments compared
to the hCAcoNH and hCOcaNH that would have been necessary otherwise.

As the HNcoCANH correlates two residues in a forward, N to C terminus manner, and
the HNcaCONH correlates two amides in the reverse direction, each of the two experiments is
sufficient for a complete backbone walk (Fig. . The HNcoCANH, however, shows slightly
higher sensitivity, presumably due to increased transfer efficiency from N—Ca compared to
N—CO° and turns out to be the better performing experiment (Fig ) Not only is the
HNcaCONH the less sensitive experiment, but it also requires a longer phase cycle, which,
however, might be shortened, but also appears to be prone to zero-frequency artifacts in
the carbon dimension despite the extended phase cycle. Both experiments, however, show
sensitivities comparable to other experiments like the hCACBcaNH, involve as many transfer
steps as those and can therefore be considered to be well-performing and applicable to all
types of proteins when considering that CP or dipolar transfers, in general, are independent of
molecular weight in solid-state NMR. Compared to the 4D HNNH pulse sequence, the 5D will
be as sensitive with no additional magnetization transfers in the HN bulk signal of the first
FID. Due to the extra dimension, the overall intensity is reduced by /2 due to quadrature
detection and additional relaxation losses during the added chemical shift evolution period.

The 5D HNcoCANH data presented here was recoreded in blocks of approximately 2 d of

measurement time, after which a field reset was performed to account for the drift of the By
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Figure 3.6: Schematic pulse sequences and transfer pathways for the developed 5D backbone experi-
ments. All transfers are CP based, CC transfer are achieved by BSH-CP2%27, A) The 5D HNcoCANH
pulse sequence correlates the amides of the ¢ and the i+1 residue with an additional chemical shift evo-
lution period of Cay;. As a base serves a 3D hCANH experiment as it yields better sensitivity compared
to the hCAcoNH experiment®d. Phase cycling: ¢1 = X,-X; ¢ = X,X,-X,-X; 03 = X,X,X,X,~X,-X,-X,-X; Prec
= X,-X,-X,X,-X,X,X,-X. B) The 5D HNcaCONH pulse sequence correlates amide to amide in a backward
fashion, i.e. starting from ¢ and ending on i-1 with an additional chemical shift evolution period on
CO; — 1. The 3D base experiment is an hCONH due to the higher sensitivity over the hCOcaNH>®.
Phase cycling: ¢1 = x,-X; 2 = X,X,-X,-X; P3 = X,X,X,X,~X,-X,~X,-X; Pg = X,X,X,X,X,X,X,X,~X,-X,~X,~X,-X,~X -
X,-X; Qrec = X,-X,-X,X,-X,X,X,-X,-X,X,X,-X,X,-X,-X,X Phases after evolution periods of indirect dimensions
were changed to obtain phase-sensitive spectra by the States-TPPI method™™ (marked by asterisks).
Filled and empty rectangles represent 90° and 180° pulses. The carrier changes on their carbon chan-
nel are denoted with arrows. Water suppression was achieved by MISSISSIPPI without gradientst®l,
D)Sensitivity comparison of the 5D HNcoCANH (blue) and the 5D HNcaCONH (green) in relation
to the hNH (light blue). Shown are the first FIDs of the experiments. The HNcoCANH gives ca.
7% of the hNH while the HNcaCONH only yields around 5%. Both values are in the expected range
based on theoretical transfer efficiencies®®.
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field and the absence of a lock signal in solid-state NMR.. Each blocks consists of the same 2048
NUS points and was recorded with 8 scans. A base 3D hCANH was recorded with 896 NUS
points and 16 scans in approximately 8 h, but in general any available, previously recorded,
data can be facilitated. The 5D HNcaCONH was recorded in two blocks of 16 scans total with
960 NUS points of each block that were concatenated into 1920 NUS points in 3 days, while
the required 3D hCONH was acquired with 1024 NUS points and 16 scans in 9 h. Taking
into account the high sensitivity of the straight-through pulse sequence, the comparably high
number of SH3 molecules in the rotor due to its low molecular weight and the high sparsity of
5D NUS list, these experiments can be recorded within two days of measurement time or even
slightly below. When recorded with this minimal time, merely signals of residues E17 and
N28 are missing, as the magnetization originates from R21 and T37, which both are severely
broadend and hardly can be found in the 3D hCANH. All expected signals, including E22
and N38, could be detected after 4 d of measurement time, i.e., 16 scans. Nevertheless, the
HNcoCANH was recorded for 6 d to ensure a high signal-to-noise ratio and easy identifiable
peaks for the further analysis. A manual backbone walk with the HNcoCANH yields in 48 out
of 48 expected and 52 assignable residues in the SH3-domain while the HNcaCONH yields in
41 out of 48 expected and 52 assignable peaks, confirming the overall better performance of the
HNcoCANH experiment and showing that an almost complete backbone walk is achievable
with a single experiment. However, the shorter measurement time of the HNcaCONH has
to be taken into account and more correlations might be revealed after longer acquisition.
Nevertheless, the HNcoCANH shows more peaks even after 2 days. Exemplary planes of the
5D spectra are shown in figure below for residues E22 to T24 in both directions. Peaks of
high S/N and reasonable line widths, in particular for 'H, are obtained. While only the i+1
or the i-1 residue are expected for the HNcoCANH and the HNcaCONH, some planes contain
an additional peak at the ¢ position due to incomplete or back-transfer of magnetization (Fig.
A).

When incorporating the necessary 3D base experiments, the manual assignment can be
straightforwardly done with each of the introduced 5D experiments (Figl3.8). As mentioned
before the strength of the presented 5D experiments compared to the 4D HNNH is
founded in the easy and less ambiguous matching of side-chain chemical shifts, i.e., C3, in
the form of hcaCBcalNH experiments onto the backbone as three out of four chemical shifts
can be matched (compared to only two in case of the HNNH). In the case of the HNcoCANH
experiment, a 3D hcaCBcaNH with % transfer to Cf can be utilized alternatively to a 3D
hCANH, to simultaneously provide Cg resonances. For the backbone walk, one would select
a H/N/Ca shift triplet of residue ¢ and maneuver to the corresponding 2D plane in the stack
obtained from processing the 5D. This plane would show the i+1 H/N shift pair, which in re-
turn, sufficient resolution provided, can be again selected in the 3D base experiment yielding
in the Ca resonance of residue i+1 and completing the next shift triplet to locate in the 5D
experiment (Fig. Therefore, a reduced set of merely two experiments, 5D HNcoCANH
and 3D hcaCBcaNH with 1/4J evolution of anti-phase, can be sufficient for near-complete
resonance assignment of the protein backbone including CS shifts but omitting CO reso-
nances. The backbone walk in C—N-terminal direction can also be accomplished through
the HNcaCONH in combination with its 3D hCONH base experiment in the same way as
described for the HNcoCANH experiment (Fig). However, the 3D hCONH experiment
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Figure 3.7: Line widths and single-residue signal-to-noise for exemplary residues E22 to T24 in
the SH3 domain in the HNcoCANH experiment (A) and B), dark blue) and using the HNcaCONH
(C) and F), teal). Line widths are estimated by using the Lorentzian peak fitting in NMRFRAM-
Sparky?? and subtracting 100 Hz and 50 Hz of line broadening applied for 'H and '°N during the
processing. The HNcoCANH was recorded with 2048 NUS points and 24 scans, while the HNcaCONH
was recorded with 1920 NUS points and 32 scans. The relatively high signal intensity indicates that
experimental times can likely be shortened. Here, noise is referring to the remaining mix of NUS

artifacts and thermal noise.
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provides no side-chain information and the advantage of improved match-making in three di-
mensions for S2B experiments vanishes for this assignment strategy. Consequently, matching
any side-chain correlation to the backbone will again be reduced to two dimensions with the
H/N shift pair.

FLYA benefits in particular from the perfect intrinsic shift referencing through direct
linkage of amides, necessary for reliable results®®, and the high redundancy introduced for
H/N/Ca matching. Although 5D experiments will be most useful for more complex proteins
of high molecular weight, as will be shown later on, they can be useful even for small proteins
in combination with NUS and automated assignment as the necessary spectra can be recorded
in essentially the same time as a set of 3D spectra required for backbone assignment in solid-
state NMR, (hNH, hCANH, hCONH, hCAcoNH, hCOcaNH, and hCACBcaNH) or even less
when using only a minimal set of experiments (HNcoCANH, hCACBcaNH, hCONH). The
SH3-domain is a small protein, and resonance overlap or ambiguity in high(er)-dimensional
spectra are essentially absent, which is clearly reflected in the assignment results obtained
by FLYA (Fig[3.9). Different combinations of experiments containing at least one 5D (B)-
D)) in comparison with the FLYA results obtained from the full set of 3D peak lists (A))
all show close to 100 % correct resonance assignment when compared to existing chemical
shifts available for the SH3-domain. All consolidated, i.e., final, chemical shifts were obtained
from 100 independent FLYA runs within ca. 8 min, with tolerances for chemical shifts set to
0.05 ppm for 'H and 0.5 ppm for *C and °N respectively. In all of the cases, a set containing
at least one 5D works equally well or better than the 3D-based set, while in all scenarios, the
rate of assignment is high and in good agreement with the manual assignment. Deviations
among the different combinations of peak lists most likely occur from remaining referencing
or peak picking problems, as most of the violated or weak peaks are broadened and therefore

are even hard to detect and to assign manually22.

Application of the HNcoCANH to fully protonated proteins

Although the benefit of fully protonated samples lies especially in the access of side-chain 'H
resonances (see the following section , they can present an alternative approach when
deuteration of non-exchangeable sites cannot be achieved, and both 5D backbone experi-
ments can equally be acquired on such samples. Due to less efficient averaging of anisotropic
interaction, most of all "H-'H dipolar interaction, even at MAS speeds in the 100 kHz regime,
the coherence lifetimes are significantly compromised effectively, leading to less sensitive ex-
periments that cannot be fully compensated by the coil design of commercially available
probe heads'?. Nevertheless, a similar performance of the 5D experiments can be expected
at the expense of extended measurement times. To demonstrate the feasibility of the in-
troduced pulse sequences, the 5D HNcoCANH was recorded on a u—[lSC,ISN] sample of the
SH3-domain and the assignable resonances compared to those obtained from a deuterated
and back-exchanged sample. As expected, the sensitivity of the HN bulk signal of the first
FID (Fig, C), as well as the signal intensity in the respective 2D planes processed from
the 5D, is lowered in the fully protonated sample, preventing especially weak resonances from
being found in the spectrum.

When recording the experiment for a total of 8 days, 41 out of 48 expected resonances

can be directly assigned, and additional 4 resonances can be assigned indirectly from the
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Figure 3.8: Exemplary backbone walk from Q50 to V53 using A) the 5D HNcoCANH to assign in
the direction of the C-terminus, here using a 3D hcaCBcaNH directly as a base experiment, and B)
using the 5D HNcaCONH with a 3D hCONH experiment to assign in the direction of the N-terminus.
Shown are strips of the 3D base experiments along their carbon dimension at their respective position
in the hNH spectrum (gray), and for each strip, the 2D plane processed out of the 5D showing either
the i+1 amide shift pair or the i-1 shift pair with respect to the base experiment. 2D planes of the
5D are shown with trances running through the peak and are superimposed onto the same 2D hNH
to allow for a visual comparison of line widths and cross peak intensity (details see Fig.
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Figure 3.9: FLYA resonance assignment of the SH3 domain for a different combination of spectra.
A) FLYA assignment based on a set of exclusively 3D based experiments, i.e. hCANH, hCAcoNH,
hCONH, hCOcaNH, hCACBcaNH. B) A combination of the 5D HNcoCANH and the 5D HNcaCONH
as well as a 3D hCACBcaNH for assigning C/ resonances. C) Using a minimal set of experiments for
full backbone assignment, i.e., only the better performing HNcoCANH together with a 3D hCACB-
caNH and a 3D hCONH to provide CO chemical shifts were used. The minimal set yields essentially
the same results as the combination of the two 5Ds. D) Using the minimal set without the hCONH
potentially reduces the required input even further for the price of CO chemical shift assignment.
This set gives the best FLYA results. E) Similar to C) but using the 5D HNcaCONH for the linkage
of adjacent residues. As chemical shift redundancy is heavily reduced in this setup, the assignment
quality is compromised compared to all other approaches. All combined chemical shifts were obtained
from 100 independent FLYA runs using tolerances of 0.05 ppm for 'H and 0.5 ppm for *C and '°N.
For all sets, an hNH peak list was provided additionally. Resonances determined as strong by FLYA
are marked in dark colors (green: in agreement with reference chem. shifts; blue: no reference; red:
different from reference beyond the defined tolerances; black: reference available but not assignable).
N-terminal residues up to E7 as well as N47 and D48 are absent in CP-based experiments due to their
inherent flexibility, and therefore inefficient magnetization transfers®Z.
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Figure 3.10: Sensitivity of the 5D HNcoCANH when A),B) acquired on a deuterated and 100 %
back-exchanged sample for 6 d (dark blue) or C), D) on a fully protonated sample for 8 d (light
blue). On the deuterated sample, the 5D HNcoCANH yields 8 % of the hNH sensitivity (A)) whereas
on the fully protonated sample, only 4 % can be reached (C)), i.e., half of the sensitivity. The
difference in sensitivity also becomes visible in the lower intense cross-peaks (C), D)). As expected,
the 'H line width increases on the fully protonated sample. The decreased '°N line-width results from
different °N ¢;maz times in the indirect dimension. Line widths were obtained from CCPN 3593 after
subtracting 50 Hz of LB in both dimensions of the deuterated sample as well as 100 Hz and 50 Hz for
'H and '°N respectively in case of the protonated sample.
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Figure 3.11: Comparison of H/N bulk intensity in the first FID of the HNcoCANH experiment using
BSH-CP=4Y (dark blue) or INEP T804 (teal) at 100 kHz acquired on a fully protonated sample (A))
and 55 kHz on a triple labeled, 100 % back-exchanged sample of the SH3-domain.

3D hCANH base spectrum, i.e., the i residue can be assigned from the 3D base when the
i+1 residue is known from other combinations. Therefore, only three residues less, D62,
L33, and L8, cannot be assigned from the 5D HNcoCANH on a fully protonated sample,
demonstrating that the sequence is generally applicable to such samples, probably without a
reduction of assignments if the intrinsically lower sensitivity is compensated through extended

measurement time, i.e., four times longer, or higher fields.

BSH-CP and INEPT versions of the HNcoCANH experiment

With increasing spinning speeds at high protonation levels, INEPT transfers become more
efficient owned to the better averaging of dipolar interactions, and especially C—C transfers
efficiencies are in close proximity2>4420%8 At the same time, CP efficiencies decrease for the
same reasons. An alternative implementation of the 5D HNcoCANH is therefore proposed in
which the CO—Ca BSH-CP? is replaced by a CO-Ca INEPT while all other transfers are
kept as CP as demonstrated previously44>8
of fully protonated SH3, INEPT and BSH-CP show no difference in sensitivity as seen from
the bulk signal of the first FID (Fig). It appears, however, that the efficiency is not

the same for all residues, e.g., around 9 ppm, such that even at 100 kHz, BSH-CP provides

in lower-dimensional experiments. In the case

a higher, more homogeneous performance. At 55 kHz MAS and applied to triple labeled,
100 % back-exchanged SH3 Fig), similar results are found, but the difference is less
pronounced such that either BSH-CP and INEPT appear to be equally well suited. In all
cases, however, the shorter BSH-CP might be beneficial to minimize relaxation losses when

long acquisition times are desired.

3.2.2 Full side-chain assignment through higher-dimensional experiments

d19 as: Klein, A., Vasa, S.K., Séldner, B., Grohe, K.,
Linser, R. Unambiguous Side-Chain Assignments for Solid-State NMR, Structure Elucidation
of Nondeuterated Proteins via a Combined 5D /4D Side-Chain-to-Backbone Experiment. J.

This section is partially publishe
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Phys. Chem. Lett. 13, 1644-1651, doi:10.1021/acs.jpclett.1c04075
The list of assigned chemical shifts can be found in BMRB entry 51228.

Introduction

Correct and complete backbone assignment is the first and one of the most crucial steps
for a deeper understanding of proteins studied by NMR as it enables structure calculation
(in combination with NOESY or RFDR experiments) and relaxation studiest#°%¢%  The
absence of side-chain assignments, proton resonances in particular, however, limit the accu-
racy of structural insights and can be only partially overcome by special labeling schemes
such as methyl-labels*®"3 or random adjoint protonation (RAP)*#123 each posing their own
limitations regarding, e.g., resonance assignment in the former and sensitivity in the latter
case. Nevertheless, full side-chain assignments are highly sought as they grant more detailed
insights into the structure as well as protein-ligand interactions of the protein but require an
additional proton source in the side chain for side-chain proton chemical shifts>#19%, While
Methyl-labelling relies on expensive precursors and makes assignment difficult and RAP la-
belling suffers from reduced sensitivity, fully protonated sample preparations pose the po-
tentially best way protein samples. Owed to MAS frequency beyond 100 kHz such studies

1241352054 and provide a plethora of information for structural studies

12151154175

are nowadays feasible
in combination with minimal sample amounts and no special labeling schemes, also
making more delicate protein preparations approachable. Despite high sensitivities usually
obtained for side-chain experiments of fully protonated proteins through the abundant proton
bath, unambiguous resonance assignment is demanding even for small proteins such as the
SH3 domain, due to significantly reduced redundancy compared to backbone assignment ex-
periments as well as high spectral complexity, i.e., resonance overlap and ambiguity, resulting
from the limited dispersion of *H and '®C nuclei as well as homologous chemical shifts for
most side-chain atoms irrespective of the amino acid type.

As high transfer efficiencies in solid-state NMR, are maintained independent of the molec-
ular weight, expanding and combining existing side-chain correlation experiments and back-
bone experiments to higher dimensional versions presents the possibility to disentangle am-
biguous side-chain resonances and link them unequivocally to the protein backbone for a
prospectively broad range of proteins. A 5D HCC(«a)NH side-chain-to-backbone (S2B) ex-
periment and its lower-dimensional counterpart, 4D HCNH, were implemented in the first
place to allow easy linkage of the side-chain to the backbone resonances. In a second step, a
combined 5D HCC(«)NH/4D HCCH S2B/HCCH-TOCSY experiment is introduced, which
exploits orphaned magnetization on the carbon nuclei to fill in missing resonances in the 5D

experiment at no cost of measurement time.

5D HCCNH and 4D HCNH S2B experiments

To assess the sensitivity and performance of a higher-dimensional S2B experiment before
implementing a combined experiment to use orphaned magnetization, the 5D HCCNH was
implemented as a straight-through pulse sequence starting from the side-chain protons and
ending on the amide protons. Magnetization is transferred by CP transfer mostly from

aliphatic protons to aliphatic carbons followed by C—C mixing and consecutive CP from Ca«
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Figure 3.12: Magnetization transfers and pulse sequence A,B) for the 5D HCCNH and C,D) for
the 4D HCNH S2B experiment. All transfers are CP-based, except C—C mixing, which was achieved
through DIPSI-318199 Tn the case of the 4D HCNH, the Ca evolution period is omitted. Phase
cycling: @1 = X,-X; 2 = X,X,-X,-X; 03 = -Y,-Vi-V,-V,1,1,V5V; Prec = X,-X,-X,X,-X,X,X,-X. Phases after
evolution periods of indirect dimensions were changed to obtain phase-sensitive spectra by the States-
TPPI method*™ (marked by asterisks). Filled and empty rectangles represent 90° and 180° pulses.
The carrier changes on their carbon channel are denoted with arrows. Water suppression was achieved
by two blocks of MISSISSIPPI without gradients!®! right before every acquisition block.

to nitrogen and ultimately to the amide protons for detection (Fig. A lower-dimensional
4D version was build from the same sequence, omitting the Ca evolution period to increase
sensitivity for proteins with sufficient separation of H/N resonances (Fig[3.12|C, D). CP trans-
fer was employed for all heteronuclear transfers while homonuclear C—C mixing can generally

20028197 or sequences used for broad-

be obtained from a range of either recoupling sequences
band isotropic mixing, e.g., DIPSI or WALTZ!8. The results presented here were obtained
through isotropic mixing using rotor-synchronized DIPSI-31%8(Fig. , D) for 19.56 ms
with a total pulse length of 25 ps at a RF field strength of 10 kHz as a compromise between
mixing time and emitted heat into the rotor.

The H/N bulk signal of the first FID of the 5D HCCNH experiment accounts for 10 %
of the respective FID in a 2D hNH experiment recorded at 800 MHz 'H Larmor frequency
(Fig), whereas the 4D HCNH reaches up to 7 % of the hNH intensity recorded at
700 MHz 'H Larmor frequency, despite the same number of transfer steps in both experi-
ments. The difference of 3 % is therefore likely originating from slightly different experimental
conditions in the two spectrometers such as RF inhomogeneities. Nevertheless, the sensitiv-
ity for both experiments can be considered in the same range as found, e.g., for hcaCBcaNH
experiments on deuterated preparations (Fig section but providing a significantly
higher impact on the assignment process. A more detailed description of the potential sensi-
tivity losses in the HCCNH experiment is given in section [3.2.2

To obtain mostly pure one-bond correlations, especially for the initial C to H transfer,
CP contact times should be as short as possible while ensuring high magnetization transfer

at the same time. For the presented results, a mixing time of around 350 ps was used as a

compromise (Figl3.14)).
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Figure 3.13: Sensitivity of the implemented 5D HCCNH (A)) and 4D HCNH experiment (B))
with respect to a 2D hNH (light blue). Shown are the H/N bulk signals of the first FID. Both
experiments consist of the same magnetization pathways, as only the Ca evolution period is omitted
in the 4D HCNH and should therefore show the same sensitivity. The differences probably occur from
slight differences in the spectrometer setup, e.g., RF inhomogeneities. A more detailed description of
potential sensitivity losses in the HCCNH experiment is given in section [3.2.2] The 5D was recorded
at 800 MHz 'H Larmor frequency with 1280 NUS points and 32 scans in 3 days and 6 hours, while
the 4D was recorded at 700 MHz with 4096 NUS points and 16 scans in approximately 4 days and 6
hours.
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Figure 3.14: H,;—C,j; build-up curves in relation to the CP contact time of the initial magnetization
transfer given as peak intensities (squares) and peak volumes (crosses) for the one-bond transfer (dark
blue) and the closes neighbor (light blue). Both curves were independently normalized to 1 for their
respective highest value.
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Figure 3.15: Exemplary excerpts of the spectra obtained through A) the 5D HCCNH and B) the
4D HCNH experiment. In both cases, the side-chain resonances of K26 are shown. For the 5D,
the H/N/Ca is provided through the 3D hCANH base experiment and thus the peak list, while the
coordinates in the 4D rely entirely on the 2D hNH with sufficient resolution and might be prone to
ambiguities. This is exemplarily shown for the Ca peak of S36 adjacent to K26. However, the 4D
allows for easier handling and better sensitivity, i.e., not necessarily improved SNR but eventually
more side-chain correlations. Despite additional relaxation losses, the cross-peaks in the 5D HCCNH
show high intensity. The 5D was recorded at 800 MHz 'H Larmor frequency with 1280 NUS points
and 32 scans, while the 4D was recorded at 700 MHz with 4096 NUS points and 16 scans.

The resulting spectra can be straightforwardly processed using SSA02104 in the case of
the 5D in combination with a 3D hCANH base experiment and any NUS reconstruction
algorithm feasible of reconstructing 4D data sets. Here, also SSA was used!?®. By choosing
the hCANH as a base for the 5D, every Fourier-transformed 2D plane will show all Hyji/a
shift pairs of the side-chain of the residue defined by the hCANH (3.15/A), which will most
likely result in unique chemical shift information even for large proteins (see section
and therefore grants a straightforward resonance assignment. If sufficient resolution in the
H/N shift pairs can be assumed, the fully reconstructed 4D experiment can be treated in
essentially the same way. However, only a 2D H/N correlation can be used to display side-
chain correlations ), which will likely lead to an ambiguous resonance assignment of
the side-chain even for proteins as small as the SH3-domain, for which, e.g., residues K26
and S36 are not perfectly resolved in the 2D hNH (Figl3.15B).

High initial magnetization through the abundant proton bath combined with merely five
transfer steps, including C—C mixing, results in spectra with relatively high signal intensity
through the entire side chain. The cross-peak intensity depends on the number of attached
protons on every side-chain carbon as well as the broadband mixing. Considering that most
aliphatic carbons carry either two or three protons whose magnetization is transferred to
the bound carbon atom leads to rather uniform intensity distributions of the side-chain
resonances even for distant v or J-groups when using broadband mixing (Fig). The
lower-dimensional HCNH experiment can expectantly be recorded within a shorter period
of time, or alternatively, for the same time to improve the signal intensity of weak peaks,
albeit bearing the risk of ambiguous resonance assignments. Time-equivalent acquisition, as
done for the data presented here, will likely increase the chance of weak peaks to become
visible and therefore facilitates higher rates of assignment, as can been seen exemplarily for
the side-chain resonances of K26 (Figl3.15), for which the 4D HCNH shows an additional
Hd,Co peak but simultaneously also parts of the Ha,Ca peak of S36 (Fig). In sum-
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mary, the 5D HCCNH S2B experiment shows high cross-peak intensity in general, while not
all side-chain resonances are always found in the respective 2D planes. This drawback can
be partially overcome by the lower-dimensional counterpart 4D HCNH, however, at risk of
ambiguities. Nevertheless, the results are encouraging for the implementation of the actually
intended combined 5D HCCNH/4D HCCH experiment, as no losses are expected for the

magnetization pathway of the 5D experiment.

The combined 5D HCCNH /4D HCCH experiment

The concept of the combined 5D HCCNH/4D HCCH experiment is based on the recovery
of orphaned magnetization from the hetero-nuclei, which was recently shown in solid-state
NMR experiments at high MAS rates®®? and generally on concepts of separation of different
FIDs acquired on the same detection-nucleus, i.e., 'H. The combination of two experiments
detected on the same nucleus within one is widely used in NMR through the concept of time-

2004202

shared experiments and IPAP experiments for virtual decoupling for which separation

of the experiments is often implemented by sign-inversion of either of the experiments and

203204 Alternatively, sequential acquisition of two separate

subsequent linear combinations
magnetization pathways can be facilitated if the two (or more) experiments do not have to
be detected at the exact same time on the same nucleus and are distinguished by certain
features such as their hetero-nucleus. By that, it is possible, e.g., to detect HN and Ha
protons independently from each other.

For the combined 5D /4D, the encoding of the two different FIDs was implemented by
acquiring and storing the two FIDs in two different acquisition buffers, NBL buffers, in a
similar fashion as other approaches using sequential acquisition® rather than sign-inversion
and linear combination. Therefore, separating all FIDs belonging to one set can be easily
achieved within Topspin by the split nbl command. Nevertheless, slight modifications
in the setup of the experiment and the pulse sequence, apart from actual magnetization
transfers, have to be done compared to the basic version of the previous section. Before the
FIDs are actually separated, the overall size of the entire FID is two times what is expected
based on all points in the indirect dimension, and a dummy loop or dimension has to be
introduced to the pulse program, effectively doubling the number of TDj,q points, to avoid

downstream errors in Topspin.

Listing 3.1: Pulse program modifications for sequential acquisition

Im st0 ; setting the first NBL buffer

0.5u pl22:f2 ; 15N decoupling

0.5u cpd2: {2

goscnp ph3l ; acquire HN and do nothing else
lu do: 2 ; turn off decoupling

Im st ; switch to next NBL buffer

0.5u pl23:f3 ; 13C decoupling
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0.5u cpd3:f3
go=2 ph3l ; acquire Hali
; reset scans counter and loop
lu do:f3 ; turn off decoupling
d1ll mc #0 to 2 ; data to disk, etc.
F1PH(calph (phll, +490), caldel(d0, +in0))
F2PH(calph (ph7, +90), caldel(d10, +inl0))
F3PH(calph (phl7, —90), caldel(d20, +in20))
F4PH(calph (ph5, +90), caldel(d21, +in21))
F5QF () ; dummy dimension to account for

; doubled FID size

This, however, adds an additional, although empty, dimension and the experiment has to
be set up as a 6D experiment with two increments in F5QF dimension. Furthermore, only
the goscnp command should be used rather than go to acquire the first FID, as it prevents
the scan counter from resetting as well as looping back to the beginning of the sequence®’.
No other changes have to be done, and the experiment can be recorded as any other. After
splitting the individual FIDs, the 5D HCCNH data set can consecutively be processed with
SSA in combination with a 3D hCANH peak list without any alterations, resulting in a stack
of 2D planes, with each plane showing all HC pairs for each hCANH peak (Fig as in
the basic version of the experiment introduced in the previous section. As the magnetization
pathway of the 5D is unaffected through the incorporation of the 4D HCCH, the sensitivity
of the H/N bulk signal remains essentially unaffected at 8 % in the first FID with respect to
the hNH intensity (Fig[3.17A), which is less than half of the expected 21 % from theoretical
approximations®® when considering a similar CP efficiency for C—H and N—H CP transfers
and no relaxation losses during the mixing period. For the separately stored FID acquired
from aliphatic protons, 7 % of the hCH intensity are reached in the first FID (Fig),
showing lower sensitivity of what could be assumed from theoretical values®® for what can
be understood as an hCcH experiment with a C—C mixing period if no relaxation is acting
during mixing. As BC Ty times are comparably long also in fully protonated proteins at

206 only little loss is expected to occur from the storage along the z-axis,

high spinning speeds
and the main source of reduced sensitivity is most likely the little remaining magnetization
on the carbon atoms. As the 4D HCCH is, however, effectively recorded with twice the
number of scans compared to the 5D due to post-acquisition processing (see below), these
losses can be partially compensated, and the gain in intensity is approximately 2v/2. A
more detailed comparison of transfer efficiencies shows that approximately 20 % are lost
during the z-storage, probably enhanced through PRE effects, as obtained from comparison
of bulk signals from a normal hCH and an hCH containing such an extra z-storage for 90 ms,
corresponding to N t;,maz in the combined experiment of 10 ms and 80 ms of water
suppression. Another 40 % are lost during the isotropic mixing period as is apparent from
the bulk intensities of the hCH and an HCcH experiment containing a C—C mixing period.

In combination with approximately 40 % of the Ca magnetization being transferred to the
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Figure 3.16: Pulse sequence for the combined 5D HCCNH / 4D HCCH experiment (left) and
magnetization pathway (right). All transfers are CP-based and isotropic C—C mixing is performed
with the DIPSI-3198199 scheme. After magnetization transfer from C to N, the carbon magnetization
is stored along the z-axis during N to H transfer and acquisition and afterwards transferred back to
(aliphatic) protons. Therefore, in one pathway, the nitrogen evolution is omitted, and a 4D HCCH-
TOCSY is obtained, while in the other case, the magnetization is transferred to the backbone amide
group yielding a 5D HCCNH S2B experiment, however, without correlating the individual HC groups
in the side-chain which each other. Using a 3D hCANH as the base for the 5D, 2D planes will ultimately
contain one peak for every HC group in the side-chain. Phase cycling: ¢; = X,-X; ¢2 = X,X,-X,-X; ¢p3 = -
VoV VoV VoVYsY; Grec = X,-X,-X,X,-X,X,X,-X. Phases after evolution periods of indirect dimensions were
changed to obtain phase-sensitive spectra by the States-TPPI method*™ (marked by asterisks). Filled
and empty rectangles represent 90° and 180° pulses. The carrier changes on their carbon channel
are denoted with arrows. Water suppression was achieved by two blocks of MISSISSIPPI without
gradientst? right before every acquisition block. The two different FIDs are stored to different NBL
buffers and, after the acquisition, separated into two different data sets.

nitrogen atom®d, and attenuation down to approximately 29 % is expected for the HCCH
over the hCH. Considering the losses during isotropic mixing, the expected sensitivity of the
5D HCCNH is lowered to around 13 % of the hNH bulk signal such that the experimentally
obtained results are well in line with the expected results, whereas the HCCH ultimately
yields only 1/4 of the expected intensity.

By storing the remaining carbon magnetization on the z-axis after Ca to N transfer and a
final back-transfer to aliphatic protons, a 4D HCCH-TOCSY type of experiment is obtained
alongside as the nitrogen evolution period is omitted. In contrast to the 5D, which ideally only
shows one-bond correlations of each HxC group with the backbone, the 4D HCCH-TOCSY
also shows correlations among the different groups within the side chain. Depending on the
view, either HH-TOCSY patterns can be seen for two given carbon chemical shifts or vice
versa or correlations of any given HC shift pair with other HC pairs which resemble the same
pattern obtained for the 5D HCCNH experiment. The underlying pathways were not altered
with respect to the transfer mechanisms used, and still, all magnetization pathways are based
on CP transfers, whereas the DIPSI-3 scheme!? was used for isotropic C—C mixing. Despite
long mixing times at an RF field strength of 10 kHz, aromatic carbons, e.g., from tyrosine or
histidine side chains, remain absent, essentially independent of the carbon carrier frequency.
The combined experiment was recorded in two blocks of 2 days and 20 hours with each block

consisting of 8 scans and the same 2304 NUS points, which were ultimately added up to 16
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Figure 3.17: H/N and H/C bulk sensitivities of the first FID were recorded from the 5D HCCNH
sequence after splitting the FIDs of different buffers with respect to either bulk signals from hNH or
hCH experiments. For the amide bulk signal, 8 % of the signal are conserved in the 5D, which is

in line with values obtained for the basic version of the experiment in section [3.2.2] as well as its 4D

HCNH counterpart and semi-empirical expectations®® (see text). The FID resulting from recovered

carbon magnetization and H,); detection, on the contrary, yields only 7 % of the hCH signal and likely
results from little recovered magnetization on the carbon atoms as well as losses during the z-period
and C—C mixing (see text). All spectra were recorded at 700 MHz 'H Larmor frequency and scaled
to the number of scans before comparison.

scans.

After the acquisition and splitting of the FIDs from the two different acquisition buffers,
the data set obtained through detection of amide protons and corresponding to the 5D HC-
CNH can be processed without further treatment. Although the simultaneously acquired 4D
HCCH does not contain any nitrogen evolution period, it is acquired as a 5D data set due to
the nature of the pulse sequence and therefore requires additional data manipulation before
processing. In a uniformly sampled experiment, the 4D experiment would be acquired j-
times, with j being the points in the indirect dimension, and consequently would be obtained
as the sum of j individual 4Ds. In the non-uniformly sampled case, however, the sparsity of
the five-dimensional NUS schedule is so high that combinations of the same time increment
along the four HCCH dimensions are rare, and summation of those FIDs will lead to uneven
sampling within the 4D subset. Although this problem might be more of theoretical nature
and with little impact on the final spectrum, the pre-processing procedure presented here
will delete those FIDs (Fig. in which all time increments except the nitrogen ones are
identical to obtain a clean, not-scan weighted FID. As a consequence, the number of NUS
points for the 4D HCCH will be slightly reduced compared to the 5D HCCNH, which, how-
ever, will likely result in an insignificantly lower sparsity. If the dimensions of the presented
pulse sequence are lowered, e.g., a 4D HCNH/3D HCH pair, the pursued approach of deleting
redundant FIDs most likely will lead to more pronounced reductions of the NUS schedule
for the lower-dimensional part, which can have a significant impact on the spectral quality
and it would be advisable to create a redundancy-free schedule from the beginning. While
no F4 time incrementation occurs for the 4D HCCH, the data set will contain the phase

increments of the nitrogen indirect dimension, which, after deleting redundant time points,

Chapter 3. Higher-dimensional experiments for resonance assignments 62



3.2. 5D experiments for backbone and side-chain assignment

can be eliminated by the addition of the corresponding x and y components, i.e., cosine and
sine modulated FIDs, ultimately resulting in an FID of half the size but twice the scans.
Recombination of FIDs into a 4D data set is done by a Python script using Python 3™ with
the nmrglue package?? and NumPy?%. The data obtained in this way can be straightfor-
wardly used for NUS reconstruction with SSA or any other algorithm supporting 4D NUS
reconstruction, e.g., hmsISTL?Z,
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Figure 3.18: Schematic workflow of the processing for the combined 5D HCCNH (blue arrows) / 4D
HCCH (teal arrows) experiment. After separating the HN detected FID from the H detected FID,
the 5D can be straightforwardly processed using SSA with a 3D peak list based on a 3D hCANH.
For every peak, a series of one-bond HC correlation of the respective side-chain is obtained as shown
here exemplarily for residue K60 of SH3. The 4D set has to be treated by the procedure described
in the text to ultimately reduce the dimensionality from 5D to 4D through the removal of redundant
time increments and the addition of FIDs. The reconstructed spectrum will show correlations between
all carbons and protons of the side-chain while omitting the link to the backbone like is exemplarily
shown for the correlations found at the coordinates of H6Cé for K60.

