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Abstract

This thesis refers to *C sparsely labeled strategies, including protein structure characterization on two
different biomolecular systems, to obtain structural information via *C-"*C and **C-"°N correlations by solid-

state nuclear magnetic resonance (ssSNMR).

By applying [1-*C]- and [2-**C]-glc labeling schemes to the folded globular protein ubiquitin, a strong
reduction of spectral crowding and increase in resolution in ssSNMR spectra can be achieved for two
different precipitation conditions (MPD and PEG). This allowed spectral resonance assignment in a
straightforward manner and the collection of an unprecedented wealth of long-range distance information.
High precision solid-state NMR structures of microcrystalline ubiquitin with a backbone root mean squared
deviation (rmsd) of 0.7 A were calculated in both conditions. A backbone accuracy of 1.57 A (MPD) and 1.88
A (PEG) to the concerning X-ray structures could be calculated. In the comparison between the lowest
energy structures of the two systems one can declare that the 3D fold of Ubiquitin is identical. A global
backbone rmsd value of 1.63 A is calculated (residue M1-70V). Small site specific conformational deviations
can be identified in the regions (L8-T12, D21, E34-136 and for E51-G53). Interestingly, one can resolve similar
structural heterogeneity in both crystallization conditions. For the MPD system structural heterogeneity is
present for B-strands B1, B2, B3 and B5 as well as for the loop regions B1-f2 and al-B3. In the PEG
condition one can distinguish structural heterogeneity for the first and second B-strand B1, B2, residue 123,
at the tip of the a-helix al, residue D39, the third B-strand B3, residue L50, residue 161, the fifth B-strand B5
and residue L69. This structural polymorphism observed in the solid-state NMR spectra coincides with
regions that were found to be involved in conformational dynamics of ubiquitin on the ns to us time scale,
as reported in recent residual dipolar coupling (RDC)-based measurements and relaxometry experiments.
We suggest that the conformational sampling of ubiquitin manifests itself as structural heterogeneity during

the crystallization process.

The second isotope labeling strategy is based on the inclusion of two biosynthetic precursors in the
bacterial growth medium, a-ketoisovalerate and o-ketobutyrate, leading to the production of leucine,
valine and isoleucine residues that are only *C labeled on methyl groups. The resulting spectral
simplification facilitates the collection of distance restraints, the verification of carbon chemical shift
assignments and the measurement of methyl group dynamics. This approach is demonstrated on the Type-
Three Secretion System needle of Shigella flexneri, where 33 unambiguous distance restraints could be
collected. By combining this labeling scheme with ultra-fast MAS and proton detection, the assignment of
methyl proton chemical shifts was achieved. This method can be applied for studying protein properties

within large biological assemblies.
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Introduction

Proteins play a central role in the structure and function of biological systems, and research on structure
determination of proteins is still an important and crucial field in life sciences.

The first structural features of a protein have been realized on Myoglobin by X-ray diffraction’, which was
honored by a Nobel Prize for chemistry in 1962. The other important method for obtaining atomic
resolution structure of proteins is nuclear magnetic resonance (NMR) spectroscopy, which was developed
independently by Felix Bloch and Edward Mills Purcell in 1945 (Nobel Prize 1952). In general the research
fields of NMR can be addressed to three different research categories (magnetic resonance imaging (MRI)?,
solution NMR? and solid-state NMR (ssNMR)).* In this thesis we focus only on ssNMR spectroscopy
application for structure elucidation of proteins.

The brilliant implementation of Fourier-transformation NMR Spectroscopy by Richard Ernst (Nobel Prize
1991) and the development of magic angle spinning by Andrew et.al>® (1958) facilitate the recording of high
resolution ssNMR spectra. Further approaches such as the use of high external magnetic fields (~20 Tesla),
developing of new pulse sequences’™, proton detection at high magic angle spinning rates®, isotopic

1318 permit the structural

labeling strategies™ and highly sophisticated structure calculation programs
investigation of proteins using ssSNMR. The major steps in structural studies of biomolecules by ssNMR are
the assignment of chemical shifts, the collection of structural restraints such as long-range distance
restraints, and the study of local dynamics.

Initial investigations to extract structural information can be performed by uniformly labeled samples. A
major drawback of this labeling scheme is located in the large number of *C labeled carbons, which

C-2C correlations (Figure 1)."” One further

contributes to low spectral resolution and high ambiguity of
crucial disadvantage of uniformly labeled samples can be addressed to the presence of strong dipolar
truncation which reduces the transfer of magnetization and hinders the detection of long-range distance

correlations.

&
wdd /3,9

n L] 50 30 20 10

[
52C/ ppm

Figure 1 2D Be-Be PDSD-spectrum of microcrystalline uniformly labeled ubiquitin, at a spinning frequency of 12kHz
and a mixing time of 100ms. Ref."’
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Successful improvements could be achieved by highly diluted uniformly labeled samples using minimal
growth medium conditions with a **C carbon and an undetectable **C carbon labeled ratio of 10%:90%."®
Advantages of sparsely C labeled protein samples result in an improvement of spectral resolution and in a
strong reduction of cross-peak overlapping in multi-dimensional ssNMR spectra. Both improvements lead to
an easier determination of unambiguous structural information. Recent examples of complementary

1922 11.13¢]-glucose (glc), and

labeling schemes used in ssNMR comprise [1,3-"3C]-glycerol (glyc), [2-**C]-glyc
[2_13C]_g|c.23,24
In our group we could demonstrate significant improvements in the resolution of *C-*C ssNMR spectra

%2> With these complementary labeling

by using [1-*C]-glc and [2-*C]-glc sparsely labeled proteins.
schemes, a strategy was presented to determine intermolecular interactions of proteins in a self-assembled
molecular system. Further benefits from the [2-*C]-glc labeling strategy allow the easy determination of
stereospecific assignment for the amino acids valine and leucine®® and the recording of long-range distance
restraints in 3D spectra.27

Other labeling strategies such as sparsely *C labeled methyl groups were employed to gain structural,
dynamic and functional information about proteins.”® In addition, unambiguous long-range correlations
between methyl groups are crucial as they tend to be found in the hydrophobic core of proteins. The *C
methyl labeling strategy leads to an improvement of the information content obtained from the methyl-

13~ 13
C-

methyl region of C 2D spectra by significant reduction in ambiguity of methyl-methyl cross-peaks. This

approach allows us to obtain unambiguous distance restraints between carbons of methyl groups that are
located closely in space.

Solid-state NMR spectroscopy is an ideal methodology for structural investigation due to the situation
that no long-range order or fast tumbling is required as for X-ray or solution NMR studies, respectively.

Biomaterials, which have already been studied by ssNMR, include microcrystalline proteins'’, amyloid

38,39

fibrils®32, membrane proteins***°, virus capsids®®*’, bacterial filamentous proteins and fibrillar proteins

40,41 42,43 k4445

such as collagen , keratin or sil

XVI



Scope of the Thesis

Structural investigation of proteins by solid-state NMR (ssNMR) spectroscopy is primarily based on the long-
range distance information of various nuclei such as proton, carbon and nitrogen. The resolution of the final
protein structure is determined by the quantity, accuracy and ambiguity of this distance information. In the
present thesis, these aspects are explored and investigated by various labeling strategies (with different
amino acid precursors) and different crystallization procedures on two different biological systems. One
approach will be demonstrated by the alternative [1-"*C]- and [2-"*C]-glc sparsely labeling strategy for
determining the globular fold of the standard-model protein ubiquitin. Two different types of
microcrystalline Ubiquitin samples are produced by the two common precipitation agents 2-methyl-2,4-
pentandiol (MPD) and polyethylengycol (PEG). The second labeling strategy is based on the inclusion of two
biosynthetic precursors in the bacterial growth medium, a-ketoisovalerate and a-ketobutyrate, leading to
the production of leucine, valine and isoleucine residues that are only **C labeled on methyl groups. This

approach was tested and analyzed on the Type-Three Secretion System needle of Shigella flexneri.
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PART | Ubiquitin

1. Ubiquitin in MPD

2. Ubiquitin in PEG
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1 Introduction

Ubiquitin, a small (8.5 kDa) regulatory protein, is a model protein well-studied by NMR spectroscopy.*”***°

Main focus of both solution- and solid-state-NMR investigations is to address atomic resolution structural

50-52 46,49

information as well as dynamic studies. The accessibility to high-resolution crystal structures™" enables
the direct comparison and cross validation of NMR based calculated structures (Figure 2).

In the context of this thesis microcrystalline ubiquitin crystals were obtained by the two prevailing
precipitation agents polyethylenglycol (PEG) and 2-methyl-2,4-pentanediol (MPD), respectively. Both

4748 Different crystallization

crystallization preparations end up in resulting high resolution ssSNMR spectra.
conditions results in small chemical shift variations for flexible regions as reported in recent publications.>
Structure determination of proteins at atomic resolution remains a major challenge. One of the main
issues in ssSNMR is the detection and identification of distance restraints that reveal the 3D protein structure.
The sequential assignment of proteins and the identification of distance restraints are often abrogated by
the limits in the resolution of ssNMR spectra. New approaches in preparation of sparsely **C labeled
proteins using [1,3—13C]—glyc, [2—13C]-glyc19'22, [1—13C]—glc and [2-13C]—glc have made big advances in recording
of high-resolution ssNMR spectra.”?**
In our group, we demonstrated and explored the beneficial use of [1-*C]- and [2-"*C]-glc as bacterial *C
source during heterologous expression of the a-synuclein protein®® and the type three secretion needles of
Salmonella typhimurium®® and Shigella flexneri.> These labeling schemes result in a strong reduction of
spectral crowding and enhancement in spectral resolution. In addition, a large number of long-range
distance restraints is observable due to the concomitant reduction of dipolar truncation effects. In the
present thesis, we developed a robust protocol for high-resolution protein structure determination using 1-

and 2-glucose labeled samples. Our protocol is demonstrated and verified by using microcrystalline

ubiquitin as model protein.

A)

Figure 2 lllustration of the X-ray structures crystallized with two different precipitants A) PEG (green, PDF ID:1UBQ)49
and B) MPD (red, PDB ID:30NS).*



2 Theoretical aspects of the applied methods

2.1 General principles of NMR

Nuclear magnetic resonance (NMR) spectroscopy was first observed independently by Bloch, Hansen and
Packard and Purcell, Torrey and Pound in 1945. It is based on interactions between nuclear spins and a
strong external magnetic field By (Figure 3). The external homogeneous magnetic field By, in the range of
several Tesla, is generated by a superconducting magnet which has to be cooled down to around the boiling
point of helium (4.18 K). The interaction between nuclei and an external magnetic field only takes place if
the nuclei possess spin angular momenta. In this work only the nuclei *H, **C and N with spin quantum
number of % were measured and will be further discussed. Due to the Zeeman splitting two eigenstates (a,
B) will be generated by a nucleus with spin %. The transition from the low energy eigenstate a to the higher

energy state B will be induced by an additional applied rectangular radio frequency pulse (~10*® photons). *®

EJ\

—=< |t

Figure 3 Energy level diagram of spin % nuclei in presence of external magnetic field.

Equation 1 (Eq.1) describes the proportional relation between B, to the resultant spin precession (Larmor
frequency w (in angular frequency units)) of the nucleus and the energy differences between the two
eigenstates AE. The gyromagnetic ratio y expresses the sensitivity response of a nucleus to the applied

external magnetic field By.

w=—= —-yBy
(Eq.1)
The population differences of the two eigenstates under equilibrium conditions can be explained by a
Boltzmann distribution (Eq.2). For a 9.4 Tesla (400MHz Spectrometer) the population differences between
the two eigenstates at room temperature (298 K) are in the order of 1 out of 10* spins for 'H nuclei.
According to the fact that the effective absorbed signal in the solenoid coil is depended on the population
difference of the two eigenstates, NMR spectroscopy is counted as a low sensitive spectroscopy. An increase
in population differences can be achieved by applying of a higher B, field (Figure 3) or by measuring at

lower temperatures.




with k as the Boltzmann factor, T temperature in Kelvin, Ng,g population number of the eigenstates, h
Planck constant (divided by 2m).

2.1.1 Quantum mechanical description of a statistical ensemble of spin % nuclei
2.1.1.1 Density operator

For describing the quantum mechanical behavior of an ensemble in thermal equilibrium, the
implementation of density operator p(y), is the method of choice (Eq.3). Each sub spin system(k) in an
ensemble is described by a state function which can be expanded in terms of a complete orthonormal basis
set (|L|Jk) =Yn crlfln)) in Hilbert space. The population density of each eigenstate(k) in the ensemble can be
obtained by the product of the diagonal elements of the corresponding density operator ﬁ(t). For a nuclear
spin ensemble, diagonal terms of f)(t) represent different spin states and off-diagonal terms represents
different coherences between various spin states. The extension of ﬁ(t)by the probability term pk gives

averaged population values of spin systems in an ensemble.

by = p*[wly) (W]
k

(Eq.3)
2.1.1.2 Time evolution of the density operator

In order to have a macroscopic observation, the expected value of an observable A has to be calculated by
(A) = tr[A ﬁ(t)].ss This expected value for the observable A, is calculated based on the Schrédinger
representation, where the time dependence of the system is associated with the density operator, while the
Hamiltonian operator is time independent. For calculating the dynamics of quantum mechanical systems
the Liouville von Neumann differential equation (Eq.4) can be employed as an appropriate method. The

Liouville von Neumann equation can be solved by the right choice of rotating frame, which makes the

Hamiltonian H, time-independet. The resultant propagator can be written in the form of exp( % At).>®

d T A
3iPo = —ilHw P
(Eq.4) >°

The solution of the Liouville- von Neumann equation by consideration of a time-independent Hamiltonian A

can be derived in (Eqg.5).
R -1, i
P = exp(7 HO poy exp(; HO
(Eq.5)

However, for a separated description of nuclear or electronic spin observables of a system the employment
of a reduced spin density operator Gy is required. Remaining degrees of freedom contributing to spin

relaxation effects are called ‘lattice’. This simplification can be realized by separation of the total wave
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function into a lattice and a spin part. The resultant reduced density operator, which is acting only on the
spin observables, can be implemented into the Liouville- von Neumann equation. The general outcome, (Eq.

6) often called ‘guantum mechanical master equation’ (ME):

%% = —i[B%,6] =T 6@y — 60))
(Eq.6)

The spin Hamiltonian H® which operates only on the spin depending observables is obtained by averaging of
the full Hamiltonian over the lattice coordinates (Eq. 6). The superoperator I' contributes to relaxation
behavior between the spin system and the lattice which forces the reduced density operator towards its
equilibrium value 6(0). Due to the situation that spin % nuclei behave as a perfectly smooth magnetic ball all
electronic spin observables vanish to zero and will not be considered further in this thesis. These
simplifications of the resultant spin Hamiltonian HS contain only magnetic interactions of nuclei with a spin

guantum number of a half.
2.1.2  Magnetic nuclear spin Hamiltonian S

2.1.2.1 External spin interaction

The magnetic spin Hamiltonian HS can be separated into an external spin Hamiltonian Hey term and in an
internal spin Hamiltonian H;,; term (Eq.7). The external spin Hamiltonian Hey (EQ.8) contains interactions
of nuclei with the external static magnetic field By (Hgtatic ; Zeeman interaction) and with an applied linearly

polarized radio-frequency pulse (H,¢).

s
Il
T

I

a3
+
janiy

int

(Eq.7)°

A A

Hext = Hstatic + I:Irf s
(Eq.8)

The Zeeman interaction which provokes the splitting of degenerate energy eigenstates into the eigenstates
o and B by applying a static magnetic field By, is expressed by the Zeeman Hamiltonian ﬁstatic.
Conventionally the static field is aligned along the z-axis of the laboratory frame which brings the Zeeman

interaction in a form as shown in (Eq.9).

Hgtatic = —BBp = —YBol, =hw],
with the nuclear momentum operator fi = y A 1, [ as the spin angular momentum operator and I, as the
spin angular momentum operator in z-axis.

Before going into the details of the other interaction, consideration of the so-called secular- or high-field

approximation is helpful. This approximation is based on perturbation theory, which reduces weak



interactions to those components that commute with the strong Zeeman interaction.® In NMR the general
expression of weak magnetic spin Hamiltonians can be written as H = A1 A X *°, where I is a nuclear spin
operator, A is a second-rank Cartesian interaction tensor and X may be a magnetic field or another nuclear
spin or angular momentum operator. This representation is used in defining the interaction as described
below. For instance, the interaction of a nucleus with an oscillating radio frequency (rf) field B, of an applied

pulse becomes time-independent by using the correct rotating frame transformation that can be expressed

as:
I:\lrf =Y i Bl = W (Tx CS(CI)) + Tx S(CI)) )
(Eq.10)
with w; = —y |B1| and cs(d) s(d) as the trigonometric function cosine(¢p) and sine(d), ¢ as the phase of

the rf pulse, Iy as the spin angular momentum operator in x-axis.

2.1.2.2 Internal spin interaction ﬁint

For spin % nuclei, the internal spin Hamiltoninan Hj,,; can be separated into three main terms: the chemical
shift (Acg), the direct dipole-dipole coupling (Hpp) and the scalar coupling () coupling) (ﬁ]) as shown in

(Eq.11):

Hine = Hes + Hpp + H]
(Eq.11)

According to the fundamental role of internal spin interactions in the field of NMR each interaction will be
discussed in detail.
2.1.2.2.1 Chemical shift H¢g

Each nucleus in an ensemble is surrounded by electrons that shield external magnetic field resulting in a
local induced magnetic field Bjpqucea @round the nucleus. The shape and orientation of the electron cloud

(chemical shielding) can be described by the chemical shift tensor o as demonstrated in (Eq.12):

Binducea = 0 By
(Eq.12)

Considering secular approximation and rotating frame transformations to the principal axes system (PAS),

the chemical shift Hamiltonian, Acg, can be expressed in solids by:

I:\ICS(G) =Y TZ GZZ(G)BO
(Eq.13)

with(0) an angle to describe the molecular orientation with respect to the magnetic field.

The orientation-dependent part of the chemical shift is known as the chemical shift anisotropy(CSA).*” Due

to the weak induced magnetic field Bipquceqa Which is in the order of 10° to the external field B, chemical
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shift values are presented in parts per million (ppm). Depending on the electronegativity differences of
bonded nuclei, the nucleus of interest can be deshielded or even higher shielded reflected by observed
chemical shift. As an example, the strong influence of the electronegativity of different types of nuclei can
be demonstrated by the chemical shift differences between an aliphatic carbon (~30ppm) and a carboxylic

carbon (~175ppm).

2.1.2.2.2 Dipolar coupling App

The direct interaction between two nuclei through space can be explained by the magnetic dipolar coupling
strength. Each nucleus can be treated as a magnetic pole that generates a surrounding magnetic field. The
dipole-dipole interaction will be treated as mutual, which indicates that each nuclear spin experiences the
field generated by other spins. The dipole-dipole interaction Hamiltonian HDD can be described as shown in
(Eq.14):
HDD = I] D]k Ik
(Eq.14)

By transforming into polar coordinates and consideration of the secular approximation (Eq.14) can be

rewritten for homonuclear dipole-dipole interactions as:

H]!:I)(D = djk (3 ijZ ikz - i] ik)

with dji as the dipole-dipole coupling strength:

diic = by 5 (3cs20y— 1)
(Eq.16) >’
The angle dependency term (3c0529jk - 1) represents orientation dependency and its effect in ssNMR
spectroscopy will discussed in section 2.3. The term by in (Eq.16) is named dipole-dipole coupling constant
which describes the magnitude of the through space interaction between the two nuclei, j and k. The
strength of the interaction is directly proportional to the multiplication of the gyromagnetic ratio of the two

coupling spins and inversely cubic proportional to the internuclear distance.

_ Mo YjYkh

jk — 3
41 Ik

(Eq.17) >’

In the case of heteronuclear nuclei the dipole-dipole interaction Hamiltonian HDD can be given by:

(Eq.18) >’



2.1.2.2.3 Scalar or J coupling ﬁ]

According to the direct dipole-dipole interaction which was discussed in the previous section another
coupling interaction between two spins can be conducted in NMR. This scalar interaction is mediated by
valance electrons, which contribute in chemical binding (particularly o bonds), and is expressed by the J

coupling Hamiltonian ﬁ] as shown in (Eq.19):
H]!k =27 i] ]]k ik
(Eq.19) *’
Following the same procedure as for the dipole-dipole Hamiltonian HH(D to describe the interaction
between two spins, the expression of the homonuclear J coupling Hamiltonian I:l]!k can be given as:
H]Jk = ZT[]jk i] ik
(Eq.20) >’
whereas hetereonuclear J coupling (with secular approximation) is given as follows:
H]!k =2m ]jk ijz ikz
(Eq.21)”’
2.1.2.3 Comparison of spin Hamiltonians

The magnitudes (shown by the size of the circles) of the different spin interactions for spin % nuclei solid
state sample are represented in Figure 4. By comparison of the different spin Hamiltonians, the Zeeman
Effect can be distinguished as the most significant spin interaction of a nucleus with a spin % in a static
magnetic field By. Because of the strong difference of magnitude between the Zeeman interaction to the

weaker H,¢ and H;,, interactions strengths, it is reasonable to use the high field approximation.

/\

l'lext Hint

0@ -

Figure 4 Relative comparisons between the different spin Hamiltonian strengths, for the sake of clarity the J coupling

FI] Hamiltonian is written outside the circle. Ref.”’



2.2 NMR Signal

According to linear response theory and the brilliant invention of Fourier-transformation NMR spectroscopy
by Ernst (Nobel Prize 1991) and Anderson, the time evolution of a transverse nuclear magnetization
(coherence) can be detected. The simplest transformation of a full spin ensemble from equilibrium to

coherence can be generated by a simple 90 degree pulse (shown in Figure 5).

(90)

FID

Figure 5 Illustration of a measured FID obtained by a 90 pulse on an arbitrary spin ensemble.

The evolution in transverse plane and relaxation of a spin system from coherence state to equilibrium
induces an oscillating electric voltage in the receiver coil, which is called the free-induction decay (FID).
Fourier transformation converts the FID time-domain signal s; ) into a function of frequency S;q. A faithful
representation of a detected signal in the frequency domain is determined by the Nyquist theorem which
indicates that the sampling rate must be at least equal to twice the highest frequency contained in the
signal.> The FID signal with a single frequency evolution is given as follows:

Sj(r) = aj exp [(iﬂj — )\j) t]
(Eq.22) >’

Here, (; as the resonance frequency of the spin, A; as a spin-lattice relaxation rate and a; as the amplitude

of the signal.

For the Fourier transformation of a single spin signal one obtains (Eq.23):

Sjcy * [y sjp €7 dt
(Eq.23) *’

with € as the sum over all frequencies from a complete spin ensemble

The integration of (Eq.23) gives a so called complex Lorentzian term £ (Eq.24) which is a fundamental term
of the interpretation of a NMR detected signals. The Lorentzian term L can be separated into a real
(absorption signal) and imaginary part (dispersion signal). Both peak shapes of a single spin are sketched in

Figure 6.

1
Lagyn~ (+i-0y)

(Eq.24) *’



absorption

dispersion

> 0

Figure 6 Representation of the absorption and dispersion part of the Lorentzian term. Ref.”’
Similar formalism can be extended to 2D or higher multidimensional NMR experiments (Figure 7). The

Fourier-transformation expression for a two dimensional NMR spectrum is defined as:

Sican) X [y iyt el Crtatozt2)]

(Eq.25) >’

Figure 7 The real (absorption) part of two spins with different Larmor frequencies are shown in a surface plot. Ref.”’
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2.3 Solid-state NMR
2.3.1 Definitions of various frames in sSNMR

The introduction of passive and active rotation transformation is required for a detailed description of
ssNMR spectroscopy. The passive rotation is based on the linear transformation between different frames
by keeping the operator unchanged. The prevailing used frames in ssNMR are sample-, laboratory-,
molecular-, and principal axis frames as depicted in Figure 8. The transformation from one frame into
another will be generated by rotation matrices, R, applied with the three Euler angles a, B, and y. A general
expression of the frame rotation is given by:

Axvzy = RAgy R7 )
(Eq.26)

where x, y, and z are the old coordinates and the X, Y, and Z are the new coordinates after the rotation.

Macroscopic Microscopic

frames frames

Sample R chemical shift
frame > PAF
4)
o o
Laboratory Molecular
frame frame

Figure 8 Sketched representation of coordinate frames transformation in ssNMR. Ref.>®

In NMR it is convenient to express the rotation of spin Hamiltonians (discussed in section 2.2) in form of
exponential rotation operator R. This active rotation transformation keeps the frame constant, while it
transforms the operator in a specific direction. In the rotating frame the effect of a perfect 90° pulse to a

spin system in equilibrium can be expressed in a simplified way by:

a

R, Ryt = —1,

(Eq.27)
with Ry = exp (—ig 1); 1y, Ty, I, = spin angular momentum operators.
In the established NMR vector model the rotation of I, to — Ty can be described by a transformation of the

net equilibrium magnetization vector M, to M.,.
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2.3.2 Magic angle spinning (MAS)

In solution-state NMR, various anisotropic (orientation-dependent) interactions such as chemical shift
anisotropy (CSA) and through-space dipolar couplings are averaged out by tumbling motion of the
molecules. In the solid-state, this motion is absent which in turn leads to broader lines. Magic angle
spinning (MAS) is a routinely used technique for obtaining narrow lines in ssSNMR spectra. The basic
principle behind the MAS approach is to mimic the tumbling motion by spinning the solid-state sample at
an angle (0, =)54.74° (magic angle) inclined to the static magnetic field B, which averages the (3cos?0 —
1) dependence of the anisotropic interactions to zero. For example, the relation between the positions of
the sample due to chemical shield tensor in the PAS frame is depicted in Figure 9.