Due to the properties of the 5D HCCNH experiment, the assignment of the individual
side-chain peaks is straightforward, while the full assignment of the 4D HCCH-TOCSY poses
a bigger and more time-consuming task, but in combination with a backbone experiment, e.g.,
5D HNcoCANH and 3D hCONH, full resonance assignment can be obtained from only three
experiments. The 5D provides superior dispersion of indistinct side-chain chemical shifts
like they are often found for the same residue type but occasionally lacks the full resonance

information of the side-chain. For example, H3Cg3 resonances for all threonines are not
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found while generally being detectable in hcaCBcaNH experiments for no apparent reason.
The 4D, on the other hand, suffers from severe overlap resulting from the before-mentioned
reasons, but is a factor v/2 times more sensitive, as the phase incrementation in the fifth
dimension is omitted, and the scans per FID are doubled. This effectively allows to identify
weak resonances that do not become apparent in the higher-dimensional counterpart, e.g.,
the HaCa resonance of K27 (Fig[3.19(C). Whereas the 4D HCCH-TOCSY experiment alone
only allows for highly ambiguous assignments or vice versa for an incomplete assignment, it
can confirm and expand the assignments obtained from the 5D HCCNH in the first place. To
exemplarily visualize how the two experiments work together, a plane from the 4D HCCH-
TOCSY at the HICS resonance of K60 is compared to the planes from the 5D HCCNH of
those five lysines (K18, K27, K39, K59, and K60) as well as Q16, which show either all or
part of their side-chain resonances in the respective section of the 4D (Fig. Each of
the 2D planes in the HCCNH show unambiguous side-chain assignments (Fig), but
when superimposed express a severe resonance overlap (Fig) strongly resembling the
4D HCCH at the given coordinates. Therefore, those resonances cannot be assigned solely
from the latter experiment despite the fact that the intensity of the cross-peaks in the 4D
might hint towards multiple peaks being present (Fig). On the other hand, the 4D
additionally shows the HaCa resonance of K27, which cannot be found in the respective
plane from the 5D experiment.
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Figure 3.19: Handling and comparison of the 5D HCCNH and the 4D HCCH experiments obtained
simultaneously. A) Individual planes from the 5D HCCNH, shown for five lysines (K18, K27, K39,
K59, and K60) and Q16, enable unambiguous chemical shift assignment through the side-chain. B)
Superimposition of these individual planes to emulate the resonance overlap that would be expected
in the 4D HCCH. C) Resonances found at the HJCJ positions of K60 in the 4D HCCH spectrum. In
addition to the 5D HCCNH, the 4D HCCH-TOCSY can provide additional, mostly weak, resonances.
The combined experiment was recorded with 2304 NUS points and 16 scans in a total time of 5.6 d.

A further possible approach for full resonance assignment is to link the backbone reso-
nances from the introduced 5D HNcoCANH (section and its 3D hCANH base acquired

from either a deuterated sample to save measurement time or a fully protonated sample as

Chapter 3. Higher-dimensional experiments for resonance assignments 64



3.2. 5D experiments for backbone and side-chain assignment

well in case deuteration is not possible. The identification of the residue type can simply
be made in the same step from the 5D HCCNH using the same base experiment, and those
assignments can, in turn, be used in the 4D HCCH to identify potentially missing resonances
in the 5D HCCNH experiment. Ultimately, CO resonances can be added by incorporation
of a 3D hCONH, or 4D hCACONH or hCOCANH for high molecular weight proteins, if
required. Following this approach, 89 % of all accessible resonances in the SH3-domain can
be unambiguously assigned from merely three experiments within merely 8 d of measurement
time or less, using a deuterated and 100 % back-exchanged sample for the 5D backbone ex-
periment. If carbonyl carbons are not considered, 88 % of the expected resonances can be
assigned from the two 5D experiments and their 3D hCANH base experiment. The possible
resonances include the protein backbone with Ha and carbonyl carbons and the side-chain
'H and C nuclei, but exclude aromatic resonances as they cannot be reached through the
facilitated mixing schemes, residues 7, 47 and 4857 which cannot be detected even by a 2D
hNH, as well as amide and carboxy side-chains. Line widths in "H-detected solid-state NMR
of fully protonated proteins are on the order of 100 HAZ554 i e, 0.14 ppm at 700 MHz, for
aliphatic protons, rendering the distinction of chemically non-equivalent atoms of the same
type, e.g., H52 and HA3 often impossible. While in individual cases, two distinct resonances
can be found in the spectrum, it was assumed for the general analysis that all protons of one
carbon atom in the side chain are chemically equivalent and therefore have the same chemical
shift. In total, 495 resonances can be expected from the backbone and side chains under the
mentioned restrictions, of which 441 resonances were unambiguously assigned. Considering
only potential side-chain resonances from the 5D HCCNH/4D HCCH, 287 out of 340 reso-
nances, i.e., 84 %, can be unambiguously assigned. For most residues, a full or near-complete
resonance assignment is possible (Fig. , and the missing resonances mostly account for
such residues that are generally weak and hard to detect even in a normal 3D experiment
like R21, as well as the N- and C-termini alongside a few isolated resonances (Fig and
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Figure 3.20: Expected (dark blue) and assigned resonances (light blue) of the SH3-domain con-
sidering the protein backbone and only chemically equivalent protons in the side-chain. Side-chain
carboxyl and amides groups, as well as aromatic HC groups, are excluded as they can be identified
neither through the 5D HCCNH nor the 5D HNcoCANH based on the current mixing schemes and
magnetization pathways. Residues N47 and D48 are not considered due to their inherent flexibility5Z.

When comparing the assignment rate of the combined 5D /4D experiment with the assign-
ments obtained from the simpler lower-dimensional 4D HCNH, the 4D HCNH alone facilitates
more assignments than the pure 5D experiment when both are recorded for the same time,
and 356 and 315 out of 442 expected resonances can be assigned, corresponding to a rate of
80.5 % and 71.3 %. However, the 4D HCCH within the combined experiment effectively fills
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Table 3.1: Unassigned resonances in the SH3-domain using a 5D HNcoCANH, 5D/4D HCCN-
H/HCCH and 3D hCONH

Residue missing resonances

L8 Cé2, H62

L10 Co1, Hol

E17 CB,v, Ha, B,

P20 CO

R21 Ca, 8,7, Ha, B,y

E22 CB,v, Ha, 8,7~

M25% Ce, He

K26 Cé, Hé

130 Cv1, Hy1

L34 CpB,01,62, HBv, 1,02
K39 Ce, He

E45 Cp, Hp

V46 CO, CB,~v1,~v2, Ha, 5,v1,~72
Y57 Cp, Hp

D62 CO, Cj3, Ha, 8
@ Ce might be excluded as well, as the terminal methyl group is not correlated
with the rest of the side-chain

in missing resonances which in turn results in 393, i.e., 88.3 %, assigned resonances which
can be considered a big improvement. Taking into account that the combined 5D /4D experi-
ment supports improved match-making with the backbone through the added dimension and
ultimately is the better performing experiment, it might be the experiment of choice even for
small proteins such as SH3-domain. If sufficient resolution in the H/N plane is given, and
sensitivity, time, or data handling, in the context of user friendliness, are crucial, it should
be proposed here that also the 4D HCNH can be combined with a 4D HCCH which, how-
ever, would require more adjustments of the pulse sequence (Fig as the second carbon
evolution period has to be moved before the final C—H CP, i.e., right after the stored z-
magnetization is flipped back. Phase incrementation can then be performed simultaneously
for the N and second '*C dimension under the premise that both experiments share the
same number of total incrementation steps. As the experiment will be set up as 4D with
one dimension containing both a N and '*C dimension and to still allow different t;max
times for both nuclei, the increment time will have to be scaled by either % or % depending
on the definition of this dimension as nitrogen or carbon dimension. The obtained spectra
could, however, be used without further processing, but careful adjustment of the Ca —N
CP might be necessary to increase the amount of recovered magnetization. Otherwise, the
sensitivity of the 4D HCCH is likely to be compromised in comparison to the 5D /4D variant,
as no recombination of FID is necessary to obtain the HCCH, and virtually only half of the
scans are acquired, corresponding to a reduction of signal-to-noise by a factor of /2, which,
however, is gained for the HCNH part of the experiment.

Similar to the backbone assignments of the deuterated SH3-domain, incorporating FLYA
in the assignment strategy can simplify and speed up the overall process of resonance as-
signment. Reliable outcomes in the automated assignment of side chains are particularly
interesting in the context of structure calculation and would pave the way to faster NMR

protein structures as automated NOE assignment can be provided from the CYANA pack-
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4D HCNH
4D HCCH

© 4D HCNH

--- DIPSI --- DIPSI
—cp —cp

Water Water  Switch

X supression supression buffer
o HC(N/C)H P |—|L|—|—| Frc
B 14 I R — xx_ P CPm\m,tsa Ll CP/U\ﬂfm,tSb
/2 W‘JV V\]v‘u‘v’
*
15\ Waltz16 |_| cp ':4/2 t4/2I 4'@ Waltz16 |—|

n
120 ppm
Cali 95 % Cali

K G *
B llwwé;ktzlz t/2 IDIPSII ClcP Llj l Ita/z t3/2I I ce[ owpsi ]

Figure 3.21: Proposed pulse sequence for a combined 4D HCNH/4D HCCH S2B/TOCSY experi-
ment. The magnetization pathway remains unaltered compared to the 5D/4D variant, but the Ca
evolution period is omitted in the case of the 4D HCNH S2B experiment, and instead, the second
carbon evolution happens after the recovered carbon magnetization is flipped back to the x/y-plane.
Optimal water suppression will require additional storage along the z-axis before the magnetization
is ultimately transferred back to protons. As both experiments have the same dimensionality, phase
incrementation can occur simultaneously, and individual acquisition times can be achieved through
scaling of the increment size of the carbon dimension by % of the N step size as demonstrated
previously2i4,

age as well??. For full resonance assignment with FLYA, peak lists from a 5D HNcoCANH
acquired on a deuterated sample were used in conjunction with peak lists from the combined
5D /4D HCCNH/HCCH, as well as a 3D hCANH list as the experiment is required as a base
for the 5Ds and comes therefore with no additional costs. Additionally, an hNH experiment
was incorporated, which allows an easy check of the backbone assignments and is usually
available at a minimal cost of measurement time. The CYANA library was expanded by the-
oretical magnetization pathways for the 5D HCCNH (see section, whereas the 4D HCCH
is already implemented. Similar to the manual assignment process, the default correlations
expected by FLYA for the side-chain experiments were modified such that only one proton
resonance is expected per carbon atom in the side-chain except for Has of glycine residues,
and residues N47 and D48 are excluded. Final chemical shifts were consolidated from 100
independent FLYA runs as previously, where tolerances of 0.1 ppm, 0.5 ppm, and 0.8 ppm
for 'H, °N and '3C were used.

The assignment by FLYA gives similarly good results as for the manual assignment with
only 14 strong resonances, i.e., 4 % of the expected resonances by FLYA, deviating from
the manual assignments and 301 strong resonances, i.e., 84 %, considered as identical. It
becomes, however, clear that FLYA forcefully tries to assign certain resonances if they are
not excluded, which occasionally leads to false assignments that nevertheless are considered as
strong by FLYA as can be seen when comparing the assignment with and without reference
assignments (Fig right and left column). As described for the manual assignments,
all Cf resonances of threonines are absent in the 5D HCCNH and cannot be assigned. As
HaCa and HBCpS resonances are sufficiently similar in their chemical shifts, FLYA assigns
the HBCQ to the same peak as HaCa in a consistent manner such that both resonances are

ranked as strong. Additionally, some though (weak) assignments are found for those residues
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Figure 3.22: Results of different FLYA runs for full resonance assignment based on a minimal set
of experiments using a 5D HNcoCANH acquired on a deuterated sample and the 5D HCCNH as well
as the 3D hCANH base experiments used for both 5Ds (A) and B)) and including the 4D HCCH
obtained from the combined experiments (C) and D)). An hNH peak list was additionally included,
which usually comes at almost no cost of measurement time. Shown on the left side are the FLYA
results without reference and on the right side using the manual assignments as reference. In A) and
C) no chemical shifts were fixed, i.e. no a priori knowledge is required, whereas in B) and D) the
backbone chemical shifts were fixed so that only side-chain resonances are added to already known
backbone assignments. For all variants, 100 independent FLYA runs were brought to a consensus
assignment with tolerances of 0.1 ppm, 0.5 ppm, and 0.8 ppm for 'H, 15N and *C respectively. Dark
blue marks indicate strong assignments according to the basic FLYA definition’®% whereas light blue
marks indicate non-reliable assignments.

that are too weak to be detected but are not excluded a priori from the run, such as E7
or R21. Most importantly, however, large amounts of side-chain resonances and the protein
backbone without carbonyl carbons are correctly assigned by FLYA from essentially only two
5D experiments as ultimately 317 strong assignments are made by FLYA, corresponding to
an assignment rate of 71 % of all possible resonances without carbonyl carbons. Considering
a scenario in which the backbone chemical shifts are already are assigned by FLYA, e.g.,
from previous studies, and only the side-chain resonances are to be added, the backbone
chemical shift assignments can be fixed. Running FLYA with such fixed peak assignments
only brings minor improvements to the assignment quality. Ultimately, 353 strong chemical
shift assignments are obtained, corresponding to an assignment of 79 %. Of those resonances,
319 agree with the manual assignments, i.e., 90%, whereas 16 are considered to be different
(Fig[3.22B). This indicates that the match-making of side-chain shifts onto the backbone via
the H/N/Ca triplet is reliable and mostly unambiguous such that in combination with the
amide-to-amide link provided by the HNcoCANH, a unique sequential assignment is won.
The major difference in those two data sets is the reduced number of weak assignments for
residues such as R21, which, therefore, can be better excluded from the assignment process.
Adding the 4D HCCH experiment to the assignment via FLYA (Fig[3.22(C, D) should resolve

conflicts in the assignments as those determined for HSGCpS resonances of threonines and
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provide additional shifts to close gaps in the side-chain assignment similar as demonstrated
for the manual strategy. While such conflicts can be partially resolved, the sheer amount
of peaks found in the HCCH spectrum with no linkage to the backbone and poor chemical
shift dispersion of both aliphatic carbon and proton chemical shifts, effect, that many peaks
are assigned to several, different resonances, which ultimately lowers the performance and
reliability of the chemical shift assignments provided through the two 5D experiments. This
becomes apparent not only visually but also in the statistics made by FLYA. Adding the
HCCH peak list lowers the number of strong resonances, which correspond to the manual
assignment to 276 or 74 % of all strong resonances. Although the number of total strong
assignments increases to 374, i.e., 84 % complete assignment, 57 of those vary from the manual
assignment, and 41 are assigned additionally. These, however, mostly occur for resonances
that were found not to be assignable based on known assignments and knowledge of SH3 and,
despite being strong, are therefore incorrect. The agreement with the manual assignments
can be slightly improved when fixing the backbone assignments so that side-chain assignments
are solely added but cannot alter the backbone chemical shifts (Figl3.22]D). Nevertheless, the
assignment quality remains mostly unaltered, and the number of matching chemical shifts

increases only slightly to 290.

Table 3.2: FLYA results from different setups

Experiments strong FLYA assignments correct/expected® correct/total®
matching violations

HNcoCANH
HCCNH
hCANH
hNH

301 15 84% 4%

}Bfgé%(ﬁe fixed 419 16 89% 78%
HNcoCANH

HCCNH

HCCH 276 57 78% 69%
hCANH

hNH

Backbone fixed

HCCNH 290 48 82% 2%
HCCH

%expected from FLYA; manual assignment is assumed correct

bcorrect FLYA assignments vs. total protein resonances

FLYA, therefore, performs best and most correctly when only the 5D experiments are in-
corporated and performs almost as well as the manual assignment strategy. The automated
assignment can provide a substantial amount of correct side-chain and backbone assignments
from only two 5D experiments, and it is likely that the performance can be improved when
additional experiments are considered, be it for the protein backbone, side-chain, or through-
space correlations. Especially the latter ones might help to improve the assignment quality

of the 4D HCCH as certain assignment possibilities might be strengthened based on spatial
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Figure 3.23: FLYA results as in figure , but replacing the 5D HNcoCANH with a peak lists of
the same experiment recorded on a fully protonated sample, resembling the assignment success with
all spectra recorded on a single sample. The assignment quality is almost unaltered as changes are
almost exclusively found for the residues of which no backbone assignment can be found, i.e. L8, L33,
and occuring from that L34, and D62 (see also section .

contacts. The assignments obtained through FLYA prospectively will leverage the assign-
ment of larger and unassigned proteins, despite being incomplete, as they provide helpful
assistance for the manual assignment process and are best used in such a computationally
aided assignment approach.

As mentioned in the introduction of this section, the benefits of fully protonated samples
include only small sample requirements as well as access to proteins for which a deuterated
preparation is not possible. As demonstrated for the manual assignment of the protein
backbone from a 5D HNcoCANH recorded on a fully protonated sample, the strategy for full
resonance assignment can be readily tested for such a scenario in which only a single, fully
protonated sample is required. If the resonance assignment is done manually, essentially no
alterations in the assignment of side chains occur since the combined 5D /4D HCCNH/HCCH
is indeed already acquired on a fully protonated sample, and therefore only the three missing
residues from the backbone, L8, .33, and D62, will remain elusive in addition. Incorporating
FLYA once again (Fig, this is well reflected when comparing the results with those
from the FLYA set-up where only the 5D HCCNH is used (Fig[3.22A). The absence but not
exclusion from FLYA of L8, L33, and D62 in the 5D HNcoCANH causes a slight decrease
in strong assignments as assignments are forced for the missing residues with the majority
of assignments, backbone, and side chains, remaining unaltered due to the high redundancy
introduced through the two 5Ds and their common 3D hCANH base. In total, 289 strong
resonances are identical to the manual assignments, but only 16 show violations, emphasizing
that the protonated 5D HNcoCANH only leads to a reduced number of strong assignments
but not to an increase of violations. This demonstrates that the approach of full resonance
assignment from the here introduced 5D experiments for backbone and side-chain assignments
is well suited and yields large assignments even when recorded on a single, fully protonated

sample.

Discussion

The resonance assignment of proteins of all sizes poses a time-consuming hurdle for down-
stream applications such as relaxation experiments and structure calculation. In this work,
two 5D experiments for backbone assignment and a combined 5D /4D experiment for side-
chain assignment were successfully implemented. The backbone experiments, the 5D HNco-
CANH in particular, are essential for the assignment of large proteins such as TS (see below)
but can also be an alternative to established assignment strategies as they significantly re-
duce the number of required experiments for full backbone assignment in smaller proteins
and drastically reduce the measurement time if NUS is consequently employed. Additionally,

the 5D backbone experiments are suitable for deuterated as well as fully protonated sample
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preparations with no further limitations in the usual context of fully protonated samples, i.e.,
increased line widths and reduced sensitivity.

The combined 5D /4D experiment for side-chain assignment in fully protonated samples
provides a useful and easy-to-use tool for this purpose. While the 4D HCCH is difficult to
assign and suffers from heavy resonance overlap, even for a small protein, like the SH3-domain,
it becomes more accessible in combination with the 5D and provides useful extra information.
Despite a more compromised sensitivity than expected, the measurement times can be kept
short, and in combination with a single 5D HNcoCANH, almost full resonance assignment
is possible. At this point, the major bottleneck for true full resonance assignment is the
absence of aromatic resonances in the spectra, which so far could not be successfully reached
simultaneously with aliphatic signals. Even recent mixing schemes such as AI-FFRESCO4Y do
not resolve this problem despite a general successful implementation. Processing of the 5D /4D
requires almost no extra interaction apart from the NUS reconstruction, as the involved scripts
run essentially without user input.

Automated assignment or computationally assisted assignment, however, remains chal-
lenging and ambiguous even for small proteins and requires dedicated restrictions for FLYA
and yields only good results if the 4D HCCH experiment is not incorporated. For larger pro-
teins, this problem will only become more pronounced, but nevertheless, FLYA can probably
give useful starting points for a manual assignment approach.

For future studies, continuous efforts should be invested to include aromatic resonances
in the combined 5D /4D for side-chain assignment, as they often carry relevant information
about, e.g., the protonation states of histidine side-chains. Furthermore, the performance of
this experiment has to be evaluated on larger proteins. To push automation further forward,
the set of experiments should be expanded by an experiment for distant restraints such as
hNH-RFDR, and the outcome of fully automated resonance and RFDR assignment with
consecutive structure calculation should be analyzed. The incorporation of such information
might help to resolve the ambiguity in the assignment process as some redundant assignments

can be excluded.

3.3 Assignment of and insights into 2x72 kDa tryptophan syn-
thase

This section is published®” as: Klein, A., Rové, P., Sakhrani, V.V., Wang, Y., Holmes, J.,
Liu, V., Skowronek, P., Kukuk, L., Vasa, S.K., Giintert, P., Mueller, L.J., Linser, R. Atomic-
resolution chemical characterization of (2x)72-kDa tryptophan synthase via four- and five-
dimensional 'H-detected solid-state NMR. Proc. Natl. Acad. Sci. U.S.A. 119, ¢2114690119,
doi: 10.1073/pnas.2114690119. The list of assigned chemical shifts can be found in section
and in BMRB entry 51166.

Introduction

Tryptophan synthase is a well-studied system with several hundred structures solved with
X-ray crystallography. Until now, the combination of X-ray crystallography, molecular dy-
namics (MD) simulations, mutation studies, and NMR can draw a very detailed picture

of the machinery in TS. Especially NMR studies, however, are limited by the use of labeled
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substrateABTATITA9IT502TT

or special labeling schemes of the protein, e.g., the use of labeled His
and Lys in an otherwise unlabeled protein and therefore restrict the overall assessment of the
protein, especially its dynamics and the proton chemistry involved. To achieve an improved
understanding of the protein’s allosteric mechanisms and active site chemistry, solid-state
NMR is the method-of-choice, but (full) resonance assignment is compelling.

Due to the molecular weight of 72 kDa in the asymmetric aS-unit, the protein is too large
to be studied by solution-state NMR, as short 75 times are anticipated that would restrict
the use of necessary (see section higher-dimensional experiments involving multiple and
long INEPT steps for magnetization transfer, ultimately leading to poor intensities. Due to
size-independent transfer efficiencies and generally faster magnetization transfer over dipolar
mechanisms, i.e., CP, solid-state NMR proofs to be a powerful tool for assessing TS in its

native affa constitution without additional labeling schemes apart from deuteration.

Facilitated experiments

The manual assignment approach of TS (Fig. is built on a set of complementing pairs
of 4D spectra, hCOCANH/hCACONH and hCACBcaNH/hCACBcacoNH, each suitable for
a backbone walk in the forward and backward direction, complemented by a 5D HNcoCANH
experiment to achieve highly dispersed, direct residue-to-residue links and a 4D hCCNH-type
experiment for side-chain carbon chemical shifts. Contrary to the implementation on the SH3
domain, the HNcaCONH was not used for the assignment of T'S under consideration of its
lower performance compared to the HNcoCANH (more details see below). The 4D hCO-
CANH, 4D hCACONH experiments were used as published previously'®, while the 4D hC-
CNH, 4D hCACBcaNH, 4D hCACBcacoNH E| and 5D HNcoCANH (as introduced in section
3.2) were newly developed and build from their lower-dimensional counterparts>>:4#46:61164,
All experiments are entirely based on CP transfers for heteronuclear transfers and employ
BSH-CP2Y for homonuclear, i.e., Ca-CO transfers. INEPTs with near-complete evolved an-
tiphase terms, 7 = 6 ms < 1/(4J), were employed for Ca-Cf experiments, first to transfer
the magnetization fully and second to reduce offset effects as they may occur in DREAM
transfers<®, without compromising sensitivity®® and avoid unnecessary splitting of magnetiza-
tion for Ca nuclei. As shown in figure [3.:26]A, the use of INEPTs eventually results in a higher
intensity along the C3 dimension, substantiating theoretical considerations. CC mixing in

4949/ in conjunction with direct excitation of

the side-chains was achieved by MOCCA mixing
the side-chain carbons (COPORADE#"), enabling longer mixing times with comparably low
power, i.e., heat emitted into the sample per time unit, no need for rotor synchronization and
more magnetization available in the side chain. The delay between blocks was optimized to
60 ps and looped over 256 times, accumulating into a mixing time of 64 ms.

Fully optimized transfers in all experiments account for comparably high sensitivities.
For the 5D HNcoCANH, 8 % of the hNH sensitivity could be maintained (Fig and
Fig). The HNcaCONH, however, reaches only 5 % of the respective hNH, due to dif-
ferent C—C transfer efficiencies (Fig)58 and was therefore not used for the assignment

of TS, keeping in mind that both 5Ds can be facilitated for a bidirectional backbone walk.

14D hCACBcacoNH and hCACBcaNH experiments were implemented by Dr. Petra Rové, LMU Munich,
during her time as a Postdoc in the group and all 4D spectra apart the 4D hCCNH were acquired by her
as well. NUS reconstruction and data analysis was entirely done by the author and as these experiment are
essential for the assignment process and context of the entire thesis, they are included here
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Figure 3.24: A) 4D hCCNH pulse sequence with MOCCA mixing (A = 60 ps, n = 256) and the
COPORADE approach”. Phase cycling: ¢ = -X,X; ¢ = X,-X; @3 = X,X,-X-X; P4 = X,X,X,X,-X,-X,
XX, P5 = XXX, XXX, X, X, XX, X, XXX, XX Dree = XymX,-X,X,-X,X,X,X,-X,X,X,-X,X,-X,-X,X.  B) 4D
hCACBcacoNH pulse sequence. Phase cycling: ¢1 = X,-X; ¢2 = X,X,-X,-X; @3 = X,X,X,X,~X,~X,-X,-X;
prec = X,-X,-X,X,-X,X,X,-X. The delay 7 was set to 6 ms (< 1/(4J)) to achieve maximal transfer to
Cp while maximizing intensity. C) 4D hCACBcaNH pulse sequence. Phase cycling: ¢1 = x,-X; ¢
= X,X,~X,X; 03 = X,X,X,X,~X,"X,-X,-X; Orec = X,-X,-X,X,-X,X,X,-X. Also here the delay was set to 6 ms.
Phases after evolution periods of indirect dimensions were changed to obtain phase-sensitive spectra
by the States-TPPI method™™ (marked by asterisks). In case of the 4D hCCNH a block of pulses
was rotated (marked by small hashes). Filled and empty rectangles represent 90°and 180°pulses. The
carrier changes on the carbon channel are denoted with arrows. Water suppression was achieved by
MISSISSIPPI without gradients*?L.

ICP Waltz16
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Nevertheless, the overall intensity in the first FID is comparable to the hCACBcaNH or even
higher regarding the hCACBcacoNH, emphasizing the practicability of those experiments.
The hCACONH and hCOCANH reach 17 % and 20 % of the hNH, respectively, the hCACB-
caNH and hCACBcacoNH 8 % and 3 % and the hCCNH up to 9 % of the hNH in the first
FID.

A | hcocanH —_ hCACONH —_ hCACBcaNH —_ hCACBcacoNH —_
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Figure 3.25: A) Bulk sensitivities all experiments used to assign TS (dark blue) compared to the
hNH bulk signal (light blue). B) Isolated and well-resolved cross-sections from hNH for representa-
tive residues found in the SH3 domain and TS under identical conditions regarding preparation and
measurement. As expected, this single-peak intensity is approximately reduced by a factor of 10,
reflecting the 10 times higher molecular weight of T'S over SH3 (see main text).
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Figure 3.26: Sensitivities of the A) hCACBcaNH experiment regarding CC transfers, compar-
ing the intensities in a 2D HCpB plane along the CfS dimension obtained by either DREAMZ2®
transfer (light blue) or INEPT with an optimized delay 7 6 ms and B) HN bulk inten-
sities comparing the HNcoCANH and HNcaCONH experiment. The magnetization pathway
Hi %Nl %Cai 4)001 4)N1'+1 HHi—I—l is favoured over Hl *)Ni %COi_l 4)00[1‘_1 *)Ni_l *)Hi_l
as Ca <+ CO transfers show different efficacy depending on the direction of the transfer® which is
ultimately reflected in the overall better performance of the HNcoCANH experiment.

All spectra were reconstructed by SSA, as implemented in the programs cleaner3d /

d104 d105 d102

reconstructor3 , cleaner4d / reconstructor4 and cleanerbd / reconstructorb

Measurement time considerations

As pointed out previously (section , NMR experiments beyond three dimensions can usu-
ally not be acquired in a uniformly sampled way. Therefore, all spectra for the assignment
of TS were recorded with NUS at different densities, depending on the experiment and the
dimensionality, including a 3D hCANH experiment as the base for the reconstruction of the

HNcoCANH. The overall acquisition time of all experiments accounts for 2 d,3.5d, 6 d, 6 d,

Chapter 3. Higher-dimensional experiments for resonance assignments 74



3.3. Assignment of and insights into 2x72 kDa tryptophan synthase

33 d, and 30 d for the hCACONH, hCOCANH, hCACBcaNH, hCACBcacoNH, HNcoCANH,
and hCCNH experiments, respectively. It should, however, be mentioned that the 5D HN-
coCANH was recorded longer than strictly necessary to obtain a spectrum of high quality
considering the aforementioned importance for the manual assignment process. Despite a
similar intensity in the first FID of the hCCNH and the hCACBcaNH, the former one un-
derlies a considerable distribution of magnetization and therefore signal intensity in the side
chain over several carbon atoms in contrast to the hCACBcaNH, which will only result in a
single peak and hence had to be recorded for a longer time. When discussing acquisition times
and comparing intensities for (micro-crystalline) solid-state samples, a quadratically growing
demand of measurement time, i.e., scans, has to be taken into account. This rises directly
from the fixed rotor volume that limits the number of molecules in the rotor. Although the
overall number of nuclei, e.g., protons, might be considered constant and consequently show
the same bulk signal of two different proteins in the same experiment, the contribution of each
individual residue per molecule will be lower for bigger molecules. For example, in the case of
the SH3 domain with 62 residues and TS with 665 residues, there will be approximately ten
times more SH3 molecules in the rotor, i.e., a given residue will occur ten times more often,
and consequently, each individual residue will have a signal-to-noise ratio ten times lower in
TS over SH3. To fully compensate for that difference, the experiments on TS would have to
be acquired a hundred times longer to obtain the same SNR, or generally, for a protein being
= times larger, the measurement time requirements grow by a factor of 2. This is reflected
in the longer acquisition times spent on TS as well as the reduced SNR of each individual
peak (Figl3.25B). Furthermore, it should be mentioned that the sensitivity generally can be
significantly improved by increasing the By field, which might be overall beneficial for high
molecular weight proteins. , SNR o \/Big and measuring on a cutting-edge high-field magnet
of 1.2 GHz, as it recently became possible at the time of this work, would, in fact, increase
the SNR by a factor of 2.24 or reduce the measurement time to a fifth. In the latter case,
this would, however, imply a constant number of NUS points, effectively lowering the NUS
density of the data set]

Assignment strategy

The 4D hCOCANH and hCACONH!®¥ correlate the 7 and i+1 amide shifts based on shared
Ca and CO resonances (dark green and orange in figure or alternatively the preceding
and subsequent Ca and CO chemical shifts of a given H/N shift pair. The 4D hCACBcaNH
and 4D hCACBcacoNH pair can be used accordingly, however, dispersing C3 chemical shifts
rather than CO chemical shifts in one of the dimensions (light green and red in figure [3.28).
While the dispersion of chemical shifts in a C8 dimension is advantageous over the disper-
sion of CO chemical shifts and will therefore reduce the overlap of peaks (section , both
CpB experiments show lower (HN bulk) sensitivity and might therefore be prone to missing
or noisy peaks. For both pairs, the backbone-walk, linking amide to amide, involves two
steps. First, two carbon resonances have to be matched in two corresponding experiments,
and second, the next residue has to be identified by the resulting H/N shift pair. Ideally,

2If the acquisition time and spectral width in ppm in any indirect dimension are kept constant, the number
of time points k has to be increased as aq = m = const. In the case of a constant number of NUS
samples, the NUS density will effectively be lowered.
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only one resonance would appear in both of these steps to yield an unambiguous backbone
walk. However, certain ambiguities will arise, with each extra peak marking a branch in the
assignment pathway. Using a set of two pairs will reduce these ambiguities significantly, as
ultimately the information provided has a five-dimensional character when each amide H/N
shift is connected to three carbon resonances, Ca, CS and CO. Nevertheless, the two-step
assignment problem remains, which can elegantly be resolved through amide-to-amide ex-
periments as 4D HNcocaNH (HNNH) or 5D HNcoCANH. As mentioned previously, both
experiments are equally powerful for the linkage of two adjacent residues. The 5D reduces
the ambiguity only for one direct link due to the fifth dimension, i.e., the likelihood for only
one peak showing in the processed plane (SMFT, see section is three times higher
(F ig section than for the 4D HNNH, while for the consecutive step, i+1 to i+2,
both experiments perform equally. While the linking of several residues only based on the
5D HNcoCANH is therefore challenging, it is utterly indispensable to resolve a single linking
problem in the 4D data sets, which frequently occurs (Fig. Figure shows impres-
sively how the amount of peaks in a given plane of experiments with increasing dimensions
is reduced. Not even the combination of two 4D spectra, hCOCANH, and hCACBcaNH, can
provide a unique resonance in contrast to the 5D experiment. Additionally, the 5D increases
the redundancy of chemical shifts and therefore the matching of other H/N/Ca resolved
experiments is significantly improved (Fig section , rendering side-chain assignment
and with that also amino acid identification easier compared to the 4D HNNH. State-of-the-
art algorithms for automated assignments like FLYASchmidt2012 51 hartly compensate the
several branches occurring during the assignment process, when based solely on 4D spec-
tra. If many 4D spectra with high chemical shift redundancy are available, the advantage
of 5D experiments in the context of exclusively automated assignment, is reflected only in
a reduced set of necessary experiments (for more details, see section . However, fully
manual assignment strategies are significantly simplified or, moreover, only possible using

additional 5D experiments. The identification of amino acids is often made by C/S resolved
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Figure 3.27: Reduction of peak ambiguity with increasing dimensionality. A) The hNH spectrum
of asfs TS with B) a relevant excerpt of the highly overlapped middle region due to the high a-
helical content of TS. Overlap is mostly not because of increased line widths, as those observed for
isolated residues are between 20-50 Hz as expected®?. C)-E) show H/N planes for 3D (hCANH),
4D (hCOCANH and hCACBcaNH) and 5D (HNcoCANH) experiments. Sole the 5D plane shows a
single peak and therefore unambiguous information. Crossed peaks have their respective maxima at
the given ppm values while the other peaks lie outside of the planes. All spectra were recorded in a
1.3 mm rotor with 55 kHz MAS and a 'H Larmor frequency of 700 MHz.

experiments due to the more characteristic chemical shifts compared to Ca or CO. Besides
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the distinguished shifts of glycine, alanine, serine, and threonine, uncertainties about the
correct sequential assignment will usually remain in large proteins, even with the background
of already linked resonances, as the chemical shifts can overlap and vary with respect to the
secondary structure. Experiments that resolve additional side-chain resonances are therefore
required to narrow down the number of possible amino acids for a set of resonances. For TS,
a 4D hCC(a)NH-type experiment based on MOCCA mixing was built from 3D versions of

the samg*2:20

, which grants access to side-chain carbon resonances beyond Cf5. The correct
identification of the residue type in the context of sequential assignment is often essential
to correctly assign stretches of linked residues, especially in larger proteins, in which shorter
sequences occur more often. In TS, for example, the short sequence GAXZ exists nine times
in the protein, rendering it difficult to pin it to its correct position. Here, residue Z could be
identified as lysine, with all carbon resonances down to Ce being visible (Fig. . The se-
quence GAXK is then only found a single time, ultimately allowing for the correct assignment

as G352, A353, K355 and therefore also identifying X as H354.

*y
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Figure 3.28: Experiments and assignment approaches for representative residues from the active
site of the S-subunit. A) Magnetization pathways for the experiments employed. All experiments are
CP-based, only for CaCg transfers, INEPTs were employed. For side-chain correlations, MOCCA
mixing?®% was used. B) Superimposed 2D planes of different 4D spectra with ambiguous peaks (left
and right side of the figure). Only with the help of a 5D experiment (C) depicted as a stack of
2D planes) an unambiguous assignment is possible for many peaks. D) Link between the important
active-site residues H354 (SH86) and K355 (SK87) from HNcoCANH and the corresponding hCCNH-
MOCCA strip of K355. The hCCNH, triply connected to the sequential backbone link via its H/N/Ca
shifts, allows to identify the residue as lysine, making a unique linkage between all the residues shown
here (The sequence GAXK occurs just once while GAXX can be found nine times.) and by that also
assign H354 unambiguously.

Computation-aided assignment of TS by FLYA

Through an entire manual assignment approach, about 40 % of the protein could be most

likely correctly assigned. It is expected, however, that the missing 60 % of assignments are
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not entirely linked to insufficient magnetization transfers or hindered H/D exchange as will
be analyzed later on in section[3.3] but are rather due to loose ends in the assignment process,
which arise eventually from missing signals in the 5D HNcoCANH and therefore can only be
assigned based on 4Ds with the associated challenges.

To leverage the level of assignment on the one hand and verify the existing assignments on
the other hand, FLYASchmidt2012 waq 15ed. While the analysis of the combined chemical shift
assignments was done in the previous section to allow for a direct comparison between manual
and combined approaches, this section serves to give more insight into the performance of
FLYA using different data sets and parameters.

Although useful, peak picking any spectrum before the assignment process is not required
for a manual assignment strategy as the peak can always be checked at given chemical shifts.
Algorithms for automated assignment, however, work exclusively on peak lists, and therefore
peak picking has to be done previous to the actual assignment. While this might appear a
trivial requirement, it can be the first limitation when using FLYA (or any other algorithm)
in conjunction with spectra of more than three dimensions. Although FLYA appears to
be tolerant to additional peaks, i.e., surplus peak-like noise, an incomplete peak list can
have a significant impact on the assignment resultsSehmidt2012, 212 Nevertheless, peak lists
of high quality are beneficial for reliable assignment results. Peak picking in 2D spectra
is easily performed manually by selecting fully isolated or partially overlapped resonances,
as well as it is for 3D spectra in which two out of three shifts are usually fixed, and the
peak picking follows the scheme of a 2D spectrum. In addition, 2D and 3D spectra are
mostly not sensitivity limited, and peaks often appear with a high signal-to-noise ratio. For
TS, however, the peak picking procedure is complicated by the reduced SNR of individual
resonances due to its larger molecular weight on the one hand and the almost exclusive use
of experiments with four and five dimensions on the other hand. In contrast to 3D spectra
and because the display of spectra is limited to two dimensions, peak picking of 4D spectra
is not only cumbersome but error-prone when done completely manually as two rather than
one dimension have to be screened completely, which means that theoretically for every point
in a given dimension another entire dimension has to be checked for peaks which most likely
will lead to either missing peaks or more likely a high number of peaks being picked multiple
times resulting in peak lists of lower quality for the following assignment process. Here a
semi-automated approach was used. Peaks in the 4D spectra were automatically picked using
the peak-picker of CCPNmr v2213 and the parameters adjusted until the expected number
of signals was approximately reached, i.e., around 630. In a second step, the peaks were
manually inspected to estimate the number of noise peaks included qualitatively. When it
became clear that too many noise peaks were included or well-defined signals were skipped,
the parameters were further adjusted. As the 5Ds are solely processed as a stack of 2D
planes, peak picking can easily be done manually as every plane can be handled like an hNH
spectrum and, moreover, the absence of a three-dimensional peak shape or a highly distorted
one in a pseudo-3D spectrum potentially causes problems for the peak picking algorithm.
The obtained peak lists used for FLYA eventually contain a considerably different amount of
peaks (Table ), which nevertheless reflect the best possible results achievable within a certain
time frame. Especially the 5D shows significantly fewer peaks than anticipated, which is

most likely due to a high number of remaining artifacts that make it challenging to identify
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Table 3.3: Peaks picked in a semi-automated way as well as peaks expected for all individual
experiments.

Experiment Peaks
expected picked
hCOCANH 593 425
hCACONH 594 747
hCACBcaNH 565 808
hCACBcacoNH 568 638
HNcoCANH 592 271

the actual peak, considering that 803 peaks were provided for reconstruction based on the
3D hCANH experiment.

For the final consensus assignment, 100 independent FLYA runs instead of the 20 de-
fault runs were consolidated for all results presented here. The tolerances for chemical shift
matching for 'H, N 13C resonances were set to 0.1 ppm, 0.5 ppm and 0.8 ppm respectively.
Furthermore, chemical shift distributions were predicted with SPARTA+214 based on the
crystal structure (PDB ID: 4HT3), rather than using average shifts from the BMRB, which
significantly improves the rate and reliability of assignment. Although by default, none of the
experiments used for the assignment are supported by FLYA in the first place, the algorithm
is highly flexible, and new experiments, i.e., hypothetical magnetization pathways, can be
added following a certain scheme. The extensions for the CYANA library can be found in
the supplement (section [7.2]).

FLYA cannot only be facilitated for assignment purposes, but, given the fact that 251
residues were already manually assigned, it can also be used as a tool to verify existing
assignments. To do so, the manual chemical shifts were given as a reference to FLYA, which
in turn will compare its own assignments with the given ones after the individual runs were
brought into a consensus assignment. Unlike fixing assignments either to certain peaks or their
shifts, this merely constitutes a comparison of shifts in the very last step with no impact on
the actual assignment done by FLYA. Except for the resonances belonging to residues S180,
G181, and V182, no shifts or peaks were fixed to obtain an unbiased assignment. Peaks
belonging to those residues were checked manually against the other five occurring Ser-Gly-X
combinations and found to be the only possible assignment possibility, as Ser-Gly-Val only
occurs once in the primary sequence. In addition to the parameters used for the assignment,
further modifications were done for the consolidation process, which yields the final chemical
shift list to improve the reliability of the assignments.

The ranking of strong and weak assignments by FLYA is by default only based on how
often a consensus assignment is obtained for certain resonances. If in 80 % of the runs the
same consensus assignment is obtained, the resonance assignment is classified as strong and
otherwise as weak. While this certainly limits assignment branches based on false peaks to
be considered for the final consolidation of chemical shifts, the criterion provides little to no
information about the assignment quality of the adjacent residues, which might be unreliable.
The latter criterion, however, is important to validate a resonance assignment in the context
of how it is linked to the adjacent residues while a classification purely based on probability
can potentially rely entirely on the chemical shift, i.e., the random coil shift that is associated

with certain residues, and on exclusion from other places on the primary sequence. Therefore,
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the criteria for strong assignments were expanded, and resonances marked as strong have to
fulfill the following point{’}

(i) 80 % occurrence in the individual runs (default)

(ii) at least two strong resonance assignments have to present in one residue
(iii) at least four strong resonances have to be present in the neighboring residues
(iv) the two amide resonances, H and N, have to be assigned as strong

Through more strict classification criteria, it will be more likely that resonances or residues
ranked as strong are indeed correct and "lucky shots" are more likely avoided, while on the
other hand, the absolute number of resonances considered as strong is decreased in the end.
'H and N resonances have lower assignment tolerances compared to *C resonances, and
by the inclusion criterion of strong 'H and '°N resonances, the overall chemical shift range
for a strong resonance is reduced, reinforcing their assignment. In the case of the FLYA run,
which involves all spectra used for the manual strategy, the default classification leads to 2214
strong resonances out of 3109 overall assigned, while the newly defined criteria only allow for
2016. On the other hand also the number of strong violations, i.e., disagreements between
the manual and FLYA assignments are reduced from 70 to 53 resonances. Identical assign-
ments essentially remain unaffected. Table summarizes the results for the aforementioned
FLYA setup. The performance of different set-ups for FLYA will further be evaluated based

Table 3.4: Change of strong resonances found by FLYA in relation to the inclusion criteria considered

default extended

Identical 1022 1011
Different 70 53

Additional 1122 952
Assigned 2214 2016

on the agreement with the manual assignments as well as the number of additional strong
assignments obtained.

Using all the spectra involved in the manual backbone assignment process, i.e., 4D hCO-
CANH / hCACONH, 4D hCACBcaNH / hCACBcacoNH, and 5D HNcoCANH, the extend
of assignment could essentially be doubled, and the majority of manual assignments are con-
firmed (dark green). Only a few resonances do agree weakly (light green) or deviate from
the manual assignments (red) (Fig[3.29). In total, 2214 strong resonance assignments can
be obtained, corresponding to 490 residues or 78 % of the non-proline residues. From those,
369 residues are fully assigned as strong, i.e., all of the H,N,Ca,,CO and Cf resonances are
considered as strong, while the remaining 121 residues contain at least a subset of those reso-
nances. From the 1199 resonances assigned manually, 1011 or 84 % are confirmed and ranked
as strong, with additional 46 resonances agreeing weakly. Merely 5 % or 53 resonances show
a strong disagreement with the manual assignment, and 76 maybe deviate, i.e., are ranked
as weak. FLYA could assign 952 extra resonances ranked as strong (see also Table [3.4).

The confirmation of most of the manual assignments by FLYA increases the probability

for those to be actually correct. However, the large extent of additional residues assigned

3In collaboration with Prof. Peter Giintert, University of Frankfurt
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Figure 3.29: FLYA results for resonance assignment using all available experiments, i.e. 4D hCA-
CONH, 4D hCOCANH, 4D hCACBcaNH, 4D hCACBcacoNH, and 5D HNcoCANH. Green colors
indicate consistency with the manual assignment. Red indicates (large) differences beyond the de-
fined tolerances, while additional assignments are colored in blue. For all colors, dark tones correspond
to assignments classified as strong, whereas lighter tones are ranked as weak assignments. The man-
ual assignments are almost exclusively confirmed by FLYA, with only 5 % of the assigned resonances
showing big differences. In addition, 239 residues with all or some resonances ranked as strong could
be assigned, with a subset of 118 assigned residues having all resonances, i.e., H,N,Ca,CO and Cg,

classified as strong.
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by FLYA but not manually might come as a surprise in the first place. As pointed out
before (section [3.1]and [3.3)), the 5D is crucial for the manual assignment as the combined 4Ds
often do not give a unique assignment possibility. When comparing the assigned peaks per
experiment by FLYA with the manual assignments, this becomes evident as well as FLYA
can assign 218 out of 271 (80.4 %) provided peaks for the 5D HNcoCANH compared to 251
manually assigned residues. In contrast, the 4Ds yield significantly higher rates of assigned
peaks (Table . The better combinatorial power of FLYA compared to a manual strategy

Table 3.5: Assignments obtained for every individual experiment compared to the overall provided
peaks

Experiment Peaks
provided assigned
HNcoCANH 271 218 (80.4 %)
hCOCANH 425 347 (81.7 %)
hCACONH 747 457 (61.2 %)
hCACBcaNH 808 437 (54.1 %)
hCACBcacoNH 638 380 (59.6 %)

likely fills the assignment gaps almost exclusively based on the peaks provided by the 4Ds
and ties together those loose assignment branches that otherwise will be highly challenging to
complete. Many of the assigned longer dark blue stretches start or end in sections that were
previously assigned, also indicating that FLYA can continue where the manual approach more
likely fails, and moreover it can be seen that often the end of green sections, respectively the
beginning of dark blue sections, coincides or overlaps with the end of stretches being assigned
from the HNcoCANH peaks list. Instead, only individual pairs can be matched rather than a
longer chain. These results, however, also raise the question if FLYA could work equally well
without the 5D HNcoCANH or when using a 4D HNNH to link adjacent residues instead
of the 5D. Although not used for the manual assignment of TS, a 4D HNNH experiment
was recorded by Dr. Petra Rovd using exclusively CP for magnetization transfer within
approximately 8 d. The experiment was peak-picked in the same semi-automatic procedure
used for all other experiments.

Visual inspection of both modifications shows similar results compared to the original set-
up. Most apparent is the reduction of strong assignments in the a-subunit, e.g., from residues
100 to 110 or between residues 310 to 320 in the S-subunit, as well as a slight reduction of
strong assignment matching with the manual assignments like it is found in the N-terminal
region.

More in-depth analysis shows that the number of strong assignments is reduced by 226
resonances to 1790 and by 95 to 916 for matching assignments, respectively, when using
the 4D HNNH experiment. Consequently, 117 fewer extra resonances assigned by FLYA are
found, while on the other hand, the number of different resonances is decreased to 39 rather
than 53 in the original setup (Table . Ultimately, the incorporation of the 4D HNNH
causes only a modest decrease, about 12 %, in the assignment rate, which substantiates the
assumption that the 5D is crucial for the manual assignment approach rather than for FLYA.
The extent of assignment per spectrum is essentially unaffected (Table . Similar to the
5D, the number of peaks assigned in the HNNH falls far behind the other experiments for

which multiple reasons can be assumed. First, the peak list might be of insufficient quality.

Chapter 3. Higher-dimensional experiments for resonance assignments 82



3.3. Assignment of and insights into 2x72 kDa tryptophan synthase

100

90

80

70

60

50

30

20

o=
o=
x

4

.
[od

w

[V

a

[a)

200

190

180

170

160

150

140

130

120

110

230 240 250 260 270 280 290 300
ISGSAIVKIIEK QILMPALNQLEEAF

220

210

=

Z=

390

380

370

360

350

340

330

320

310

500

490

480

470

460

450

440

430

420

410

590

580

570

560

550

540

530

520

510

660

650

640

630

620

610

Results of the FLYA run using all 4Ds used for manual assignment and a 4D HNNH

instead of the 5D HNcoCANH. Compared to the full, original set-up, only little changes can be

.
.

Figure 3.30

found by visual inspection. FLYA parameters were not changed, and the color-coding is as described

previously.
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Table 3.6: Change of strong resonances found by FLYA when using the 4D HNNH experiment
instead the 5D HNcoCANH for assignment purposes.

HNcoCANH HNNH A

Identical 1011 916 -95
Different 53 39 -14
Additional 952 835 -117
Assigned 2016 1790  -226

Table 3.7: Assignments obtained for every individual experiment compared to the overall provided
peaks when using the 4D HNNH and in comparison to the original set-up.

Experiment Peaks

provided assigned A
HNNH 503 286 (56.9 %) +50¢
hCOCANH 425 350 (82 4 %) +3 (+0.7 %)
hCACONH 747 460 (61.6 %) +3 (+0.4 %)
hCACBcaNH 808 433 (53.6 %) -4 (-0.5 %)
hCACBcacoNH 638 376 (59.6 %) -4 (-0.6 %)

¢compared to the HNcoCANH

However, this would, in principle, apply for all facilitated peak lists, and the HNNH was peak
picked by the same procedure used for the other spectra. Second, and in contrast to the 5D,
which had only 278 peaks provided overall, it is more likely that the H/N resonances are more
difficult to match to the other peaks as for every H/N pair, more matches can be found than
for an H/N/Ca triplet. This is directly confirming the findings from the histograms presented
in section Consequently, the HNNH presumably is of help for FLYA to find adjacent
residues but is challenging to combine with other experiments into a consensus assignment
and ultimately might only serve to increase the redundancy of assigned resonances rather
than helping to identify additional ones.

Based on the original set-up and the results obtained from the 4D HNNH modification,
it can be hypothesized that amide-to-amide experiments are redundant when FLYA is used.
Similar to when using the 4D HNNH, the visually apparent changes are considerably small
when comparing the FLYA results to the original set-up (Fig, with only little effect on
the agreement with the manual assignment and with more additionally assigned stretches af-
fected. Moreover, the direct comparison of assigned, strong resonances shows little influence
of the absent amide-to-amide experiment on the assignment success. Moreover, it appears
that in comparison to the 4D HNNH (Table essentially no changes can be observed. The
number of identical and additional resonances is merely changing by more than 20 resonances,
i.e., about 4 residues, when the full assignment of the involved nuclei is considered, indicat-
ing that the 5D HNcoCANH has slight advantages of its lower-dimensional pendant, even
when using FLYA. In line with the observations made for the consolidated resonances, the
effect on the peaks assigned from every spectrum essentially stays constant (Table , and
a bigger change relative to the others can only be found for the hCACBcacoNH experiment,
which, however, is most likely of no causality of the missing amide-to-amide experiment, as a
reduction of redundancy in the i+1 amide shifts would equally affect the hCACONH exper-
iment. So far, it can be concluded that when using FLYA exclusively, the 5D HNcoCANH is

only of little help when used in combination with all other BC-dispersed 4D experiments for
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Figure 3.31: Result of the FLYA assignment without any amide-to-amide experiment, i.e., no 5D
HNcoCANH or 4D HNNH experiment, being used for the assignment. Similar to the run including the
4D HNNH, almost no changes are apparent, while the comparison to the results of the 4D HNNH set-up
shows effectively no change, indicating that FLYA has only little advantage from the 5D HNcoCANH
and rendering the 4D HNNH redundant. The colors are as described previously.
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Table 3.8: Change of strong resonances found by FLYA when using the 4D HNNH experiment
instead the 5D HNcoCANH for assignment purposes.

HNcoCANH no HN—HN A

Identical 1011 897 -114
Different 53 46 -7

Additional 952 859 -93
Assigned 2016 1802 -214

Table 3.9: Assignments obtained for every individual experiment compared to the overall provided
peaks when using the 4D HNNH and in comparison to the original set-up.

Experiment Peaks

provided assigned A
hCOCANH 425 346 (81.4 %) -1 (-0.3 %)
hCACONH 47 452 (60.5 %) -5 (-0.7 %)
hCACBcaNH 808 436 (54.0 %) -1 (-0.1 %)
hCACBcacoNH 638 368 (57.7 %) -12 (-1.9 %)

backbone assignment. Replacing the 5D with a 4D HNNH for amide-to-amide correlations
brings only little effect on the success of the assignment. Nevertheless, these experiments,
in particular the 5D, are indispensable for the manual assignment and, moreover, for the
manual verification of the FLYA results. However, a valuable assessment will be how much
the number of experiments used by FLYA can be reduced or replaced by the 5D experiment,
as it conveys not only amide-to-amide correlations but also the additional carbon chemical
shift. This might render some of the 4D experiments contained in the full set redundant
and would contribute to a reduction of measurement time. Using a minimal set consisting
of the 5D HNcoCANH in combination with the 4D hCACBcaNH for CS information and
the 4D hCACONH for CO resonances, yields assignments on the same level when using the
4D HNNH over the 5D or when using no amide-to-amide experiment, i.e., only the four
13C-dispersed 4Ds (Fig. In this context, the 5D effectively relinquishes two 4D experi-
ments, as now only one 5D and two 4Ds are required to obtain the same amount of chemical
shift assignments as was achieved before through five 4Ds (HNNH + 13C-dispersed) or four
4Ds (only '3C-dispersed). Although the 5D HNcoCANH contributes the biggest part to the
overall measurement time for all backbone assignments (see section , replacing the two
4D experiments does decrease the overall time that has to be invested by approximately 10
days. While slightly less identical resonances are found, the minimal set exceeds the number
of additional strong resonances assigned by FLYA as well as the number of overall reso-
nances of the other two setups. The changes are more significant when comparing them to
the full original set-up (Table , however, the smaller success rate is acceptable in the
context of potential time savings as well as in comparison to the other two approaches. The
redundancy of the 4D hCOCANH and 4D hCACBcacoNH also becomes clear when looking
again at the individual assignments made from every peak list (Table . Compared to
the full set, only two assignments less are found for the HNcoCANH, and even more peaks
could be assigned from the other two experiments. Taking into account that for the full set,
considerably more assignments and less violations are found, while the assignments for the
hCACONH and hCACBcaNH are lower, some of the assigned peaks in the minimal set must

be ruled out when adding more redundancy and the increase of assignment, therefore, should
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Figure 3.32: Result of 100 independent FLYA runs using only a minimal or reduced set of experi-
ments involving the 5D HNcoCANH, 4D hCACONH, and 4D hCACBcaNH. A good agreement with
the manual assignments is maintained, and the level of additional, strong assignments is on the level
of the runs involving the 4D HNNH or no amide-to-amide correlation, pointing out that two 4Ds can
almost fully be replaced by the 5D HNcoCANH. Color coding as described before.
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Table 3.10: Change of strong resonances found by FLYA when using the 5D HNcoCANH in a
minimal set of experiments, i.e. only together with a 4D hCACBcaNH and a 4D hCACONH.

full minimal A

Identical 1011 864 -147
Different 53 7 +14
Additional 952 899 -53

Assigned 2016 1840 -176

Table 3.11: Assignments obtained for every individual experiment compared to the overall provided
peaks when using a minimal set of experiments in comparison to the original set-up.

Experiment Peaks

provided assigned A
HNcoCANH 271 216 (79.7 %) -2 (-0.7 %)
hCACONH 747 480 (64.3 %) +23 (+3.1 %)

hCACBcaNH 808 475 (58.8 %) +38 (+4.7 %)

be treated rather carefully. To push this comparison and the reduction of measurement time
even further, the HNcoCANH was replaced by the 4D HNNH experiment, which, if success-
ful, would imply a strong reduction of measurement time along with potential simplifications
in the workflow. Even a visual evaluation, however, shows already a significant change in
the assignment rate and quality compared to all other set-ups. Assignments matching the
manual assignments are still abundant, whereas more dark red fields are now visible along
with a strong reduction of dark blue, i.e., strong additional assignments. Consequently, the
overall amount of strong resonances drops substantially in relation not only to the full set
of experiments but also compared to the minimal set involving the 5D HNcoCANH or those
runs solely based on *C-dispersed 4D experiments. This result is expected and in line with
the observations already made for the incorporation of the 4D HNNH and is likely due to
the reduced redundancy of chemical shifts and the increase of possibilities to match reso-
nances, in particular Cg3 resonances, to the 4D HNNH peaks. Compared to the full set, 536
fewer resonances are strongly assigned and 360 less compared to the other minimal set, which
therefore is a stronger reduction than from that minimal set to the full set, mostly effectuated
by the reduction of strong identical and additional assignments as violations remain low. As

Table 3.12: Change of strong resonances found by FLYA when using the 4D HNNH in a minimal
set of experiments, i.e., only together with a 4D hCACBcaNH and a 4D hCACONH.

full HNNH minimal A

Identical 1011 803 -208
Different 53 59 +6
Additional 952 618 -334
Assigned 2016 1480 -536

found for the other minimal set, the assigned peaks per peak list stay constant or slightly
increase (Table , but as pointed out above, this is not linked to an increase in assigned
resonances or the assignment quality, which is even more obvious for this setup involving the
minimal set of a 4D HNNH, 4D hCACONH, and 4D hCACBcaNH.

As the argument for the reduced assignment performance in the minimal set is the reduced

redundancy of chemical shifts, a final look can be given to the results when using a reduced set
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Figure 3.33: FLYA results using a minimal set similar to the previous one (Fig. 3.32), however,
replacing the 5D with the 4D HNNH experiment. Here the assignment success is significantly reduced,
as less strong assignment are found that match with the manual assignment as well as even more
reduced additional assignment. This effect is likely due to the missing redundancy provided through
the 5D as shown before for the histograms in section (Fig
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Table 3.13: Assignments obtained for every individual experiment compared to the overall provided
peaks when using a minimal set of experiments in combination with the 4D HNNH and in comparison
to the original set-up.

Experiment Peaks

provided assigned A
HNNH 503 295 (58.7 %) 9 (1;78,, %)
hCACONH 747 466 (62.4 %) +7 (+1.2 %)
hCACBcaNH 808 447 (55.3 %) +10 (+1.2 %)

“compared to the assignments involving the 4D HNNH experiments
bcompared to the full set-up, i.e. generally how many HN links are assigned

of experiments, consisting of the hCACONH, hCOCANH, and hCACBcalNH, i.e., no amide-
to-amide correlation is used and instead the redundancy of carbonyl and Ca resonances
is increased. For such a combination of experiments, however, severe ambiguities even for
making a single link, as could be seen exemplarily for the manual strategy as well as in general
from the histograms in section (Fig. The outcome of this set is consequently worse,
also compared to the minimal set using the 4D HNNH (Table . It can therefore be
followed that in a set with high redundancy in all, i.e., Ca, CO and Cp, resonances, amide-
to-amide correlation experiments are of limited use, while in a reduced set of experiments,
they contribute essentially to the number of strong assignments that can be reached, with
the 5D HNcoCANH uniting redundancy as well as amide-to-amide information proofing to

be more even more useful.

Table 3.14: Change of strong resonances found by FLYA when using the a minimal set consisting of
the 4D hCOCANH, 4D hCACONH and 4D hCACBcaNH experiments, i.e. no amide-to-amide (a2a)

correlation is used.

full minimal w/o a2a A

Identical 1011 618 -393
Different 53 66 +13
Additional 952 606 -346
Assigned 2016 1290 -726

Figure summarizes the results of the different FLYA setups, except the last described
set due to its overall insufficient performance. The full original set provides the best results,
however, also the ones that would require the longest measurement time. The sets containing
the 4D HNNH over the 5D HNcoCANH for amide-to-amide information and the minimal set
using the 5D, the 4D hCACONH, and 4D hCACBcaNH show similar performance with only
small differences. Finally, the minimal set replacing the 5D with the 4D HNNH performs
considerably worse and would therefore be of limited use.

The above section demonstrates the valuable contribution FLYA can add to the assign-
ment process, which was, however, limited to the protein backbone and Cf resonances. As
mentioned in the context of the manual assignment, the hCCNH experiment is often indis-
pensable for the correct identification of the amino acid type, whereas FLYA can omit this
information. Incorporating the hCCNH experiment into FLYA can be readily achieved with
the extension of the CYANA library as given in section Best results could be obtained

when FLYA is provided a shift list containing all strong and nonviolating backbone assign-
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Figure 3.34: Different outcomes of the different FLYA runs depending on the peak lists provided to
FLYA. Shown are the number of resonances assigned as strong as defined by the stricter criteria in
total, in agreement with the manual assignment, different from the manual assignment and assignments
additionally found by FLYA.

ments such that the side-chain carbon resonances are added to the given as well as open
backbone assignment, however, without altering the backbone assignments too much. Visual
evaluation of the FLYA assignments (Fig confirms that the backbone assignments are
in good agreement with the results without the side-chain experiment. Even though FLYA
performs well when it is only provided with Cj3 resonances, the additional resonances pro-
vided by the hCCNH experiment increase the redundancy of at most four resonances, i.e.,
H, N, Ca and Cg, which ultimately leads to confirmations of assignments which were con-
sidered weak before as can exemplarily be seen for residues E135-A137 or Y4-E5. Other
resonances, however, are now considered unreliable, which, however, only applies for isolated
resonances within a residue that is otherwise considered reliably assigned such that incorpo-
rating the hCCNH rather closes small gaps in the assignment. Overall, the number of newly
added and vanishing assignments that agree with the manual assignments is unaltered upon
adding the hCCNH experiment, while the number of violations is slightly increased to 66
resonances. The number of strong assignments added by FLYA accounts for 1330, which is a
great improvement such that now 2408 resonances are overall assigned (Table. Another
indicator that the backbone assignment was only minor affected can be seen in the peaks
assigned from every provided peak list (Table . Apart from the 5D HNcoCANH, the
peaks assigned from every backbone experiment remain almost constant, which is, however,
expected as the redundancy of the H/N/Ca shift triplet is even further increased through
the side-chain experiment, as is directly reflected in the increase of strong assignments.

Table 3.15: strong resonances assigned by FLYA when incorporating the 4D hCCNH experiment to
the full set of backbone experiments.

full with hCCNH A
Identical 1011 1012 +1
Different 53 66 +13
Additional 952 1330 +378¢
Assigned 2016 2408 +392¢

“expectantly higher as side-chains beyond Cj are assigned

Peaks from the hCCNH, however, are only assigned by 28 %, and only a few strong side-

chain assignments beyond Cg are found. Chemical shift redundancy is high for backbone
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Figure 3.35: FLYA results using all available experiments for backbone assignment and including
a peak list from the 4D hCCNH (MOCCA) experiment for the assignment of carbon side-chain
resonances. To mimic the manual assignment process, a shift list of all strong, non violating resonances
from the backbone assignment was provided with the intention that side-chain resonances are rather
added and are less affecting the backbone assignment. The consolidation of all assignments into a
consensus assignment is according to the stricter rules defined for TS.
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resonances but is absent for the side-chain apart from Cg shift as the hCCNH is the only
experiment providing those. Considering the rather low sensitivity of each cross peak, as
the bulk signal from every residue is split into the number of side-chain carbons and the
comparably poor chemical shift dispersion of aliphatic side-chains, it is unlikely to obtain
many strong side-chain assignments. The higher impact is likely originating from the low
intensity of cross-peaks as the H/N/Ca redundancy with the backbone should generally
provide good match-making with the backbone (see section . These results emphasize

Table 3.16: Assignments obtained for every individual experiment compared to the overall provided
peaks when added the hCCNH experiment for side-chain carbon resonance assignment.

Experiment Peaks
provided assigned A

HNcoCAH 271 205 (75.7 %) -13 (-4.7 %)
hCOCANH 425 339 (79.8 %) -8 (-1.9 %)
hCACONH 747 444 (59.4 %) -13 (-1.8 %)
hCACBcaNH 808 423 (524 %) -14 (-1.7 %)
hCACBcacoNH 638 366 (57.4 %) -14 (-2.2 %)
hCCNH 1519 425 (28.0 %)

the problems of peak picking in spectra with poor SNR and their subsequent incorporation
in FLYA. While the peaks of the hCCNH were picked in the same semi-automatic approach
that was sufficient for the other experiments, it is likely that several of the provided peaks
were actually strong noise or artifact peaks which therefore cannot be reliably assigned. On
the other hand, manual peak picking is highly challenging in any 4D spectrum, and while
H/N/Ca coordinates can readily be facilitated to locate side-chain resonances for already
assigned or linked residues, the obtained peak list is highly biased towards residues that are
already identified. The hCCNH is, therefore, best used in a manual or computational-aided
assignment strategy in which the backbone assignments made by FLYA are used to identify

side-chain carbon resonances manually.

Analysis of assignment

Following the manual strategy, it was possible to assign 251 residues manually, i.e., 36 %
of the 630 non-proline residues, with a higher rate of assignment of the S-subunit than in
the a-subunit in absolute assignments as well as relative to the size of the subunit (Fig
and . When plotted against the crystal structure of TS, no direct correlation between
structural elements and the success of resonance assignment becomes apparent. It might be
concluded, however, that especially the inner regions of the protein remain unassigned as well
as regions reported to be rather dynamic and acting as allosteric modulators of the enzyme
activity, i.e., aL.2 and aL6 in the a-subunit and the COMM-domain the S-subunitt20212
(Fig[3.36). Residues involved as parts of the intramolecular tunnel and by that are located

148 of TS remain widely unassigned as well, perhaps due

in a rather hydrophobic environmen
to hindered H/D back-exchange in those regions (see section [3.3)).

Through the incorporation of FLYA, the rate of assignment can nearly be doubled to 491
residues or 79 % of the non-proline residues and . Nevertheless, the tendencies for
successful assignment deduced from the crystal structure remain similar to ones drawn from

the manual assignment. The most significant changes might be the widely extended assign-
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Figure 3.36: All assignments were obtained only through manual assignment (green) plotted on the
crystal structure (PDB ID: 4HT3™6) of TS. The ligand FIF, as well as the PLP cofactor, are shown
in red. Structure depiction and editing in UCSF Chimera?.

ment found for the COMM domain in the S-subunit while -L2 and a-L6 remain unassigned,

as well as most residues involved in the intramolecular tunnel. Besides the inner logical con-

Figure 3.37: All strong assignments obtained by FLYA and manual assignment (green) plotted on
the crystal structure (PDB ID: 4HT348) of TS. The ligand F9F, as well as the PLP cofactor, are

shown in red. Structure depiction and editing in UCSF Chimera™®.

sistency of the assignment, which ultimately can only be reached for a complete assignment
of all resonances, the validation of chemical shift assignments is often done by TALOS (or
its newer version TALOS-N) or secondary chemical shifts. The idea of secondary chemical
shifts goes back to empirical observations made by Wishart, Sykes, and Richards? %217 that
show systematic deviations of chemical shifts, particularly of Ca and Cg shifts, from their

random coil values.

A = 5measured - 5randomcoil (31)

With § being the chemical shift and Ad the chemical shift differences. For a-helical structures,
the Ca chemical shifts tend to have higher chemical shift values compared to their random
coil shifts, i.e., Ad is positive, while they show the opposite behavior for S-sheets. For Cj
chemical shifts, one can find negative Ad for a-helices and positive values for S-sheets and
therefore the opposite relation of Ca nuclei. Both values can be combined as in the equation
below

AAS = Adca — Adcp (3.2)
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Resulting in positive values for a-helices and negative values for S-sheets. Sections of alter-
nating SCS or values close to zero are usually interpreted as loops or unstructured regions as
they are close to the respective random coil shifts. The second common technique to validate
chemical shift assignments is the before-mentioned analysis by TALOS-N218, TALOS-N uses
a combination of data mining and an artificial neural network (ANN), the exact methodol-
ogy being rather complex, but essentially compares measured chemical shifts with chemical
shifts of over 9500 high-resolution structures to predict ¢ and 1 angles and other parameters.
From the distribution of the conformational space, TALOS-N can provide a probability of
the secondary structure, which is particularly reliable for longer stretches of assigned reso-
nances, as not only the residue itself but also the three previous and consecutive residues are
considered for the prediction. Angular restraints computed by TALOS-N are frequently used
as restraints for structure calculations by NMR as they directly report on the folding and,
consequently, the three-dimensional structure of the protein. High agreement of secondary
structure elements predicted by TALOS-N and a crystal structure can therefore be used as an
indicator for correct resonance assignment. The secondary structure prediction of TALOS,
as well as the SCS, obtained from the manual assignments, agree greatly with the secondary
structural elements that can be read out from the crystal structure (PDB ID: 4HT3*°, Most
of the deviations can be located at the ends of assigned stretches, e.g., residues D43 and
G44 or T271 and K272, making the TALOS results less reliable as not all of the seven shifts
required for prediction are available. In fact, for some cases, e.g., T272, the predictions are
ranked as Warn by TALOS, stating that those residues should be excluded from further anal-
ysis. In total, 31 residues are annotated with that warning, form a small but significant subset
of 12 % of all manual assignments. Table gives an overview of the rankings made by
TALOS in the prediction quality of every residue. A large fraction of 77 % of the residues are
considered to be Strong (73 %) or Generous (4 %). 28 residues show strong deviations from
the crystal structure, as can also be seen in figure[3.39] and therefore should be considered
more careful as this could be an indication for a potentially wrong assignment in particular
when several bad residues occur in a row and at the same time, SCS and TALOS secondary
structure deviate from the crystal structure, e.g., how it can be seen for residues Y203 to
A206.

Table 3.17: Ranking of TALOS predictions for manual assignments. Residues counted as strong or
generous can be considered to be predicted with good confidence, while residues marked with warn

should be excluded from further analysis. Bad only indicates a strong deivation from the reference
crystal structure (PDB ID: 4HT3).

> Strong Generous Warn Bad

abs. 253 184 10 31 28
rel /% 100 73 4 12 11

The SCS, as defined by equation (3.2) widely match with the TALOS results as well
as the crystal structure, and for the mismatched cases, usually can be read in a way that
substantiates and verifies the assignments rather than falsify them. The examples of T271
and K272 show slightly negative or alternating SCS, which can be interpreted as loop or
random coil behavior and while TALOS predicts a loop element for residues 1506 to M508,
the SCS rather point towards a helical structure. Like for TALOS, more reliable trends

can, however, only be drawn from longer stretches, and slight changes in SCS should not be
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over-interpreted.
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Figure 3.38: Analysis of assigned residues for the - (top) and a-subunit (bottom) with respect to
the secondary structure predicted by TALOS-N218 (upper rows) and secondary chemical shifts (SCS;
respective lower rows), shown only for manually obtained assignments. The TALOS results (blue:
helix; teal: sheet; blue-green: loop) and SCS (upward stretches: helix; downward stretches: sheet;
alternating: loop) are compared with the secondary structure elements found in the crystals structure
4ht 3146 (top). Highlighted in light grey are domains considered to undergo major conformational
changes upon ligand binding at different states of the catalytic cyclél8, Short stretches, e. g., 506 to
508 or 529 to 533, show minor differences between TALOS and the actual crystal structure. These
deviations are thought to arise from TALOS prediction known to be improper in case of short stretches
or at the edges of assigned regions.

To achieve a more general overview of the conformity of TALOS-N predictions and crystal
structure, the ¢ and ¥ angles extracted from the crystal structure were compared with the
ones predicted by TALOS-N. While this does not enable a single-residue comparison, it is
a better way to compare the outcome of TALOS and the 3D structure, as the secondary
structure elements are only derived from the ¢, angles in both cases. The vast majority
of the residues correlate well. However, certain outliers, as well as residues with high es-
timated standard deviation, are present (Fig). Residues with large error bars can be
linked mostly to unreliable predictions (Warn) rather than a strong deviation from the crys-
tal structure, which becomes clear when those 31 residues are removed from the analysis
(Fig[3.39A). The remaining outliers account for the 28 residues marked as Bad, with mostly
small associated errors. These deviations might be due to incorrect assignment and should
be further analyzed, i.e., verified or falsified, e.g., by FLYA (see below).
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Figure 3.39: Correlation plots of ¢ (light blue) and ¢ (dark blue) angles read from out from the
crystal structure of TS against ¢, 1 angles predicted by TALOS-N for manual assignment. Error bars
denote the estimated standard deviation given by TALOS. A) shows all predictions except those 31,
marked as Warn, while in B) all predictions are included. While a few outliers are removed, residues
with high errors are mostly affected, indicating an unreliable prediction.

Using FLYA to assist and evaluate the manual assignment process, the rate of assignment
could be increased to 369 fully assigned residues as well as 121 residues, including partially
assigned residues (see section [3.3). A combined shift list of FLYA and manual assignments
were used for the same analysis as previously done for the manual assignment. Also, here,
the secondary structure propensities predicted by TALOS-N agree to a vast extent with the
crystal structure, while certain deviations remain. These might still be linked to challenges in
the prediction when the end of an assigned stretch is reached or when the predicted propensity
is not dominant, e.g., for residues 259/270, which still show a significant likelihood for -sheet.
Due to the larger extent of assignment, stronger, consistent deviations can now be found also
for longer sections, e.g., for 531 to 535 or 105 to 111. In addition to previous findings, the
SCS rather correlate with the TALOS prediction in those cases and therefore emphasize that
the secondary structure might be indeed different or the assignments wrong. As assumed for
the manual assignments, the trends for SCS generally benefit from the increased assignments
and help to clarify trends that were observed for the manual assignments.

When plotting the correlation between ¢,1) angles of the crystal structure against the
ones extracted from TALOS-N, the general tendencies are conserved (F ig. As before,
the larger part of residues correlates well, but several outliers, as well as residues with a
large estimated standard deviation, are found (Fig and Table [3.18)). From the 444
analyzed residues, 65 are ranked as Warn, slightly more than twice compared to the manual
assignments. However, only two additional Bad residues are found indicating that FLYA
almost exclusively adds correct assignment, always assuming that correct assignment will
lead to good correlations between the ¢, angles.