Principal z-axis
of shielding tensor

Static field
B

Shielding tensor (CSA)

Axis of
rotation

6,

Figure 9 Schematic representation of magic-angle spinning and the orientation of principal axis frame of CSA tensor in
the rotor. Ref.”®

The resulting equation for nuclear spin interaction in the PAS frame is given by

(3cos?0 —1) = % (3cos?@0, — 1) (3cos?B— 1)
(Eq.28) **

2.3.3  Cross polarization (CP)

The basic principle of cross polarization (CP) is to transfer polarization from a high-y (e.g. 'H proton) to a
low- vy nucleus (e.g. *C carbon and /or N nitrogen). An optimized CP transfer under MAS is provided by

applying the Hartmann-Hahn condition® in the double rotating frame (Eq.29):

|w1,, * Wi30/15y | =N Opas
(Eq.29)

The concept of the CP process can be interpreted as an oscillation of magnetization between the

heteronuclear spins. For large spin ensembles which are normally the case for solid-state samples the

12



polarization transfer can be defined in thermodynamic terms. A schematic representation of the pulse

sequence to obtain a 1D *C spectrum based on a CP transfer is shown in Figure 10.

(90)

Decoupling

1H CP

13C CP

Figure 10 lllustration of the cross polarization experiment, the direction of the magnetization transfer is shown by an
arrow.

For conducting 1D ssNMR spectra an efficient heteronuclear decoupling by a strong rf pulse (~83kHz) on the
proton channel has to be applied due to strong proton-proton coupling effecting heteronuclear nuclear
dipolar coupling (Figure 10). Similarly, the decoupling of protons during signal acquisition periods is a

fundamental requirement for the recording of high-resolution *C or >N ssNMR spectra.®®®

2.3.4 2D Homonuclear correlation spectroscopy

For the challenging and time-consuming task of sequential resonance assignment of proteins, many 2D
ssNMR experiments have been developed in the last decades, in order to extract different homonuclear and
heteronuclear correlation spectra In the context of this thesis the common homonuclear pulse sequences,
proton-driven spin diffusion (PDSD) were recorded for *C -**C or N-"N correlation ssNMR spectra. The
corresponding pulse sequence is depicted in Figure 11 . The variation of mixing time tying time PEtWeen 50ms
up to 900ms in the PDSD-block enables the collection of intra-residual and inter-residual correlations.
Depending on the mixing time, various correlations can be recorded. As a rule of thumb, for uniformly
labeled proteins, a mixing time of 20-50ms for intra-residue correlations, a mixing time of 100-250ms for

sequential correlations and above 300ms for long-range correlations is required.

13



(90)

Decoupling Decoupling

lH CP

(90) (90)

1 tMixing time 2
13¢C cp ) WMM

PDSD-block
< >

Figure 11 Representation of the 2D homonuclear PDSD pulse sequences, the PDSD-block is highlighted by the double-
oriented arrow.
2.3.5 2D Heteronuclear correlation spectroscopy

1N-13C) spectra can be obtained

In addition to homonuclear correlation spectra heteronuclear correlation (
by applying a second CP transfer (SPECIFIC-CP)® in the pulse sequence (Figure 74, Appendix 1). The large
chemical shift differences between *Ca (~70-40ppm) and **CO (165-185ppm) and the irradiation of weak rf
fields facilitate specific one-bond transfers from N(i)-*Ca(i) (NCA-spectrum) or N(i)-*CO(i-1) (NCO-
spectrum) as shown in Figure 12. The implementation of further homonuclear correlation elements (PDSD
or DARR (dipolar assisted rotational resonance)) in the pulse sequences permits additional intra-residual

resonance information (NCACX-, NCOCX-spectrum). The pulse sequences are depicted in Figure 75 (Appen-

dix I).

Figure 12 Demonstration of various possible heteronuclear magnetization transfers using different pulse sequences.
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2.3.6 Band-selective homonuclear CO-Ca CP transfer (BSH-CP)

The previous mentioned PDSD and DARR transfers are not selective transfers that turn them to less
sensitive experiments. Recently efficient band-selective magnetization transfer(BSH-CP) has been

1283 The essential component in this

established in our group on highly deuterated and protonated samples.
pulse sequence is the homonuclear magnetization transfer from CO to Ca, which is the crucial step of the
selective detection of sequential heteronuclear correlations from N (i) to *Ca (i-1). Owing to the situation
that the chemical shift variation in the CO band is smaller than in the Ca band, it is optimal to apply the rf
irradiation in the middle of the Ca region in order to avoid a too narrow banded transfer. The theoretical rf

amplitude w, is given by:*

\IQZ + Wyf + Wypf = 2 wWMmAS

(Eq.30) %
where () is the CO chemical shift offset in angular frequency and wyas the spinning frequency. For the CO
to Ca magnetization transfer, the CO magnetization is flipped to the effective field by a hard trim pulse
before BSH-CP. The flip angle 8 is given by:

68 = 90° — arctan( wpas/ Q)
(Eq.31)*

After the BSH-CP transfer, a second hard trim pulse is applied on-resonance with Ca to bring the CO
magnetization to the transfer plane without affecting the Ca magnetization. The pulse sequence for the

BSH-CP magnetization transfer is depicted in Figure 13.

(90)
Decoupling CW-dec. CW-dec. Decoupling
lH cP
t1
15\ cp cp [ waltz-dec. |

(180)

130 H [ |
I

r.f.on CO rf. on Ca

Figure 13 lllustration showing the implementation of the BSH-CP transfer in the NCOCA pulse sequence.
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2.4 Isotope labeling

2.4.1 General overview

65,66

Since the first investigations on isotopic labeled proteins in the late 1960°s™", a lot of efforts have been put

6768 |n accordance with the

in to create different isotopic enriched labeling schemes for protein studies.
inherent low sensitivity of NMR, a capable production of few milligrams of properly folded proteins is
required to perform experiments with acceptable signal to noise ratio. The main approaches for obtaining
reasonable amounts of labeled proteins with suitable yields can be ordered into three categories: the
heterologous overexpression, the total synthesis and the cell-free-expression. In this thesis, the
heterologous overexpression by bacteria will be discussed.

Along with the development of multidimensional NMR experiments in the 1980 and 1990's, °N and *C
uniformly enriched proteins were required. The incorporation of >N and **C in proteins by cells growing in
minimum media can be achieved by °N labeled ammonium salts (*°NH,Cl) and **C labeled glucose as the
sole nitrogen and carbon sources, respectively. The uniformly labeling strategy is commonly used for
assignment purpose, which is necessary for recording of multidimensional homonuclear- (*C-C, >N-""N)
and heteronuclear spectra, as discussed previously in sections 2.3.4 to 2.3.6. However, significant
drawbacks in application of uniformly labeled proteins are found in the large number of **C labeled carbons,
which contributes to high orders of overlapping and corresponding low spectral resolution and high
ambiguity of *C-"*C correlations. Major contributions to the line-broadening of **C peaks in uniformly

Bc-¢ dipolar and scalar couplings. Furthermore uniformly labeled samples

samples are the one-bond
show strong dipolar truncation, which slows down the magnetization transfer and suppresses the detection

of long-range distance correlations.

2.4.2 Sparsely labeling strategies

Recently new approaches have been employed on alternative sparsely *°C labeling of proteins. The most
common sparsely °C labeling schemes comprise the use of [1,3-"*C]-glyc, [2-C]-glyc™***®°, [1-"*C]-glc, [2-
BCl-glc****%, [1-PCl-acetate’ and [1,2-C]-pyruvate (pyr) or[1-C]-pyr with C labeled sodium
bicarbonate.”* All these labeling strategies aim at dilution of *C isotopes within the labeled protein, to
enhance spectral resolution and reduce the overlap of cross-peaks in ssNMR spectra. Another significant
advantage lies in the detection of long-range distance correlations by means of strong suppression of
dipolar truncation effects.

In this thesis, the alternative [1-**C]- and [2-"*C]-glc****** labeling scheme is utilized. In contrast to
uniformly 3C labeled proteins, only one out of six carbons is >C labeled in the labeled protein, which results
in a high dilution of 3C labeled carbons within the protein. According to the biosynthetic pathway of amino

acid synthesis the breaking of fructose-1,6-bisphosphate into dihydroxyacetone phosphate and

gylceraldehyde-3-phosphate reduces the maximum labeling level to %, which leads to a theoretical
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probability of % for two directly bonded labeled sites. This strong reduction of *C to **C connections

increases the spectral resolution by removal of one-bond dipolar and scalar *C-*C couplings. By
consideration of the biosynthesis pathway of the different amino acids, labeling patterns for the two
labeling approaches are predictable (Figure 14). The significant differences are related to the *Ca presence

in the [2-"*C]-glc labeling scheme and the presence of *C-methyl in the [1-*C]-glc labeling pattern.™*
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Figure 14 Demonstration of the predicted labeling pattern for [2-13C]-g|c (magneta) and [1-13C]-g|c (green), nuclei
which are colored in black represent heteronuclei such as N, O, S.

2.5 Structure determination

In the last decades high efforts have been put in optimization of procedures to determine bimolecular
structures. These include the use of highly sophisticated calculation algorithms and facilities of clustered
computers to supercomputers. In the 1980’s the introduction of molecular mechanics methodologies was a

major and successful step in describing the potential energy surface (PES) of proteins.”>”

The general
concept of force field methods is based on the fact that electrons are not considered as individual particles,
in order to bypass the calculation of the electronic Schrodinger equation but rather to perform classical
mechanics based calculations. This approximation leads to the description of the electronic energy in terms
of experimentally founded functions based on nuclear coordinates. The different types of intramolecular
interactions between the nuclei can be expressed by parametric functions (Figure 15). The individual

parameters for the different functions can be taken from physicochemical analysis methods such as X-ray-,

NMR-, Raman- or Infrared spectroscopy. For the calculation of protein structures based on NMR-data,
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different common software packages are available (xplor-NIH*®, CNS’* and DYANA/CYANA™). In context of
this thesis the software program xplor-NIH was used. The program provides the possibility to combine force
field methods with experimentally determined structural information. The total energy E;ota1 Of the PES can

be expressed as:

Etotal = Eforce field T Eexperimental

(Eq.32)

With the consideration of the different intramolecular interactions, the utilized force field energy (in the

xplor-NIH program named as topology energy) is given by:

Eforce field = Ebond + Eangle + Edihedral + Evdw + Eel
(Eq.33)

Edihedral

Figure 15 Representation of the fundamental force field energy terms (atoms are shown as red circles). Ref.””

The high reduction of degrees of freedom due to the torsion angle dynamics approximation which is
implemented in the xplor-NIH program® provides reasonable calculation times (1000 structures in 24h).
The energy term Eeyperimental iS based on the distance restraint input file taken from the NMR
experiments. The input file contains information about which nucleus has structural interaction to other
nuclei in the protein. The distance correlations are ordered into three categories: unambiguous-, network-
and ambiguous distance restraints. Each category is separated in two parts: medium-range [1<]i-j|<5] and
long-range distance restraints [|i-j|>5]. For the standard de novo structure calculation the first
implementation of structural information will be given by the unambiguous distance correlations. After
iterative applications of network and ambiguous distance correlations the final structure will be calculated.
The right choice of the distance for the collected restraints will be evaluated by structure validation

software programs.

The explicit mathematical expressions of the different energies in the xplor-NIH" calculation are depicted in

the section 12.5.(Appendix I)
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2.6

Structure validation

The accessibility to online available protein structure validation programs enables the verification of
the calculated structures in a straightforward way. In this work the validation program PSVS 1.57° was
used for validation of the resulting ubiquitin structures. The program PSVS 1.5 employs several
standard structure evolution tools such as RPF’’, Procheck’®, MolProbity”®, Verify3D®°, Prosa II*, the
PDB validation software and various structure-validation tools developed by Bhattacharya et.al.”® Main
aspects for validation of a structure includes the Ramachandran plot, violation of distance restraints in
the structure, the average of constraints per residue, dihedral angle violations, rmsd values between

different structures and structure quality factors.
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3 Experimental aspects of the applied Methods

3.1 NMR experiments

All samples were ultra-centrifuged and transferred either into a 4.0-mm or in a 3.2mm ZrO, MAS rotor. The
MAS rotors were stored at 277K when not in use. The sample-temperature was calibrated from the 'H
chemical shift of water with respect to the DSS signal.®? Also, the chemical shift referencing of the spectra
was done with respect to DSS signal. For probe safety we use for the 90° rf-pulses field strengths of 83kHz
on 'H, 50kHz on *C and 35kHz on “N. For proton decoupling, SPINAL-64 sequence® was used with field
strength of 83kHz. All spectra were processed using Bruker Topspin 3.1 and analyzed using Sparky (version

3.100, T. D. Goddard & D.G. Kneller, University of California).®

3.1.1  Ubiquitin (MPD)

The solid-state NMR experiments were recorded with a triple-resonance (*H, *C, °N) MAS probe at either a
20, 18.8 or 14.1 Tesla spectrometer (Bruker Biospin, Germany) which corresponds to operating *H Larmor
frequencies of 850, 800 and 600 MHz, respectively. The MAS spinning frequency was set to either 11 or
21kHz.

3.1.1.1 1D Experiments of the isotopes *C and °N (MPD)

All 1D experiments were conducted at a MAS frequency of 11kHz. The cross-polarization (CP) transfer from
'H to C or N was acquired by the use of a ramp-shaped pulse (100%-80% pulse strength) on the proton
channel. The contact time of the CP transfer varies between 200-1400 ps. The acquisition time was set to

20ms with a recycling delay of 2.3 seconds.

3.1.1.2 2D Homonuclear experiments (MPD)

2D homonuclear C-*C experiments were performed at a MAS frequency of 11kHz and correlation was
achieved by using PDSD mixing. The parameters for the Hartmann Hahn conditions were similar to that of

13~ 13
C-

the 1D experiment explained above. The correlation time for C transfer varies in the range from 50ms

up to 900ms.

3.1.1.3 2D Heteronuclear experiments (MPD)

The parameters for the heteronuclear magnetization transfer from 'H to N were taken from 1D
experiments. The contact time for the second CP condition which transforms the magnetization from N to
3¢ varied between 3 and 5ms. The pulse strengths for *C and N of the SPECIFIC CP®° transfer lay in the
range of 4kHz up to 30kHz. During the double CP-transfer a high-power decoupling pulse of 83kHz on
proton was applied. The *C-"3C transfer for the NCACX- and the NCOCX-spectra was obtained by the DARR

pulse-sequence.
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3.1.1.4 BSH 2D Heteronuclear experiments (MPD)

Heteronuclear correlation experiments like NCOCA are based on the efficient homonuclear band-selective
(BSH) CO-CA magnetic transfer'” at a spinning frequency of 21kHz at a 20 Tesla spectrometer. The
achievement of an efficient recoupling can be realized by the sum (double-quantum condition) or difference
(zero-quantum condition) of effective RF fields on CO and Ca resonances equals one or two times the
spinning rate. Experimentally, we implemented the double-quantum condition for low power conditions.
The prior step of the BSH-CP is the flipping of the CO magnetization by a 63° hard trim pulse along the
effective BSH-CP RF field. The BSH-CP was obtained by applying a RF irradiation during 4ms in the middle of
the Ca chemical shift region with an average RF strength of 13.2kHz and a linear ramp from 100-80%. Finally
a second 50kHz hard trim pulse is applied during 4.5us on-resonance with the Ca transferring the CO
magnetization to the transverse plane without affecting the Ca magnetization. The parameters for the 'H-
BN and 'H-*C CP and the **C and ™N in the SPECIFIC CP were taken from 1D and 2D experiments as

described before.

Various experiments recorded on all the samples are listed in Table 6 (Appendix I).

3.1.2  Ubiquitin (PEG)

The experimental parameters of the 1D, 2D homonuclear experiments and the 2D heteronuclear

experiments are described in the section 3.2

Various experiments recorded on all the samples are listed in Table 11 (Appendix I).

The BSH 2D heteronuclear- and the BSH 3D heteronuclear experiments were taken from Ref.'>**

3.2 Prediction of protein backbone torsion angles restraints

To confirm the secondary structure obtained from secondary chemical shift, dihedral angles are predicted
for ubiquitin by TALOS+ program.® The prediction is conducted with the chemical shifts of N, Ca, CB, CO.
The prediction is based on the resemblance between observed chemical shift of proteins studied by NMR

and whose structure is known.

3.3 Structure calculation and refinement

The calculation and refinement of the lowest energy structures of ubiquitin were realized with the program
xplor-NIH™. A force field approach named “parallhdg.pro” integrates the torsion angle dynamics approxi-

mation. The force field is atomic based and includes all hydrogens and heavy atoms.
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The final refinement file (section12.5.7) includes the following required files:

e ubiq.psf

e gen_temp_ubi.pdb

e TALOS.tbl

e distance-restraints.tbl

The “ubiq.psf” file (topology file) contains all of the molecule-specific topology information needed to
calculate the particular force field energy of ubiquitin. The main section of interest consists of atoms, bonds,
dihedrals, improper terms (dihedral force terms used to maintain stereochemistry and planarity). The
“gen_temp_ubi.pdb” file contains the initial extended structure (Figure 34.A).

The “TALOS.tbl” file integrates the dihedral angle restraints which were generated from the TALOS+
prediction. The “distance-restraints.tbl” file consists of distance restraints which have been collected from

the sparsely labeled *C-"

C PDSD spectra. For each calculation step different distance restraints file were
used: 59 distance restraints for the unambiguous-, 183 for the unambiguous and network- and 518 for the
final structure calculation.

The protocol for the calculation of the structure consists of four stages: (i) 4000 steps of high-temperature
torsion angle at 30000K. (ii) 4000 steps of slow-cooling torsion angle stage (iii) 2000 steps of slow-cooling
Cartesian MD stage (iv) 200 steps for final minimization stage. The number of accepted structures is set to

1000. For academic purpose only the 10 lowest energy monomers from each structure calculation will be

illustrated.

3.4 \Validation of the calculated structures
The validation of the different calculated structures was evaluated with the program PSVS 1.5.7° Listed files

were used for the validation:

e pdb files of the ten lowest energy structures (resultant coordinates of the structures)
e TALOS.tbl (same as used for the calculation )
e distance-restraints.tbl (same as used for the calculation)
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4 Materials

4.1 Isotope labeled reagents

Labeled NH,CI, [U-*C]-glc and selectively labeled [1-**C]-glc and the [2-**C]-glc were obtained from Sigma-
Aldrich (Munich, Germany).

4.2 Sample preparation of ubiquitin with MPD

The recombinant expression, purification and the crystallization of ubiquitin were done by Karin Giller and
Sebastian Wolff in the biochemical laboratory of our department under the management of Stefan Becker.
The recombinant expression and purification of ubiquitin was carried out as described in Ref.*’ The
crystallization condition (40 %v/v MPD and 0.2M CdCl,) was identified by systematic screening using a
commercial crystallization screen (Nextal MPD Suite, Qiagen).

Ubiquitin was recombinantly expressed in E. coli. Slight differences of the protocol* are implemented with
respect to a change of crystallization conditions: the percentage of the precipitation agent MPD was
diminished from 60% to 40% by concomitant addition of 0.2M CdCl,. These manipulations resulted in an
increase of the pH to 6.5 instead of 4-4.5 for the buffer. The crystallization of ubiquitin could be realized by
the hanging drop method. Two uniformly labeled samples (Ubiquitin and Ubiquitin-2) with >N and *C were
generated by the use of >NH,Cl and [U-*C]-glc as the only isotopic labeled source in the minimal growth
medium. The expression of selectively labeled ubiquitin samples was obtained by growing bacteria

exclusively on [1-"*C]-glc or [2-°C]-glc as the **C carbon source.

Table 1 List of samples studied with MPD as precipitating agent

Type of protein Labeling Precipitation agent | Sample quantity / [mg]
Ubiquitin [U-2C]-glucose °NH,Cl MPD 6
Ubiquitin-2 | [U-"*C]-glucose NH,CI MPD 20
Ubiquitin [2-C]-glucose NH,CI MPD 30
Ubiquitin [1-C]-glucose ®NH,CI MPD 40
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4.3 Sample preparation of ubiquitin with PEG

The recombinant expression, purification is identical with the sample preparation described in section 4.2.
The significant difference is the use of the second common precipitation agent PEG. The lyophilized
ubiquitin sample was dissolved in water to a protein concentration of 28mg/ml. Then the solution was
diluted by a 25% w/w PEG buffer (50mM Hepes, 0.2M Cd-[acetate],, PEG 2000, pH 7) to a protein
concentration of 14mg/ml. The final solution was lyophilized to a protein concentration of 55mg/ml. For the
crystallization process of ubiquitin no extra crystallization step was necessary. The labeling strategy
employed for the preparation of the ubiquitin samples were following in the same procedure as described

in section 4.2.

Table 2 List of samples studied with PEG as precipitating agent

Type of protein Labeling Precipitation agent | Sample quantity / [mg]
Ubiquitin [U-3C]-glucose °NH,CI PEG 24
Ubiquitin [2-"C]-glucose NH,CI PEG 16.6
Ubiquitin [1-"C]-glucose NH,CI PEG 25.3
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5 Results
5.1 Results of Ubiquitin MPD
5.1.1 Verification of the sample quality

The sample quality is verified by recording simple 1D CP MAS spectra of *C and *N uniformly labeled
ubiquitin. From the resolution and sensitivity of the 1D spectra (Figure 16) one can already recognize that

the quality of the sample is very high in perspective of ssNMR spectroscopy sample preparation.

A) B)

200 150 100 50 0 250 200 150 100 50 0
8*C/ppm & *N/ppm

Figure 16 1D CP MAS spectra of Ubiquitin (MPD) A) °C spectrum, B) >N spectrum. Asterisks** represent sidebands
due to the MAS spinning frequency of 11kHz.

The quality of the [1-"°C]- and the [2-"*C]-glc labeled samples is illustrated by the 1D *C CPMAS spectra
(Figure 17). As expected, two alternative labeling schemes illustrated in Figure 14 show significant
differences in the two spectra. For the [2-*C]-glc (magenta) labeled sample, a higher *C signal (labeling)
observable for Ca (around 60ppm) region and CO region (around 175ppm) carbon. Whereas, for the [1-3C]-
glc sample (green), higher *C signal (labeling) observed in the aliphatic region (10-30ppm) in comparison

with the [2-2C]-glc sample.
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Figure 17 Excerpts of 1D >C CP-spectra of Ubiquitin (MPD) A) [2-"°C]-glc (magenta) B) [1-"C]-glc (green).
5.1.2 A comparison of spectral quality

By comparison of the uniformly labeled sample to the two alternative labeling samples, a drastic increase of

spectral resolution over the full spectral width can be observed. As an example, the improvement in
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resolution for resonance peak of P19C61 is demonstrated in Figure 18. For quantitative analysis, the
improvement of spectral resolution can be estimated by the analyzing the full width at half maximum
(FWHM) of the peak. For the uniformly labeled sample, a FWHM of 73Hz is obtained for the P19C61
resonance. The [2-"*C]-glc labeled sample has a FWHM of 57Hz corresponding to an improvement of
spectral resolution of around 16Hz. However, P19C81 is not labeled in the [1-*C]-glc approach. Here the

13~ 13
C-

reason for the improvement of resolution is due to the removal of one-bond C dipolar and J couplings

by alternate labeling of the carbons in the amino acids.®

P19 C81 FWHM 57 Hz

FWHM 73 Hz

= i

50.2 50.0 49.8 49.6 49.4
52 C/ppm

Figure 18 Excerpts of 1D Bc CP-spectra of Ubiquitin for the resonance P19C61; [2-13C]-glc (magenta), [1-13C]-g|c (green)
and [U-BC]-gIc (black). lllustration of the improvement of resolution due to the reduction of one-bond J- and dipolar
Be-Be couplings.