Removing the unreliable predictions from the correlation plot, it can be seen that most of
the residues with a large error as well as several outliers, are removed from the plot. Despite
the improvement in the correlation, it should be kept in mind that the assignments made for
these residues still might be correct, and only the prediction by TALOS-N is not sufficient.
Having FLYA as a tool for verification at hand, it can now be estimated if there is a correlation
between the resonances marked in red, i.e., those that deviated from the manual assignments

and the remaining outliers in the plot or generally the residues ranked as Bad. To do so,
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Figure 3.40: Analysis of assigned residues for the - (top) and a-subunit (bottom) with respect to
the secondary structure as in figure for the combined assignments obtained by FLYA (“strong”
assignment in FLYA nomenclature) as well as manually. Not-opaque colors denote all of HN, N, Ca,
CO, and Cg assigned as “strong”, opaque colors denote that at least part of the nuclei have “strong”
assignment). The coloring is accordingly to figure Still, most of the residues show a good
agreement between prediction and crystal structure, but some stretches indicate deviations, such as
for residues 101-110.

all residues were excluded that contain any resonances which do not agree with the manual
assignment irrespective of being marked as strong. In total, 45 residues were affected by
that. While 11 outliers are removed, the other 34 removed residues are accounted for in the
two categories that show good agreement with the crystal structure. Under the assumption
that the FLYA assignments are correct, i.e., resonances or residues marked in red are indeed
incorrect, and all others are correct, it can be concluded that indeed some residues show
significantly different torsion angles compared to the crystal structure, e.g., residues 101-110
show strong TALOS predictions that correlate with SCS and FLYA assigns a long stretch.
On the other hand, however, it can also be assumed that the (reliable) predictions made by
TALOS are actually correct, and additionally, no strong deviations in the structure are to be
expected, which would indicate that more or even other residues than the red-marked ones
are incorrectly assigned by FYLA or manually. This scenario can be found, for example,
for residues 234-239, where the FLYA assignments tend to be inconclusive and match only
partially with the manual assignment while simultaneously the predictions are ranked as Bad
or Warn and are ultimately removed in figure [3.41]C. As expected, all outliers, except three

WHY, are disappearing when the Bad ranked residues are removed, leaving a cleaned-up
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Table 3.18: Ranking of TALOS predictions for combined FLYA and manual assignments. Residues
counted as strong or generous can be considered to be predicted with good confidence, while residues
marked with warn should be excluded from further analysis. Bad only indicates a strong deviation
from the reference crystal structure (PDB ID: 4HT3).

X Strong Generous Warn Bad
abs. 484 370 19 65 30
rel / % 100% 76 4 13 6
@ Deviations due to rounded numbers

Table 3.19: Ranking of TALOS predictions for combined FLYA and manual assignments with all
residues marked as Warn by TALOS and marked as red by FLYA removed.

3> Strong Generous Warn Bad

abs. 373 339 15 0 19
rel / % 100 91 4 0 S

correlation plot. While this is a trivial finding, it is more interesting to see where those
residues actually are found in the sequence as well as what the FLYA assignment quality is
for those (Table . Interestingly, the assignment is most likely correct, based not only
on the analysis by FLYA (dark green or dark blue) but also by manual inspection of the
assignment as far as possible, for most of the residues ranked as Bad while three to four
should be rather considered as a tentative assignment. Nevertheless, manual inspection, in
the sense of following or confirming the assignment route done by FLYA of the additionally
assigned residues, does confirm them. It should, however, be emphasized again that the
stringed requirement for the uniqueness of an assignment or link is mostly rendered through
the 5D experiment in the manual process and of which assignments are often absent for the
additionally assigned residues (see section, and therefore, the assignments made by FLYA
can rather be followed than proven.

As becomes clear, a final and entirely conclusive verification or falsification of the as-
signments is hardly possible as neither the tools used for assignment nor the tools used for
verification are perfect. Nevertheless, an overwhelming majority of residues most likely can
be considered to be assigned correctly while at the same time, a few residues or assigned

regions show possibly less reliable assignments.

Comparison with solution-state NMR assignments of the a-subunit

In contrast to the full asfBs construct, backbone chemical shift assignments are available for
the isolated a-subunit in solution®!? which can be used to compare and verify the NMR
assignment (Fig. Significant changes in the assignment are apparent, highlighted in
(dark) red colors, which account for 306 out of 756 strong resonances, while 393 resonances
agree between the two samples. The differences mostly occur in rather defined regions, i.e.,
sections of the primary sequence of the protein, as can be seen, e.g., for residues N5 to V20
or 197 to N109 , indicating a correlation between the similarity of chemical shifts and those
sections.

Disagreement can be found at different places throughout the primary sequence. How-
ever, especially the N- and C-termini of the a-subunit are in good agreement. The isolated

a-subunit in solution can tumble freely, presumably without any permanent interactions be-
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Table 3.20: Analysis of the remaining, 19 Bad residues

Residue

Assignment results

Rating

2Glu

28Pro

173Tyr

180Ser

181Gly
272Leu

275Pro

282Gly

330Cys

338Arg

372Ser

379Gly

494Ala

500Gly

548Phe

552Ala

575Pro
589Arg

634Pro

dark blue
short stretch

dark blue

isolated; no redundancy

dark blue
end of long stretch
no Cp

dark green

fixed assignment (manually)
— not affected by FLYA

see Serl&0
dark green
short stretch

dark blue

isolated; no redundancy

strong green
long stretch

dark blue
long stretch

strong green
long stretch

strong green
short stretch

strong green
long stretch

partially dark blue

mixed / isolated stretch

dark green

mixed assignments in stretch

dark blue
end of stretch

dark blue
end of stretch

not assigned®
strong green
long stretch

not assigned®

Probably correct

Tentative

Probably correct

assumed as correct

Probably correct

Tentative

Probably correct

Probably correct

Probably correct

Probably correct

Probably correct

Tentative

Tentative / correct

Probably correct

Probably correct

Ignore

Probably correct

Ignore

?Prediction filled in automatically by TALOS-N
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Figure 3.41: ¢ (light blue) and ¢ (dark blue) correlations plots of angles obtained from the crystal
structure (4ht3) plotted against values predicted by TALOS-N as in figure for the combined
FLYA and manual assignments. A) all predictions marked as not-reliable (Warn) by TALOS are
excluded while in B) all residues are included. In C) additionally, all residues in which FLYA and the
manual assignment disagree were removed, however, leaving several outliers. The error bars denote
the standard deviations suggested by TALOS-N. D) ultimately shows the correlation when all Bad
residues are removed, only leaving three outliers.

tween the individual molecules. The microcrystalline sample, although, has no free tumbling
and the additional S-subunit and therefore will have one interface each to the adjacent (-
subunit as well as to the next a-subunit in the crystal, i.e., the unit cell (Fig. It is
therefore expected that the chemical shifts of residues located close to the interfaces, as re-
porters of the direct chemical environment, will be affected and eventually change compared
to a solution-state sample.

Residues located at the a« interface include, among others, R140-N147 on one molecule
and E83 to E90 on the neighboring molecule with E83 as the residue, which is the most
distant one (Fig). The corresponding regions in the primary sequence show rather
big differences between the two samples, and while the assignments around Q80 are still
in good agreement, the deviations increase the closer the residue is located to the surface.
Similar conclusions can be drawn for residues R140 to N147 that form an a-helix that runs
parallel to the aainterface (Fig), and consequently, the previously described trend
for distant residues is not observed. Nevertheless, big differences in the assignment are
found for residues F139-N147. More changes can be observed on the larger af interface.
Especially, the long sections from L58 to G77 as well as G98 to I111 can be located to a
large extent along this interface running from top to bottom (Fig). Ultimately, this
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Figure 3.42: FLYA results as shown in figure (section E in comparison to solution-state
NMR assignments of the a-subunit (BMRB ID: 5013@) Here, the assignments of the full set of
solid-state NMR, experiments were simply compared with the solution-state NMR, assignments of the
a-subunit as the last step of a FLYA run. No other modifications were done and the color coding is as
previously described. Resonances that do not match (red) are indicated as such, if the chemical shift
difference is larger than the defined tolerances, i.e., 0.1 ppm, 0.5 ppm and 0.8 ppm for 'H, '*N and *3C,
respectively. When considering only strong resonances, about half match while the other half differs.
Manual assignments tend to match better between solution and solids assignments. “H chemical shifts
of the solution-state NMR assignments were re-referenced by a downfield shift of 0.6 ppm. For reasons
of clarity, the S-subunit assignments are not shown.
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leaves only the assignments from E199 to A205 with big differences that are not located
close to some interface along with several isolated resonances or short stretches with mixed
strong and weak assignments as well as disagreeing and matching resonances. Similar to
the verification previously described for microcrystalline asfBs TS, a final conclusion about
the more tentative or mixed assignment results is difficult and even more in this particular
case as too many factors differ. While interactions in the crystal and along intramolecular
surfaces play a significant role, temperature effects and changes in the buffer composition,
i.e., crystallization buffer vs. solution-state NMR buffer, have to be considered as well.
Furthermore, the assignments of the a-subunit were done through the PINE algorithm?21%220,
i.e., by automated assignment, and while certainly both algorithms can provide strong support
for the assignment procedure, differences in the results are likely to occur. To this point, PINE
does not support the backbone experiments used for solid-state NMR assignments, and an
evaluation of the two algorithms remains elusive. Nevertheless, the high correlation in regions
distant from interfaces indicates the correctness of the assignment, and even more than for

those sections, solid-state and solution-state samples are indeed comparable.

Assessment of H/D exchange in deuterated TS

While 4900 residues are a substantial amount of assignment, 140 non-proline residues remain
elusive, assuming all other residues are assigned correctly. Several reasons come into question
for those missing assignments. As can be seen from figure a large fraction of the

unassigned residues can be located in protein regions that are considered to undergo major
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Figure 3.43: Interfaces of A) two a-subunits (dark blue) in the crystal cell and B) the a and
B-subunit (light blue). Residues labeled in red mark the beginning and end of regions located near
the interfaces that show deviations between the solution-state NMR assignments of the o subunit and
solid-state NMR assignments of the asfs construct. Mesh surfaces in orange highlight the spatial
proximity. Structure depiction and editing in UCSF Chimeratl®,

conformational changes in the catalytic cycle, in particular, the COMM domain and loops
al.l2 and aL6 (see also section which will probably maintain certain flexibility, even in
the present, trapped state of the internal aldimine.

Deuterated and fully back-exchanged samples, as used for the assignment, can be prone to
incomplete exchange of the respective amide groups. Especially for rather isolated, hydropho-
bic regions in the core regions of the protein, as they are found in TS, e.g., in parts of the
intra-molecular tunnel’8, a risk for remaining deuterons remains and therefore decreasing or
completely quenching the signal intensity coming from those residues. To estimate the extent
of incomplete back-exchange, H/D exchange experiments by mass spectrometry (MS) were
performed. For reasons of practicability, the amount of exchange in water-exchangeable sites,
i.e., amides, was looked at in a reversed way, i.e., a fully protonated sample of unlabelled,
wild-type TS was exposed to deuterated buffer for different times from 15 sec to 14 d, and
the exchange was monitored by HPLC-MS. The long incubation times were used to mimic
as good as possible the conditions of the NMR sample, which ultimately is exposed to a
protonated buffer during several weeks before being filled into the NMR rotor. Although the
environment of the samples differs, the H/D exchange (HDX) experiments are expected to
give tendencies about back-exchange problems. For experimental details and optimization of
conditions for TS, refer to section

Despite an incubation time of two weeks, the HDX experiments indicate an incomplete
exchange of protons to deuterons and by that, pointing out that hindered back-exchange
might generally be a problem for TS. At the same time, the relative exchange never exceeds
50 %, even for water-exposed surface regions of the protein, placing a strong contrast to the
expected outcome that at least those regions, among others, will be fully exchanged after
14 d, simultaneously emphasizing that the results of the experiment rather give tendencies.
Therefore, the maximum uptake of deuterium over the entire sequence is set to 100 %, and the
other residues are normalized accordingly. Furthermore, it should be noticed that in theory,
a single-residue resolution could be obtained while the actual outcome is mostly averaged
over several residues of 5-10 amino acids (Fig. [3.4572!
found when depicting the relative exchange onto the crystal structure (PDB ID: 4HT3146) of
TS.

. Nevertheless, some tendencies can be
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Figure 3.44: Extend of H/D exchange after 14 d (not normalized) plotted on the crystal structure
of TS (PDB ID: 4HT3M6) Blue regions indicate low exchange, and green regions indicate higher
exchange rates up to 50 %. Prolines are excluded by definition and are highlighted in yellow. While
the core regions expectantly show low exchange, especially the water exposed surface of a-subunit
shows higher exchange levels. The §-subunit shows a similar pattern. Despite general accessibility of
the protein surface, except crystal-crystal contacts, some of those solvent-exposed regions, however,
do not show strong exchange as even the dimer-dimer interfaces seem not to be affected by hindered
exchange. Structure depiction and editing in UCSF Chimera®®,

Analyzing the relative deuterium uptake with respect to the protein primary sequence
in the context of assigned proteins can be used to deduce hindered exchange is one of the
reasons for missing assignments. Taking into account cryogenic b-factors as reporters for
molecular displacement as well, gives hints towards conformational flexibility, i.e., protein
dynamics, in those regions with elevated b-factors, which effectively render CP transfers less
efficient and therefore could lead to missing signals. For most assigned regions, a considerable
deuterium uptake can be found (dark blue stretches in ﬁgure while several regions remain
unassigned despite high exchange rates, e.g., residues 183-195 or 409-415, and at the same
time longer, assigned regions are found in regions that show apparently low uptakes rates
placing a strong contrast to the expected outcome. A similar picture can be drawn when
considering b-factors in addition. Two important loops in the a-subunit, al.2, and al.6, as
well as the COMM domain in the S-subunit, remain widely unassigned and exhibit elevated
b-factors, but in contrast, the region from residues 521 to 584, featuring similar b-factors
as residues in the COMM domain, is assigned to a large extend while simultaneously show
almost no H/D exchange.

It can therefore be concluded that hindered backexchange, as well as potential conforma-
tional flexibility, constitute pitfalls for the assignment process as they largely or completely
quench the signal, but in the end, only provide tendencies rather than strong correlations

and causalities.
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Figure 3.45: Relative deuterium uptake after 14 d(blue tones) and cryogenic b-factors (red) plotted
on the sequence of TS for a-subunit (bottom) and S-subunit (top). The deuterium uptake was
normalized to one instead of using the relative uptakes provided by DynamX (see text). Gaps (grey
rectangles for better guidance) indicate missing HDX data rather than a missing assignment in contrast
o, e.g., figure Dark blue stretches mark assigned residues while teal ones indicate missing
assignments. If missing assignment would be exclusively linked to insufficient back-exchange, assigned
regions should show higher uptake compared to unassigned regions. Regions with high cryogenic b-
factors might have higher flexibility and therefore can serve to indicate the presence of dynamics in
those regions of TS which at the end can lead to decreased CP efficiencies.

Performance of fully protonated TS

As unfolding/refolding protocols remain elusive so far, the preferred labeling scheme to cir-
cumvent potential problems with HDX would come as a fully protonated sample, making
back-exchange redundant. At the same time, Ha nuclei, as well as side-chain protons, could
be facilitated as an additional information source. When increasing the MAS frequency to
> 100 kHz, the line widths are expected to remain comparably narrow 2% and in the con-
text of the high dispersion obtained from higher dimensional experiments, peak overlap is
not expected to put limitations for such a sample. However, the combination of a denser 'H-
'H dipolar network, shortening T relaxation times, and the required higher spinning speed
will reduce transfer efficiencies, and even though less sample is needed, the RF coil design
cannot fully compensate the smaller rotor volumé!2. Those factors will ultimately attenuate
the sensitivity with a direct effect on measurement time or general feasibility. To make a
qualitative assessment of the impact on measurement time as well as changes inflicted by
a fully protonated sample, a small set of experiments, 2D hNH and 4D hCOCANH, were
recorded on fully protonated asfB TS in 0.7 mm rotor at 111 kHz MAS and a 'H Larmor
frequency of 800 MHz. The line widths present in the fully protonated sample range typi-
cally from 50 to 100 Hz for 'H (Fig) as expected and underline the high performance
of MAS frequencies of > 100 kHz. As expected, the reduced amount of sample in the rotor
in combination with lower transfer efficiencies decreases the sensitivity significantly around
a factor of three in the simple case of a 2D hNH experiment and about a factor of eight in
the case of the 4D hCOCANH, despite the higher magnetic field used for the fully proto-
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Figure 3.46: Changes of sensitivity between a 100 % back-exchanged sample at 55 kHz MAS (dark
blue) and a fully protonated sample at 111 kHz MAS. A) H/N bulk signal of the first FID in an hNH
experiment adjusted to the same noise level. Both FID were processed with 100 Hz line-broadening.
B) Full hNH spectra of the respective samples and representative slices through the isolated signal of
T334. Both spectra were processed using a squared sine bell with SSB values of 4 and 3 in the 'H and
15N dimension with effective acquisition times of 20 ms and 28 ms, respectively. The spectra show
no apparent differences except slight differences in chemical shifts for individual signals, which most
likely are due to temperature differences. The extracted slices were again scaled to the same noise level
to allow for direct comparison under the given processing parameters. The line-width at half-height
was, however, extracted from the same spectra without any window function. As expected®2, the fully
protonated sample shows broader lines due to stronger, remaining dipolar interactions. C) Qualitative
comparison of signal intensity in a higher dimensional experiment (4D hCOCANH). Shown are the first
FIDs of the experiment processed with 100 Hz line broadening with the signal of the back-exchanged
sample reduced to 1/8 for better visualization. Despite the fully protonated sample being acquired at
800 MHz 'H Larmor frequency, compared to 700 MHz of the other, significant drops in intensity can
be seen.

nated sample (Fig, C). The overall shape of the two hNH spectra, considering them
as a fingerprint, greatly agrees as far as it becomes apparent for isolated peaks. The slight
deviations in chemical shifts might arise from small differences in temperature, a parameter
always difficult to control in solid-state NMR. Taking into account that with full protona-
tion, all residues should contribute to the bulk signal with maximum intensity, the average
single-peak S/N will be slightly lower than derived from figure

Full protonation will certainly avoid signal loss due to incomplete backexchange, but
taking into account the reduced sensitivity compared to a 100 % back-exchanged sample in
combination with the intrinsically longer measurement times due to the high molecular weight
(as described before), the required experimental times would simply outreach a reasonable
time limit if the SNR limit is to be maintained. Therefore, it might be concluded that a fully
protonated sample, even though being the preferred choice, is strongly limited in terms of

practicability and falls behind a deuterated and 100 % exchanged sample.

R1p relaxation studies on TS give first insights into conformational changes

Facilitating all strong assignments, including those obtained manually, downstream analysis
of TS, such as relaxation experiments to receive information about the protein’s dynamics,
can be achieved. The complex catalytic cycle in both subunits of TS underlies allosteric
modulations through conformational changes in the protein depending on the state in the
catalytic cycle! %148 (see section. Such conformational changes usually underlie motion
on the ps timescale which in turn can be particularly well studied using R;p relaxation

121647677, 79,121)129

solid-state NMR, experiments Due to the immense resonance overlap in
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Figure 3.47: Signal dispersion and overlap as it can be found in the pseudo-4D hCONH R;p re-
laxation series at two different carbon chemical shifts. While the majority of peaks are sufficiently
resolved, occasional peak overlap is found, rendering those residues only partially useful for relaxation
analysis such as M84 and M508.

a 2D hNH experiment and hence following the requirement for three-dimensional relaxation
experiments with a corresponding increase of measurement time, Rjp rates were first acquired
at a single RF field of 5.5 kHz in a pseudo-4D hCONH series at a spin-lock length of 5 ms,
10 ms, 20 ms, 40 ms, 60 ms and 80 ms (for details see . Residues for analysis were
identified from the obtained shift lists and transferred into a template hCONH experiment
from which residues were removed that do not exactly fit the present peaks after referencing.
From all 490 residues, only 244 were eligible for further analysis, from which several residues
are linked to the same peak (Fig. This is underlining one of the initial problems pointed
out in section [3.1] about the likelihood of peak overlap in large proteins, in particular TS,
which constitute a large a-helical character. For those residues, no conclusive R;p rates can
be given as it is indistinguishable from which of the residues the observed relaxation behavior
occurs.

Residues expected to show significant dynamics in the ps regime remain mostly absent due
to missing assignments in regions suspected to undergo major conformational changes such
as al.2, a6 and the COMM domaint#048215 wwhich is also indicated by elevated cryogenic
Ca B-factors read out from the respective PDB files (Fig. Many of the 244 analyzed
residues show relaxation rates, obtained through an in-house Mathematica or Python script,
above an assumed baseline value for rigid residues of 2 s~! as indicated by the dotted line
in figure [3.48P>0%470 pointing towards ps motion being present in TS. Depicting the site-
specific Rjp rates on the crystal structure of TS (Fig reveals indirect indicators of the
larger conformational changes assumed to be present. Despite the al.2 being essentially
unassigned, the close-by interface of the S-subunit involving residue S429, which is also part
of the COMM domain, shows a high relaxation rate of 10.4 s~!. Similar, residues G384 and
A376 show elevated rates of 10.0 s™' and 7.7 s~! and might therefore report on ps motion in
parts of the COMM domain at room temperature whereas the cryogenic B-factors for all of
those residues remain unaltered at a baseline level.

In addition to the residues of the COMM domain, richer relaxation information is obtained
for residues in the active site of the S-subunit (Fig). As expected, residues H354 and
K355 show rather low rates of 2.7 s~! and 3.1 s~! as they hold the PLP cofactor in place via
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Figure 3.48: Single residue >N R, p relaxation rates with a spin-lock strength of 5.5 kHz plotted on
the sequence for the a-subunit (top) and the S-subunit (bottom), superimposed with Ca B-factors of
the crystal structure in the closed conformation (red) of the a-subunit (PDB ID: 4HT38) and the
open conformation (green) (PDB ID: 1KFK?22)  indicating large conformational changes occurring
during the catalytic cycle and substrate tunneling, especially loops al.2 and al.6 as well as the COMM
domain.

Figure 3.49: "N R, p relaxation rates at 5.5 kHz spin lock strength plotted on the crystal structure
(PDB 4HT38) of TS. The thickness of worms, as well as the color, reflect the rates where thick
worms and red colors correspond to high R;p rates, whereas thin worms and blue colors indicate low
rates. Only those residues for which a clear assignment from the obtained shifts in a template hCONH
experiment was found are shown, while excluded residues are shown in grey. In total, 244 residues

were used for the relaxation analysis. Structure depiction and editing in UCSF Chimera™®.
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Figure 3.50: A) R;p rates observed for residues close to the PLP cofactor in the active site of the
B-subunit. The color coding is as before and indicated in the figure. Assigned residues for which no
relaxation data was obtained, but that might function as interactions partners are shown in grey. B)
Accessibility of the PLP cofactor, shown in purple, in the open conformation of the S-subunit and the
closed conformation (C)). These conformational rearrangements are hypothesized to be in equilibrium
even in the stable internal aldimine staté™” (see section and can be associated with potential
high activation barriers as described in more detail in section [3.3] Especially residues R416 and R647
have to move for the portal to close, which is reflected in the elevated Ryp rates. Structure depiction
and editing in UCSF Chimera™¥ ((A) and PyMol?%¥ (B,C).

hydrogen and covalent bonds. In contrast, E618 shows an elevated rate of 5.2 s~! despite the
potential anion-7 interactions of the carboxyl group and the cofactor. Residues G351 and
A353 show elevated rates of 6.2 s~! and 5.8 s~! which, together with R416 and D649 flank the
portal over which the active site is accessible for solvated substrates such as L-serine. D649 is
assigned but not included in the relaxation analysis. When analyzing the pseudo-4D hCONH
spectra, it can, however, be seen that D649 is present although with low intensity and almost
completely decays for longer spin lock times at 5.5 kHz spin lock strength, indicating that
the residue is highly flexible, albeit not reliably quantifiable. Comparing crystal structures
showing the 8-subunit either in the open or the closed conformation reveals that residues D649
and R416 undergo significant relocation, which ultimately effects the portal to close, making
the cofactor inaccessible at that stage of the catalytic cycle (Fig[3.50B,C). This mechanism is
important for the controlled uptake of the substrate and release of the product at exactly the
right time of the catalytic cycle and seems to be conserved even in the closed conformation at

room temperature, whereas cryogenic B-factors indicate a near-complete static environment.

In a further attempt to gain a deeper understanding of the dynamics present in TS,
BMRD-like relaxation dispersion experiments were acquired as before for a single field. The
relaxation series was extended by pseudo-4D hCONH experiments at a spin lock RF field of
3.3 kHZ, 4.4 kHZ, and 11 kHZ to sufficiently suppress coherent contributions at lower RF
fields”. Despite an incomplete analysis of the dispersion profiles at that point, a manual
interpretation of the different Ry, rates at different RF fields can give hints if relaxation

dispersion is present and following from that the presence of ps time-scale motion (Figl3.51)).
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Looking again at the active site of the S-subunit (Fig[3.51]A), it can be seen that residues
Q382, R647, D649, and R418 might present such relaxation dispersion, although less pro-
nounced for Q382. Comparing the crystal structures of the open conformation (PDB ID:
4HT3) and the closed conformation (PDB ID: 4HN4), the large conformational changes be-
tween the two states become clear, ultimately requiring high plasticity of the residues involved
in those regions of the protein.

Here, first studies of single-field and BMRD like R;, relaxation experiments indicate the
presence of 11s time-scale motion being present in T'S, and despite unassigned loops, al.2 and
aLL6, individual residues in the COMM domain are assigned and present elevated relaxation
rates pointing towards the conformational changes occurring in TS at room temperature, in
spite of the trapped internal aldimine state. Manual analysis of BMRD series in the active
site of the B-subunit does not only involve residues of the COMM domain but moreover em-
phasizes that residues involved in the controlled access and release of substrates and products

require higher plasticity, which appears to be conserved in the open conformation.

Chemical shifts report on the direct chemical environment of the j active

site

Chemical shifts are direct and sensitive reporters about the direct chemical and electrostatic
environment of the observed nucleus and are, therefore, a versatile tool to gain insights into
the catalytic activity of TS. Moreover, the assigned 'H chemical shifts can be used as reporters
of tautomerism, H-bonds, and proton-exchange processes assumed for the catalytic cycle, in
contrast to '3C detected experiments of labeled TS or °N labeled substrates (see also section
147,149&50211. The identified chemical shifts give hints to an H-bond network around
and involving the PLP cofactor in the S-subunit (Fig as can be seen, e.g., for G500
interacting with the phosphate group of the cofactor and displaying a strongly downfield
shifted 'H amide shift of 10.61 ppm or E618, building a salt bridge to K650 as well as an
H-bond to its side-chain and showing a distinct 'H chemical shift of 10.98 ppm. Additional
noteworthy residues in the § active site include S645, which side-chain shares H-bonds to the
PLP cofactor as the donator, as well as to S619, as acceptor, resulting in an unusual upfield
shift of 62.1 ppm for the CS nucleus while the Ca resonance is shifted to 62.5 ppm likely
due to the third H-bond that is formed between the amide and the hydroxyl group of S619
(Fig. Additionally, a Cf chemical shift of 31.1 ppm can be found for H354, which points
towards higher pKa values of the imidazole side-chain®**. More interestingly, all side-chain
carbon resonances, as well as the N(, H¢ and backbone resonances of K355, could be assigned.
The carbon side-chain resonances except Ce are directly obtained from the 4D hCCNH in
conjunction with the backbone assignments and report already on a slight shift of the Cd
resonance (31.7 ppm vs. 29 ppm BMRB). The Ce, N¢, and H( shifts can be obtained from 2D
hNH and 2D hCH correlations under long CP contact times of 2 ms and large spectral widths
of 313 ppm and 316 ppm for °N and *3C respectively as well as 96 averaged FIDs (scans)
to elevate weak signals. As the entire, abundant proton bath is used as initial magnetization
for CP transfers to a heteronucleus, magnetization is not only transferred from the amide
proton to the amide nitrogen but also from H({ to N( in case of the hNH experiment as well
as to spatially close carbon nuclei in case of the hCH. This effect is enhanced through the

long transfer times, which can partially overcome dipolar truncation. The remote peak in
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Figure 3.51: A) The active site of the S-subunit with the PLP cofactor highlighted in purple for
crystal structures in the open (light grey) and closed conformation (dark grey). Shown in dark blue
are residues for which BMRD like relaxation dispersion might be present (B) and in light blue residues
that are strongly involved in the closing of the portal to the cofactor but for which relaxation analysis
was not possible. In contrast to figure D649 was included in the BMRD analysis despite being
difficult to quantify at different fields in this set of experiments. The relaxation dispersion profile
should therefore be considered carefully. The superimposition of the two crystal structures shows the

large structural rearrangements involved between the open and closed state. Structure depiction and
editing in UCSF ChimeraY.
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Figure 3.52: The active site of the S-subunit with the PLP cofactor in the center (dark blue) and
a selection of surrounding, assigned residues (light blue). A tight H-bond network is formed between
S645, S619, and the cofactor, which is reflected in the unusual shifts of S645. Similarly, the H-bond
between the phosphate group of PLP and G500 causes strong downfield shifts of the amide proton as
well, as the interaction between the side-chains of E618 and K650 causes a proton shift of 10.98 ppm
of E618. The covalently attached K355 shows unusual Cd, Ce, and N( shifts caused by the covalently
bound cofactor. Structure depiction and editing in UCSF Chimera™?.

the H/N correlation features uncommon chemical shifts both for the 'H as well as the '’N
dimension and is therefore unlikely part of the protein backbone or a normal side-chain based
on comparison with average BMRB chemical shifts. The N( atom has been previously studied
by selective labeling and ’N-detected, solid-state NMR experiments at -10 °C147150 and a
chemical shift of 203 ppm was found, suggesting that the here observed shift of 227 ppm likely
corresponds to the same atom. A slice at the respective H{ chemical shift through the carbon
dimension in the H/C correlation shows matching chemical shifts for K355 even for the less
intense carbon resonances of the side-chain when superimposed with the respective stripe of
the 4D hCCNH (Fig, corroborate the findings from the H/N correlation. In contrast to
the hCCNH, the long-range hCH experiment features a strong signal 52 ppm which can be
linked to Ce, the only resonance absent in the hCCNH strip as it is the most distant residue,
but the closest to the H{ nucleus. The shift follows the tendencies already observed for the
Co shift and is now significantly downfield shifted by 10 ppm compared to average BMRB
shifts through the adjoin Schiff-base. In addition to pure chemical shifts, the line width of
the respective isolated peaks can be measured to gain insights into processes associated with
line broadening, e.g., chemical exchange as hypothesized for the imine formed by the PLP
cofactor and K355147149 (see section . The line width at half-height measured for N(
is on the order of 270 Hz compared to 20 Hz, as is observed for isolated resonances assumed
to be not involved in exchange processes.

In cooperation with members of the Mueller group at UC Riverside E| the newly reported

chemical shifts could be used as restraints to obtain a more accurate model of the S-active site

“Collaboration partners and co-authors of Klein et al. PNAS DOI: 10.1073/pnas.2114690119
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Figure 3.53: Chemical shifts of K355. The N{ and Ce chemical shifts can be identified by long-range,
i.e., long CP, hNH, and hCH experiments (A)) in combination with the assignments obtained from
the hCCNH experiment (B)). Due to the covalent bond H{, N¢ and Ce show unusual chemical shifts
compared to BMRB shifts. The 2D hNH experiment was recorded with 96 scans, a spectral width of
313 ppm and a N acquisition time of 27 ms in 13.5 h at a "H Larmor frequency of 700 MHz. The
2D hCH experiment was recorded with 1200 scans, a spectral width of 316 ppm and a 15N acquisition
time of 4 ms in 4.1 d recorded in three blocks at a "H Larmor frequency of 700 MHz.

through NMR-assisted crystallography, i.e., by combing solid-state NMR chemical shifts, X-
ray crystal structures and involving first-principle calculations 7225229 A5 the computations
were done by the Mueller lab, no detailed results should be given but rather a short description
of the outcomes to demonstrate the utility of the achieved assignments. Facilitating the
observed chemical shifts, a two-state fast exchange model can be proposed, which locates
the Schiff-base proton in two tautomeric forms partially at the respective nitrogen, named
PSB state, and partially at the phenolic oxygen of the PLP cofactor, named PPO state
(Fig[3.54). Furthermore, a free energy difference AG of only 1.2 kJ/mol can be calculated
based on Boltzmann statistics and populations of 62 % and 38 % for the PSB and PPO state
at 30 °C. Based on the measured line widths of the N( resonance, an free activation energy
AGT of 41 kJ/mol can be assumed, which, however, seems large for a pure proton-exchange
event and would rather imply larger conformational changes. The latter ones might indeed
occur, as the S-subunit has to open before L-serine can diffuse into the active pocket. The
conformational change from close to open is, however, associated with a shift towards a more
aqueous environment in the active site, which would ultimately stabilize the zwitterionic PSB

state. In contrast, a closed conformation of the S-subunit would favor the neutral PPO state

over the PSB state.
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Figure 3.54: Overview of the NMR crystallography and line width analysis, done by the Mueller
lab. A) shows the computed ab-initio chemical shifts for both the PSB and PPO state. B) Through
fitting against the experimentally measured line width of the N( resonance, conceptually shown in
black with a blue fit, the activation energy for the tautomeric proton exchange is obtained (C). D)
Conceptual energy diagram showing the activation barrier as well as the small AG computed for the
two-state exchange model with a higher populated PSB state at 30°C.

Discussion

Backbone and Cf resonances of TS could be substantially assigned using a set of differ-
ent four- and five-dimensional 'H-detected experiments without specialized labeling schemes.
Moreover, chemical shift studies on T'S have so far been mainly limited to selectively labeled
substrates or the PLP cofactor, and mechanistic studies, although abundant, have been
restricted to those substrate studies, X-ray structures, MD simulations, and first-principle
calculationgMOATIAIS012252301231] - Degpite being incomplete, the resulting chemical shifts

grant unique insights into the proton chemistry involved in the active site of the S-subunit

and, in contrast to previous studies, can directly be observed. Chemical shifts have proven
to be sensitive probes for the direct chemical environment but are increasingly difficult to
get for large molecules in solution as every additional transfer step drastically reduces sen-
sitivity, and even 3D routine experiments such as HNCACB pose hurdles222233  Owned
to size-independent magnetization transfer in solid-state NMR, proteins of high molecular
weight can be explored but often suffer from severe resonance overlap. The assignments of
TS, therefore, demonstrate that the molecular-weight regime beyond 70 kDa is altogether ap-
proachable through high-dimensional experiments in a computationally assisted assignment
strategy. This opens access to many important proteins that play a key role in pharmaceutical
research 13233235 414 biotechnology230.

First, relaxation data indicate the presence of relevant ps motions in regions of TS that
are crucial for the allosteric modulation of the catalytic cycle in both subunits. These include
especially isolated residues in the COMM domain as well as residues involved in opening and
closing the portal for substrate entry or product release, respectively. However, at this point,
more comprehensive relaxation data remains elusive as many residues have to be filtered out
previously for analysis, and a final BMRD fitting is missing. Both will be subjects for ongoing
work on TS.

Measurement time is a crucial factor in NMR and can be become a particular problem in
solid-state NMR as the number of molecules per volume is fixed, in contrast to solution-state
NMR. Nevertheless, high-dimensional experiments are feasible even at a nowadays moderate

field strength of 700 MHz, and as pointed out, the measurement time requirements can
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drastically be reduced with access to high field magnets of 1 GHz or above. It can be expected
that future developments in the field of cryo-MAS probes will further improve the sensitivity
and consequently decrease the time requirement, which was recently demonstrated at lower

MAS frequencies which are currently available?37,

The assignment of TS was a constant
process, and so were the experiments and techniques which were consulted over time. It
could be shown that the initial set of 4D experiments could have delivered a similar coverage
of assignments when used in a fully automated way, however, without the possibility of
manual verification. The 5D HNcoCANH was demonstrated to be essential for the initially
pursued manual assignment approach, and beyond that can drastically reduce the set of other
experiments in a computationally aided strategy. Although hard to generalize, this will likely
be important for future assignments of proteins of similar size and prospectively will shorten
both experimental and assignment time.

H/D exchange problems might be surely expected in perdeuterated and back-exchanged
preparations but have not been a limiting factor for resonance assignment so far. Unfor-
tunately, for TS, important residues cannot be assigned, which maybe traces back to the
incomplete exchange of deuterons. As unfolding/refolding protocols remained unsuccessful
so far, the only remnant strategy involves fully protonated sample preparations, which are
directly accompanied by compromised sensitivity and extended measurement requirements.
However, these can likely be ameliorated with higher fields and cryo probes, as pointed out
above.

Despite these limitations, the techniques presented in this work are expected to be of
great help for further studies not only on TS but also for unassigned proteins of similar size,
which opens great perspectives for "H-detected solid-state NMR.