5.1.3 Assignment of ubiquitin

Higher-dimensional ssNMR-spectra are essentially needed for the assignments of resonances of biological

systems. For instance, 2D homonuclear B3

C correlation PDSD-spectra give already a good overview how
many spin-systems of Ubiquitin are detectable (Figure 19.A). Overcoming overlapping effects in the 2D **C-
BC-spectrum, the use of sparsely labeled samples such as [1-*C]-glc and the [2-*C]-glc proves to be as a
successful labeling strategy. The strong effect of highly diluted *C carbon samples on resolution and

assignment can be illustrated by recording of 2D *C-"

C PDSD experiments as shown in Figure 19.A. A short
mixing time for the *C-"3C transfer in a PDSD-spectrum (50ms for [U-"3C]-glc and 100ms for [2-*C]-glc [1-
B3Cl-glc labeled samples) enable only the detection of intra-residual contacts. Longer mixing time for the
sparsely labeled sample is mandatory due to the hindrance of the flip-flop spin diffusion processes inside
the residues for achieving intra-residual information like in the uniformly labeled spectrum. The intra-
residual cross-peaks for N60 and 161 residues are demonstrated as an example for the determination of
amino acid spin systems (Figure 19). In a uniformly labeled sample, all carbons of a spin system/amino acid
are C labeled therefore one can record the full spin-system of the residue of interest. The simplification of

the spectrum in the sparsely labeled sample allows the collection of spin-systems in a straightforward way

as shown in Figure 19. In the [2-"*C]-glc labeled sample Ca-CB, Ca-Cy2, CB-Cyl and CB-C81 correlations
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were obtained for residue lle61. For 2-glucose labeling scheme only Ca-CB, Ca-C61 and CB-C&1 interactions

should be detectable. The contacts between Ca-Cy2 and CB-Cyl can be understood by scrambling effects

due to the biosynthetic pathway of the amino acids. For the [1-*C]-glc labeled sample the collection of

contacts between Ca-CB, Ca-Cyl, Ca-Cy2, Ca-Cé1, CB-Cyl, CB-Cy2, Cy1-Cy2, Cyl-C 61 and Cy2-C 61 can be

observed. With respect to the prediction of the 1-glucose labeling scheme we distinguish scrambling effects

for the contacts CB-Cy1 and CB-Cy2. For the residue N60 the interactions Ca-Cp and CB-Cy reveal only in the

[1-*C]-glc labeled sample which is consistent with the prediction of the 1-glucose labeling scheme.™
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Figure 19 lllustration of the assignment strategy for microcrystalline ubiquitin A) 2D PDSD-spectra of [U-13C]-g|c (black),
[2-"CJ-glc (magenta) and [1-"*C]-glc (green) labeled ubiquitin recorded with mixing times of 50ms ([U-">C]-glc) and
100ms ([2-13C]-g|c, [1-13C]-glc). The full spin-system connections of N60 (red) and 161 (blue) are shown as an example.
(B) 2D NCACX-spectrum of [U-13C]-glc labeled ubiquitin, demonstration of the nitrogen assignment of 161 by means of
the unambiguous resonance of 161C61 C) 2D NCOCX-spectrum of [U-13C]-glc labeled ubiquitin, sequential assignment
of the residue N60 using the unambiguous resonance of N60Cp.
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Nitrogen chemical shifts and sequential connection were obtained from NCA-, NCO-, NCACX- and NCOCX-
spectra as shown in (Figure 19.B,C). Based on the knowledge of the nitrogen chemical shift of 161 and the
unambiguous chemical shift of the N60 CP the sequential assighment of residue N60 can be facilitated in a

2D NCOCX-spectrum.

5.1.4 Stereospecific assighment from sparsely labeling approach

Based on the assignment of residue 161 by using [2-**C]-glc and [1-"3C]-glc samples (Figure 19.A) we could
distinguish scrambling products for the amino acids valine and leucine in the [2-**C]-glc labeled sample. Due
to the knowledge of the stereospecific assignment of the prochiral methyl groups of valine and leucine from
the 10% C labeled approach'® we were enabled to determine the assignment of the prochiral methyl
groups of valine and leucine due to the scrambling effects in the [2-°C]-glc labeled sample.’® As a
representation the stereospecific assignments of the residue L56 and V17 are illustrated in Figure 20. For
V17 we observed cross-peaks between Cyl-Ca and Cy2-C(B (Figure 20.A) and for L56 C61-CB and C62-Cy
correlations were detectable (Figure 20.A). Such an observation of stereo-specific correlations between Cy1-
Ca and Cy2-CB of V17 and C61-CB and C62-Cy for L56 can be explained by the resultant biosynthetic

precursors [2-C]-pyr and [3-"°C]-pyr.”®
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Figure 20 2D PDSD-spectra of [U-13C]-glc (black, mixing time is 50ms) and [2-13C]-g|c (magenta, mixing time is 100ms)
The stereospecific correlations are highlighted in light blue and dotted lines A) illustration of the stereospecific
assignment of the prochiral methyl groups C61/2 of L56 based on the correlations of C61-Cf and C62-Cy B) the
collection of the stereospecific assignment of V17 Cy1/2 was obtained based on the correlations Cy1-Ca and Cy2-CB.

As a consequence of the glycolysis of [2-"*C]-glc only the production of [2-"*C]-pyr can be predicted. The
achievement of [3-"*C]-pyr, generated from scrambling effects, requires a more detailed description of
metabolic and catabolic processes of amino acids. Possible mechanisms which have to be taken into
account are the followings: Entner-Doudroroff pathway®, breakdown of oxaloacetate via gluconeogenesis,
conversion of malate, amino acid degradation together with the C; metabolism.®” The most reasonable
biosynthetic pathway for explanation [3-**C]-pyr production is the pentose phosphate pathway (PPP) which
leads to [3-C]-pyr and [1,3-2*C]-pyr.%®
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8889 The first step of

However, the biosynthesis of Val and Leu generated from pyruvate is stereo-selective.
the biosynthesis of valine is the reaction between pyruvate and the cofactor thiamine pyrophosphate (TPP).
The resultant product (hydroxy-ethylidene-thiamine-phyrophosphate) reacts with pyruvate producing a-
acetolacetate. After rearrangement of the tertiary ketol group by the stereo-selective migrating of the a-
methyl group a-ketoisovalerate will be generated. The last step is the transformation of the keto group into
an amino group receiving valine. Both possibilities of the different **C labeled pyruvates are illustrated in
Figure 21.A.%%

The biosynthesis of leucine starts from a-ketoisovalerate, which reacts with acetyl-Co-A generating a-
isopropylmalate. After decarboxylation and migration of the hydroxy group by the pinacol rearrangement a-

ketoisocaproate will be produced. The last step of the synthesis of leucine is the transformation of the keto-

group into the amino groups at the a-position of the molecule (Figure 21.B).*®
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Figure 21 Illustration of the stereo-selective biosynthetic pathway of valine and leucine, A) formation of correlations
between 13(:(1-13(:\/1 and 13CB—BC\/Z of valine and 13CB—13C51 and 13C\/-BC\/Z of leucine originating from [2-13C]-pyr and
[3-13C]—pyr.13C labeled carbons are highlighted in red. (Illustrations are taken from Ref.26)

5.1.5 Sequential assignment of ubiquitin

The sequential assignment of 161 to N60 can be confirmed by higher selective ssNMR experiments such as
the 2D CA(N;)CO;1CA.; experiment.’> The magnetization transfer in this experiment starts at the proton of
Ca of i"residue and goes through the backbone atoms N; and CO;;and ends at the Ca of (i-1)th residue. In
Figure 22, the sequential walk from 161 down to S57 is illustrated by contacts between the Ca of residue (i)

to the resonances Ca and CO of residue (i-1).
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Figure 22 2D CA;(N;)CO;.,CA.;-spectrum of [U—13C]—glc, illustration of the sequential walk from residue 161 to residue
S57, [161 (blue),N60 (red), Y59 (green), D58 (orange) and S57 (magenta)].

Combining several multidimensional ssNMR experiments, including BSH-CP based 3D spectra (Figure
23), we were able to assign the full backbone from residue M1 to V70 for the first time. It is worth to
mention that the C-terminal part of ubiquitin (residue R72 to G76) is not detectable in dipolar based ssNMR
experiments probably due to its high dynamic behavior. We also observed multiple peaks for certain
residues revealing the sample heterogeneity of certain parts of the protein. With the available high-
resolution ssNMR spectra, we were able to determine three different conformations with almost equal
populations (36% (main conformation), 31% (second conformation), and 33%) as judged from their spectral

intensities of the NCA-spectrum (Figure 24.A).
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Figure 23 Strip plot of different 3D experiments showing the sequential walk for the amino acid stretch D58-161.
NCOCACB in red (positive signals) and blue (negative signals), CANCO in magenta, NCACO in orange and NCACB in
purple (positive signals) and green (negative signals). Solid lines represent the assignments used in the sequential walk.
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Furthermore, the observation of change in chemical shifts for different polymorphs indicates strong
structural heterogeneity in the loop region B1- B3 (including the C-terminal tip of the B-helix 1), the third
B-strand B3 (Q41-F45) and the adjacent residues up to Lys 48 as well as for the fifth B-strand B5 (residues
T66-V70) (Figure 24.B). Interestingly, in solution NMR, these regions showed increased dynamics on the

50,51,90

supra-t. time scales as revealed by RDC-based studies. In particular loop B1-p2 and loop B1-B3,
including the C-terminal tip of the a-helix, have been identified previously to be involved in large amplitude
collective motion, resembling a “pincer like” motion, which was related to conformational sampling of
ubiquitin during molecular recognition.’® It is conceivable that the conformational sampling of ubiquitin in
solution will manifest itself as structural heterogeneity during the crystallization process of ubiquitin in MPD,
leading to slightly different conformations, which can be identified, based on their chemical shift differences
in the solid state. It should be noted that Ala46, close to Lys48, whose side chains is the major recognition
site of ubiquitin, in particular during the poly-ubiquitination process”, shows the biggest difference in °N
chemical shifts (Figure 24.B). More recent studies suggested that B-strands 1, B2, B3 and B5 are involved in

a concerted motion across the B-sheet mediated by the hydrogen bond network.*"*?
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Figure 24 A) 2D NCA-spectrum of uniformly B¢ labeled sample, residues are colored as follows: main conformation
(blue), second (red) and third conformation (black)). Population distribution is calculated by integration of the NCA
cross-peaks of residue T9 B) lllustration of chemical differences of the backbone atoms between the main- and the
second conformation.

Identification of highly flexible region of proteins can be realized by conducting INEPT-spectra which are
based on J-coupling heteronuclear magnetization transfers. Only the precipitating agent MPD was detecta-
ble in the 2D INEPT-spectrum, which indicates that the undetectable C-terminal region of ubiquitin lies in

the intermediate dynamic range (Figure 25).
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Figure 25 2D 'H-2c INEPT-spectrum of microcrystalline ubiquitin, showing that only the precipitating agent (MPD) is
detectable.

The structural heterogeneity observed in the solid-state localizes to the B-strand network and the described
loop regions but is, for example, largely absent for the a-helix, further supporting the idea of conformation-
al sampling of ubiquitin in solution being the origin of the polymorphism observed in the solid-state spec-
tra. To investigate the origin of the revealed polymorphism, the recording of 2D experiments at different
temperatures is required. As the freezing temperature of the buffer is around -11°C and the crystallization
temperature is around 24°C the sample temperature window was set between -4°C to 20°C (Figure 26).
Small chemical shift changes can be distinguished in NCA-spectra for the residues T9™" (third conformation),

G47°, G35 (second conformation) and E34 (main conformation) which belongs to flexible loop-regions.
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Figure 26 A) Presentation of 1D Bc CP-spectra of uniformly labeled microcrystalline ubiquitin at different temperatures.
(from -4°C to 20°C), B) Excerpts of different chemical shift regions of 1D >C CP-spectra( full spectra shown in panel A) C)
Comparison of NCA-spectra at different temperatures (black (0°C) red (20°C)), residues which show observable
chemical shift changes are highlighted.
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In comparison, in the 2D PDSD-spectra the biggest chemical shift change of 0.32ppm can be identified for
the resonance L50C62 shown in Figure 27. The residue L50 is located at the beginning of the loop region

between the fourth B-strand B, and the second a-helix .
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Figure 27 Comparison of 2D PDSD-spectra at two different temperatures (red (20°C), black (0°C)), the full spin-system
of L50 is represented with dashed lines, and the intra residual correlation between C62 to the other sites are indicated

with a dashed grey circle.
5.1.6 Secondary structure analysis of ubiquitin

The identification of secondary structure of proteins can be determined in ssNMR with two prevailing
methods; the secondary chemical shift analysis which compares experimentally observed carbon chemical
shifts under MAS to standard isotropic random coil values®, or with the backbone dihedral angle prediction
obtained from the program TALOS+. For glycine, the second term A8CP of the equation for the secondary
chemical shift analysis was set to zero. The result of the secondary chemical shift analysis for the residue
range M1-V70 is illustrated in Figure 28. One can distinguish B-sheet like conformation for the residues M1-
T7, L15-E18, Q40-F45, and between T66-V70, indicated by negative ASCa-A8CB values. Residue regions
from T22-K33 and L56-D58 show a-helical like structure properties, appropriated by positive ASCa-ASCB

values.
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Figure 28 Secondary chemical shifts analysis of the main conformation of microcrystalline ubiquitin.

The result of the TALOS+ prediction is shown in Figure 29.A. For the sake of clarity, the TALOS+ prediction
result is represented as a cartoon (Figure 29.B). From the cartoon, B-strands can be identified for the
residue regions Q2-K6, K11-V17, R42-A46, Q49, and T66-V70, while a-helical structure revealed for residue
regions 123-K33 and T55-Y59.
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Figure 29 A) TALOS+ analysis, predicting Phi (black) and Psi (red) dihedral torsion angles of the main conformation of
ubiquitin B) cartoon of the result of TALOS+ prediction, only residue E34 shows ambiguity for the secondary structure
prediction.
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5.1.7 Collecting of distance restraints information

The major aspect of calculation a protein structure in ssNMR is the collection of distance-restraints
information. Due to the improvement of spectral resolution and the reduction of spectral crowding by the
sparsely labeling schemes, one could obtain 518 distance-restraints (59 unambiguous-, 126 network- and

333 ambiguous distance restraints). As an example, the distance information by **C-**

C correlations is given
in Figure 30. The majority of restraints for the site V26Ca lies in the medium-range [1<]i-j|<5], which is
consistent due to its a-helical environment. The contact to D21CB gives useful information about the
structural conformation of the loop between the B2-strand and al-helix of ubiquitin (shown in Figure 30.C).
The long-range [|i-j|25] contacts to 13 and L15 (demonstrated in Figure 30.C) are in a strong agreement with
the X-ray structure 30NS*, which indicates already the right folding of the microcrystalline ubiquitin. For
the resonance T55CB the medium-range contacts to D58Ca, D58CB and S57Ca depicted in Figure 30.D
confirmed the secondary a-helical structure of ubiquitin, which was predicted by TALOS+ and estimated by

the secondary chemical shift analysis. The long-range distance restraints to the residue S20, D21, T22 and

123 strengthened the right folding of the protein (Figure 30.D).
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Figure 30 Distance restraints collected for V26 Ca (A-C) and T55 CB (B-D). A-B) Excerpts of 2D PDSD-spectra of [U-"C]-
glc labeled ubiquitin with a mixing time of 50ms (black) and of [1-2C)- and [2-13C]-glc labeled ubiquitin with mixing
times of 900ms (green and magenta, respectively). Intra-residue and sequential correlations are labeled in black,
medium- and long- range contacts are labeled in a residue-specific color: 13 (green), L15 (olive green), S20 (green), D21
(violet), T22 (cyan), 123 (orange), V26 (red), A28, K29 and 130 (all blue), T55 (red), S57 (blue) and D58 (pink). C-D)
Illustration of the distance restraint collection for residues V26 C) and T55 D) on the X-ray structure 30ONS using the
same color code as in (A-B). For the sake of clarity, no side-chains are shown for residues 123, A28, K29 and 130 in panel
C.
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Figure 31 illustrates the distance distribution of 59 unambiguous distance restraints as back-calculated in
comparison to the X-ray structure 30NS.* The majority of the observed correlations were found to corre-

spond to a distance between 4.5 to 7 A.

unambiguous distance restraints

counts

40 45 50 55 60 65 70 75
distance

Figure 31 Distance distribution of 59 unambiguous distance restraints as collected from the spectra, the corresponding
distance as extracted from the X-ray structure is shown.

Distance restraints which are originally named to be ambiguous can be specified as network distance
restraints if the process of disambiguation of restraints due to unambiguous assignments involves the same

Bc-B3C correlation between

residues. As an example for the definition of a network distance restraint the
161Cy2-F45CP is illustrated in Figure 33. The distance distribution of the 59 unambiguous- and the 126
network distance restraints as back-calculated in comparison to the X-ray structure are depicted in Figure

32. Asiillustrated in Figure 32 network correlations result in distance information increased to 9 A.

unambiguous-network distance restraints

counts

40 45 50 55 60 65 70 75 80 85 9.0
distance

Figure 32 Distance distribution of 59 unambiguous and 126 network distance restraints as collected from the spectra,
the corresponding distance as back calculated from the X-ray structure is shown.
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Figure 33 Comparison of 2D PDSD-spectra of [U-13C]-glc (black: mixing-time of 50ms) and [1-13C]-glc (green: mixing
time of 900ms) labeled ubiquitin. The correlations 161C61-F45CB (light blue) and 161Cy1-F45CB (light blue) are
unambiguous due to the carbon sites labeled with l-glucoseB, the cross-peak 161Cy2-FA5CB (magenta) is ambiguous
with respect to the 161Cy2 assignment. However, considering the unambiguous distance restraint assignments of
161C61-F45CB and 161Cy1-F45CB, the restraint 161Cy2-FA5CB is treated as “network unambiguous”. Networking
describes in the context of distance restraint assignment the process of disambiguation of restraints due to
unambiguous assignments involving the same residues. Note that the correlation 161CB-F45C is not present in the [1-
13C]-glc-spectrum, 161CB being unlabeled (marked with a black circle).

5.1.8 Structure calculation

Structures of microcrystalline ubiquitin were determined following the standard de novo structure
calculation procedure with XPLOR-NIH which starts from a random coil and subsequently adds the collected
distance restraints to fold the protein. In total, we used 518 inter-residue distance restraints, including 59
unambiguous, 126 network and 333 ambiguous distance restraints for the structure refinement. In order to
calculate the structures, an allowed variation of the observed contacts was set to 1-7 A (Figure 34). The

correct 3D-fold of microcrystalline ubiquitin is already achievable by the use of the 59 unambiguous
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distance restraints. Including the network correlation the precision of the resultant bundle of structures is

sufficient for the collection of ambiguous distance restraints. (Figure 34)

A) C
N

initial configuration

518 all distances restraints
59 unambiguous distance restraints

185 unambiguous + networking distance restraints

Figure 34 Representation of the various steps in de novo protein calculation. A) illustration of the extended
configuration (random coil) used as starting point of the structure calculation of ubiquitin. Figures (B-D) show the ten
lowest energy calculated structures for each distance restraints input. The 10 selected monomers were aligned on the
backbone atoms using MOLMOL B) With the use of 59 unambiguous distance restraints, the bundle of monomers
reveal already the correct 3D fold of Ubiquitin C) representation of 59 unambiguous and 126 networking distance
restraints D) result of all 518 collected distance restraints (59 unambiguous, 126 network and 333 ambiguous distance
restraints).

In Figure 35, the local rmsd values of the ten lowest calculated structures reveal same deviation in
comparison to each other. The highest differences appear at the N-terminal and C-terminal ends of the

protein as well as for the flexible loop regions (T7-G10), (K34-Q40).
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Figure 35 Plot of local backbone rmsd values of the 10 lowest energy structures (using distance restraints in the range
of 1-7 A).
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For determination of the correct distance restraints range, for achieving the highest precision for the ten
lowest energy monomers and the best accuracy to the X-ray structure 30NS, structures were calculated
with different distance ranges (shown in Figure 36). The upper limit range varied from 5 up to 20 A.
Interestingly the best result (see Table 3) could be generated by using the distance range 1-7 A which is in a
high agreement with the obtained unambiguous distances (see Figure 31) collected from the PDSD-spectra.

The validation of the structure calculation by using the distance range 1-7 A is listed in Table 9 (Appendix I).

range-l-S[\ range-l-Gf\ ra nge-1-7A ra nge-1-8f\

range-1-9A range-1-10A range-1-20A

Figure 36 Comparison of the 10 lowest energy structures with varying upper distance bounds. Here the upper distance
limit between two atoms that show a cross peak in the 2D PDSD-spectra was varied between 5 and 20 A. For the final
structure calculation a distance between 1 and 7 A was allowed for each pair of atoms, as this was the lowest upper
limit that did not result in any distance violations and gave good Ramachandran statistics while still exhibiting
reasonably low rmsd of the bundle (compare Table 3 for details).

Table 3 Statistics of the calculated 10 lowest energy structures with different distance restraint limits

All rmsd values were calculated with MOLMOL™ using all backbone atoms of residues 1-70. The rmsd values for
validation of the precision were obtained using the 10 lowest energy monomers. Accuracy rmsd values were derived
using the lowest energy monomer in comparison to the X-ray structure. The distance restraints violations and the
Ramachandran analysis were taken from the pPSvs’® (Version 1.5, PDB Stat Version 5.9) results.

Range of rmsd rmsd Violation of Disallowed regions
Distance-Bestraints /precjsion /accyracy distance reftraints in Ramchandran plot
(A) (A) (A) >05A (%)

1-20 4.0 6.79 0 0
1-10 1.3 2.68 0 0
1-9 1.0 2.56 0 0
1-8 0.9 2.33 0 0
1-7 0.7 1.57 0 0.3
1-6 0.6 1.79 11 1.5
1-5 0.5 1.98 203 1.4
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5.1.9 Comparison to different accessible PDB structures

For the comparison to the different structures only the structure calculated with the lowest energy value is
taken (range 1-7 A). Comparisons to structure PDB: ID 2JZZ"and PDB ID: 1D3Z” are illustrated in the Figure
68 and Figure 69 (Appendix I).

5.1.9.1 Structural comparison to the X-ray structure 30ONS

A high accuracy of 1.57 A rmsd for the backbone (residues 1-70) was calculated by comparison to the X-ray
structure. Site specific differences larger than 0.3 A are only observed for flexible loop regions and the N-

terminus of the protein.
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Figure 37 A) Comparison of the lowest energy calculated structure (red) to the MPD X-ray-structures 30NS (global
backbone rmsd value of 1.57 A) B) Plot of local backbone rmsd values differences between the lowest energy
calculated structure and the MPD X-ray-structures 30NS.*

Interestingly the structural heterogeneity observed in the solid-state involving the four B-strands and the

first loop region (Figure 38.B), coincides with the regions in the X-ray structure where high B-factors are

distinguishable (Figure 38.A).
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Figure 38 A) B-factors of the X-ray structure 30NS*® (value legend: blue (low-B-factor) - red (high-B-factor), B) show the
ten lowest energy calculated structure (in grey (residues with only one detectable conformation), in blue (residues
with two conformations) and in red (residues with three observable conformations)).
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5.1.10 Structure calculation of the second conformation

Due to the strong structural heterogeneity in the ubiquitin sample the detection of conformational selective
distance restraints were accessible. In total 318 inter-residue distance restraints were used for the structure
refinement of the second conformation. The 318 distance restraints can be separated into 55 unambiguous-,
143 network- and 120 ambiguous distance restraints. By removal of distance restraints which were assigned
to both conformations one could collect 1 unambiguous-, 2 network- and 40 ambiguous distance restraints
which belonged only to the second conformation. For the structure calculation an allowed variation of the
observed correlations are set to 1-7 A. For the ten lowest energy monomers a backbone rmsd of 1.4 A was

achieved (Figure 39).

Figure 39 lllustration of the 10 lowest energy monomers of the second conformation.

Small variation of the local rmsd values could be distinguished for the second loop region (residue 17-21),
the tip of the first alpha helix (residues (32-35)) and for the C-terminal part of ubiquitin (residue (61-70)
(Figure 40).
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Figure 40 Plot of local backbone rmsd values of the 10 lowest energy structures of the second conformation (distance
restraints range 1-7 A).
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5.1.11 Structural comparison between the main and the second conformation

The comparison between the two lowest energy structures from the main and the second conformation
showed the same fold of ubiquitin. A global backbone rmsd value of 2.15 A demonstrated no significant
conformation change between the two structure models (Figure 41). Small local site specific differences are
identified in the flexible loop region (residues K33-P37), in the region of the third and fourth B-strand
(residues F45-L50) and at the C-terminal tail of ubiquitin (residues E64-V70) (Figure 42). Interestingly the
regions with the strongest local differences showed large differences in chemical shifts as well. Only the
area of the first loop was not affected, which could be explained by the fact that no long-range distance

correlations were detectable for these residues.

Figure 41 Comparison of the lowest energy calculated structures (main (red), second (grey)), the global backbone rmsd
value is 2.15 A).
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Figure 42 Plot of local backbone rmsd values differences between the two lowest energy calculated structures.
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5.2  Results of ubiquitin PEG
5.2.1 Assignment of ubiquitin

Interestingly a structural heterogeneity of ubiquitin has been observed in the PEG sample as well.
Polymorphism can be detected in the following regions (first and second B-strand B1, 2 (residues Q2-V5
and 113-L15), residue 123, at the tip of the a-helix al (residues 130-G35), residue D39, the third B-strand 3
(residues L43-G47), residue L50, residue 161, the fifth B-strand B5 (residues S65-L67), and residue L69
(shown in Figure 43.B). The heteronuclear correlation of T9 is not visible in the NCA-spectrum (Figure 43.A),
which points out that the loop region between the first and second B-strand 1, B2 seems to be even more
flexible than after experiencing the MPD crystallization condition. By comparison of the (PEG) heterogeneity
with the observation in the MPD sample one can easily see that the heterogeneity appears concentrated in
the same highly dynamic regions of ubiquitin. This valuable result indicates that regions with the increased
dynamics in the ns-us time scale cause structural heterogeneity during the crystallization process. A
significant >N chemical shift change for A46 is shown in Figure 43.A,B. The intra-residual assignment of
residue G53 (Figure 43.A) is ambiguous due to the fact that no sequential heteronuclear correlation is

distinguished in the 2D NCO- or NCOCX-spectra.
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Figure 43 A) 2D NCA-spectrum of uniformly C labeled sample, residues are colored as follows conformation A (blue)
and conformation B (red), sequential correlations are colored in black, the ambiguous heteronuclear correlation of
G53 is marked with a dashed circle B) illustration of the backbone atoms between conformation A and conformation B,
due to the incomplete backbone assignment of residues M1, L8-K11, 144 and L71 the differences are set to zero.