Future work in TS should aim at avoiding H/D exchange problems in deuterated prepa-
rations, e.g., by incorporating deuterated growth media instead of or in addition to labeled
glucose in a water-based M9 medium. While relaxation studies are ongoing, their impact
will be bigger if the remaining assignment gaps can be closed through complementing sample
preparations, e.g., with only one labeled subunit, which can confirm or correct the existing
assignments at the same time. In that context, the usage of NUS in pseudo-5D relaxation se-
ries should be explored, which, if successful, will significantly increase the number of residues
that can be used for relaxation studies for all proteins in that size regime. Histidine side
chains are of particular relevance in the active site of the S-subunit, as, e.g., the protona-
tion state of H354 is important for the catalytic activity throughout the cycle. In addition,
also complementary chemical shifts of the heteronuclei in the active site will likely further
improve first-principle calculations, and step-wise improve the understanding not only of TS
but also other PLP-dependent enzymes. Both HN and HC signals of histidine side-chains
can be seen in the same long-range hNH and hCH correlations used to identify N¢ and Ce of
K355, but insufficient CC mixing schemes so far limit the connection of the side-chains to the
protein backbone. Similar to the combined 5D /4D experiment, widening this bottleneck will
likely help to investigate side-chain chemistry in a wide range of deuterated protein sample

preparations.
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4.1 The All-in-one experiment for protein-ligand interactions

Introduction

Understanding the structural properties and dynamics of proteins through a plethora of avail-
able techniques contributes essentially to a deeper knowledge about the underlying molecular
mechanisms, which can ultimately help to define new drug targets and assist in the develop-
ment of their inhibitors. Furthermore, the study of existing ligands and their binding proteins
can lead to new insights about the mechanisms of action or alterations of the proteini®®. In
both cases, structure information of the ligand, as well as the protein in their bound form, is
almost always a necessary precondition. Besides in silico studies and X-ray crystallography,
NMR, mostly in solution-state NMR, is widely used to characterize the interactions between
protein and ligand from either the side of the protein, monitored by chemical shift perturba-
tions (CSPs)23823% and through-space correlations, i.e. NOESY experiments®*? or from the
side of the ligand, using experiments like STD#40242 T _filterd?4%243 and others?2%24L bHut
also alterations of chemical shifts, often done for F-containing compounds?43246,  Thege

238,241,247

approaches can be used to obtain binding affinities as well as to identify interaction

sites between the ligand and the protein and are often facilitated for fragment screenings and

238240;2450247248  Whereas most employed NOESY experiments can pro-

2391249

lead optimization

vide rich information about the structure of the protein or between the ligand and the

2391250

protein , structure information about the ligand itself often remains absent, and several

experiments are required to get an encompassing picture. In protein NMR, edited NOESY

203,,204,251}252

experiments are the experiments of choice to yield intra-protein through-space

correlations, as only those "H-'H contacts appear which are attached to either a °N or

39 On the other hand, contacts between an unlabeled ligand and the labeled

13¢C nucleus?
protein can be obtained through filtered NOESY experiments in which only those 'H-'H
contacts appear for which no 15N or 13C nucleus is bound?%253254  Thege experiments are
usually performed in three or four dimensions and double-edited or filtered combinations
exist23%293:254 a]50 in solid-state NMR2U™, Despite the insights resulting from these experi-
ments, intra-ligand contacts can be at most indirectly observed as they are filtered out or will
likely disappear in the overwhelming number of intra-protein signals. Only double-filtered
experiments can provide those pure intra-ligand contacts but, in turn, will miss all contacts
to or from the protein. In conclusion, several experiments will be required to obtain all types
of correlations, i.e., protein-protein, protein-ligand, and ligand-ligand contacts. Here, the
All-in-one experiment for solid-state NMR is introduced as adapted from concepts developed
for solution-state NMR43). The 3D experiment contains a time-shared HSQC-NOESY?2%4
experiment that includes a 'H-'H-NOESY to show intra-ligand NOEs through an artificial
chemical shift. The general pulse sequence and possible variants are introduced, and critical

problems of sufficient water suppression are pointed out.

Product operators of the protein and ligand pathway

The concept of the All-in-one or All-inclusive experiment was previously introduced for
solution-state NMRZ39, combining a 3D filtered ['°N,'3C]-time-shared HSQC-NOESY ex-
periment with a 2D-like "H-'H NOESY of a ligand molecule (Fig . However, a detailed

description of the pulse sequence itself can only indirectly be deduced from the pulse pro-
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Figure 4.1: Schematic magnetization pathways as observed in the All-in-one experiment. Solid
lines indicate through-bond transfers of the '>N-HSQC (dark blue) and '*C-HSQC (teal), dashed
lines indicate 'H-'H through-space contacts, facilitated either by NOE in solution-state NMR or
RFDR in solid-state NMR, observed starting from amide groups (dark blue), unsaturated carbons
(teal) in the HSQC-NOESY pathway as well as intra-ligand contacts (orange) as well as combina-
tions of those. The ligand compound is the compound SBR ((R)-N-(3-Indol-1-yl-2-methyl-propyl)-4-
sulfamoyl—benzamide)uﬂ], a potent non-covalent inhibitor of hCAITI.

gram available for download?®>. As several modifications, especially regarding water suppres-
sion, phase cycling, and 'H-'H mixing had to be implemented to adapt the experiment for
solid-state NMR, a detailed description of the magnetization pathways in terms of product
operators should be given here. The first pathways to consider are the transfers that provide
15N, 13C-edited "H-"H contacts. As this experiment is using the concept of time-shared NMR,
the timing of pulses for the ’N and *C INEPTs have to be adjusted. The first 7-pulse simply
flips the proton magnetization in the x,y-plane, i.e., onto the -y-axis if x-phase is considered.
~ 2)H, ~
1. (n/2) -4,
With respect to C to overall delay until the final m/2-pulse in the INEPT to transfer the

magnetization is

1 1 1 N 1 .y 11
AJne  AJgn  AJue’  AJun AJue 2JHe

Al—AQ—I—Ag:

and similar with respect to °N

1 1 1 1 1 1

Ap Ayt Ay = _ _ o _
Lot A= st T T e Wan T ddns - 2un

Furthermore, it can be seen that the proton chemical shift evolution is refocused with respect

to

Ay = —(Ay — Az)
1 ] N B
4duc  AJgn  Aduc’  Adun  Aduce
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Figure 4.2: Pulse sequences for the solid-state NMR version of the All-in-one sequence®*. A) Hard
/2 and w pulses are denoted by filled and empty rectangles. Small, light gray squares indicate
soft power rectangular pulses. The delays are set A; = ﬁ, Ay = kﬁ . ﬁ7 Ag = kﬁ,
As = 4J1{N’ Ag = 4JLC and Ay = ﬁ — m with &k to be optimized for optimal intensity. The
pulse program including finer adjustments of the delay times can be found in the appendix (section
[7.1). Phase cycle: ¢1 10 = X,-X; d2,20 = X,X,-X,-X; 3 = VY. VoVi Y-V ¥or¥s 30 = VY YrVoVo¥o0Y; $3x =
45°,45°,135°, 135%¢rec = Xx,-X,-x,X. The RFDR 7 pulse was cycled with the XY-16 super cycle. Pulses
marked with an asterisk are phase-shifted by 90 or 45° in case of the "H 7 pulse to obtain phase-
sensitive States-TPPIX™ spectra in every indirect dimension including the 2D intra-ligand spectrum.
B) As A), but selective pulses on water were replaced by selective continuous wave periods during
the recycle delay and a shorter 10 ms block after RFDR mixing.
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and also with respect to'°N.

A+ Ay = Ag

1 1 1

4Juc * Wy AJpe’ 4y

Therefore, the —H'y term will have evolved to full anti-phase both with respect to 15N and

13C, which is then transferred to either of the hetero-nuclei at point A and A’.

~ 2nJgnTiHLN. ~ o~ /20,
*Hy HNT141z1Vz 72HINZ / Y

—ﬁy 27TJHcT1I:Izéz A 7T/QIEI

After the INEPTs, chemical shift evolution of both N and '3C can occur, whereas the

pulse on 'H, now assumed to be x-phase, simply refocuses the J-coupling, so that at point B

or B’

—2H,N, ™ 2[,N,
—2H,C, ™ 2H,C,

Next, the magnetization is transferred back to 'H by a reversed INEPT, and consequently,

the same transformations apply, and as

Ag = A
A7 = Ay
As = As

= Ag + A7+ A =

2JunN

can be assumed, pure in-phase H, magnetization is obtained at point C. The delays A

are denoted differently, as in the first INEPT, a relaxation-optimized adjustment for

1

4JgN

can be performed to optimize the signal. However, as those adjustments do not alter the

general concept of the experiment, the approximations above can be considered valid. The

H, magnetization is allowed to undergo chemical shift evolution, while the J-coupling to N

and C are refocused by two 7 pulses, so that at point D

2

P A
H, — H,

B

I A
H, — H,

Chapter 4. Protein-ligand interactions

120



4.1. The All-in-one experiment for protein-ligand interactions

To obtain through-space 'H-'H contacts, a NOESY block would now be introduced, while in
the solid-state version, an RFDR2%25 mixing block is introduced, which reintroduces 'H-'H
dipolar interactions, which ultimately lead to a through-space magnetization transfer with
similar results as NOEs, however, mediated through different mechanisms. RFDR mixing,
as NOESY mixing, is performed on z-magnetization, which is easily created through

I:Iz 7/2(—Hy) ﬁz

For detection, the proton magnetization is ultimately transferred back to x,y-plane after the

mixing period

A

a, T2 g

The benefit of the All-in-one experiment is that, simultaneously to the 3D time-shared edited
HSQC-NOESY experiment, a 2D-like intra-ligand NOESY spectrum is obtained as in contrast
to conventional experiments, the 'H magnetization that does not undergo the HSQC path is
preserved. In a conventional HSQC-NOESY experiment, the 'H magnetization is kept and
refocused along the y-axis, and the term —ﬁy is preserved. In combination with gradient,
water suppression schemes like WATERGATE?Y and phase cycling, all non-edited signals
essentially vanish. Here, however, —E[y is eventually turned into —H, through an alteration
in the phase of the refocusing 7 pulse during °N and '3C chemical shift evolution from 0°,
i.e., x-phase, to 45°, causing a 90° shift of magnetization (Fig) so that at point B’, the
pathways of protons that underwent the HSQC path and the non-edited ones are eventually
recombined and undergo RFDR mixing. The pathway for non-edited, e.g., ligand and water
protons, until point B’ is therefore

~  7/2H. ~ o2nJgxmH.S ,Wﬁ ~ mHy50 ~
HZ / x —Hy HXT1i1z0z x 45

If the phase cycle of the respective 7 pulse is matched to the one of the HSQC pathway (Table
and Fig. , all non-edited signals are maintained throughout the entire experiment,
which eventually leads to difficulties in the water suppression (see section4.1)). As the protons

Table 4.1: 'H magnetization in the All-in-one and conventional filtered HSQC-NOESY experiments
at points A,B and D created through the phase of the decoupling 7 pulse during 15N and '3C chemical
shift evolution. For reasons of simplification only the phase of the terms are denoted.

Phase A B D rec
45° Ly XXX XXXX
OO(X) y iy iy X,-X,-X,X

and the resulting NOESY-like spectrum of this path omit the chemical shift evolution period
on the heteronuclei, they will appear as zero-frequency artifacts at the respective carrier
frequency of the dimension set up for the time-shared experiment, e.g., 120 ppm in case of
a N dimension (FIG) and therefore will most likely overlap with 'H-'H contacts resulting
from residues of a similar chemical shift. To circumvent this pitfall, an artificial chemical
shift in the pseudo-third, i.e., hetero-nuclear, dimension of the intra-ligand spectrum can be

introduced via an additional phase shift of the before-mentioned 7 pulse similar to the TPPI
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Figure 4.3: Depiction of the roles of the 45° pulse phase (C) as well as the added phase value ¢
causing an artificial chemical shift similar to TPPIL?2227 (A, B). The 45° of the 7 pulse causes a phase
shift of the non-edited H, terms by 7/2. Adding an additional phase value ¢ causes an additional shift,
which simulates a chemical shift along the hetero-nuclei dimension when incremented simultaneously.
The extent of the TPPI-like shift depends on the values of ¢ as is shown for ¢ = 45°4+10°,20°, 50°. The
black arrow follows the shift of 45°, while blue shades indicate the respective added value (B). If for
every incrementation of the heteronuclear dimension a fixed value (here 20° in C)) is constantly added,
the magnetization vector is constantly moved forward or backward, simulating a Larmor frequency
different from the carrier.

method!™257  If for every time increment of the heteronuclei, a fixed phase value is added
to the 45° phase of the 7 pulse, the magnetization appears slightly faster or slower than it
would otherwise (Fig,B). While the protons of the edited pathway will accumulate a
factor cos(2xt1), those of the non-edited path accumulate a factor cos(¢(t1/p)) with ¢ being
the fixed phase-value added and t;/p the factor how often the phase was added with the
increment-size p (Figll.3]A). A value of ¢ = £m/2 will lead to a shift to the edges of the
spectrum, as used in pure TPPI spectra, which is, however, not desirable for the All-in-one
experiment, and ¢ should be chosen in such a way that the 2D-like non-edited spectrum is
shifted in a region where no or only little overlap with the hetero-nuclei will occur (F ig.

The value for ¢ can be calculated as

1

¢ =0ray
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Figure 4.4: Schematic representation of a spectrum obtained by the All-in-one experiment. While
signals originating from the protein (blue spheres) are dispersed in the 3D spectrum, signals origi-
nating from the ligand would usually appear as zero-frequency artifacts at the carrier frequency of
the heteronuclear dimension (teal). By means of a TPPI-like artificial chemical shift, this plane can
be moved up or down to such a position where overlap with signals originating from the protein is
unlikely. For reasons of simplicity, the diagonal and symmetric cross-peaks of the HSQC-NOESY
signals are not shown.

Water suppression

As in all HSQC-NOESY like experiments, the water signal in the NOESY or RFDR di-
mension cannot be suppressed through phase cycling in contrast to NOESY-HSQC-type

2033204 and whereas in solution-state NMR powerful and selective water suppres-

experiments
sion methods such as WATERGATE?Y or excitation sculpting?>® can be employed for water
suppression, water suppression in solid-state NMR, is usually performed by a modified ver-
sion of the MISSISSIPPI?! scheme without gradients. MISSISSIPPI essentially relies on
dephasing all unwanted 'H magnetization while storing the selected magnetization along the
z-axis on the hetero-nucleus. In the All-in-one, however, this dephased magnetization would
include the ligand signal, which has to be maintained, and MISSISSIPPI cannot be used.
The most promising approach might therefore be to selectively keep the water signal aligned
along the z-axis as it otherwise behaves exactly like the ligand and will lead to a strong water
signal and distortions in the shifted intra-ligand spectrum as well as the 3D edited HSQC-
NOESY. Originally, a series of water flip-back pulses?>” were introduced in the pulse sequence
(Fig) and implemented as soft-power rectangular pulses rather than the frequently used
sinc pulses . Soft power rectangular pulses are, however, slightly less selective, much shorter
compared to shaped pulses like sinc and were empirically found to be the better choice for
this specific experiment during optimization. Under the influence of these additional pulses,

the magnetization of the water can be described as

1. (7/2)spHa _-Hy (m/2)Hz _H. (m)Ho 1. (m/2)Hy 1, (7/2) Hyse -E[y (m/2)Hy .

(m/2sp)H_, A (7/2)spHy i RFDR,(7/2)spHy i (m/2)H_, i
xX z X z

assuming that the RFDR block is an odd multiple and perfectly inverts the water magnetiza-

tion. Despite expectations, the water suppression using flip-back pulses is insufficient, and a
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Figure 4.5: A) hNH and B) hCH spectra obtained from the hCAII sample with ILV labeling
scheme. Both correlations show pronounced sample heterogeneity and indicate degradation of the
crystals, rendering the sample unsuitable for the All-in-one experiment.

broad water line appears along the HSQC (and RFDR) plane of the All-in-one experiment. In
a second alteration, a more brute force approach to suppress the water signal was attempted
through selective saturation of the water resonance during the recycle delay (presaturation)
in combination with a shorter continuous wave irradiation after REDR mixing (Fig[4.2B).
Although saturation of the water signal can lead to severe attenuation of the amide signal
and other exchangeable sites, the suppression of the water signal is superior over selective
pulses and is here proposed as the preferable option, as good solvent suppression is crucial
for the outcome of the All-in-one experiment. Not only is the water signal almost gone in
the first FID, but also the water line along the indirect dimensions is significantly decreased

in intensity and width.

4.1.1 Proof of concept on the SH3-domain

The All-in-one experiment is designed to observe intra-ligand signals and signals originating
from the ligand in combination with a time-shared HSQC and sample requirements, therefore,
include the presence of a ligand as well as either a fully protonated sample or partial labeling,
preferable of side-chains, like ILV-labeling in a deuterated and back-exchanged sample. The
sample that was supposed to be used for both implementing the adapted solid-state NMR
version and searching for new insights was a 'D,'3CHD,,'N ILV labeled sample of hCAII
as described in sections [6.1.3] As water suppression was initially the major drawback of the
solid-state NMR version, the crystals were planned to grow in normal buffer, and after ligand
soaking, a solvent exchange to crystallization buffer in D5O was planned to quench the water
signal as much as possible, however on the cost of the HN signals. As the crystals degraded
after soaking and solvent exchange (Fig.,, a more general proof-of-concept of the adapted
solid-state NMR version was done on an u-[*D,*3C,"N] 100 % back-exchanged sample of the
SH3-domain. Figure [£.6] shows different planes obtained from the 3D All-in-one experiment.
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Both the RFDR and HSQC planes show the expected correlations. In the case of the 'H
indirect dimension, no further treatment is required, whereas the heteronuclear dimension
has to be changed from BC to 1°N through modification of relevant parameters in the acqus
files. This step is necessary, as, despite the absence of H/C signals in the used sample, the set
up of the pulse sequence remained unaltered as time-shared experiment with 13C set as the
hetereonucleus. The obtained plane resembles similarities to a conventional hNH spectrum of
the SH3-domain (Fig, C). Several signals, however, seem to disappear or appear shifted,
while for others, more than one 'H chemical shift is apparent, which accounts for RFDR
contacts as the direct dimension is the RFDR or NOESY dimension in HSQC-NOESY type
experiments. On top of the HSQC plane, a broad line at 104.5 ppm is found, which displays
the shifted signals which would potentially be created by a ligand. As such a ligand is absent
in the used sample, the signals are likely caused by water and other buffer components such
as EDTA. The respective 2D RFDR plane found at 104.5 ppm, corresponding to a 70° phase
shift with the °N carrier at 120 ppm, shows intense diagonal and cross-peaks in the aliphatic
region, which might occur from EDTA or other buffer components. Despite missing a more
suitable sample to demonstrate all aspects of the All-in-one experiment, it can be concluded
that the adapted solid-state NMR version generally shows the expected correlations and
features. Sufficient water suppression initially put the strongest limitation as gradients are
not available in solid-state probes but could be attenuated to a level in which the water signal

is not severely overlapping or distorting other signals.

Discussion

The All-in-one experiment was successfully adapted for solid-state NMR, and a robust method
for satisfying water suppression was included. Although all relevant correlations appear in the
spectrum, many signals appear to be missing, and the overall sensitivity remains comparably
low. So far, the evaluation of the experiment hinges on the absence of a suitable sample
that carries a matching labeling scheme and a ligand. The improved water suppression might
make a solvent exchange of ILV labeled hCAII redundant, and a repeated preparation will
most certainly be prepared for future studies. Furthermore, the use of CP transfers over
INEPTs should also be considered, which will render the All-in-one experiment also suitable

for slower MAS frequencies and improved sensitivity due to shorter transfers.
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Figure 4.6: Spectra from the All-in-one sequence acquired on a u—[QD,13C,15N] and 100 % back
exchanged sample of the SH3 domain at 55 kHz MAS and a "H Larmor frequency of 700 MHz. Shown
are the "H-"H RFDR plane (A)), the "H/'*N HSQC plane (B)) processed from the full 3D spectrum.
C) shows the shifted 'H-'H RFDR plane with signals originating from the ligand at N chemical shift
of 104.5 ppm. D) shows overlays of the HSQC plane from B) and an hNH (CP) spectrum recorded
on the same sample and same conditions. The All-in-one was processed with 100 Hz line broadening
in the direct dimension and 50 Hz in both indirect dimensions, while the hNH spectrum was processed
with a squared sine bell function and a sine bell shift of 2 in both dimensions.

Chapter 4. Protein-ligand interactions 126



Chapter 5

Discussion and outlook



This work presented several new approaches in 'H-detected solid-state NMR that aimed
at the development and application of higher-dimensional pulse sequences, but also one new
method to study protein-ligand interactions was introduced. Higher-dimensional solid-state
NMR experiments have proven to be a valuable tool for proteins of all sizes. They can be
either used for the fast and easy assignment of smaller proteins, including near-complete
resonance assignment of fully protonated proteins, or as an indispensable tool for the manual
assignment of large proteins such as TS. In addition, it was shown that incorporating the
FLYA algorithm for automated resonance assignment significantly supports the assignment
process of large proteins and benefits from the high chemical shift redundancy introduced
by higher-dimensional experiments. However, the actual proof of the assignment remains a
manual task, which proposes a hybrid approach as probably the most advisable way.

Measurement time remains a limiting factor for higher-dimensional NMR experiments
despite the heavy use of NUS and shortened recycle delays through PRE. While APSY was
demonstrated to be the most powerful approach of those analyzed here in terms of experi-
mental time, it will most likely be not suitable for sample preparations with heavy resonance
overlap. Although NUS enables the use of experiments with more than four dimensions
through rapid data acquisition, NUS parameters, especially the number of NUS points, have
to be chosen carefully, and for large proteins, a high number of points is generally advisable
to obtain high-quality spectra. In combination with the limited amount of sample present
in the rotor, lower limits for the total experimental time cannot be overcome without com-
promising the quality of the spectra. However, future improvements in probe design and the
use of higher fields will or already can partially compensate those drawbacks. Furthermore,
the ongoing improvement of sample preparation protocols will likely leverage the problems
imposed by incomplete H/D exchange and lead to an overall improved assignment process.

Solid-state NMR experiments, which can access the chemical shifts of a bound ligand, are
a valuable tool to either provide restraints for structure calculations that explicitly use those.
The experiment presented here aims to simplify and speed up the process of data collection
for structure calculations that involve all possible interactions between the protein and the
ligand and therefore also aims in the same direction as many other pulse sequences presented
here. That is, to increase the information conveyed by a single NMR experiment or to reduce

the number of NMR necessary to achieve a certain goal.
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6.1. Preparation of protein samples

6.1 Preparation of protein samples

6.1.1 SHS3 of chicken a-spectrin

Expression Isotopically labeled SH3-domain of chicken a-spectrin (SH3) was recombi-

nantly expressed in Escherichia coli as described in®’.

The gene encoding pET-3a vector,
carrying an Ampicillin resistance, was transformed into BL21-DE3 competent cells by heat
shock. To do so, a 100 pl aliquot of competent cells was thawed on ice and incubated with
2 pl of plasmid solution for 10 min on ice. The heat shock was performed for 30 s at 42 °C,
and the cells were incubated again for 2 min before finally grown in 500 pl preheated LB
medium at 37 °C for at least 30 min. 200 pl of culture were plated on Ampicillin-containing
Agar plates and incubated overnight at 37 °C. The next day, one isolated clone was given
into 10 ml of LB with Ampicillin and grown overnight (ONC). Cells from 5 ml of culture
were transferred to 50 ml of M9 medium and grown over day (ODC). An overnight culture
of 50 ml M9, containing 50 % D,O was prepared, and pelleted cells of 5 ml were transferred.
The process was repeated with an ODC of 50 ml M9 medium with 75% D,O as well as a
consecutive ONC with 100 ml M9 containing 100% DO, 13¢,2D-glucose and 15NH4CI with
cells from 10 ml of the ODC. The following day the ONC was transferred to 1 1 of M9 of the
same composition to reach a starting OD of around 0.1. For expressing [1H,13C,15N]—labeled
SH3, all D,O adaption steps can be skipped, i.e., after growing an ONC culture in LB, the
culture is grown in normal M9 medium containing labeled glucose and NH,Cl. Expression
of SH3 was induced with 1 mM IPTG, final concentration after the OD reached 0.5 and the
culture was cooled to 18 °C. After 15-20 h, the cells were harvested by centrifugation for
25 min with 4250 g at 4 °C. The cell pellet can be shock frozen with liquid N, for further

process or storage.

Purification The cell pellet was diluted 1:5 (w/v) with AEC loading buffer containing
DNAse I and 1 tablet of protease inhibitor/l of culture and incubated at RT for at least
30 min. The cells were disrupted by high-pressure homogenization (Emulsiflex) and after-
wards centrifuged at 75,000 g at 4 °C to separate soluble and nonsoluble cell parts. The
supernatant was loaded on an AEC column (Hi Prep Q FF, GE Healthcare) using the AEC
loading buffer, and the column was consecutively washed with an additional 2 CV of AEC
loading buffer at a flow rate of 3 ml/min to remove the unbound material. Elution of SH3
and other bound compounds was performed by using a linear gradient from 0-9 % of AEC
elution buffer over 8 CV. SH3 containing fractions were pooled, pH shifted to 3.5 with 3 M
citric acid solution, and concentrated to ca. 2 ml while not exceeding a protein concentra-
tion of 10 mg/ml. Afterwards, the solution was loaded with SEC buffer on an SEC column
(HiLoad Superdex 16/600 75g, GE Healthcare) at a flow rate of 1 ml/min and eluted using
the same conditions. SH3 was eluted around 108 ml. Fractions were pooled, the buffer
exchanged against H,O at pH 3.5 either by dialysis or repeated washing in Amicon tubes and

concentrated to a final concentration of 12 mg/ml.

Crystallization and Cu - doping Crystallization of the purified SH3-domain in H5O at
pH 3.5 was achieved by adding NH;5SO, together with Cu(II)-EDTA at pH 3.5 to a final
concentration of 100 mM and 75 mM respectively and a step-wise pH shift to a pH of 8 using
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1 M NaOH, crossing the isoelectric point of SH3 at 5.3. To conserve the protein crystals, 1 nl
of protease inhibitor cocktail and 0.03 % NaNj (final concentration) were added before the
pH shift. First microcrystals will start to form immediately, which can be recognized through
clouding in the solution. The suspension can be stored for several hours or over night at 4°C

until the crystal formation has reached equilibrium.

6.1.2 Tryptophan synthase of S. typhimurium

Uniformly [QD,BC,H’N]— as well as [13C,15N] labeled, full length aofs-tryptophan synthase
was provided by the group of Leonard Mueller at UC Riverside, California. The protein
was expressed and crystallized as described previously?9Y 202 Triple labeled [QH,I?’C,mN]
and 100% back-exchanged TS was expressed in E.coli CB149 containing a pEBA-10 plas-
mid with the protein encoding gene in M9 medium. 2 g/l u-[*D,"*C] or u-'*C glucose and
>NH,Cl each were used in combination with 20 ml/l of 10X BioExpress rich media (Cam-
bridge Isotopes) in DyO or HyO respectively. Purification was performed by crystallization
and re-crystallization during dialysis in the presence of Cs* and the a-subunit inhibitor N-
(4’-trifluoro-methoxybenzenesulfonyl)-2-amino-ethyl phosphate (F9).

Cu-doping for PRE was achieved with 40 mM for and 20 mM Cu'-EDTAB? respectively.
The u-[>D,'3C,'>N] 100% back-exchanged sample, containing 40 mM Cu-EDTA was used
for all 4D and 5D backbone assignment experiments as well as the 4D hCCNH (MOCCA)
and experiments related to the assignment of histidines and SLys87 as reported in Klein et
al. The samples with the labeling schemes u—[13C,15N], 5—[130,15N] and ﬁ—[QD,13C,15N] were
doped with 20 mM Cu-EDTA. To minimize dilution and the risk of dissolving the protein, all
doping reagents, as well as 0.3 pl protease inhibitor (1 tablet in 1 ml of HyO) and 0.03% NaN3,
were diluted to their final concentration with excess crystallization buffer before adding them

stepwise to the suspended crystals.

6.1.3 hCAII with CHD,-ILV labeling scheme

Expression Isotopically labeled full-length human carbonic anhydrase II (hCAII), contain-
ing a GST-tag, was recombinantly expressed in Fscherichia coli. After thawing on ice, 100 pnl
of Rosetta 2 (Novagen) cells were incubated with 1 pl of the encoding pGEX plasmid for
20 min, heat-shocked at 42 °C for 30 s and transferred back on ice for an additional 10 min.
275 pl of preheated LB was added to the mixture, and the cells were grown for 2.5 h at
37 °C. 75 pnl were plated on an Agar-Agar plate containing Ampicillin and Chloramphenicol
and incubated overnight at 37 °C. A single colony was grown overnight in 25 ml of LB with
25 nl of Ampicillin and Chloramphenicol to an OD of around 1.7. Cells of 10 ml of culture
were transferred to 50 ml of M9 media (OD 0.2) containing antibiotics and 100 pM ZnCl,
and continuously incubated at 37 °C. After 8 h, the culture grew to an OD of 0.4, and cells of
25 ml were given to 50 ml of M9 containing 50 % D50 and grown overnight under the same
conditions to an OD of 1.8. All cells were pelleted and transferred to 100 ml of M9 containing
75 % D50 (OD 0.55) and grown over the day (ODC) to an OD of 1.8. 25 ml were centrifuged
and given into 1 1 of M9 with 100 % D50, 1 g of ">’NH,Cl and 2 g of ['3C,?D]-D-glucose (OD
0.15) to grow overnight to an OD of about 1.4. 30 ml were directly given into 1 1 of fresh M9
containing 100 % D,0 as well as 1 g of 15NH4C1 and 2 g of [13C,2D]—D—glucose. The culture
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Figure 6.1: Purification and crystallization steps of ILV labeled hCAII. A) Chromatogram from
GST affinity chromatography on a GST Prep FF 16/10 column (GE Healthcare) at 4 °C. B) SEC
chromatogram from gel filtration on a HiLoad Superdex 16/600 75g column at 4 °C. hCAII shortly
elutes after uncleaved GST-hCAII fusion protein and thrombin. C) SDS-PAGE showing uninduced
(UI) and induced (Ind) culture as well as Lysate from cell disruption and different fractions of both
chromatography steps. D) hCAII crystals grown by sitting drop crystallization.

was grown to an OD around 0.5, and hCAII expression was induced by adding IPTG to a
final concentration of 1 mM together with 1 mM ZnCl,. One hour before induction (OD 0.4)
50 mg a—ketobutyrate as well as 80 mg av—ketoisovalerate were added. Expression was done
for 15 h at 28 °C. Cells were harvested by centrifugation at 4250 g for 20 min, and the cell

pellet was shock-frozen with liquid N, for the further process and storage.

Purification Cells were diluted 1:5 (w/v) with lysis buffer and incubated at RT for at
least 30 min. Cells were disrupted by high-pressure homogenization (Emulsiflex), and the
lysate was centrifuged at 62,500 g at 4 °C to separate soluble and insoluble cell parts. The
supernatant was loaded onto a GST binding column (GST Prep FF 16/10, GE Healthcare)
using the binding buffer at a flow rate of 2 ml/min and further washed with 2 CV of binding
buffer. Afterwards, the bound protein was eluted using 2 CV of elution buffer at a flow
rate of 3 ml/min, and hCAII elution started at approximately 100 ml. Protein-containing
fractions were pooled, and cleavage of the GST-tag was performed with thrombin overnight.
The solution was concentrated to around 2 ml, loaded on a size exclusion column (HiLoad
Superdex 16/600 75g, GE Healthcare), and eluted with size exclusion buffer at 1 ml/min.
The cleaved protein elutes after ca. 70 ml. Fractions containing cleaved hCAII were pooled
and stored at 4 °C.

Crystallization Pooled fractions from the SEC were concentrated to a final concentration
of 15 mg/ml using Amicon tubes with an MW cutoff of 12 kDa. Crystals of hCAII were

obtained through sitting drop crystallization at 4 °C in a 24 well plate after one week using
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Table 6.1: 24 well plate pipetting scheme for crystallization of hCAII

Component/nl | 1 2 3 4 5 6
H,0 69.14 69.14 69.14 69.14 69.14 69.14
A (NH,)»S0, 326.9 326.9 3269 3269 3269 326.9
Tris pH 7.7 - - - - - -
Tris pH 8 44.00 44.00 44.00 44.00 44.00 44.00
H,0 69.14 69.14 69.14 69.14 69.14 69.14
B (NH,)»S0, 326.9 326.9 326.9 326.9 3269 326.9
Tris pH 7.7 5.99 559 559 559 559 5.599
Tris pH 8 38.41 38.41 38.41 38.41 38.41 38.41
H,0 69.14 69.14 69.14 69.14 69.14 69.14
C (NH,)»S0, 326.9 326.9 3269 3269 3269 326.9
Tris pH 7.7 11.03 11.03 11.03 11.03 11.03 11.03
Tris pH 8 32.97 3297 3297 32.97 3297 3297
H,0 69.14 69.14 69.14 69.14 69.14 69.14
D (NH,)»S04 326.9 326.9 326.9 326.9 3269 326.9
Tris pH 7.7 16.28 16.28 16.28 16.28 16.28 16.28
Tris pH 8 27772 27002 2772 27.72  27.72 27.72

a stock of 3.5 M (NH,),SO, pH 7.7 and different ratios of 500 mM Tris at pH 7.7 and pH
8 to obtain a pH gradient throughout the well plate. Preparation of 24 well plates with the
scheme in table was automatically done by a dragonfly©pipetting robot. A drop volume
of 4 pl with a protein to buffer ratio of 1:1 was used with a 440 pl reservoir. The crystals were
harvested simply by pipetting and centrifuged. The supernatant mother liquor was incubated
with 2 pl of a 100 mM DMSO-dg stock containing the SBR ((R)-N-(3-Indol-1-yl-2-methyl-
propyl)-4-sulfamoyl-benzamide) ligand leading to immediate precipitation. The DMSO-dg
content of the mother liquor was step-wise increased to 7 %, and after centrifugation, the
clear supernatant was step-wise added to the crystals for soaking. After an incubation period
of 2 d, the supernatant was lyophilized and re-dissolved in the same amount of D,O and
step-wise added back to the crystals to exchange as much HyO as possible against D,O. The
solvent exchange likely led to the degradation of the crystals. To confirm the state of the
hCAII crystals, the white powder was packed into a 0.7 mM rotor, and 2D hNH, as well as
hCH spectra, were recorded (see section [4.1.1]).

6.2 APSY experiments on SH3

All experiments were recorded on the u-[QD,13C,15N]—1abeled and 100 % back-exchanged SH3-
domain of chicken a-spectrin at 50 kHz MAS and a 'H Larmor frequency of 700 MHz. The
approximate sample temperature was 15 °C. Protein expression and sample preparation,
including Cu-doping, were done as described in detail in sections All experiments
are fully based on dipolar transfer mechanisms, i.e., CP for hetero-nuclear transfers and
BSH-CP2Y for homonuclear CC transfers. For every experiment, a set of 12 different angles,
including two orthogonal planes, were recorded, resulting in a total number of 22 spectra
(Table [6.2)).

The spectra were initially set up as conventional 3D experiments, out of which the set-up
script created a subsequent set of 2D experiments for which the projection angle a was set
accordingly and the sweep width calculated as SW = /( va Ly SW;). To compensate
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Table 6.2: List of angles used for APSY

a/° Number of angles Spectra per angle
0 1 1

90 1 1

38.9, 58.2, 21.9, 72.8,

11.4, 81.2, 5.8, 50.4, 10 2

28.2, 45.0

for the lower sensitivity of the projection planes with o # 90°,0°, these planes were recorded
with twice the number of scans than the orthogonal planes. The number of increments in
the indirect dimension, however, was kept constant, which eventually results in different

resolutions of the individual projections.

Table 6.3: Acquisition parameters for all 3D APSY experiments acquired on the SH3-domain.

3D hCONH
F3('H) F3(N)  F3(3C)
FID size 2048 3207 320
SW / ppm 29.7 39.1 ppm  20.2
Increment size / ps 360 280
Aq. time / ms 49 29 23

scans g
Experiment time 37 min/13.3 h°

3D hCANH
F3('H) F3(*N)  F3('3C)
FID size 2048 320¢ 320°
SW / ppm 29.7 39.1 ppm 28.3
Increment size / ps 360 200
Aq. time / ms 49 29 16

scans gb

Experiment time 38 min/13 h¢

3D hCOcaNH
F3('H) F3(°N)  F3(%3C)
FID size 2048 320¢ 320¢
SW / ppm 29.7 39.1 ppm 31.5
Increment size / ps 360 180
Aq. time / ms 49 29 14

scans 16°

Experiment time 61 min/25.5 h¢

3D hCOcaNH
F3('H) F3(N)  F3(3C)
FID size 2048 3207 320
SW / ppm 29.7 39.1 ppm 31.5
Increment size / ps 360 180
Aq. time / ms 49 29 14
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scans 16°

Experiment time 61 min/25.5 h¢

3D hCAcoNH
F3('H) F3(*N)  F3(3C)
FID size 2048 320¢ 320¢
SW / ppm 39.1 ppm 28.3
Increment size / ps 360 200
Aq. time / ms 49 29 16

scans 16°
Experiment time 73 min/21.4 h*

¢ corresponding to 80 time increments rather than 160

b half for orthogonal planes

¢ time per projections place / total time

6.3 R;p relaxation experiments on TS

R1p experiments were recorded at on-resonance spin-lock fields of 3.3 kHz, 4.4 kHz, 5.5 kHz
and 11 kHz for 5 ms, 10 ms, 20 ms, 40 ms, 60 ms and 80 ms. All spectra were processed in
TopSpin using a squared sine bell window function in all dimensions with a sine bell shift of 2.
hCONH shifts were created from the combined shift list, loaded in POKY#%3 and filtered for
matching peaks. Peak lists, including peak height, were exported from POKY, and relaxation
rates were obtained through an in-house script running in Mathematica or Python developed

by Dr. Petra Rové and Dr. Suresh Vasa in the group.

Table 6.4: Experimental parameters for the R;p experiments performed on TS

psdD hCONH-based Ryp
F5('H) F4 (N) F3('*CO)

FID size 2048 180 70
SW / ppm 29.7447  39.1350 15.7697
Increment size / ps 360 360
Aq. time / ms 49.1 324 12.6
scans 8

Experiment time ca. 22 h

6.4 H/D exchange experiments on wild-type TS

An approximation of the extent of back-exchange in water-exchangeable sites, i.e., amides,
was achieved by 'H to ?D exchange of an unlabeled sample of wild-type TS and measured by
HPLC-MS at different time points. For practical reasons, the reverse experiment (‘H—2D),
compared to the actual preparation of the NMR sample (2D—>1H) was chosen as the evaluation
of the results is based on a reference protein sequence which cannot be deuterated. While
this is not an exact replication of the sample preparation process, as well as the original
sample buffer, it is expected that these H/D exchange (HDX) experiments can still give

insights and tendencies about potential back-exchange problems. The experiments followed
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Table 6.5: Buffers used for H/D exchange experiments

Protein buffer Labelling buffer® Quenching buffer® Washing buffer

1 mM TCEP 1 mM TCEP 10 mM TCEP 1.5 M GuHCI
50 mM K,HPO, 50 mM K,HPO, 50 mM K,HPO, 4 % ACN

6 M Urea 0.1 % formic acid
pH 7.4 pDE 7.0 pH 2.37

@ prepared in D,O, pD adjusted with DCI and NaOD.

b Quenching buffers with 2 M, 4 M Urea and 0 M, 1 M, 2 M and 4 M

GuHCI at different pH values were prepared and tested as well (see table .
¢pD = pH,pp + 0.4

general recommendations?%* but were specifically performed as recommended by the HPLC-
MS facility of the MPI Dortmund and TU Dortmund. The buffer of the original sample was
exchanged to "Protein buffer" to remove components incompatible with the further process,
e.g., EDTA and DTT, to a concentration of 5 pM and afterwards diluted 1:20 with "Labelling
buffer' to reach a concentration of 250 nM. Incubation with deuterated buffer was done at
time points 15”7, 307,457, 1°,3’,10°,30’, 1 h,3h,6 h, 1 d, 3d, 7d, and 14 d. The reaction was
quenched by adding the previously optimized "Quenching buffer" in a 1:1 ratio to denaturated
the protein, minimize further exchange through high pH and restore conditions ideally suited
for the following pepsin digest. The samples were frozen in liquid N, and stored at -80 °C
to minimize further exchange until the HPLC-MS analysis. Each sample was quickly thawed
and digested with pepsin at 20 °C, cooled down again to 0 °C, and the obtained fragments
desalted and separated over a C18-HPLC column at low temperatures. Analysis of the
obtained fragments was performed by high-resolution mass spectrometry (HRMAS) on a
Synapt G2 Si, equipped with an Acquity nanoLC and PAL RTC HDX robot (Waters). The
results were evaluated by the software package DynamX (Waters). The extent of deuteration
is measured by comparing the mass of each fragment to the mass of the fragments obtained
with a nonlabeled sample (see below). Each time point was measured as triplicate.
Previous to the actual HDX experiments, the conditions for the analysis as well as the
digestion have to be optimized as they greatly affect the outcome of the experiment?®4. For
that, the same procedure as described above is followed, except the incubation step is skipped,
and a wide range of quenching buffers is used instead. Optimizing the quenching buffer will
ensure optimal conditions for the pepsin digest and, therefore, fragmentation of the protein.

Different concentrations of urea and guanidinium-hydrochloride (GuHC]) are screened against

Table 6.6: Optimization of quenching buffers.

Condition pH alone pH combined® Sequence coverage Redundancy
No GuHCl / Urea 1.72 2.63 43.8 % 2.29
1 M GuHCI 1.56 2.55 89.2 % 3.51
2 M GuHCI 1.46 2.64 99.2 % 5.12
4 M GuHCI1 1.20 2.58 98.8 % 5.50
2 M Urea 1.96 2.47 92.0 % 2.80
4 M Urea 2.20 2.50 97.4 % 3.48
6 M Urea 2.37 2.64 99.4 % 6.76

@ 1:1 mixture of "Labeling buffer" and "Quenching buffer'

the sequence coverage resulting from the analysis of the formed fragments (Table [6.6]). The
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redundancy indicates the readings obtained of any amide occurring in the sequence?®*. As
the pH optimum for pepsin is around pH 2.5, it has to be ensured that the 1:1 mixture of
'Labeling buffer" and "Quenching buffer" yields a pH around this optimum which is achieved
by adjusting the pH of the "Quenching buffer". The values are reported in the table below.
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randomly distributed over the Nyquist-grid. Direct F'I' of those datasets is

|
|
datasets usually only contain a subset of data points that are "more or less |
|
|

possible but can lead to severe artifacts in the spectrum, and theretore the

spectrum usually has to be reconstructed by various algorithms.|. . . . . . .. 16

|[1.3  Representation of projection planes. Shown are two planes, representing =-

projections of an arbitrary angle 0° < a < 90° as well as, framed in black, one

is not shown. A peak in the 3D space (black) would be orthogonally projected

|
|
of the special cases for a = 0°. For a better overview, the o = 90° projection |
|
|

on a tilted plane with o = 0°,90° representing the F3-F2 and F3-F'1 projection

of a conventional spectrum.| . . . . .. . ... Lo 0oL 17
[I.4 Concept of 5D processing with SSA / SMFT. First, a 3D experiment, sharing

three dimensions with the 5D, has to be acquired, and peaks have to be picked.

In the second step, a 5D experiment is acquired and afterwards processed.

For processing (in all NUS experiments), SSA first reduces artifact noise (see

main text), and afterwards, Fourier-transforms the additional two dimensions

of the spectrum. However, both steps are only pertormed at positions pre-

defined by the 3D peak list provided. As a result, a stack of 2D planes, each

corresponding to a 3D peak, is created, with each 2D plane providing five-

dimensional information in combination with its respective 3D peak. While

NUS is advantageous in the case of the 3D to obtain high resolution, it is
mandatory for the 5D.| . . . . . ..o 20
[1.5  Visualization of ¢ and v angles shown on an Ala-Ala dipeptide. The ¢ angle |

| describes the angle between the amide group and the Ca atom, whereas the ¢ |

| angle describes the angle between the carbonyl carbon and the Ca atom. The |
| di-peptide was build in USCF Chimera|. . . . . . . ... ... ... . ... 21
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6

Crystal structure (PDB:2NUZ*4) of the SH3 domain of chicken a-spectrin.

Secondary structure elements are shown in dark blue (-strand), teal (a-helix),

and white (loop). Residues 55-57 show 31¢ helical propensities while just com-

pleting a single turn, as indicated by the red color on the worm element 29122

Highlighted in orange are residues known to be flexible and are theretore

not (M1-E7, N47, and D48) or only weakly detectable (R21) in CP-based

experiments°“22, Structure depiction and editing in UCSF Chimera™"|. . .

7

Assigned hNH spectrum of SH3.| . . . . ... ... ... ... ... ... ...

22

s

Crystal structure of tryptophan synthase (PDB:4HT34%) showing the a-subunit

in teal with the ligand N-4’-trifluoromethoxybenzenesulfonyl)-2-aminoethyl

phosphate (F9) in orange, and the [-subunit in dark blue with the PLP-

cotactor in orange. The crystal structure shows the complete .6 and al.2

loop with the a-subunit in the closed state and the [-subunit in the open

conformation. Structure depiction and editing in UCSF Chimera™’| . . . . .

9

Reactions catalyzed by TS. A) In the a-subunit indole-3-glycerol phosphate

(IGP) is hydrolyzed into indole and glyceraldehyde-3-phosphate. The indole

is afterwards transported through the intra-molecular tunnel and B) reacts in

a complex catalytic cycle with L-serine to L—tryptophaﬂwi@m]

24

[.10

A) Conformational changes of the COMM domain (highlighted in blue tones)

between the open conformation of the S-subunit (dark grey and dark blue;

PDB ID: 4HT3'4%) and the closed conformation (light grey and teal; PDB

1D:4HN414%) with the latter one showing a salt bridge between R409 and R573

(B)). In the open conformation, K355(5K87) is covalently bound to the PLP

cofactor and in a tautomeric exchange between a neutral and zwitterionic

state before L-serin diffuses in the active site and binds to the cofactor (C)).

Structure depiction and editing in UCSF Chimera™"| . . . . ... ... ...

25

11

Crystal strucutre of hCAII with the ligand SBR ((R)-N-(3-Indol-1-yl-2-methyl-

propyl)-4-sulfamoyl-benzamide)*™ (teal). Structure depiction and editing in

UCSF Chimera™Y| . . . . .

26

p1

xemplary representation of projection planes. Blue peaks on the cube surtaces

(left) represent the o = 0° and o = 90° planes, corresponding to the pure H/N

and the H/Ca projections Transparent blue planes indicate + projections of

an arbitrary angle 0° < a < 90° with an exemplary projection depicted on

the right for o = 28.2°. The axes are shown in frequency units ot Hz, with 0

Hz representing the carrier frequency, rather than in ppm to account for the

mixed evolution along the indirect dimension for non-orthogonal planes.| . . .

XXix
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p.2

Analysis of geometric reconstruction of peak positions by GAPRO for different

3D backbone experiments. A) shows an overlay of H/N correlations from 3D

peak lists with a different number of predicted peaks for every experiment,

either due to the presence of artifacts or the involved magnetization pathways.

Relatively high precision is, however, obtained for the peak positions with av-

erage deviations of 0.005 ppm in the 'H dimension and 0.03 ppm along the "°N

axis, which is below the resolution of the recorded FID. Marked with red dotted

circles are exemplary artifact peaks that do not show up in normal, uniformly

sampled experiments, and dotted black circles indicate crowded and overlap-

ping regions for which a reliable prediction of chemical shifts is challenging. B)

shows an overlay of a conventional 2D hNH (light blue) and the H/N orthogonal

plane of the 3D hCONH experiment (dark blue) together with predicted peak

positions by GAPRO for the latter experiment (grey/black crosses). A mag-

nification of the before-mentioned crowded regions highlights correctly found

peak positions (green checkmarks) as well as artifacts and missing peaks (red

crosses) due to unresolved peak overlap as well as inefficient magnetization

transfers in the case of broadened peaks.). . . . . . ... ... ... ... ...

32

P23

Predicted peak positions by GARPO in the hCANH experiment plotted as

H/N and H/Ca planes for a different number of projections used for the calcu-

lation. Shown in black as reference are positions obtained from a conventional

experiment, while peaks blue shades represent those obtained from the APSY

experiment. Red dotted circles highlight exemplary artitacts found for differ-

ent sets of projection planes. Whereas artitacts increase, the level of precision

and accuracy for correctly identified peaks remains on a high level (see also

Table [2.2).|. . . . . .

35

B1

Exemplary H/X scatter plots for a synthetic shift list containing 502 residues.

The H/N (D)) and H/CO (C)) planes show normally distributed shifts in

contrast to the H/Ca (A)) and H/Cj (B)) planes, which show a non-normal

behavior due to the characteristic shift of glycine Ca nuclei and the Cp5 shitts

of serine and threonines. Prolines are not shown in the plots despite being

included in the synthetic primary sequence. |. . . . . . . . .. ... ...

B2

Barplots showing resonance overlap for difterent combinations of nuclei and

in different dimensions for synthetic chemical shift lists of different sizes. The

x-axis shows the number of overlapping resonances, and the y-axis is the oc-

currence for every event normalized to one. In 3D experiments, i.e., HNCA

and HNCO, overlap presents only a small problem, and only starting from

500 residues resonance overlap can be tound. The two 2D correlations show

a stronger dependence on the molecular weight, and the number of isolated

peaks is steadily decreasing. This is of great importance for most assignment

approaches that are usually based on a 2D hNH/HSQC root experiment, as

with every overlapping resonance, another branch in the backbone assignment

Isopened. . . . . ... e e e e e e
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B3

Bar plots showing the number of possible combinations for linking H/N ¢ and

1+1 groups via different combinations of carbon resonances and different di-

mensions (A,F hCANH no linkage, B,G hCANH/hCAcoNH, C,H hCOCAN-

H/hCACONH, D,I hCACBNH/hCACBcoNH and E,J hCACBCONH/hCO-

CACBNH, as a hypotheical 5D)for the 260 residues of hCAII (blue; A-E) and

the 490 assigned residues of TS (teal, F-J). The occurrences of each plot are

B4

Assignment ambiguity in A),C) 5D HNcoCANH and B),D) 4D HNNH amide-

to-amide experiments for hCAII (dark blue) and TS (teal). The x-axis shows

the assignment possibilities based on an initial H/N shift pair or H/N/Ca shift

triplet, with the y-axis being normalized to 1 as previously. No match-making

between shared dimensions of two experiments is necessary, and the ambiguity

solely relies on the resolution of the initial shift pair or triplet. The results

are in good agreement with the predictions for resonance overlap in H/N and

H/N/Ca correlations made from synthetic peak lists in the previous section.|.

B5

Number of H/N/Ca/Cf resonances that can be matched onto either an H/N

shift pair (right column, B,D) or an H/N/Ca shift triplet (left column, A /C)

for hCAII (blue, top) and TS (teal, bottom) of a given residue 7. As before, the

y-axis was normalized to one. While the improvement is moderate for hCAII,

there is a significant shift to the left in the distribution for TS.|. . . . . . ..

[3.6

Schematic pulse sequences and transfer pathways for the developed 5D back-

bone experiments. All transters are CP based, CC transter are achieved by

BSH-CP2627 " A) The 5D HNcoCANH pulse sequence correlates the amides

of the ¢ and the 1+1 residue with an additional chemical shitt evolution pe-

riod of Cay;. As a base serves a 3D hCANH experiment as it yields better

sensitivity compared to the hCAcoNH experiment®®. Phase cycling: ¢; = x,-

X; 09 = X,X,-X,~X; P3 = X,X,X,X,~X,~X,~X,-X; Prec = X,-X,-X,X,-X,X,X,-X. B) The

5D HNcaCONH pulse sequence correlates amide to amide in a backward fash-

ion, i.e. starting from ¢ and ending on ¢-1 with an additional chemical shift

evolution period on CO; — 1. The 3D base experiment is an hCONH due

to the higher sensitivity over the hCOcaNH®®. Phase cycling: ¢ = x,-X; ¢»

= XX-X-XS ¢3 = XXX XXX 0mX, X ¢4 = XXX XXX XXXy =X X=X XXX -

X; Orec = X,-X,-X,X,~X,X,X,-X,-X,X,X,-X,X,-X,-X,X Phases after evolution periods

of indirect dimensions were changed to obtain phase-sensitive spectra by the

States-TPPI method*™ (marked by asterisks). Filled and empty rectangles

represent 90° and 180° pulses. The carrier changes on their carbon channel

are denoted with arrows. Water suppression was achieved by MISSISSIPPI

without gradients™!. D)Sensitivity comparison of the 5D HNcoCANH (blue)

and the 5D HNcaCONH (green) in relation to the hNH (light blue). Shown

are the first FIDs of the experiments. The HNcoCANH gives ca. 7% of the

hNH while the HNcaCONH only yields around 5%. Both values are in the

expected range based on theoretical transfer efficiencies®®| . . . . . . . . . ..

XXX1
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13.7 Line widths and single-residue signal-to-noise for exemplary residues E22 to

T24 in the SH3 domain in the HNcoCANH experiment (A) and B), dark blue)

and using the HNcaCONH (C) and F), teal). Line widths are estimated by

using the Lorentzian peak fitting in NMRFRAM-Sparkyl?? and subtracting

100 Hz and 50 Hz of line broadening applied for ‘H and °N during the pro-

cessing. The HNcoCANH was recorded with 2048 NUS points and 24 scans,

while the HNcaCONH was recorded with 1920 NUS points and 32 scans. The

relatively high signal intensity indicates that experimental times can likely be

shortened. Here, noise is reterring to the remaining mix of NUS artifacts and

thermal noise . . . . . . . . e

B3

Exemplary backbone walk from Q50 to V53 using A) the 5D HNcoCANH to

assign in the direction of the C-terminus, here using a 3D hcaCBcalNH directly

as a base experiment, and B) using the 5D HNcaCONH with a 3D hCONH

experiment to assign in the direction of the N-terminus. Shown are strips of the

3D base experiments along their carbon dimension at their respective position

in the hNH spectrum (gray), and for each strip, the 2D plane processed out

of the 5D showing either the ¢+1 amide shift pair or the -1 shift pair with

respect to the base experiment. 2D planes of the 5D are shown with trances

running through the peak and are superimposed onto the same 2D hNH to

allow for a visual comparison of line widths and cross peak intensity (details

see Figl3.7).[ . . . . . o o

51

[3.9

FLYA resonance assignment of the SH3 domain for a different combination

of spectra. A) FLYA assignment based on a set of exclusively 3D based ex-

periments, i.e. hCANH, hCAcoNH, hCONH, hCOcaNH, hCACBcaNH. B)

| ; Dimak Mhe 5D INcoCANH and the S0 H -

3D hCACBcaNH for assigning CS resonances. C) Using a minimal set of

experiments for tull backbone assignment, i.e., only the better pertorming HN-

coCANH together with a 3D hCACBcaNH and a 3D hCONH to provide CO

chemical shitts were used. The minimal set yields essentially the same results

as the combination of the two 5Ds. D) Using the minimal set without the

hCONH potentially reduces the required input even turther for the price ot

CO chemical shift assignment. This set gives the best FLYA results. E) Sim-

ilar to C) but using the 5D HNcaCONH for the linkage of adjacent residues.

As chemical shift redundancy is heavily reduced in this setup, the assignment

quality is compromised compared to all other approaches. All combined chem-

ical shifts were obtained from 100 independent FLYA runs using tolerances

of 0.05 ppm for 'H and 0.5 ppm for "°C and '°N. For all sets, an hNH peak

list was provided additionally. Resonances determined as strong by FLYA are

marked in dark colors (green: in agreement with reference chem. shifts; blue:

no reference; red: different trom reference beyond the defined tolerances; black:

reference available but not assignable). N-terminal residues up to E7 as well

as N47 and D48 are absent in CP-based experiments due to their inherent

flexibility, and therefore inefficient magnetization transfers®| . . . . . . . ..
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B.10

Sensitivity of the 5D HNcoCANH when A),B) acquired on a deuterated and

100 % back-exchanged sample for 6 d (dark blue) or C), D) on a fully proto-

nated sample for 8 d (light blue). On the deuterated sample, the 5D HNco-

CANH yields 8 % of the hNH sensitivity (A)) whereas on the fully protonated

sample, only 4 % can be reached (C)), i.e., half of the sensitivity. The differ-

ence in sensitivity also becomes visible in the lower intense cross-peaks (C),

D)). As expected, the "H line width increases on the fully protonated sam-

ple. The decreased °N line-width results from different "°N ¢;maz times in

| o i F o Linc widtl biainod from CCPN 399 of o |

tracting 50 Hz of LB in both dimensions ot the deuterated sample as well as

100 Hz and 50 Hz for 'H and "°N respectively in case of the protonated sample. 53

BT

Comparison of H/N bulk intensity in the first FID of the HNcoCANH ex-

periment_using BSH-CP28 (dark blue) or INEPTOSS56I9(teal) at 100 kHz

acquired on a fully protonated sample (A)) and 55 kHz on a triple labeled,

100 % back-exchanged sample of the SH3-domain.| . . . . . .. .. ... ...

B12

Magnetization transfers and pulse sequence A,B) for the 5D HCCNH and

C,D) for the 4D HCNH S2B experiment. All transfers are CP-based, except

C—C mixing, which was achieved through DIPSI-312°199  Tn the case of the

4D HCNH, the Ca evolution period is omitted. Phase cycling: ¢1 = x,-x;

¢2 = X,X-X-Xd ¢3 = VY-V Vo Yo Vo Vs ¢Tec = XXX X=X X0 XX Pha‘ses after

evolution periods of indirect dimensions were changed to obtain phase-sensitive

spectra by the States-TPPI method* (marked by asterisks). Filled and empty

rectangles represent 90° and 180° pulses. The carrier changes on their carbon

channel are denoted with arrows. Water suppression was achieved by two

blocks of MISSISSIPPI without gradientsi?! right before every acquisition block.| 56

B13

Sensitivity of the implemented 5D HCCNH (A)) and 4D HCNH experiment

(B)) with respect to a 2D hNH (light blue). Shown are the H/N bulk signals

of the first FID. Both experiments consist of the same magnetization path-

ways, as only the Ca evolution period is omitted in the 4D HCNH and should

therefore show the same sensitivity. The differences probably occur from slight

differences in the spectrometer setup, e.g., RF inhomogeneities. A more de-

tailed description of potential sensitivity losses in the HCCNH experiment is

given in section [3.2.2L The 5D was recorded at 800 MHz 'H Larmor frequency

with 1280 NUS points and 32 scans in 3 days and 6 hours, while the 4D was

recorded at 700 MHz with 4096 NUS points and 16 scans in approximately 4

daysand 6 hours.|. . . . . . . ..

o7

314

H.;—C,; build-up curves in relation to the CP contact time of the initial

magnetization transfer given as peak intensities (squares) and peak volumes

(crosses) for the one-bond transfer (dark blue) and the closes neighbor (light

blue). Both curves were independently normalized to 1 for their respective

highest value. | . . . . . . . . . ..

XxXXiii
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B15

Exemplary excerpts of the spectra obtained through A) the 5D HCCNH and

B) the 4D HCNH experiment. In both cases, the side-chain resonances of K26

are shown. For the 5D, the H/N/Ca is provided through the 3D hCANH base

experiment and thus the peak list, while the coordinates in the 4D rely entirely

on the 2D hNH with sufficient resolution and might be prone to ambiguities.

This is exemplarily shown for the Ca peak of 536 adjacent to K26. However,

the 4D allows for easier handling and better sensitivity, i.e., not necessarily

improved SNR but eventually more side-chain correlations. Despite additional

relaxation losses, the cross-peaks in the 5D HCCNH show high intensity. The

5D was recorded at 800 MHz 'H Larmor frequency with 1280 NUS points and

32 scans, while the 4D was recorded at 700 MHz with 4096 NUS points and

106 scans.l . . . . . o e e e e e e

B.16

Pulse sequence for the combined 5D HCCNH / 4D HCCH experiment (left)

and magnetization pathway (right). All transfers are CP-based and isotropic

C—C mixing is performed with the DIPSI-312%%9 scheme. After magneti-

zation transfer from C to N, the carbon magnetization is stored along the

z-axis during N to H transfer and acquisition and afterwards transterred back

to (aliphatic) protons. Therefore, in one pathway, the nitrogen evolution is

omitted, and a 4D HCCH-TOCSY is obtained, while in the other case, the

magnetization is transferred to the backbone amide group yielding a 5D HC-

CNH 52B experiment, however, without correlating the individual HC groups

in the side-chain which each other. Using a 3D hCANH as the base for the

oD, 2D planes will ultimately contain one peak for every HC group in the

side-chain. Phase cycling: ¢1 = X,-X; @2 = X,X,-X,-X; @3 = -¥,-¥,-¥,-Y.YoYoYoYs

Grec = X,-X,-X,X,-X,X,X,-X. Phases after evolution periods of indirect dimensions

were changed to obtain phase-sensitive spectra by the States-TPPI method™*

(marked by asterisks). Filled and empty rectangles represent 90° and 180°

pulses. The carrier changes on their carbon channel are denoted with ar-

rows. Water suppression was achieved by two blocks of MISSISSIPPI without

gradients™! right before every acquisition block. The two different FIDs are

stored to different NBL bufters and, after the acquisition, separated into two

BI7

H/N and H/C bulk sensitivities of the first FID were recorded from the 5D

HCCNH sequence after splitting the FIDs ot different bufters with respect to

either bulk signals from hNH or hCH experiments. For the amide bulk signal,

8 % of the signal are conserved in the 5D, which is in line with values obtained

for the basic version of the experiment in section |3.2.2[as well as its 4D HCNH

counterpart and semi-empirical expectations®® (see text). The FID resulting

from recovered carbon magnetization and H,j; detection, on the contrary, yields

only 7 % of the hCH signal and likely results from little recovered magnetization

on the carbon atoms as well as losses during the z-period and C—C mixing

(see text). All spectra were recorded at 700 MHz 'H Larmor frequency and

scaled to the number ot scans before comparison.| . . . . . . .. .. ... ...
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318

Schematic workflow of the processing for the combined 5D HCCNH (blue ar-

rows) / 4D HCCH (teal arrows) experiment. After separating the HN detected

FID from the H detected FID, the 5D can be straightforwardly processed using

SoA with a 3D peak list based on a 3D hCANH. For every peak, a series of

one-bond HC correlation of the respective side-chain is obtained as shown here

exemplarily for residue K60 of SH3. The 4D set has to be treated by the pro-

cedure described in the text to ultimately reduce the dimensionality from 5D

to 4D through the removal of redundant time increments and the addition of

FIDs. The reconstructed spectrum will show correlations between all carbons

and protons ot the side-chain while omitting the link to the backbone like is

exemplarily shown for the correlations found at the coordinates of HoCo tfor

| K60 . e

B.19

Handling and comparison of the 5D HCCNH and the 4D HCCH experiments

obtained simultaneously. A) Individual planes from the 5D HCCNH, shown

for five lysines (K18, K27, K39, K59, and K60) and Q16, enable unambiguous

chemical shift assignment through the side-chain. B) Superimposition of these

individual planes to emulate the resonance overlap that would be expected in

the 4D HCCH. C) Resonances found at the HoCé positions of K60 in the 4D

HCCH spectrum. In addition to the 5D HCCNH, the 4D HCCH-TOCSY can

provide additional, mostly weak, resonances. The combined experiment was

recorded with 2304 NUS points and 16 scans in a total time of 5.6 d.f. . . . .

320

Expected (dark blue) and assigned resonances (light blue) of the SH3-domain

considering the protein backbone and only chemically equivalent protons in

the side-chain. Side-chain carboxyl and amides groups, as well as aromatic

HC groups, are excluded as they can be identified neither through the 5D

HCCNH nor the 5D HNcoCANH based on the current mixing schemes and

magnetization pathways. Residues N47 and D48 are not considered due to

their inherent flexibility®?| . . . . . . . . . ... ...

65

B21

Proposed pulse sequence for a combined 4D HCNH /4D HCCH S2B/TOCSY

experiment. The magnetization pathway remains unaltered compared to the

5D /4D variant, but the Ca evolution period is omitted in the case of the 4D

HCNH S2B experiment, and instead, the second carbon evolution happens

after the recovered carbon magnetization is flipped back to the x/y-plane. Op-

timal water suppression will require additional storage along the z-axis betore

the magnetization is ultimately transterred back to protons. As both exper-

iments have the same dimensionality, phase incrementation can occur simul-

taneously, and individual acquisition times can be achieved through scaling

of the increment size of the carbon dimension by % of the "°N step size as

demonstrated previously® U 2| . . L
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B.22

Results of difterent FLYA runs for tull resonance assignment based on a min-

imal set of experiments using a 5D HNcoCANH acquired on a deuterated

sample and the 5D HCCNH as well as the 3D hCANH base experiments used

for both 5Ds (A) and B)) and including the 4D HCCH obtained from the

combined experiments (C) and D)). An hNH peak list was additionally in-

cluded, which usually comes at almost no cost of measurement time. Shown

on the left side are the FLYA results without reference and on the right side

using the manual assignments as reference. In A) and C) no chemical shifts

were fixed, i.e. no a priori knowledge is required, whereas in B) and D)

the backbone chemical shifts were fixed so that only side-chain resonances are

added to already known backbone assignments. For all variants, 100 indepen-

dent FLYA runs were brought to a consensus assignment with tolerances of

0.1 ppm, 0.5 ppm, and 0.8 ppm for 'H, >N and ‘°C respectively. Dark blue

marks indicate strong assignments according to the basic FLYA definition™*%

whereas light blue marks indicate non-reliable assignments.| . . . . . . . . ..

B3

FLYA results as in figure|3.22/A, but replacing the 5D HNcoCANH with a peak

lists of the same experiment recorded on a fully protonated sample, resembling

the assignment success with all spectra recorded on a single sample. The

assignment quality is almost unaltered as changes are almost exclusively found

for the residues of which no backbone assignment can be found, i.e. L8, L33,

and occuring from that L34, and D62 (see also section|3.2.1).f . . . . . .. ..

321

A) 4D hCCNH pulse sequence with MOCCA mixing (A = 60 ps, n = 256)

and the COPORADE approach*’. Phase cycling: ¢; = -x,X: ¢o = X,-X; ¢3

= XX-X=Xy ¢4 = XXX XXX =X XS ¢5 = XXX XXX XXXy X=X = X=X = X=X

X; GQrec = X, X,-X,X,-X,X,X,-X,-X,X,X,-X,X,-X,-X,X. B) 4D hCACBcacoNH pulse

sequence. Phase cycling: ¢1 = x,-X; @02 = X,X,-X,-X; @3 = X,X,X,X,~X,~X,~X,~X

prec = X,-X,-X,X,-X,X,X,-X. Lhe delay 7 was set to 6 ms (< 1/(4.J)) to achieve

maximal transfer to C while maximizing intensity. C) 4D hCACBcaNH pulse

sequence. Phase cycling: ¢1 = x,-X; 9o = X,X,-X,-X; @3 = X,X,X,X,~X,-X,~X,~X;

Drec = X,-X,-X,X,-X,X,X,-X. Also here the delay was set to 6 ms. Phases after

evolution periods of indirect dimensions were changed to obtain phase-sensitive

spectra by the States-TPPI method™™ (marked by asterisks). In case of the

4D hCCNH a block of pulses was rotated (marked by small hashes). Filled

and empty rectangles represent 90°and 180°pulses. The carrier changes on the

carbon channel are denoted with arrows. Water suppression was achieved by

MISSISSIPPI without gradients™|. . . . . . .. ... ... ... ... ....

B.25

A) Bulk sensitivities all experiments used to assign TS (dark blue) compared to

the hNH bulk signal (light blue). B) Isolated and well-resolved cross-sections

from hINH for representative residues found in the SH3 domain and T'S under

identical conditions regarding preparation and measurement. As expected, this

single-peak intensity is approximately reduced by a factor of 10, reflecting the

10 times higher molecular weight of TS over SH3 (see main text).. . . . . . .
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3.26

Sensitivities of the A) hCACBcaNH experiment regarding CC transfers, com-

paring the intensities in a 2D HCpS plane along the Cf5 dimension obtained by

either DREAM=" transfer (light blue) or INEPT with an optimized delay 7 =

6 ms and B) HN bulk intensities comparing the HNcoCANH and HNcaCONH

experiment. The magnetization pathway H; -N; —-Ca; —-CO; —=N; 11 —H; 1

is favoured over H; —-N; —-CO,_1 —-Ca;_1 —»N;_1 —H; 1 as Ca < CO trans-

fers show different efficacy depending on the direction of the transfer®® which

is ultimately reflected in the overall better performance of the HNcoCANH

experiment.| . . . ... L Lo e e e e
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327

Reduction of peak ambiguity with increasing dimensionality. A) The hNH

spectrum of asfs TS with B) a relevant excerpt of the highly overlapped

middle region due to the high a-helical content of T'S. Overlap is mostly not

because of increased line widths, as those observed for isolated residues are

between 20-50 Hz as expected*s. C)-E) show H/N planes for 3D (hCANH),

4D (hCOCANH and hCACBcaNH) and 5D (HNcoCANH) experiments. Sole

the 5D plane shows a single peak and therefore unambiguous information.

Crossed peaks have their respective maxima at the given ppm values while the

other peaks lie outside of the planes. All spectra were recorded in a 1.3 mm

rotor with 55 kHz MAS and a 'H Larmor frequency of 700 MHz.| . . . . . . .

76

3.8

Experiments and assignment approaches for representative residues from the

active site of the S-subunit. A) Magnetization pathways for the experiments

employed. All experiments are CP-based, only for CaCp transfers, INEP'Ts

were employed. For side-chain correlations, MOCCA mixing®>*% was used. B)

Superimposed 2D planes of different 4D spectra with ambiguous peaks (left

and right side of the figure). Only with the help of a 5D experiment (C)

depicted as a stack of 2D planes) an unambiguous assignment is possible for

many peaks. D) Link between the important active-site residues H354 (SH86)

and K355 (fK87) from HNcoCANH and the corresponding hCCNH-MOCCA

strip ot K355. The hCCNH, triply connected to the sequential backbone link

via its H/N/Ca shifts, allows to identify the residue as lysine, making a unique

linkage between all the residues shown here (The sequence GAXK occurs just

once while GAXX can be found nine times.) and by that also assign H354

unambiguously.| . . . .. . L e e

7

B.29

FLYA results for resonance assignment using all available experiments, i.e.

4D hCACONH, 4D hCOCANH, 4D hCACBcaNH, 4D hCACBcacoNH, and

5D HNcoCANH. Green colors indicate consistency with the manual assign-

ment. Red indicates (large) differences beyond the defined tolerances, while

additional assignments are colored in blue. For all colors, dark tones corre-

spond to assignments classified as strong, whereas lighter tones are ranked as

weak assignments. The manual assignments are almost exclusively confirmed

by FLYA, with only 5 % of the assigned resonances showing big differences.

In addition, 239 residues with all or some resonances ranked as strong could

be assigned, with a subset of 118 assigned residues having all resonances, i.e.,

H,N,Ca,CO and Cp, classified as strong.|. . . . . . ... ... .. ... ....
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B3.30

Results of the FLYA run using all 4Ds used for manual assignment and a 4D

HNNH instead of the 5D HNcoCANH. Compared to the tull, original set-up,

only little changes can be found by visual inspection. FLYA parameters were

not changed, and the color-coding is as described previously.|. . . . . . . . ..

83

B3I

Result of the FLYA assignment without any amide-to-amide experiment, i.e.,

no 5D HNcoCANH or 4D HNNH experiment, being used for the assignment.

Similar to the run including the 4D HNNH, almost no changes are apparent,

while the comparison to the results ot the 4D HNNH set-up shows effectively

no change, indicating that FLYA has only little advantage from the 5D HNco-

CANH and rendering the 4D HNNH redundant. The colors are as described

previously.|. . . . . Lo

85

[3.32

Result of 100 independent FLYA runs using only a minimal or reduced set of

experiments involving the 5D HNcoCANH, 4D hCACONH, and 4D hCACB-

caNH. A good agreement with the manual assignments is maintained, and the

level of additional, strong assignments is on the level of the runs involving the

4D HNNH or no amide-to-amide correlation, pointing out that two 4Ds can

almost fully be replaced by the 5D HNcoCANH. Color coding as described

B33

FLYA results using a minimal set similar to the previous one (Fig. [3.32)), how-

ever, replacing the 5D with the 4D HNNH experiment. Here the assignment

success is significantly reduced, as less strong assignment are found that match

with the manual assignment as well as even more reduced additional assign-

ment. This eftect is likely due to the missing redundancy provided through

the 5D as shown before for the histograms in section |3.1] (Figl3.5( . . . . . . .

[3.34

Difterent outcomes ot the difterent FLYA runs depending on the peak lists

provided to FLYA. Shown are the number of resonances assigned as strong

as defined by the stricter criteria in total, in agreement with the manual as-

signment, different from the manual assignment and assignments additionally

Tound BY FLYAL. © o o o o oo e e e

B.35

FLYA results using all available experiments for backbone assignment and

including a peak list from the 4D hCCNH (MOCCA) experiment for the as-

signment of carbon side-chain resonances. To mimic the manual assignment

process, a shitt list ot all strong, non violating resonances from the backbone as-

signment was provided with the intention that side-chain resonances are rather

added and are less affecting the backbone assignment. The consolidation of

all assignments into a consensus assignment is according to the stricter rules

defined for TS| . . . . . . .

92

.36

All assignments were obtained only through manual assignment (green) plotted

on the crystal structure (PDB ID: 4HT34%) of TS. The ligand FIF, as well as

the PLP cotactor, are shown in red. Structure depiction and editing in UCSF

Chimera™Y| . . .
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337

All strong assignments obtained by FLYA and manual assignment (green) plot-

ted on the crystal structure (PDB ID: 4HT34) of TS. The ligand FIF, as well

as the PLLP cotfactor, are shown in red. Structure depiction and editing in UCSF

Chimera™UY| . . .

3.38

Analysis of assigned residues for the - (top) and a-subunit (bottom) with re-

spect to the secondary structure predicted by TALOS-N<*¥ (upper rows) and

secondary chemical shifts (SCS; respective lower rows), shown only for manu-

ally obtained assignments. The TALOS results (blue: helix; teal: sheet; blue-

green: loop) and SCS (upward stretches: helix; downward stretches: sheet;

alternating: loop) are compared with the secondary structure elements found

in the crystals structure 4ht3*" (top). Highlighted in light grey are domains

considered to undergo major conformational changes upon ligand binding at

different states of the catalytic cyclet*. Short stretches, e. g., 506 to 508

or 529 to 533, show minor differences between TALOS and the actual crys-

tal structure. These deviations are thought to arise from TALOS prediction

known to be improper in case of short stretches or at the edges ot assigned

TECIONS.| .« .« v v vt e e e e e e e e e e e e e e e e e e e e

B39

Correlation plots of ¢ (light blue) and v (dark blue) angles read from out from

the crystal structure of I'S against ¢, 1 angles predicted by TALOS-N for

manual assignment. Error bars denote the estimated standard deviation given

by TALOS. A) shows all predictions except those 31, marked as Warn, while

in B) all predictions are included. While a few outliers are removed, residues

with high errors are mostly aftected, indicating an unreliable prediction. |

B.40

Analysis of assigned residues for the §- (top) and a-subunit (bottom) with

respect to the secondary structure as in figure |3.38| for the combined assign-

ments obtained by FLYA (“strong” assignment in FLYA nomenclature) as well

as manually. Not-opaque colors denote all of HN, N, Ca, CO, and Cp assigned

as “strong”, opaque colors denote that at least part of the nuclei have “strong”

assignment). The coloring is accordingly to figure [3.38 Still, most of the

residues show a good agreement between prediction and crystal structure, but

some stretches indicate deviations, such as for residues 101-110. . . . . . . . .