In the 2D INEPT-spectrum only the cross-peak of the symmetric polyethylenglycol chain is detectable
(Figure 44). This result is in agreement with the outcome of the MPD sample, in which the C-terminal region

of ubiquitin is in the intermediate dynamic range.
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Figure 44 2D INEPT-spectrum of microcrystalline ubiquitin, showing that only the precipitating agent (PEG) is
detectable.

5.2.2 Secondary structure analysis of conformation A

In the secondary chemical shift analysis the identification of B-strand conformation can be extracted for the
following regions: M1-T7, 113-E18, Q40-FA5 and L67-L71. Residue regions from 123-K33 and L56-D58 show

a-helical conformation (Figure 45).

10 ! 200 25 30 B ‘l Il (] !l 608 65 ll
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(=]
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Figure 45 Secondary chemical shift analysis of conformation A of microcrystalline ubiquitin.

The TALOS+ prediction reveals B-strand conformation for the regions: Q2-K6, K11-V17, R42-A46, Q49 and
T66-V70. For the regions 123-K33 and T55-Y59 a-helical conformation is predicted (Figure 46.A,B). Both

results are consistent with the data given by the ubiquitin MPD sample.
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Figure 46 A) TALOS+ analysis, predicting Phi (black) and Psi (red) dihedral angles of conformation A of ubiquitin (PEG) B)
cartoon of the result of TALOS+ prediction.

5.2.3 Collection of distance restraints information

As the resolution of the PEG sample is slightly decreased in comparison to the MPD preparation, only a set
of 24 unambiguous-, 48 network- and 425 ambiguous distance restraints could be identified. The distance
distribution of the 24 unambiguous distance restraints (Figure 47.A) back calculated by the X-ray structure
1UBQ™ are identical with the distance distribution achieved using the MPD sample (Figure 31.A). For the

network distance restraints a °C-"

C correlation between 13Cy2-V26Ca with a back calculated distance of
9.69 A can be detected (Figure 47.B). The contact is depicted on the X-ray structure 1UBQ in Figure 70
(Appendix I). The detection of this correlation in the PDSD-spectra can be explained by a possible rotation of
the 13 side chain into another rotameric conformation by slight conformational conversion in the first B-

strand in the ssNMR structure model from PEG sample.

unambiguous distance restraints unambiguous-network distance restraints
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Figure 47 Distance distributions collected from PDSD-spectra, the corresponding distance as extracted from the X-ray
structure is shown A) 24 unambiguous distance restraints, B) 73 unambiguous- and network distance restraints.
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5.2.4  Structure calculation

The same structure refinement procedure, as already described in section 5.1.8, has been used for
obtaining the different calculated structures for the PEG sample. The allowed variation of the observed
contacts is set to 1-7 A. Interestingly the general 3D-fold of Ubiquitin can already be achieved by the use of
only 24 unambiguous distance restraints. The C-terminal part of Ubiquitin is aligned in a wrong direction
although 3 unambiguous long-range distance correlations between the residues 13C61-S65CpB, 13C61-L67Cy
and F4Cy-T66Ca were included in the distance restraint input file (Figure 48.B). The implementation of all
collected distance restraints in the calculation gives the correct 3D fold of ubiquitin with a backbone rmsd
value of 0.7 A (Figure 48.D). The result of the structure validation is listed in Table 14 (Appendix ). The local
rmsd values of the ten lowest energy structures of conformation A show significant differences in the first
loop region (residues T9-T12), at the beginning of the a-helix al (residues D21-T22), in the flexible loop
region between B-strand B4 and B-strand B5, and at the C-terminal part of Ubiquitin (residues (68-
71))(Figure 49).

IR PR B N e N N %Y,

intial configuration

A)

24 unambiguous distance restraints

498 all distance restraints

73 unambiguous + network distance restraints

Figure 48 Representation of the various steps in de novo protein calculation. A) illustration of the extended
configuration (random coil) used as starting point of the structure calculation of ubiquitin. Figures (B-D) show the ten
lowest energy calculated structures for each distance restraints input. The 10 selected monomers were aligned on the
backbone atoms using MOLMOL B) With the use of 24 unambiguous distance restraints, the bundle of monomers
reveal already the correct 3D fold of Ubiquitin C) representation of 24 unambiguous and 49 networking distance
restraints D) result of all 498 collected distance restraints (24 unambiguous, 49 network and 425 ambiguous distance
restraints).
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Figure 49 Plot of local backbone rmsd values of the 10 lowest energy structures of conformation A (distance restraints
range 1-7 A).

5.2.5 Comparison to different accessible PDB structures

For the comparison of different structures only the structure calculated with the lowest energy is taken
(range 1-7 A). The comparison to the solution NMR structures PDB ID: 1D3Z is illustrated in Figure 73

(Appendix ).

5.2.5.1 Structural comparison to the X-ray structure 1UBQ

An accuracy of 1.88 A rmsd for the backbone (residues 1-70) was calculated by comparison to the X-ray
structure (Figure 50.A). Major site specific differences can be distinguished for the flexible loop regions

(residues (L8-K11), residues (21-22), residue (52-52) and residues (63-65)) (Figure 50.B).
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Figure 50 A) Comparison of the lowest energy calculated structure (red) to the X-ray structure (grey) (1UBQ) B) Plot of
local backbone rmsd values differences between the lowest energy calculated structure and the X-ray-structures 1UBQ.

The structural heterogeneity observed in the solid-state coincides with the regions in the X-ray structure
where high B-factors are localized (Figure 51.A). Interestingly the first loop region (residues (L8-K11)) in the
X-ray structure 1UBQ shows a higher rigidity than the MPD structure 30ONS although in the ssNMR it is
exactly contrary. As perviously mentioned the heteronuclear correlation of T9 is not visible in the NCA-

spectrum (Figure 43.A), which integrates a higher flexibility in the PEG sample.

Figure 51 A) B-factors of the X-ray structure 1UBQ (value legend: blue (low-B-factor) - red (high-B-factor), B) show the
ten lowest energy calculated structure (in grey (residues with one detectable conformation) and in blue (residues with
two observable conformations).
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5.2.6  Structure calculation of conformation B

The result of the secondary structure analysis and the TALOS+ prediction is depicted in Figure 71 and Figure
72 (Appendix 1). The illustration of the 10 lowest energy structures is demonstrated in Figure 52. The
backbone rmsd value for the ten lowest energy structures is 0.7 A. Due to the lower resolution in the PEG
sample the differentiation of *C-*C distance correlation between the two conformations is highly
challenging. By removal of distance restraints which were assigned to both conformations one can only
collect one unambiguous-, one network- and 11 ambiguous for conformation B. The local rmsd values result
(Figure 53) is comparable to the resulting rmsd values for conformation A (Figure 49). The only difference

concerns the region of residue D52, which delivers lower local rmsd values as for conformation A.

Figure 52 lllustration of the 10 lowest energy monomers of conformation B with a backbone rmsd value of 0.7 A.
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Figure 53 Plot of local backbone rmsd values of the 10 lowest energy structures of conformation B (distance restraints
range 1-7 A).
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5.2.7 Structural comparison between conformation A and B

A backbone rmsd of 1.08 A for the lowest energy structures of the two different conformations can be
measured (Figure 54). The comparison between the two conformations shows slight differences in the
flexible loop regions (residues (T7-K11), (P19-T22), (L50-D52) and for the C-terminal part of ubiquitin
although the number of distance restraints between the two conformations is comparable (conformation A

(498) and conformation B (487)) (Figure 55).

Figure 54 Comparison of the lowest energy calculated structures (conformation A (red) and conformation B (grey)), the
global backbone rmsd value is 1.08 A).
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Figure 55 Plot of local backbone rmsd values differences between the two lowest energy calculated structures.
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5.3 Comparison between MPD and PEG samples

The comparison between the two differently prepared samples is carried out on the main conformation of
MPD and the conformation A of PEG.

By comparison of the backbone chemical shifts (*N, **CO, **Ca) of the two different samples significant
chemical shift differences can be seen for N of the residues V70 (14.4ppm) and L71 (6.9ppm) (Figure 56).
These strong chemical shift changes indicate a conformational change of the C-terminal part of ubiquitin.
Unfortunately both residues do not show long-range distance correlations to other residues in the protein,
which would confirm the conformational change. The only reasonable explanation can be given, since both
residues belong to the highly flexible C-terminus ubiquitin, which can be crystallized in different
conformations. In Figure 56 one can notice that in general the N nuclei show more chemical shift
deviations than the *C atoms of the backbone, such as CO or Ca. Chemical shift differences bigger than
2ppm for ©°N can be determined for the residues (K6-L8), K29, K33, (R42-46), L50 and for the residues (D52-
G53). This result is in strong agreement with the regions where structural heterogeneity can be observed in
both samples. It seems that protein motions in the ns-us time scale cause on the one hand structural
heterogeneity during the crystallization process and on the other hand they are sensitive to the

environment (crystallization condition).
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Figure 56 lllustration of chemical differences of the backbone atoms between the main conformation of the MPD
sample and conformation A of the PEG sample.

Considering the differences in the *C-*C correlation 2D PDSD-spectra of the two mentioned samples, small
chemical shift changes for the side chains can be identified all over the protein (Figure 57). For the residue

L43 (highlighted in Figure 57) a strong 1.93ppm chemical shift change for CB is detectable.
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Figure 57 Comparison of 2D PDSD-spectra of MPD sample (red) and PEG (black) with a mixing time of 50ms, the spin
system of L43 is highlighted in the spectra (magenta (PEG) and light-blue (MPD))
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5.3.1 Structural comparison between the main conformation of MPD and the conformation A of PEG

By comparison between the lowest energy structures of the two systems, one can infer that the 3D fold of
ubiquitin is identical (Figure 58.A). An accuracy of 1.63 A for the backbone could be calculated (residue (M1-
70V)). Small conformational deviations were observed in the loop regions (L8-T12, D21, 34-36 and for E51-
G53)) (Figure 58.B).
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Figure 58 A) Comparison of the lowest energy calculated structures (main conformation of MPD (red) conformation A
of PEG (grey), with a backbone rmsd of 1.63 A, B) Plot of local backbone rmsd values differences between the two
lowest energy calculated structures.
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6 Conclusion
6.1 Conclusion MPD

The approach of the alternative [1-C] - and [2-"3C]-glc sparsely labeling strategy is demonstrated on the
microcrystalline form of ubiquitin in MPD as a model protein. The improvement in spectral resolution and
the reduction of spectral crowding allows us to perform a complete backbone assignment using solid-state-
NMR in a straightforward manner. Most residues from M1 to V70 of microcrystalline ubiquitin were
assigned accordingly. Another advantage of this labeling scheme is related to the decrease of dipolar
truncation, which facilitates the collecting of inter-residual long-range distance information by running of
2D PDSD experiments with long mixing times between 400-900ms. The identification of a structural
polymorphism with up to 3 different conformations for the B-strands 1, B2, B3 and B5 as well as for the
loop regions B1- 2 and al- B3 coincide with regions showing increased dynamics on the ns-us time scale as
previously revealed by solution NMR °N relaxation and RDC-based experiments. This observation suggests
that the conformational dynamics in solution manifests itself as a structural polymorphism during
crystallization. Independently for each conformation, one highly precise solid-state NMR structure-model is
calculated with a backbone rmsd of 0.7 A for the main conformation and 1.4 A for the second conformation
(residue range M1-R72). The comparison of the two calculated structures ends up with the same 3D fold of
ubiquitin (backbone rmsd of 2.15 A for the residue range M1-V70). Small local site-specific differences were
observed in highly dynamic loop regions and in the C-terminal part of ubiquitin. Notably the best accuracy
(backbone rmsd of 1.57 A) of the calculated structure to the X-ray structure 30ONS was obtained by allowing

a distance restraint range of 1-7 A for the extracted *C-**

C correlations. The upper limit distance range of 7
A is in a high agreement with the distance distribution of unambiguous distance restraints as back-

calculated by the X-ray structure 30ONS.
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6.2 Conclusion PEG

A structural heterogeneity of microcrystalline ubiquitin precipitated in PEG is detected similar to MPD
precipitation procedure. The locations of the polymorphism observed in similar regions as pointed out for
the MPD ubiquitin sample. The assignment of the loop regions B1- B2 is incomplete due to undetectable
intra-residual and inter-residual correlations. Independently, for each conformation, one high precision
solid-state NMR structure is calculated with a backbone rmsd of 0.7 A. The overlay of these two gained
structures gives a calculation accuracy of 1.08 A in the backbone (residue range M1-V70). Site specific
differences between the two structures can be found for the loop regions and for the C-terminal part of
ubiquitin. The comparison between conformation A and X-ray structure 1UBQ gives a globular backbone
rmsd value of 1.88 A.