98

BT

¢ (light blue) and 1) (dark blue) correlations plots of angles obtained from the

crystal structure (4ht3) plotted against values predicted by TALOS-N as in

figure|3.39 for the combined FLYA and manual assignments. A) all predictions

marked as not-reliable (Warn) by TALOS are excluded while in B) all residues

are included. In C) additionally, all residues in which FLYA and the manual

assignment disagree were removed, however, leaving several outliers. The error

bars denote the standard deviations suggested by TALOS-N. D) ultimately

shows the correlation when all Bad residues are removed, only leaving three

outliers. . . . . . e
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B.42

FLYA results as shown in figure [3.29| (section |3.3]) in comparison to solution-

state NMR assignments of the a-subunit (BMRB ID: 50139%”). Here, the

assignments of the tull set of solid-state NMR experiments were simply com-

pared with the solution-state NMR assignments of the a-subunit as the last

step of a FLYA run. No other modifications were done and the color coding

is as previously described. Resonances that do not match (red) are indicated

as such, it the chemical shift difterence is larger than the defined tolerances,

i.e., 0.1 ppm, 0.5 ppm and 0.8 ppm for 'H, "°N and '°C, respectively. When

considering only strong resonances, about halt match while the other half dit-

fers. Manual assignments tend to match better between solution and solids

assignments. “H chemical shifts of the solution-state NMR assignments were

re-referenced by a downfield shift of 0.6 ppm. For reasons of clarity, the -

subunit assignments are not shown.|. . . . . ... ... o000

BA43

Interfaces of A) two a-subunits (dark blue) in the crystal cell and B) the a and

[-subunit (light blue). Residues labeled in red mark the beginning and end of

regions located near the interfaces that show deviations between the solution-

state NMR assignments of the a subunit and solid-state NMR assignments ot

the asfo construct. Mesh surfaces in orange highlight the spatial proximity.

Structure depiction and editing in UCSF Chimera". | . . . . . . .. ... ..

B.44

Extend of H/D exchange after 14 d (not normalized) plotted on the crystal

structure of TS (PDB ID: 4HT34%). Blue regions indicate low exchange, and

green regions indicate higher exchange rates up to 50 %. Prolines are excluded

by definition and are highlighted in yellow. While the core regions expectantly

show low exchange, especially the water exposed surface of a-subunit shows

higher exchange levels. The (-subunit shows a similar pattern. Despite gen-

eral accessibility of the protein surface, except crystal-crystal contacts, some

of those solvent-exposed regions, however, do not show strong exchange as

even the dimer-dimer interfaces seem not to be aftected by hindered exchange.

Structure depiction and editing in UCSF Chimera™Y| . . . .. .. ... ...

104

B.45

Relative deuterium uptake after 14 d(blue tones) and cryogenic b-factors (red)

plotted on the sequence of TS for a-subunit (bottom) and S-subunit (top).

The deuterium uptake was normalized to one instead of using the relative

uptakes provided by DynamX (see text). Gaps (grey rectangles for better

guidance) indicate missing HDX data rather than a missing assignment in

contrast to , e.g., figure [3.40L Dark blue stretches mark assigned residues

while teal ones indicate missing assignments. If missing assignment would be

exclusively linked to insufficient back-exchange, assigned regions should show

higher uptake compared to unassigned regions. Regions with high cryogenic

b-tactors might have higher flexibility and therefore can serve to indicate the

presence of dynamics in those regions of T'S which at the end can lead to

decreased CP efficiencies) . . . . . . . . . . . o
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B.46

Changes of sensitivity between a 100 % back-exchanged sample at 55 kHz MAS

(dark blue) and a fully protonated sample at 111 kHz MAS. A) H/N bulk sig-

nal of the first FID in an hNH experiment adjusted to the same noise level.

Both FID were processed with 100 Hz line-broadening. B) Full hNH spectra of

the respective samples and representative slices through the isolated signal of

T334. Both spectra were processed using a squared sine bell with SSB values

of 4 and 3 in the 'H and °N dimension with effective acquisition times of 20 ms

and 28 ms, respectively. The spectra show no apparent differences except slight

difterences in chemical shifts for individual signals, which most likely are due

to temperature differences. The extracted slices were again scaled to the same

noise level to allow for direct comparison under the given processing param-

eters. The line-width at half-height was, however, extracted from the same

spectra without any window function. As expected*“, the fully protonated

sample shows broader lines due to stronger, remaining dipolar interactions.

C) Qualitative comparison of signal intensity in a higher dimensional experi-

ment (4D hCOCANH). Shown are the first FIDs of the experiment processed

with 100 Hz line broadening with the signal of the back-exchanged sample

reduced to 1/8 for better visualization. Despite the fully protonated sample

being acquired at 800 MHz "H Larmor frequency, compared to 700 MHz of the

other, significant drops in intensity can beseen.|. . . . . . . . . .. ... ...

[3.47

Signal dispersion and overlap as it can be found in the pseudo-4D hCONH R;p

relaxation series at two different carbon chemical shifts. While the majority

of peaks are sufficiently resolved, occasional peak overlap is found, rendering

those residues only partially useful for relaxation analysis such as M84 and

MOOSS + o oo

13.48

Single residue "°N R;p relaxation rates with a spin-lock strength of 5.5 kHz

plotted on the sequence for the a-subunit (top) and the S-subunit (bottom),

superimposed with Ca B-factors of the crystal structure in the closed confor-

mation (red) of the a-subunit (PDB ID: 4HT3'%) and the open conformation

(green) (PDB ID: 1KFK4%44) indicating large conformational changes occur-

ring during the catalytic cycle and substrate tunneling, especially loops al2

108

13.49

!N R, p relaxation rates at 5.5 kHz spin lock strength plotted on the crystal

structure (PDB 4HT3*Y) of TS. The thickness of worms, as well as the color,

reflect the rates where thick worms and red colors correspond to high /21 p rates,

whereas thin worms and blue colors indicate low rates. Only those residues

for which a clear assignment from the obtained shifts in a template hCONH

experiment was found are shown, while excluded residues are shown in grey. In

total, 244 residues were used for the relaxation analysis. Structure depiction

and editing in UCSF Chimera™Y| . . . . . . . ... ... ... ... ... ...

xli

108



.50

A) R;p rates observed for residues close to the PLP cofactor in the active site

of the p-subunit. The color coding is as before and indicated in the figure.

Assigned residues for which no relaxation data was obtained, but that might

function as interactions partners are shown in grey. B) Accessibility of the

PLP cofactor, shown in purple, in the open conformation ot the f-subunit

and the closed conformation (C)). These conformational rearrangements are

hypothesized to be in equilibrium even in the stable internal aldimine state**”

(see section|1.5.3)) and can be associated with potential high activation barriers

as described in more detail in section [3.3] Especially residues R416 and R647

have to move for the portal to close, which is reflected in the elevated [2;p rates.

Structure depiction and editing in UCSF Chimera™" ((A) and PyMol*** (B,C).[109

B51

A) The active site of the g-subunit with the PLP cofactor highlighted in

purple for crystal structures in the open (light grey) and closed conformation

(dark grey). Shown in dark blue are residues for which BMRD like relaxation

dispersion might be present (B) and in light blue residues that are strongly

involved in the closing of the portal to the cotactor but for which relaxation

analysis was not possible. In contrast to figure |3.50f D649 was included in

the BMRD analysis despite being dificult to quantify at different fields in

this set of experiments. The relaxation dispersion profile should theretore be

considered caretully. The superimposition ot the two crystal structures shows

the large structural rearrangements involved between the open and closed state.

Structure depiction and editing in UCSF Chimera™"| . . . .. . ... ... .

B52

The active site of the S-subunit with the PLP cofactor in the center (dark blue)

and a selection of surrounding, assigned residues (light blue). A tight H-bond

network is formed between S645, 5619, and the cofactor, which is reflected in

the unusual shifts of S645. Similarly, the H-bond between the phosphate group

of PLP and G500 causes strong downfield shifts ot the amide proton as well,

as the interaction between the side-chains ot K618 and K650 causes a proton

shift ot 10.98 ppm of E618. The covalently attached K355 shows unusual Co,

Ce, and N( shifts caused by the covalently bound cofactor. Structure depiction

and editing in UCSF Chimera™| . . . . . . .. ... ... ... ... ... ..

112

B53

Chemical shitts of K355. The NC and Ce chemical shifts can be identified by

long-range, i.e., long CP, hNH, and hCH experiments (A)) in combination

with the assignments obtained from the hCCNH experiment (B)). Due to the

covalent bond H(, NC and Ce show unusual chemical shifts compared to BMRB

shifts. The 2D hNH experiment was recorded with 96 scans, a spectral width ot

313 ppm and a 15N acquisition time of 27 msin 13.5 h at a 'H Larmor frequency

of 700 MHz. The 2D hCH experiment was recorded with 1200 scans, a spectral

width of 316 ppm and a 15N acquisition time of 4 ms in 4.1 d recorded in three

blocks at a "H Larmor frequency of 700 MHz.| . . . . . .. . ... ... ....
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13.54 Overview of the NMR crystallography and line width analysis, done by the

Mueller lab. A) shows the computed ab-initio chemical shifts for both the

PSB and PPO state. B) Through fitting against the experimentally measured

line width of the N( resonance, conceptually shown in black with a blue fit,

the activation energy for the tautomeric proton exchange is obtained (C). D)

Conceptual energy diagram showing the activation barrier as well as the small

AG computed for the two-state exchange model with a higher populated PSB

state at 30°C. . . . . e

A1

Schematic magnetization pathways as observed in the All-in-one experiment.

Solid lines indicate through-bond transfers of the ""N-HSQC (dark blue) and

1SC-HSQC (teal), dashed lines indicate 'H-"H through-space contacts, facili-

tated either by NOE in solution-state NMR or RFDR in solid-state NMR,, ob-

served starting from amide groups (dark blue), unsaturated carbons (teal) in

the HSQC-NOESY pathway as well as intra-ligand contacts (orange) as well as

combinations of those. The ligand compound is the compound SBR ((R)-N-(3-

Indol-1-yl-2-methyl-propyl)-4-sulfamoyl-benzamide )™, a potent non-covalent

inhibitor of hCAILl . . . . . . . . .

2

Pulse sequences for the solid-state NMR version of the All-in-one sequence“*. A)

Hard 7/2 and 7 pulses are denoted by filled and empty rectangles. Small,

light gray squares indicate soft power rectangular pulses. The delays are set

— T — T 1 — T — 1 — 1
A = 4o Ay = k4JHN 4o Az = k4JHN’ As = 4Jg N Ag = 4J

and A7 = JII-IN -1 JHi 17, With k& to be optimized for optimal intensity. The

pulse program including finer adjustments of the delay times can be tound in

the appendix (section [7.1)). Phase cycle: ¢1 1/ = X,-X; ¢oo = X,X,-X,-X; @3

= VYoV Yy Yo ¥ Yo Vi P30 = -VV-¥mY,YsYaYsYs @3« = 45°, 45°, 135°, 135°%Prec =

x,-X,-x,X. 1he REFDR 7 pulse was cycled with the XY-16 super cycle. Pulses

marked with an asterisk are phase-shifted by 90 or 45° in case of the 'H 7 pulse

to obtain phase-sensitive States-TPPIL spectra in every indirect dimension

including the 2D intra-ligand spectrum. B) As A), but selective pulses on

water were replaced by selective continuous wave periods during the recycle

delay and a shorter 10 ms block after RFDR mixing.,| . . . . . ... ... ...

119

i3

Depiction of the roles of the 45° pulse phase (C) as well as the added phase

value ¢ causing an artificial chemical shift similar to TPPIL/2257 (A, B). The

45° of the 7 pulse causes a phase shift of the non-edited H, terms by m/2.

Adding an additional phase value ¢ causes an additional shift, which sim-

ulates a chemical shitt along the hetero-nuclei dimension when incremented

simultaneously. The extent of the TPPI-like shitt depends on the values of ¢

as is shown for ¢ = 45° 4 10°,20°,50°. The black arrow tollows the shift of

45°, while blue shades indicate the respective added value (B). If for every

incrementation of the heteronuclear dimension a fixed value (here 20° in C))

1s constantly added, the magnetization vector is constantly moved forward or

backward, simulating a Larmor frequency different from the carrier. | . . . . .
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A

Schematic representation of a spectrum obtained by the All-in-one experi-

ment. While signals originating from the protein (blue spheres) are dispersed

in the 3D spectrum, signals originating from the ligand would usually appear

as zero-frequency artifacts at the carrier frequency of the heteronuclear dimen-

sion (teal). By means of a TPPI-like artificial chemical shift, this plane can

be moved up or down to such a position where overlap with signals originat-

ing from the protein is unlikely. For reasons of simplicity, the diagonal and

symmetric cross-peaks ot the HSQC-NOESY signals are not shown. | . . . . . 123

4.5 A) hNH and B) hCH spectra obtained from the hCAII sample with ILV |

| labeling scheme. Both correlations show pronounced sample heterogeneity |
| and indicate degradation ot the crystals, rendering the sample unsuitable for |
| the All-in-one experiment.| . . . . . . . . . .. ... o oL 124

4.6

Spectra from the All-in-one sequence acquired on a u-[*D,"*C,"°N] and 100 %

back exchanged sample of the SH3 domain at 55 kHz MAS and a 'H Larmor

frequency of 700 MHz. Shown are the '"H-"H RFDR plane (A)), the "H/™N

HSQC plane (B)) processed from the full 3D spectrum. C) shows the shifted

'H-'H RFDR plane with signals originating from the ligand at "°N chemical

shift of 104.5 ppm. D) shows overlays of the HSQC plane from B) and an

hNH (CP) spectrum recorded on the same sample and same conditions. The

All-in-one was processed with 100 Hz line broadening in the direct dimension

and 50 Hz in both indirect dimensions, while the hNH spectrum was processed

with a squared sine bell function and a sine bell shift of 2 in both dimensions.| 126

6.1

Purification and crystallization steps of ILV labeled hCAIIl. A) Chromatogram

from GST affinity chromatography on a GST Prep FF 16/10 column (GE

Healthcare) at 4 °C. B) SEC chromatogram from gel filtration on a Hil.oad

Superdex 16/600 75g column at 4 °C. hCAII shortly elutes after uncleaved

GST-hCAII fusion protein and thrombin. C) SDS-PAGE showing uninduced

(UI) and induced (Ind) culture as well as Lysate from cell disruption and

different fractions of both chromatography steps. D) hCAII crystals grown by

sitting drop crystallization.| . . . . . . .. ... ... oo oo
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7.1 NMR pulse programs

HNcoCANH dual version

;HNcoCANH 5D for INEPT and BSH-CP (use zg options)
;H-1 (t2) to N-1 (t3) to CO to CA (tl1) N (t4) to H (t5/acqu) transfer;
; F2 channel is Nitrogen

; F3 channel is carbon

; Variables introduction

;pl H p90
;P2 N p9o0
;p3 C p9o0

;p6 C pl80 hard pulse

;p13 C selective pl80 duration
;p15 HN first CP contact time

;pl6 NH CP contact time

;p17 CA N CP contact time

;p18 N CO CP contact time

;P22 water suprresion pulse length
;P28 Trim pulse on Carbonyl

;P29 CA-CO BSH CP time

;pll H p90 power

;p12 N p90 power

;p13 C hard power level

;p15 N- NH CP power

;pl6 H- NH CP power

;pl7 N NCA-CP power

;p18 C NCA-CP power

;pli2 H dec power

;p1l13 C selective 180 power

;pl16 water suppression pulse power
;p122 WALTZ decoupling on N (during acquisition)
;p127 Ca H-CO CP power

;p128 C N-CO CP power

;p129 CA-CO BSH CP power level

;128 (=1) ramp on H (=2) ramp on N

;129 (=1) ramp on H (=2) ramp on CO
;130 (=2) ramp on N (=3) ramp on CA
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;131 (=1) ramp on H (=2) ramp on N

;d0 t1 initial value
;d7 COCA J evol
;d8 COCA J evol

;cnst8 COCA J coupling

;enst7 COCA J coupling

;cnst10 1H carrier for 1st CP

;cnstl9 - offset for water suppression
;cnst30 CO offset (174 ppm)

;cnst31 C decoupling offset (at 110 ppm)
;cnst32 Ca offset (55 ppm)

; Include file for Protection

)

#include <Avance.incl>

#include <Delay.incl>

b

; Set variables

J

;"enst63 = plwl2"
plw22"
plw23"
;"cnst60 = plwl6"
"p6 = 2.0%p3"

"pb = 2.0%p2"
"spw2=spw8"
"d11=30m"
"d0=0.2u"
"d10=0.2u"
"d20=0.2u"
"d30=0.2u"

;"cnst62

;"cnst61

#ifdef NNH

"inO=inf1/2"
"in10=inf2/2"

#endif /* NNH */
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#ifdef HNNH
"in20=inf1/2"
"inO=inf2/2"
"in10=inf3/2"
#endif /+ HNNH x/
#ifdef HNCANH
"in30=inf1/2"
"in20=inf2/2"
"inO0=inf3/2"
"inl10=inf4/2"
#endif

#ifdef INEPT
"d8=1/(4*cnst8)"

"d7 = 1/(4*cnst7)"
"spwld

spwl3"

"spwlb = spwl3d"

#endif /*INEPT*/

b

; Protection for parameters

b

im

if "pl > 100u" goto Problem
if "p2 > 100u" goto Problem
if "p3 > 100u" goto Problem
if "p28 >10u" goto Problem

if "p28 >1000u" goto Problem
if "p15> 3000u" goto Problem
if "p16> 2000u" goto Problem
if "p17> 11001u" goto Problem
if "p18> 11001u" goto Problem
if "p29> 7000u" goto Problem
if "p22 >20001u" goto Problem

if "aq > 55m" goto Problem

if "dl < 0.49s" goto Problem
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goto PassParams

Problem, 1m
print "Protection: Parameters not accepted, ending."
goto HaltAcqu

PassParams, 1m

#ifdef NNH

agseq 321

#endif /* NNH =/

2 d11
40u do:£f3
40u do:f2
40u do:f1

20u reset:fl reset:f2 reset:f3
20u fq=cnst10:f1 fg=cnst20:£f2 £q=0:£3
5u pli:f1 pl2:£2 pl3:£3

(p1 pll phl):f1
j————— H (t1) evolution & N decoupling -----
#ifdef HNNH

lu pl22:£f2 pl23:£3

lu cpd2:£2 cpd3:£3

d20%2.0

2u do:f2 do:f3

#endif /* HNNH */

#ifdef HNCANH



lu pl22:f2 pl23:£f3
lu cpd2:£2 cpd3:£3
d20%2.0

2u do:f2 do:f3

#endif /* HNNH */

if (128 == 1)
{
(p15 pl5 ph13):f2 (p15:sp8 phl4):fl
}

if (128 == 2)
{
(p15:sp9 ph13):f2 (pl15 pl6 phld):f1

jm———- N (t2) evolution & C decoupling -----

iu pli2:f1 pl3:£3

2u fqg=cnst31(bf ppm):£f3
lu cpdil:f1l

do

(p3 ph20) :£3

(p6 ph21) :£3

(p3 ph20) :£3

do

2u fq=cnst30(bf ppm):£f3
2u do:f1

if (129 == 2)
{
(p18 pl28 phil):f3 (p18:sp6 phl0):f2
}

if (129 == 3)

{
(p18:sp7 phl1l):£f3 (p18 pl27 phl0):f2

li



#ifdef BASH

1u pli2:f1
lu cpdl:f1

(p28 pl3 ph28):£f3

2u fq=cnst32(bf ppm):£3
(p29:sp29 ph29):£3

#endif /+BASH*/

#ifdef INEPT

lu pl12:£f1
lu cpdl:f1
(center (p13:spl3 ph20):f3 (p5 pl2 ph20):f2) ;shape pulse on CA

;=== Refocused INEPT transfer from CO to CA -----

ds

(p13:sp15 ph20):£3 ;shape pulse on CO
(p13:sp13 ph20):£3 ;shape pulse on CA

ds

2u fg=cnst31(bf ppm):f3 ;place offset at center CA CO
(p3 pl3 ph4):£3

a7

(p6 pl3 phil6):£3

d7

2u fq=cnst32(bf ppm):£3

#endif /*INEPTx*/

#ifdef HNCANH

d30
(center (p13:spl4 ph20):£3 (p5 pl2 ph20):£2)

lii



d30

;o Bloch - Siegert - shift compensation

(p13:spl15 ph20):£3 ;shape pulse on CO
(p13:spl4 ph20):£3 ;shape pulse on CA

#endif
2u do:f1
;————— CA/N CP ————-

if (130 == 2)
{
(p17:sp5 ph2):f2 (pl7 pl8 phl6):£3
}

if (130 == 3)
{
(p17 pl7 ph2):f2 (pl7:sp4 ph2):£3

j==——= N (t3) evolution & C decoupling -----

iu pli2:f1 pl3:£3

2u fqg=cnst31(bf ppm):£f3
lu cpdil:f1l

d10

(p3 ph20) :£3

(p6 ph21) :£3

(p3 ph20) :£3

d10

3u do:fl

;o N magnetization along Z2 --—-——-

(p2 pl2 phil7):f2

;o= Water suppression -----

20u fg=cnst19:f1
2u pli6:£f1

p22:f1 ph22
p22:f1 ph23
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p22:f1 ph22
p22:f1 ph23

22u fg=cnst10:f1
—————— N magnetization in XY plane ----—-

(p2 pl2 phil8):£f2

if (131 == 1)
{
(p16 pl5 ph12):f2 (pl6:sp2 ph2):f1
X
if (131 == 2)
{
(p16:sp3 ph12):f2 (pl16 pl6é ph2):fl
b
lu pl22:£f2 pl23:£3
lu cpd2:f2 cpd3:£3
2u fg=0:f1

go=2 ph31
dl1l do:f2 do:f3 mc #0 to 2

#ifdef oneD
F1QF QO

#endif /*oneD*/

#ifdef NNH

F1PH(calph(ph13, +90.0), caldel(d0, +in0))
F2PH(calph(ph17, -90.0), caldel(d10, +inl10))

#endif /* NNH =/
#ifdef HNNH

F1PH(calph(phl, +90.0), caldel(d20, +in20))
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F2PH(calph(ph13, +90.0), caldel(d0, +in0))
F3PH(calph(phl7, -90.0), caldel(d10, +in10))

#endif /* HNNH */

#ifdef HNCANH
F1PH(calph(ph16, -90.0), caldel(d30, +in30))
F2PH(calph(phl, +90.0), caldel(d20, +in20))
F3PH(calph(ph13, +90.0), caldel(d0, +in0))
F4PH(calph(ph17, -90.0), caldel(d10, +inl10))

#endif

HaltAcqu, 1m

exit

g g
A
N =
] I

5 g
5 5
SIS
n u

O O O O O

o)
=3
(o))

]

ph10 = 1
phi1=0000 2222
ph12 = 1
phi3 = 1
phld = 1
phi6 = 0
ph17 = 1
phi8 = 0 0 2 2
ph20 = 1
ph21 = 2
ph22 = 0
ph23 = 1
ph29 = 0
ph28 = 1
0

ph31 =0220 200 2

b

; END Pulse program

b
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;5 IMPORTANT NOTE
; On AV (avance) machines, its better to use "spfO" files instead of "spO"

; The "spO" files requires lot of time for power settings compared to "spfO"

lvi



HNcoCANH BSH-CP version

;HNcoCANH 5D for BSH-CP (use zg options)
;H-1 (£2) to N-1 (t3) to CO to CA (t1) N (t4) to H (t5/acqu) transfer;
; F2 channel is Nitrogen

; F3 channel is carbon

; Variables introduction

;pl H p90
;P2 N p9o0
;p3 C p90

;p6  C pl80 hard pulse

;P13 C selective pl80 duration
;pl4 soft 180 carbon on res.

;p15 HN first CP contact time

;pl6 NH CP contact time

;p17 CA N CP contact time

;p18 N CO CP contact time

;P22 water suprresion pulse length
;P28 Trim pulse on Carbonyl

;P29 CA-CO BSH CP time

;pll H p90 power

;P12 N p90 power

;p13  C p90 power

;pl5 N- NH CP power

;pl6 H- NH CP power

;pl7 N NCA-CP power

;p18 C NCA-CP power

;p1l12 H dec power

;p113 C selective 180 power

;pl14 soft rectangular 180 pulse 13C
;pl16 water suppression pulse power
;p122 WALTZ decoupling on N (during acquisition)
;pl27 Ca H-CO CP power

;p128 C N-CO CP power

;p1l29 CA-CO BSH CP power level

;128 (=1) ramp on H (=2) ramp on N
;129 (=1) ramp on H (=2) ramp on CO
;130 (=2) ramp on N (=3) ramp on CA
;131 (=1) ramp on H (=2) ramp on N

Ivii



;enstl10 1H carrier for 1st CP

;enstl9 - offset for water suppression
;cnst30 CO offset (174 ppm)

;enst31 C decoupling offset (at 110 ppm)
;cnst32 Ca offset (55 ppm)

; Include file for Protection

#include <Avance.incl>

#include <Delay.incl>

; Set variables

"p6 = 2.0%p3"
"p5 = 2.0xp2"
"spw2=spw8"
"d11=30m"
"d0=0.2u"
"d10=0.2u"
"d20=0.2u"
"d30=0.2u"

#ifdef NNH

"inO=inf1/2"
"in10=inf2/2"

#endif /* NNH =/

#ifdef HNNH

"in20=inf1/2"

"inO=inf2/2"

"in10=inf3/2"

#endif /* HNNH */

#ifdef HNCANH
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"in30=inf1/2"
"in20=inf2/2"
"in0=inf3/2"

"in10=inf4/2"

#endif

; Protection for parameters

im
if
if
if
if
if
if
if
if
if
if
if
if
if

"pl > 100u"
"p2 > 100u"
"p3 > 100u"
"p28 >10u"
"p28 >1000u"
"p15> 3000u"
"p16> 2000u"
"p17> 11001u"
"p18> 11001u"
"p29> 7000u"
"p22 >20001u"
"aq > 55m"
"dl < 0.49s"

goto PassParams

Problem, 1m

print "Protection:

goto HaltAcqu

PassParams, 1m

#ifdef NNH

agseq 321

#endif /* NNH =/

2 d11

goto Problem
goto Problem
goto Problem
goto Problem
goto Problem
goto Problem
goto Problem
goto Problem
goto Problem
goto Problem
goto Problem
goto Problem
goto Problem

Parameters not accepted, ending."
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40u do:£f3
40u do:£f2
40u do:f1 ;decouplers off
3 d1
20u reset:fl reset:f2 reset:f3
20u fq=cnst10:f1 fg=cnst20:f2 £q=0:£3
5u pli:f1 pl2:£2 pl3:£3
e 90 on H --——-
(p1 pll phl):f1

j————— H (t2) evolution & N decoupling

#ifdef HNNH

lu pl22:£f2 pl23:£3
lu cpd2:£2 cpd3:£f3
d20%2.0

2u do:f2 do:f3

#endif /* HNNH */

#ifdef HNCANH

lu pl22:f2 pl23:£3
lu cpd2:£2 cpd3:£3
d20%2.0

2u do:f2 do:£f3

#endif /* HNNH */

if (128 ==
{
(p15 pl5
}

phi3) : £2

if (128 ==
{
(p15:sp9 ph13):f2

2)

(p15:sp8 phi14):f1

(p15 pl6 phi4):f1
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—————— N (t3) evolution & C decoupling -----

iu pli2:f1 pl3:£3

2u fg=cnst31(bf ppm):£f3
lu cpdil:f1l

do

(p3 ph20):£3

(p6 ph21):£3

(p3 ph20):£3

do

2u fq=cnst30(bf ppm):£f3
2u do:f1

if (129 == 2)
{
(p18 pl28 phil):f3 (p18:sp6 phl0):f2
}

if (129 == 3)
{
(p18:sp7 phl1l):£f3 (p18 pl27 phl0):f2

1u pl12:f1
lu cpdl:f1

(p28 pl3 ph28):£3

2u fq=cnst32(bf ppm) :£3
(p29:sp29 ph29):£3

#ifdef HNCANH

d30
(center (p13:spl2 ph20):£f3 (p5 pl2 ph20):f2) ;shape pulse on CO
d30

—————— Bloch - Siegert - shift compensation
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(p14 pl14 ph20):£f3
(center (p13:spl2 ph20):£3 (p5 ph20):£f2) ;shape pulse on CO

#endif
2u do:f1

jm—mm CA/N CP -----

if (130 == 2)

{
(p17:sp5 ph2):£2 (p17 pl8 phl6):£3
}

if (130 == 3)
{
(p17 pl7 ph2):f2 (pl7:sp4 ph2):£3
}

P N (t4) evolution & C decoupling -----

lu pli12:f1 pl3:£f3

2u fqg=cnst31(bf ppm):£f3
lu cpdil:f1l

d10

(p3 ph20):£3

(p6 ph21):£3

(p3 ph20):£3

d10

3u do:f1l

;T N magnetization along Z ---—-
(p2 pl2 phil7):£f2
e Water suppression ---—-
p22:f1 ph22
p22:f1 ph23
20u fq=cnst19:f1 ; move to beginning of MISSISSIPPI when only water signal
2u pli6:f1
p22:f1 ph22

p22:f1 ph23

20u fq=0:f1
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20u fg=cnst10:f1
—————— N magnetization in XY plane -----

(p2 pl2 phi18):f2

if (131 == 1)
{
(p16 pl5 ph12):f2 (pl6:sp2 ph2):fl
}

if (131 == 2)
{
(p16:sp3 phl12):f2 (pl6 pl6 ph2):f1
3
lu pl22:£f2 pl23:£3
lu cpd2:£f2 cpd3:£3

2u fq=0:f1

go=2 ph31
d11l do:f2 do:f3 mc #0 to 2

#ifdef oneD
F1QF ()
#endif /*oneDx*/

#ifdef NNH

F1PH(calph(ph13, +90.0), caldel(d0, +in0))
F2PH(calph(ph17, -90.0), caldel(d10, +inl0))

#endif /* NNH =/

#ifdef HNNH
F1PH(calph(phl, +90.0), caldel(d20, +in20))
F2PH(calph(ph13, +90.0), caldel(d0, +in0))

F3PH(calph(ph17, -90.0), caldel(d10, +in10))

#endif /* HNNH */
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#ifdef HNCANH

F1PH(calph(ph16, -90.0), caldel(d30, +in30))
F2PH(calph(phl, +90.0), caldel(d20, +in20))
F3PH(calph(ph13, +90.0), caldel(dO, +in0))

FAPH(calph(ph17, -90.0), caldel(d10, +inl0))

#endif

HaltAcqu, 1m

exit

e}
=3
—

I

e lle]

==y

o N

] ]
O O O O

o)
=3
(o))

]

phl0 =1
phl1 =0000 2222
phl2 =1
phl3 =1
phld =1
phlé = 0
phl7 =1
phl8 =00 2 2
ph20 =1
ph21 = 2
ph22 = 0
ph23 =1
ph29 = 0O
ph28 = 1
0

ph31 =0220 200 2

; END Pulse program

;5 IMPORTANT NOTE
; On AV (avance) machines, its better to use "spfO" files instead of "spO"

; The "spO" files requires lot of time for power settings compared to "spfO"
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HNcaCONH BSH-CP version

;HNcaCONH 5D for BSH-CP (use zg options)
;H-1 (£2) to N-1 (t3) to CA-1 to CO (t1) N (t4) to H (tb/acqu) transfer;
;F2 channel is Nitrogen

;F3 channel is carbon

b

; Variables introduction

b

;pl H p90
;P2 N p9o0
;p3 C p90

;p6  C pl80 hard pulse

;P13 C selective pl80 duration
;pl4 soft 180 carbon on res.

;p15 HN first CP contact time

;pl6 NH CP contact time

;p17 CO N CP contact time

;p18 N CA CP contact time

;P22 water suprresion pulse length
;P28 Trim pulse on Carbonyl

;P29 CO-CA BSH CP time

;pll H p90 power

;P12 N p90 power

;p13 C hard power level

;pl5 N- NH CP power

;pl6 H- NH CP power

;pl7 N NCA-CP power

;p18 C NCA-CP power

;p1l12 H dec power

;p113 C selective 180 power

;pl14 soft rectangular 180 pulse 13C
;pl16 water suppression pulse power
;p122 WALTZ decoupling on N (during acquisition)
;p127 CO H-CO CP power

;p128 C N-CA CP power

;p1l29 CO-CA BSH CP power level

;128 (=1) ramp on H (=2) ramp on N
;129 (=1) ramp on H (=2) ramp on CA
;130 (=2) ramp on N (=3) ramp on CO
;131 (=1) ramp on H (=2) ramp on N
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;enstl10 1H carrier for 1st CP

;cnstl9 - offset for water suppression
;cnst30 CA offset (55 ppm)

;enst31 C decoupling offset (at 110 ppm)
;cnst32 CO offset (174 ppm)

; Include file for Protection

#include <Avance.incl>

#include <Delay.incl>

; Set variables

"p6 = 2.0%p3"
"pb = 2.0%p2"
"spw2=spw8"
"d11=30m"
"d0=0.2u"
"d10=0.2u"
"d20=0.2u"
"d30=0.2u"

#ifdef NNH

"inO=inf1/2"
"in10=inf2/2"

#endif /* NNH */
#ifdef HNNH
"in20=inf1/2"
"in0=inf2/2"

"in10=inf3/2"

#endif /* HNNH */
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#ifdef HNCONH

"in30=inf1/2"
"in20=inf2/2"
"in0=inf3/2"

"in10=inf4/2"

#endif

’

; Protection for parameters

im

if "p1 > 100u"
if "p2 > 100u"
if "p3 > 100u"
if "p28 >10u"

if "p28 >1000u"
if "p15> 3000u"
if "p16> 2000u"
if "p17> 11001u"
if "p18> 11001u"
if "p29> 7000u"
if "p22 >20001u"
if "aq > 55m"

if "d1 < 0.49s"

goto PassParams

Problem, 1m

goto Problem
goto Problem
goto Problem

goto Problem

goto Problem
goto Problem
goto Problem
goto Problem
goto Problem
goto Problem
goto Problem
goto Problem
goto Problem

print "Protection: Parameters not accepted, ending."
goto HaltAcqu

PassParams, 1m

#ifdef NNH

agseq 321

#endif /* NNH */
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2 di1
40u do:£f3
40u do:f2
40u do:f1

20u reset:f1l reset:f2 reset:f3
20u fq=cnst10:f1 fq=cnst20:f2 £q=0:£3
5u pli:f1 pl2:f2 pl27:£3

(p1 pll phl):f1

T H (t2) evolution & N decoupling -----
#ifdef HNNH

lu pl22:£f2

lu cpd2:£2
d20%2.0

2u do:f2
#endif /* HNNH */
#ifdef HNCONH

lu pl22:£f2

lu cpd2:£2
d20%*2.0

2u do:f2

#endif /* HNCONH */

0.7u pl5:f2 pl6:fil

if (128 == 1)
{
(p15 ph13):f2 (p15:sp8 phl4):f1
}
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if (128 == 2)
{
(p15:sp9 ph13):f2 (p15 phi14d):fl

—————— N (t3) evolution & C decoupling -----

lu pli2:f1 pl3:£f3

2u fq=cnst31(bf ppm):£f3
lu cpdl:f1l

do

(p3 ph20):£3

(p6 ph21):£3

(p3 ph20):£3

do

2u fq=cnst30(bf ppm):£3
2u do:f1

if (129 == 2)
{
(p18 pl28 phi11):£3 (p18:sp6 phl0):f2
}

if (129 == 3)
{
(p18:sp7 phll):£3 (p18 pl27 phl0):f2

(p29:sp29 ph29):£3
2u fq=cnst32(bf ppm):£f3
(p28 pl3 ph28):£3

#ifdef HNCONH

—————— CO (t4) evolution & HC decoupling -----
;lu pl2:f2
d30

(center (p13:spl2 ph20):£3 (p5 pl2 ph20):f2) ;shape pulse on CA
d30
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;o Bloch - Siegert - shift compensation

(p14 pli4 ph20):£3
(center (p13:spl2 ph20):f3 (p5 ph20):f2) ;shape pulse on CA

#endif

if (130 == 2)

{
(p17:sp5 ph2):f2 (pl7 pl8 phl6):£3
}

if (130 == 3)
{
(p17 pl7 ph2):f2 (pl7:sp4 ph2):£3
}

j————— N (t4) evolution & C decoupling -----

lu pli2:f1 pl3:£f3

2u fqg=cnst31(bf ppm):£f3
lu cpdl:f1

d10

(p3 ph20):£3

(p6 ph21):£3

(p3 ph20):£3

d10

3u do:f1l

;T N magnetization along Z -----

(p2 pl2 phil7):f2

;o= Water suppression -----

20u fg=cnst19:f1
2u pli6:£f1

p22:f1 ph22
p22:f1 ph23
p22:f1 ph22
p22:f1 ph23
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20u fgq=cnst10:f1
5u pl6:fl

j————= N magnetization in XY plane -----

(p2 pl2 phi8):f2

0.7u pl5:£f2
if (131 == 1)
{
(p16 phi2):f2 (p16:sp2 ph2):fl
}
if (131 == 2)
{
(p16:sp3 ph12):f2 (p16 ph2):fl
}
lu pl22:f2
lu cpd2:£2

2u fq=0:f1

go=2 ph31
dill do:f2 mc #0 to 2

#ifdef oneD
F1QFQ)

#endif /*oneD*/

#ifdef NNH

F1PH(rpl7 & rd10 & ip13, id0)
F2PH(dp17, 1d10)

#endif /* NNH */

#ifdef HNNH
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F1PH(calph(phl, +90.0), caldel(d20, +in20))
F2PH(calph(ph13, +90.0), caldel(dO, +in0))
F3PH(calph(ph17, -90.0), caldel(d10, +in10))

#endif /* HNNH */

#ifdef HNCONH
F1PH(calph(ph16, -90.0), caldel(d30, +in30))
F2PH(calph(phl, +90.0), caldel(d20, +in20))
F3PH(calph(ph13, +90.0), caldel(d0, +in0))
F4APH(calph(ph17, -90.0), caldel(d10, +inl0))

#endif

HaltAcqu, 1m

exit

Qg v o
== =

a N =

I 1] I

o O O O

el
=3
[@))
]

000 2222

000 0000 2222 2222

1
0
1
1
1
0
1
phl18 =00 2 2
1
2
0
1
0
3
0

220 2002 2002 0220

; END Pulse program

)

; ; IMPORTANT NOTE
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; On AV (avance) machines, its better to use "spfO" files instead of "spO"

; The "spO" files requires lot of time for power settings compared to "spfO"
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Combined HCCNH/HCCH

;HCCNH_5D.alkl
;H (1) to Cali (t2) with CC mix (to) Ca (t3) to N (t4) to H (t5) transfer;
; F2 channel is Nitrogen

; F3 channel is carbon

; Variables introduction

;pl H p90
;P2 N p9o0
;p3 C p90

;p13 C selective pl80 duration

;pl4 soft 180 carbon on res. (= DW/sqrt(3))
;pl5 HCA CP contact time

;pl6 NH CP contact time

;p17 CAN CP contact time

;P22 water suppression pulse length

;pll H p90 power

;pl2 N p90 power

;pll C p90 power

;pl5 N- NH CP power

;pl6 H- NH CP power

;pl7 N NCA-CP power

;p18 C NCA-CP power

;p1l13 C selective 180 power

;pl14 soft rectangular 180 pulse 13C

;pl16 water suppression pulse power

;p122 WALTZ decoupling on N (during acquisition)
;p123 (NC) decoupling on C (during acquisition)
;p125 CC mixing power level

;p127 Ca H-Cali CP power

;p128 H H-Cali CP power

;129 (=1) ramp on H (=2) ramp on CA

;130 (=2) ramp on Nitrogen; (=3) ramp on carbon
;131 (=1) ramp on H (=2) ramp on N

;cnst10 1H carrier for NH CP in Hz (on Hamid)
;enstll 1H carrier for CH CP in Hz (on Hali)
;ecnstl9 - offset for water suppression

;cnst30 C decoupling offset (at 120 ppm)

;enst31 13C carrier for Cali in Hz (~ 20 ppm)
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;spoff13 soft 180 offset (= DW)

;d9 TOCYS mixing time (WALTZ= n*960 us@lOus, DIPSI=n*2173 us@1Ous)
;cpd3 C dec during 1H evolution

;cpdb5 CC mixing change according, BE CAREFUL WITH POWER

; Set variables

"p6 = 2.0%*p3"

"p5 = 2.0%p2"

"d11=30m"

"d0=0.2u" ; evol. time F1 (CC)
"d10=0.2u" ; evol. time F2 (Ca/ali)
"d20=0.2u" ; evol. time F3 (N)
"d21=0.2u" ; evol. time F4 (1H)
"inO=inf1/2" ; increment delay F1
"in10=inf2/2" ; increment delay F2
"in20=inf3/2" ; increment delay F3
"in21=inf4/2" ; increment delay F4
n 12=1 n

; Include file for Protection

b

#include <Avance.incl>

#include <Delay.incl>

’

; Protection for parameters

im
if "pl > 100u" goto Problem
if "p2 > 100u" goto Problem
if "p3 > 100u" goto Problem
if "p13 >1001u" goto Problem
if "p15> 4001u" goto Problem
if "p16> 2000u" goto Problem
if "p17> 11001u" goto Problem
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if "p22 >20001u"  goto Problem

if "aq > 51im" goto Problem
if "d1 < 0.49s" goto Problem
if "d9 > 0.020s" goto Problem

goto PassParams

Problem, 1m
print "Protection: Parameters not accepted, ending."
goto HaltAcqu

PassParams, 1m

1 ze
2 di1
40u do:f3
40u do:f2
40u do:f1 ;decouplers off

20u reset:fl reset:f2 reset:f3
20u fq=cnstl1l:f1 fq=cnst20:f2 £q=0:f3 ;carrier on Ca

5u pli:f1 pl2:f2 pl27:£3
im stO

jm———- 90 on H and 1H evolution (t4) -----
20u pl22:£3

(p1 pll phb):f1
d21*2 cpd3:£3
0.5u do:£f3

;————— H/Cali CP —-———- ; optimize for one-bond transfer

lu fg=cnst31:£f3 ;carrier on f3 should be in the middle of Cali (35 ppm)
if (129 == 1)

{

(p15 pl27 phil):£f3 (p15:sp6 phl0):fl

3
if (129 == 3)

{
(p15:sp7 phl1):£f3 (p15 pl28 phl0):f1
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j-———- CX (t1) evolution & HC decoupling -----

0.5u pli12:f1

dO cpdl:f1

(p5 pl2 ph20):£f2
do

(p3 pl3 ph6):£3

;————— CC mixing --———-

lu do:f1
0.5u pl25:£f3
0.5u cpdb5:£3
do

2u do:f3

lu £9=0:£3

0.5u pli12:f1
0.5u cpdl:f1

d10

(p5 pl2 ph20):£f2
d10

1.5u

if (130 == 2)
{
(p17:sp5 ph2):f2 (pl7 pl8 ph2):£f3
}

if (130 == 3)
{

Ixxvii



(p17 pl7 ph2):f2 (pl7:sp4 ph2):£f3

;=== 90 on C (store on z for simCP) -----

(p3 pl3 phl0):£3

jm———- N (t2) evolution & C decoupling -----

lu pl3:£f3

lu fqg=cnst30:£3
d20

(p3 ph20):£3

(p6 ph21):£3

(p3 ph20):£3

d20

2u do:f1

;oo N magnetization along Z ----—-

(p2 pl2 phl7):f2 ;phl?7

e Water suppression -----

20u fq=cnst19:f1
2u pli6:£f1

p22:f1 ph22
p22:f1 ph23
p22:f1 ph22
p22:f1 ph23

20u fq=cnst10:f1 ;HN region
5u pl6:f1

j————= N magnetization in XY plane -----

(p2 pl2 phi18):f2

if (131 == 1)
{
(p16 pl5 ph12):f2 (p16:sp2 ph2):fl
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if (131 == 2)
{
(p16:sp3 ph12):f2 (p16 ph2):fl
}

0.5u pl22:£f2

0.5u cpd2:£f2

goscnp ph31 ;acquire HN
lu do:£f2

; T Water suppression —----

20u fqg=cnst19:f1
2u pli6:f1

p22:f1 ph22
p22:f1 ph23
p22:f1 ph22
p22:f1 ph23

20u fg=cnstll:f1 ;aliphatic region

im st ; switch NBL

(p3 pl3 ph13):£3

(p16 pl27 ph3):f3 (p16:sp2 ph3):fl
0.5u pl23:£f3

0.5u cpd3:£3

go=2 ph31

lu do:£f3

d1l mc #0 to 2

F1PH(calph(phll, +90), caldel(dO, +in0))
F2PH(calph(ph7, +90), caldel(d10, +inl10))
F3PH(calph(ph17, -90), caldel(d20, +in20))
F4APH(calph(ph5, +90), caldel(d21, +in21))
F5QF OO

HaltAcqu, 1m

exit
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ph3
phb
ph6
ph7
phl0 =
phll =
phl2 =
phl3 =
phl7 =
phl8 =
phl9 =
ph20 =
ph21 =
ph22 =
ph23 =
ph31=0220 200 2

]
w w O N O
N

333 1111

022

000 00O0O
222 2222

= O N P, N O W W = O ¥

)

; END Pulse program

;5 IMPORTANT NOTE
; On AV (avance) machines, its better to use "spfO" files instead of "spO"

; The "spO" files requires lot of time for power settings compared to "spfO"
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HCCNH basic version

;HCCNH_5D.alkl
;H (1) to Cali (t2) with CC mix (to) Ca (t3) to N (t4) to H (t5) transfer;
; F2 channel is Nitrogen

; F3 channel is carbon

; Variables introduction

; Variables introduction

;pl H p90
;p2 N p9o0
;p3 C p9o0

;pl3 C selective pl80 duration

;pl4 soft 180 carbon on res. (= DW/sqrt(3))
;pl5 HCA CP contact time

;pl6 NH CP contact time

;pl7 CAN CP contact time

;P22 water suppression pulse length

;pll H p90 power

;P12 N p90 power

;pll C p90 power

;pl5 N- NH CP power

;pl6 H- NH CP power

;pl7 N NCA-CP power

;p18 C NCA-CP power

;p1l13 C selective 180 power

;pl14 soft rectangular 180 pulse 13C

;p1l16 water suppression pulse power

;p122 WALTZ decoupling on N (during acquisition)
;p123 (NC) decoupling on C (during acquisition)
;1256 CC mixing power level

;p127 Ca H-Cali CP power

;pl28 H H-Cali CP power

;129 (=1) ramp on H (=2) ramp on CA
;130 (=2) ramp on Nitrogen; (=3) ramp on carbon
;131 (=1) ramp on H (=2) ramp on N

;cnst10 1H carrier for NH CP in Hz (on Hamid)
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;enstll 1H carrier for CH CP in Hz (on Hali)

;cnstl9 - offset for water suppression

;cnst30 C decoupling offset (at 120 ppm)

;cnst31 13C carrier for Cali in Hz (~ 20 ppm)

;spoff13 soft 180 offset (= DW)

;d9 TOCYS mixing time (WALTZ= n*960 us@lOus, DIPSI=n*2173 us@1Ous)
;cpd3 C dec during 1H evolution

;cpdb5 CC mixing change according, BE CAREFUL WITH POWER

; Set variables

"p6 = 2.0*p3"

"p5 = 2.0%p2"

"d11=30m"

"d0=0.2u" ; evol. time F1 (CC)
"d10=0.2u" ; evol. time F2 (Ca/ali)
"d20=0.2u" ; evol. time F3 (N)
"d21=0.2u" ; evol. time F4 (1H)
"inO=inf1/2" ; increment delay F1
"in10=inf2/2" ; increment delay F2
"in20=inf3/2" ; increment delay F3
"in21=inf4/2" ; increment delay F4

’

; Include file for Protection

’

#include <Avance.incl>

#include <Delay.incl>

b

; Protection for parameters

b

im
if "p1 > 100u" goto Problem
if "p2 > 100u" goto Problem
if "p3 > 100u" goto Problem
if "p13 >1001u" goto Problem
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if "p15> 4001u" goto Problem

if "p16> 2000u" goto Problem
if "p17> 11001u" goto Problem
if "p22 >20001u" goto Problem
if "aq > 51m" goto Problem
if "d1 < 0.49s" goto Problem
if "d9 > 0.016s" goto Problem

goto PassParams

Problem, 1m
print "Protection: Parameters not accepted, ending."
goto HaltAcqu

PassParams, 1m

1 ze
2 di11
40u do:£f3
40u do:f2
40u do:f1 ;decouplers off

20u reset:f1l reset:f2 reset:f3
20u fq=cnst10:f1 fq=cnst20:f2 fq=0:f3 ;carrier on Ca
5u pli:f1 pl2:f2 pl27:£3

j-———— 90 on H and 1H evolution (t4) -----
20u pl22:£3
(p1 pll phb5):f1
d21%2 cpd3:£3
0.5u do:£f3

Nttt H/Cali CP ----—- ; optimize for one-bond transfer
1lu fgq=cnst31:f3 ;carrier on f3 should be in the middle of Cali (35 ppm)
if (129 == 1)

{

(p15 pl27 ph11):£f3 (pl5:sp6 phl0):f1

}

if (129 == 3)
{
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(p15:sp7 ph1l):£3 (p15 pl28 phl0):f1

j————— CX (t1) evolution & HC decoupling -----

0.5u pli12:f1

dO cpdl:f1

(p5 pl2 ph20):£f2
do

(p3 pl3 ph6):f3 ;maybe change sign here

;o CC mixing -----

lu do:f1
0.5u pl25:£3
0.5u cpd5:£f3
do

2u do:f3

lu £g=0:£3

0.5u pli12:f1
0.5u cpdl:f1

d10

(p5 pl2 ph20):£f2
d10

1.5u

0.5u pl8:£f3
if (130 == 2)

{
(p17:sp5 ph2):f2 (p17 ph2):£3
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if (130 == 3)
{
(p17 pl7 ph2):£2 (pl7:sp4 ph2):£f3

jm———- N (t2) evolution & C decoupling -----

lu pl3:£f3

lu fqg=cnst30:£3
d20

(p3 ph20):£3

(p6 ph21):£3

(p3 ph20):£3

d20

2u do:f1

;oo N magnetization along Z ----—-

(p2 pl2 phl7):f2 ;phl?7

e Water suppression -----

20u fq=cnst19:f1
2u pli6:£f1

p22:f1 ph22
p22:f1 ph23
p22:f1 ph22
p22:f1 ph23

20u fq=cnstll:f1l
5u pl6:f1

j————= N magnetization in XY plane -----

(p2 pl2 phi18):f2

if (131 == 1)
{
(p16 pl5 ph12):f2 (p16:sp2 ph2):fl
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if (131 == 2)
{
(p16:sp3 ph12):f2 (p16 ph2):f1l
}

lu pl23:£f2 pl22:£3
lu cpd2:£f2 cpd3:£3

go=2 ph31
dl1l do:f2 do:f3 mc #0 to 2

F1PH(calph(phl1l, +90), caldel(d0, +in0))

F2PH(calph(ph7, +90), caldel(d10, +in10))
F3PH(calph(ph17, -90), caldel(d20, +in20))
F4PH(calph(ph5, +90), caldel(d21, +in21))

HaltAcqu, 1m

exit

ph2 = 0

phb = 0 2

ph6 = 3

ph7 =3333 1111
phl0 =
phill =
phl2 =
phl7 =
phl8 =
ph20 =
ph21 =
ph22 =
ph23 =
ph31=0220 2002 2002 0220

022

000 0000 2222 2222

, O N B, O W = O =

b

; END Pulse program

; 3 IMPORTANT NOTE
; On AV (avance) machines, its better to use "spfO" files instead of "sp0"

; The "spO" files requires lot of time for power settings compared to "spfO"
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HCNH

;HCNH_4D.alkl
;H (1) to Cali (t2) with CC mix (to) Ca (t3) to N (t4) to H (t5) transfer;
; F2 channel is Nitrogen

; F3 channel is carbon

; Variables introduction

;pl H p90
;P2 N p9o0
;p3 C p90

;pll  WURST pulse length for AL-FRESCO

;P13 C selective pl80 duration

;pl4 soft 180 carbon on res. (= DW/sqrt(3))
;p15 HCA CP contact time

;pl6 NH CP contact time

;pl7 CAN CP contact time

;P22 water suppression pulse length

;pll H p90 power

;pl2 N p90 power

;pll  C p90 power

;p15 N- NH CP power

;pl6 H- NH CP power

;p17 N NCA-CP power

;p18 C NCA-CP power

;p113 C selective 180 power

;pl14 soft rectangular 180 pulse 13C

;pl16 water suppression pulse power

;p122 WALTZ decoupling on N (during acquisition)
;p123 (NC) decoupling on C (during acquisition)
;p125 CC mixing power level

;p127 Ca H-Cali CP power

;p128 H H-Cali CP power

;129 (=1) ramp on H (=2) ramp on CA

;130 (=2) ramp on Nitrogen; (=3) ramp on carbon
;131 (=1) ramp on H (=2) ramp on N

;cnst10 1H carrier for NH CP in Hz (on Hamid)
;enstll 1H carrier for CH CP in Hz (on Hali)
;cnstl9 - offset for water suppression

;cnst30 C decoupling offset (at 120 ppm)
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;enst31 13C carrier for Cali in Hz (~ 20 ppm)

;spoff13 soft 180 offset (= DW)

;d9 TOCYS mixing time (WALTZ= n*960 us@lOus, DIPSI=n*2173 us@1Ous)
;cpd3 C dec during 1H evolution

;cpd5 CC mixing change according, BE CAREFUL WITH POWER

; Set variables

"p6 = 2.0%p3"

"pb5 = 2.0xp2"

"d11=30m"

"d0=0.2u" ; evol. time F1 (CC)
"d20=0.2u" ; evol. time F3 (N)
"d21=0.2u" ; evol. time F4 (1H)
"inO=inf1/2" ; increment delay F1
"in20=inf2/2" ; increment delay F3
"in21=inf3/2" ; increment delay F4

#ifdef ALFRESCO

"spw22=spw2l"

#endif

; Include file for Protection

#include <Avance.incl>

#include <Delay.incl>

; Protection for parameters

)

im
if "p1l > 100u" goto Problem
if "p2 > 100u" goto Problem
if "p3 > 100u" goto Problem
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if "p13 >1001u" goto Problem

if "p15> 4001u" goto Problem
if "p16> 2000u" goto Problem
if "p17> 11001u" goto Problem
if "p22 >20001u"  goto Problem
if "aq > 51im" goto Problem
if "d1 < 0.49s" goto Problem
if "d9 > 0.020s" goto Problem

goto PassParams

Problem, 1m
print "Protection: Parameters not accepted, ending."
goto HaltAcqu

PassParams, 1m

2 d11
40u do:£f3
40u do:f2
40u do:f1

20u reset:f1l reset:f2 reset:f3
20u fq=cnst10:f1 fgq=cnst20:f2 f£q=0:£f3 ;carrier on Ca
5u pli:f1 pl2:f2 pl27:£3

20u pl22:£f3

(p1 pll phb5):f1

d21%2 cpd3:£3
0.5u do:£f3

;————— H/Cali CP ————- ; optimize for one-bond transfer
lu fgq=cnst31:£f3 ;carrier on f3 should be in the middle of Cali (35 ppm)
if (129 == 1)

{

(p15 pl27 phil):£f3 (p15:sp6 phl0):fl
}
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if (129 == 3)
{
(p15:sp7 phl1):£3 (p15 pl28 phl0):fl

j————— CX (t1) evolution & HC decoupling -----

0.5u pli2:f1

dO cpdl:f1

(p5 pl2 ph20):£f2
do

0.5u do:f1l

(p3 pl3 ph6):£3

e CC mixing -----

#ifdef TOCSY

1u do:f1l
0.5u pl25:£f3
0.5u cpd5:£3
do

2u do:f3

#endif

#ifdef ALFRESCO
(p11l:sp21 ph25):f1 ;WURST pulses for AL-FRESCO mixing
(p11:sp22 ph25):f1
(p11:sp21 ph26):f1
(p11:sp22 ph26):f1
(p11:sp21 ph27):f1
(p11:sp22 ph27):f1
(p11:sp21 ph28):f1
(p11:sp22 ph28):f1

#endif
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(p3 pl3 ph7):£f3

lu £g=0:£3
0.5u pli12:f1
0.5u cpdl:f1

if (130 == 2)
{
(p17:sp5 ph2):£2 (pl7 pl8 ph2):£f3
}

if (130 == 3)
{
(p17 pl7 ph2):f2 (pl7:sp4 ph2):£3

R N (t2) evolution & C decoupling -----

lu pl3:£f3

lu fqg=cnst30:£3
d20

(p3 ph20):£3

(p6 ph21):£3

(p3 ph20):£3

d20

2u do:f1

;T N magnetization along Z -----

(p2 pl2 phl7):£f2 ;phl7

;o= Water suppression -----

20u fg=cnst19:f1
2u pli6:£f1

p22:f1 ph22
p22:f1 ph23
p22:f1 ph22
p22:f1 ph23
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20u fq=cnsti11:f1
5u pl6:f1

j————= N magnetization in XY plane -----

(p2 pl2 phi18):f2

if (131 == 1)
{
(p16 pl5 phl2):f2 (p16:sp2 ph2):f1
}

if (131 == 2)
{
(p16:sp3 ph12):f2 (p16 ph2):fl
}

lu pl23:f2 pl22:£3
lu cpd2:f2 c¢pd3:£3

go=2 ph31
dl1l do:f2 do:f3 mc #0 to 2

F1PH(calph(phll, +90), caldel(dO, +in0))
F2PH(calph(phl7, -90), caldel(d20, +in20))

F3PH(calph(ph5, +90), caldel(d21l, +in21))

HaltAcqu, 1m

exit

;o Phase cycling —-——--
ph2 = 0

ph5 = 0 2

ph6 = 3

ph7 =3333 1111
ph10 =1

ph1l1 = 0 0 2 2

phl2 =1

phl17 = 3

ph18 =0 000 0000 2222 2222
ph25 = 0
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ph26 =
ph27 =
ph28 =
ph20 =
ph21 =
ph22 =
ph23 =
ph31=0220 2002 2002 0220

R O N P W N -

b

; END Pulse program

;5 IMPORTANT NOTE
; On AV (avance) machines, its better to use "spfO" files instead of "spO"

; The "spO" files requires lot of time for power settings compared to "spfO"
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7.1.1 All-in-one solid-state NMR version

;All in one solid state (HSQC-RFDR)

;USES 180DEG COMP PULSES FOR 13C AND 15N INSTEAD OF SHAPED PULSES ON 13C
;based on hsqcnoesygpsm193d, D. Frueh et. al J Biomol NMR 2009 Nov;45(3):311-8
;and All in one sequence by Alva Gossert (13C15N-HSQC-NOESY_TPPI)

;3D sequence with

; homonuclear correlation via RFDR recoupling

; H-1/X correlation via double inept transfer

; simultaneous evolution of C-13 (aliphatics and aromatics) and N-15 chemical shift in
; artificial chemical shift for H(!X) in t2

;Water suppression: Presaturation (use ZGOPT -DPRESAT) and z-filter-type after
; RFDR mixing

; $CLASS=HighRes

; $DIM=3D

; $STYPE=

; $SUBTYPE=

; SCOMMENT=

b

; Definitions

’

;pll : f1 channel - power level for pulse (default)
;P12 : f£2 channel - power level for pulse (default)
;P13 : £3 channel - power level for pulse (default)
;P19 : f1 channel - power level for presaturation
;plil: f1 channel - RFDR (low) power level

;pl12: £2 channel - power level for CPD/BB decoupling
;pl16: £3 channel - power level for CPD/BB decoupling

;pl : f£1 channel - 90 degree high power pulse

;P2 : f1 channel 180 degree high power pulse

;p3 : £2 channel 90 degree high power pulse

;P4 : £2 channel 180 degree high power pulse
;P8 : £2 channel - 180 degree shaped pulse for inversion
;P9 ¢ f1 channle - 90 degree low power rec. pulse (H20 on reson.)

;pll: RFDR 180 deg pulse on 1H

;p21: £3 channel - 90 degree high power pulse
;p22: £3 channel - 180 degree high power pulse

;d0 : incremented delay (F1 in 3D) [3 usec]
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;dil
;d4
;d8
;d19

1/(4J)CH
cw sturation after RFDR
= (1s/(2%cnst9)) - pl1/2

;d10:
;dil:
;d12:
;d21

;d26:
;d28:

incremented delay (F2 in
delay for disk I/0

RFDR mixing time NOT OVER
1/(4J(NH)

incremented delay (F1 in

J(CH)
J(NH)
= SW(N) [ppm]

;cnst2:

;cnsté:

;cnstl5:

;cnst7:

;cnst6:

;cnsth:

;cnst9:

;111

;infl:

;inf2:

;in0:

1/SW(C) = 2 * DW(C)
1/SW(H) = 2 * DW(H)
1/(2 * SW(C)) = DW(C)
;nd0: 2

;in10: 1/(2 * SW(H)) = DW(H)
;nd10: 2

;in28: = in30/2-in0

;in30: 1/SW(N) = 2 * DW(N)
;ns: 8 * n

;tdl: number of experiments in

;£td2: number of experiments in
;FnMODE: States-TPPI (or TPPI)
;FnMODE: States-TPPI (or TPPI)
;cpd2: decoupling according to
;cpd3: decoupling according to
;pepd2: f£2 channel - 90 degree
;pepd3: £3 channel - 90 degree

#include <Avance.incl>

delay for power switching

J(NH) optimal scaling:

: relaxation delay; 1-5 * T1

[1.8 ms]

3D) [3 usec]
[30 msec]
[20 usec]
300 MS

[2.7 ms]

3D) [3 usec]

15N offset for decoupling (118 ppm)
15N offset in F3 (118 ppm)

[0.7-1]

Spinning Frequency (Hz)

RFDR loop counter (=multiple of 16)

F1

F2

in F1

in F2

sequence defined by cpdprg2
sequence defined by cpdprg3
pulse for decoupling sequence

pulse for decoupling sequence

XCcv



#include <Delay.incl>

"p2=p1%2"
"p4=p3#2"
"p22=p21*2"
"d4=1s/(cnst2*4)"
"d11=30m"
"d12=20u"

"d26=1s/ (cnst4*4)"
"d9=d1-100ms"
"d18=1/(cnst3*4)"

"d19 (1s/(2%cnst9)) - plti/2"
"d21 = 111*(1s/cnst9)"

"cnst1l3 = 24000"
"in30=1000000/ (cnst15*bf3) "
"in28=in30/2-in0"

#ifdef MULTI
"inO=inf1/2"

"in10=inf2/2"

"d0=in0/2- (p3*2/PI)"
"d28=(in30/4) - (p21*2/PI)-d0-p3"
"d10=0.2u"

#else
"d0=0.2u"
"d28=0.2u"
"d10=0.2u"
#endif

;———— delays for HSQC part ----

"DELTA1=d4-0.5% (p4)"
"DELTA2=(d26%cnst5)-d4-0.5% (p4) "
"DELTA3=(d26%cnst5) "

"DELTA5=d26"
"DELTA6=d4-0.5% (p3+p3+p4) +larger (p4,p22) /2"
"DELTA7=d26-d4-0.5x(p4) +larger (p4,p22) /2+d10%2"

Xcvi



"cnst63 = plwil2"
"cnst62 = plw22"
"cnst61 = plw23"

"cnst60 = plwl6"
if "p1 > 100u" goto Problem
if "p2 > 100u" goto Problem
if "p3 > 100u" goto Problem
if "p21 > 200u" goto Problem
if "p13 >1001u" goto Problem
if "p15> 4001u" goto Problem
if "p16> 2000u" goto Problem
if "p17> 11000u" goto Problem
if "p22 >20001u" goto Problem
if "aq > 51m" goto Problem
if "d1 < 0.49s" goto Problem
if "cnst63>0.5" goto Problem
if "cnst62>1.5" goto Problem
if "cnst61>0.5" goto Problem
if "cnst60>0.7" goto Problem

goto PassParams

Problem, 1m
print "Protection: Parameters not accpeted, ending."
goto EXIT

PassParams, 1m

d11 pli:f1 pli2:f2 pli6:£3
d11 do:f2 do:f3
d11

w N

xcvii



;———— optional presat element ---—-

#ifdef PRESAT
dil pl9:f1
dl cw:f1 ph29~
2u do:fl
#else
d1
#endif /*PRESAT*/

2u plil:f1 pl2:f2 pl3:£f3
2u fq=cnst6(bf ppm):f3

(p1 plil phl0)
DELTA1
(p4 phi):f2
DELTA2
(center (p2 pll phl):f1 (p22 phl):£3 )
DELTA3
(p1 ph2)

j————-— combined 15N/13C evolution --——-
(p21 ph3):f3
d28
(center (p3 ph3 d0 dO p3 ph4):f2 (p2 phll):f1)
d28
(p21 ph5):£3

(p1 ph6)

DELTA6

(p4 ph2):£f2

DELTA7

(center (p2 phl) (p22 ph2):£f3 )
DELTAS

#ifdef RFDR
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d10
(center (p4 ph2):f2 (p22 ph2):£3 )

d10
;o RFDR mixing time --—---
(p1 pll ph7):f1
(p14 pli4 phi2:r):f1
0.2u pli1:f1
9 di19
(p11 ph267):f1
di19
lo to 9 times 111
2u pl20:f1
d8 cw:f1 ph29~
2u do:f1

(p1 pll ph2):f1
#endif /*RFDRx*/

2u pli2:£2
2u pli16:£3

go=2 ph31 cpd2:f2 cpd3:£f3
dil do:f2 do:f3 mc #0 to 2

F1PH(calph(ph3, +90) & calph(phll, +45), caldel(d0O, +in0O) & caldel(d28, +in28) & calph(
F2PH(calph(ph7, -90), caldel(d10, +inl10))

EXIT, 2u
exit
; phase increment phll:

; (+) upfield, (-) downfield. 90 deg = max chem shift, O deg = carrier

phl =0

ph2 = 3

ph3 = 0 0 2 2

ph4 = (360) 250 ; 180 + phase increment on phll

o)
=3
()]

]

(360) 250 ; 180 + phase increment on phll
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ph6 = O
ph7 =33 33

ph8 =1

ph9 = 3

phl0 = 0 2
phl4 = 0
phil = (8) 1
phi2 =111
phil3 = 2
ph26 = 0 1 0
ph29 =010

#ifdef RFDR

ph31 = 0 2 2

#else

ph31 = 0 2 2

#endif

1

1
1

1111

3 3 ; 0 for testing (Ligand is not preserved)
3333

1212 2323 3030
1212 2323 3030

2002

b

; END Pulse program
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7.2 Extensions of the CYANA library

For several magnetization pathways introduced in this work, the CYANA library had to be

appended by the respective experiments. Those were defined as followed:

SPECTRUM shCACONH HN N C CA
0.980 H_AMI N_AMI CA:C_ALI C:C_BYL N:N_AMI HN:H_AMI

SPECTRUM shCOCANH HN N CA C
0.980 H_AMI N_AMI C:C_BYL CA:C_ALI N:N_AMI HN:H_AMI

SPECTRUM hCACBcaNH 4D HN N CA CB
0.980 HN:H_AMI N:N_AMI CA:C_ALI CB:C_ALI

SPECTRUM hCACBcacoNH HN N CA CB
0.980 HN:H_AMI N:N_AMI C_BYL CA:C_ALI CB:C_ALI

SPECTRUM HNcocaNH H2 N2 H1 Ni
0.980 H2:H_AMI N2:N_AMI C_BYL C_ALI N1:N_AMI H1:H_AMI

SPECTRUM HNcoCANH 5D CA N2 H2 H1 N1
0.980 H1:H AMI N1:N_AMI C_BYL CA:C_ALI N2:N_AMI H2:H_AMI

SPECTRUM HNcaCONH_5D C N1 H1 H2 N2
0.980 H2:H_AMI N2:N_AMI C_ALI C:C_BYL N1:N_AMI H1:H_AMI

SPECTRUM HCCNH H1 C1 CA N H2
0.980 H1:H_A* C1:CA:C_ALI N:N_AMI H2:H_AMI

0.980 H1:H_A* C1:C_A* CA:C_ALI N:N_AMI H2:H_AMI

0.800 H1:H Ax C1:C_A% C_A% CA:C_ALI N:N_AMI H2:H AMI

0.300 H1:H_A* C1:C_A* C_A% C_A* CA:C_ALI N:N_AMI H2:H_AMI
0.300 H1:H_A* C1:C_A% C_Ax C_Ax C_A* CA:C_ALI N:N_AMI H2:H_AMI

SPECTRUM MOCCA_4D HN N C1 C2

0.980 HN:H_AMI N:N_AMI C1:C2:C_ALI

0.900 HN:H_AMI N:N_AMI C1:C_ALI C2:C_ALI

0.700 HN:H_AMI N:N_AMI C1:C_ALI C_ALI C2:C_ALI

0.600 HN:H_AMI N:N_AMI C1:C_ALI C_ALI C_ALI C2:C_ALI

0.500 HN:H_AMI N:N_AMI C1:C_ALI C_ALI C_ALI C_ALI C2:C_ALI

ci



7.3 Assigned chemical shifts of TS
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7.4 Stock and media recipes

Growth media Compound Amount Concentration
/1
LB medium Yeast extract 5g
Tryptone 10g
NaCl 10 g-
Agar plates LB medium 11
Bacto Agar 15¢g
Antibiotic stocks 1 ml
M9 10x stock Na,HPO, 60 g 0.479 M
KH,PO, 30g 0.220 M
NaCl 5g 0.086 M
M9 1x M9 10x 100 ml
Add in order to avoid pre- Trace elements 10 ml
cipitation 100x
Biotin stock 1.5 ml
Thiamine stock 1.5 ml
Antibiotic stocks 1 ml
D-Glucose 2 g
NH,CI lg
H50 fill to 11
MgSO, 1M 1 ml 1 mM
CaCly, 1M 0.3 ml 0.3 mM
Antibiotic stocks
Ampicillin 1000x Ampicillin-HCI 2g
H,O 20 ml
Chloramphenicol 1000x  Chloramphenicol 0.68 g
EtOH 20 ml
Kanamycin 1000x Kanamycin 5¢g
H,O 20 ml
Buffers
PBS NaCl 8.1816 g 140 mM
KCl 0.2013 g 2.7 mM
Na,HPO, 1.4196 g 10 mM
KH,PO, 0.2449 g 1.8 mM
adjust to pH 7.3
Lysis buffer hCAII PBS 11
DTT 0.1928 g 2.5 mM
Lysozyme

DNAse I

cXiv



Protease inhibitor 1 tablet
cocktail

Binding buffer hCAII PBS 11
DTT 0.1928 g 2.5 mM

Elution buffer hCAII Tris 6.057 g 50 mM
DTT 0.1928 g 2.5 mM
reduced glu- 3.0733 g 10 mM
tathione
pH 8

SEC buffer hCAII NH,HCO; 3.953 g 50 mM
pH 8

AEC loading buffer SH3 Tris 24227 g 20 mM
pH 8.5

AEC elution buffer SH3 Tris 24227 g 20 mM
Na(Cl 58.44 g 1M
pH 8.5

SEC buffer SH3 Citric acid 3.8425 g 20 mM
Na(Cl 8.766 g 150 mM
pH 3.5

Vitamin stocks

Thiamine Thiamine-HCI 20 mg
H,O 20 ml

Biotin Biotin 20 mg
H,0O 20 ml

Other stocks

Trace elements 100x EDTA 5g 17.1 mM

Consider order an pH H,O fillto 11, pH 7.5
FeCl; - 6 H,0 830 mg 3.07 mM
ZnCl, 84 mg 616 pM
CuCl, - 2H,0 13 mg 76.3 pM
CoCl, - 6H,0 10 mg 42.1 pM
H5BO;4 10 mg 162 pM
MnCl, - 4H5,0 1.4 mg 7.07 pM

ZnCl, ZnCl, 0.136 g 0.1 M
H,0O 10 ml

MgSO, MgSO, 6.018 g 1M
H,O 50 ml

CaCl, CaCl, 5.549 g 1M
H,0O 50 ml

IPTG 1000x IPTG 4.766 g 1M
H,0O fill to 20 ml
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7.5 Conferences, workshops, and funding

Conferences

1. Annual network meeting of the bio-N3MR network, 13" September 2019, Jiilich, Ger-
many.
Talk: "Higher-dimensionality solid-state NMR on a 72 kDa protein’, A. Klein, S.K.
Vasa, P. Rovo, L. Mueller, R. Linser

2. Alpine conference on Magnetic Resonance in Solids, 15-19 September 2019, Chamonix-
Mont-Blanc, France.
Promoted talk: "Increasing dimensionality and information content for challenging sys-
tems in 'H detected solid-state NMR", A. Klein, S.K. Vasa, P. Rov6, L. Mueller, R.

Linser

3. 61%° Experimental Nuclear Magnetic Resonance Conference (ENC), 8-13 March 2020,
Baltimore (MD), USA.
Poster presentation: "Assignment of 2x72 kDa Tryptophan Synthase by Proton-detected
5D Solid-State NMR Experiments", A. Klein, P. Rové, V. Sakhrani, P. Skowronek, L.
Kukuk, S.K. Vasa, L. Mueller, R. Linser

4. 625" Experimental Nuclear Magnetic Resonance Conference (ENC), 29-31 March 2021,
virtual conference.
Poster presentation: "Proton-detected 5D Solid-State NMR Facilitates Assessment of
Large Enzyme Complexes and Easy Assignment of Side-Chains in Fully Protonated
Proteins', A. Klein, S.K. Vasa, P. Rové, V. Sakhrani, J. Holmes, P. Giintert, L.
Mueller, R. Linser

Workshops

1. 5 US-Canada Winter School on Biomolecular Solid-State NMR, 7-12 January 2018,
Stowe (VT), USA.

2. NMR Practical Course 2018: Multidimensional NMR, in Structural Biology, 12-19 Au-
gust 2018, Joachimsthal, Germany.
Poster presentation: "Automated Projection Spectroscopy in Solid-State NMR Spec-
troscopy", A. Klein, S.K. Vasa, R. Linser

Funding

1. Student grant of the Alpine conference on Magnetic Resonance in Solids 2019
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