By comparison of the backbone atoms between the MPD- and the PEG assignment, chemical shifts
differences can be identified all over the protein atoms/residues. Strong >N chemical shift differences
(>2.5ppm) are located in the same region where structural heterogeneity could be observed. These results
indicate that protein motions in the ns-us time scale cause structural heterogeneity during the

crystallization process.
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Notes:

The assignment of MxiH was carried out by Dr. Jean-Philipp Demers

The proton detected ssNMR experiments were conducted by Dr. Veniamin Chevelkov
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7 Introduction

Solid-state NMR (ssNMR) spectroscopy is a powerful technique, which provides site-specific information at
the molecular level for complex biological systems. It is amenable to investigate challenging samples: high

molecular weight, insoluble and non-crystalline systems. Biomaterials which have been studied by ssNMR

29-32 38,39

include amyloid fibrils™~°, membrane proteins33'35, virus capsidss("y, bacterial filamentous proteins™,

42,43 24,45

fibrillar proteins such as collagen®*, keratin and sil and bone and teeth mineral materials.”® SSNMR
studies of large systems are technically challenging in part due to the overcrowding of spectra, in addition to
the intrinsic low sensitivity and broad line-width of resonances in the solid state.

New techniques have been recently introduced to improve the resolution and sensitivity of Magic-Angle
Spinning (MAS) solid-state NMR spectra, including the use of high external magnetic fields, pulse sequence
implementation for observation of long-range distance correlations, increase in the magic-angle spinning
rates, proton detection and the introduction of isotopic labeling strategies. Major steps in structural studies
of biomolecules by solid-state NMR are the assignment of chemical shifts for various nuclei, the obtaining of
structural restraints such as long-range distance restraints, and the study of local dynamics. Here we
present a strategy for the isotopic *C labeling of leucine, valine and isoleucine methyl groups and
demonstrate how this labeling scheme facilitates the collection of distance restraints, the verification of
carbon chemical shift assighments and the measurement of methyl group dynamics. We combined this
labeling scheme with ultra-fast MAS and proton detection in order to obtain the chemical shift assignment
of methyl protons.

In the past, different approaches have been presented to obtain structural information on uniformly
labeled samples. One such approach is the development of new pulse sequences to collect long-range
distance restraints: CHHC and NHHC for proton-proton distances'®”’, PDSD”*®, DARR**®°, REDOR'® and
PAR' for carbon-carbon distances; TEDOR'® and PAIN'® for heteronuclear correlations such as “*C-"N.
Solid-state-NMR spectra recorded on uniformly labeled samples contain a large number of carbon
resonances which have broad line-widths mainly due to homonuclear couplings. Both factors contribute to
the low resolution and high ambiguity of cross-peaks. Uniformly labeled samples present further
disadvantages for the collection of long-range restraints: as the initial signal is shared by couplings among a
large number of *C labeled nuclei, the intensity of cross-peaks is reduced; as well, the presence of strong
dipolar truncation in uniform labeled samples suppresses the transfer of magnetization, hindering the
detection of long-range distances.

Former solutions to the dipolar truncation problem exploit sparsely *C labeling schemes, in which
different °C labeled precursors act as the only *C source in the growth medium during bacterial
(over)expression of the protein. Sparsely *°C labeled protein samples have two important advantages: first,
the spectra are simplified since a smaller number of *C atoms are labeled in the protein; second, the

13~ 13
C-

resolution of *C peaks is increased due to the removal of one-bond dipolar and scalar C couplings.
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Both result in a strong reduction of cross-peak overlapping in ssNMR spectra, leading to a simpler
determination of unambiguous long-range distances restraints.

Examples of labeling schemes used in ssNMR comprise [1,3-*C]-glyc, [2-*C]-glyc*®*%, [1-*C]-glc [2-C]-

23,24

glc and various **C labeled pyruvates.”* Long-range distance restraints are obtained in combination with

sparse labeling by recording ssNMR experiments utilized for the observation of long-range distances as

62,105

Bc-3¢ first-order dipolar recoupling sequences such as RFDR as

previously mentioned, or also with

196 gignificant improvements in the resolution of *C-*C ssNMR

demonstrated using [2-"*C]-glc labeling.
spectra have been demonstrated by using [1-"°C]-glc and [2-"C]-glc sparsely labeled proteins.®”> With these
labeling schemes, a strategy was presented to determine intermolecular interactions of proteins in a self-

107

assembled molecular system.'” In the same way the [2-"*C]-glc labeling allows the easy determination of

stereospecific assignment for the amino acids valine and leucine and can be used for the acquisition of long-
range distance restraints in 3D spectra.ZG’27
Previous studies exhibit the prevalent application of sparsely labeled methyl groups to gain structural,

functional and dynamics information about proteins.®>*%**'

In addition unambiguous long-range
correlations between methyl groups are important as methyl groups tend to be found deep in the
hydrophobic core of proteins. However, a drawback of the glycerol and glucose labeling schemes lies in the
high spectral crowding of the methyl **C region. Many amino acids containing methyl groups — threonine,
alanine, valine, isoleucine, leucine and methionine — often have theirs concurrently labeled in [1,3-13C]—glyc
and [1-"*C]-glc labeling schemes, maintaining a strong ambiguity of cross-peaks in *C-C ssNMR spectra.

Our approach proposes to avoid this problem by utilizing the biosynthetic precursors a-keto-isovalerate™!
and a-keto-butyrate. Considering the biosynthetic metabolism of amino acids (Figure 59), one obtains only
13¢C labeled methyl groups on leucine and valine when using labeled a-keto-isovalerate. The C81 methyl
group of isoleucine can be **C labeled by means of labeled a-keto-butyrate. This leads to an improvement in

the information content obtained from the methyl-methyl region of *c-"

C 2D spectra as the ambiguity of
methyl-methyl cross-peaks is largely reduced. This benefit facilitates collecting of unambiguous distance
restraints between carbons of methyl groups that are close in space. Here, we demonstrate the recording of
long-range restraints in the Type-Three Secretion System (T3SS) of Shigella flexeneri.”> We also analyze the
intensity of intra-residue cross-peaks and the relaxation properties of methyl carbons. Employing ultra-fast

MAS rates and sparse “C labeling of methyl groups facilitate high-resolution proton-detected *C-'H

correlations yielding the assignment of methyl protons.
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8 Material

8.1 Sample preparation

MxiH proteins were expressed recombinantly in E. coli strain BL21 (DE3) in minimal medium during 5 hours.
For the production of the [Leu-Val *C Methyl] ([LV-"*C Methyl])-labeled sample, a-ketoisovalerate Na [2-
keto-3-(methyl-*C)-butyrate-4-"*C] (125mg/L) was added as carbon source one hour prior to induction. For
the [U-"N-[lle-Leu-Val-"*C Methyl] ([U-"N-[ILV-"*C Methyl])-labeled sample, >NH,Cl was used as nitrogen
source. One hour before induction, a-ketoisovalerate Na [2-keto-3-(methyl->C)-butyrate-4-*C] (125mg/L)
and a-ketobutyrate Na [2-keto-butyrate-4-"*C] (125mg/L) were added as carbon source. Both proteins were
purified by following the protocol established for Salmonella typhimurium Prgl needles.”* The N-terminal
hepta-Histidine (His) tag was cleaved using tobacco etch virus protease, releasing MxiH proteins containing
the non-native N-terminal residues glycine and histidine. The protein concentration was raised to 0.2mM
during polymerization, which took place at 37°C for 16 days and approximately 20mg of needle proteins

were produced.
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9 Methods

9.1 General aspects

MxiH needles were ultra-centrifuged and transferred into a 4.0-mm and a 1.3-mm ZrO, ssNMR rotor. Solid-
state NMR experiments for the [LV-"*C Methyl]- and the [U-"N-[ILV-*C Methyl]-labeled sample were
recorded on an 18.8-Tesla spectrometer (Bruker Biospin, AVANCE Ill Germany) operating at 800 MHz 'H
Larmor frequency. Carbon-detected experiments were conducted at 11kHz MAS frequency (4.0-mm rotor)
and a temperature of 7.5°C, while for proton-detected experiments sample was spun at 60kHz MAS
frequency (1.3-mm rotor) and had an effective sample temperature of 35°C. Proton-detected experiments
were conducted on only [U-"N-[ILV-"*C Methyl]]-labeled sample. The temperature was calibrated from the

'H chemical shift of water in reference to DSS.®

All spectra were processed using Bruker Topspin 3.1 software. For 2D and 3D spectra, the free induction
decay (FID) signals were apodized prior to Fourier transform, using sine squared window functions: the sine
bell shift was 45° for all carbon-detected spectra, respectively 43° and 47° for the 'H and *C dimensions of
the 2D (H)CH-spectrum (Figure 65.A) and 47° for all dimensions of the 3D (H)CCH-spectrum (Figure 65). The

chemical shift assignment of spectra was carried out using the Sparky software 3.114.%

9.2 Carbon-detected ssNMR

The 1D CP MAS spectra (Figure 60.A,B Figure 62.A) were acquired with the following parameters: maximal
acquisition time (AQ)=50ms, recycling delay (RD) of 5s. No window function was applied in the processing.
The build-up of >N magnetization transferred during *N-"3C SPECIFIC-CP®*° was determined in a series of 1D

experiments (Figure 64.B) where the contact time of the °N-**

C CP was varied from 5ms up to 15ms in
steps of 2.5ms. The experiments were recorded using the following parameters: AQ=10ms, RD of 2.5s and
5120 number of scans (NS). The nutation frequencies employed during the >N-"3C CP transfer were 8.8kHz
rf on the **C channel, 4.5kHz rf on the N channel and 58kHz rf on the *H channel.

For the [LV-*C Methyl]-labeled sample, two 2D PDSD-spectra were acquired (Figure 60.B, Figure 63.A),
with PDSD mixing times of 50ms and 800ms, using the following parameters: AQ;=12ms (indirect
dimension), AQ,=15ms (direct dimension), spectral window SW;=22ppm (indirect dimension), SW,=346ppm
(direct dimension), RD of 3s, CP contact time of 0.8ms, NS=256 (for PDSD 50ms) or NS=1856 (for PDSD
800ms), for a total experimental times of 23h (for PDSD 50ms) and 6days 19h (for PDSD 800ms). For the [U-
BN-[ILV-*C Methyl]]-labeled sample, a PDSD-spectrum with mixing time of 800ms was recorded (Figure
63.A) using the following parameters: AQ;=12ms (indirect dimension), AQ,=15ms (direct dimension),
spectral window SW;=80ppm (indirect dimension), SW,=345ppm (direct dimension), RD of 3s, CP contact
time of 0.5ms, NS=320, for a total experimental time of 5days 11h. The spectrum of the [U-"3C]-glc labeled

sample (Figure 61) was recorded with a PDSD mixing time of 50ms, using maximum acquisition times of
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19ms (direct dimension) and 15ms (indirect dimension). The total experimental time was 1day 17h. The
spectrum of the [2-*C]-glc labeled sample (Figure 61) was recorded with a PDSD mixing time of 50ms, using
maximum acquisition times of 21ms (direct dimension) and 15ms (indirect dimension). The total
experimental time was 1day 7h.

The NCX-spectrum (Figure 64.A) was recorded on the [U-N-[ILV-*C Methyl]]-labeled sample with
AQ;=10ms (indirect dimension), AQ,=10ms (direct dimension), spectral window SW,;=39.8ppm (indirect
dimension), SW,=282ppm (direct dimension), RD of 3.7s, initial ‘H=""N CP contact time of 1400us. The “N-
13C SPECIFIC CP? transfer was achieved using contact time of 12ms with a decoupling of 58kHz rf on 'H,
number of scan NS=1408, for a total experimental time of 3days 21h

The apparent °C longitudinal relaxation rates T; were measured on the [U-"N-[ILV-*C Methyl]]-labeled
sample in 1D *C experiments (Figure 62.B,C). Following initial cross-polarization to “*C, carbon
magnetization was placed along the longitudinal axis during a variable relaxation delay and then brought
back to the transverse plane for detection. The relaxation delay was set in the range of 1lus to 4.5s.
Experiments were recorded with AQ=30ms, NS=256, RD of 10s and a total experimental time for all

experiments of 21h.

9.3 Proton-detected ssNMR

The proton-detected 2D *C-'H heteronuclear correlation (Figure 65.A) was recorded according conventional
(H)CH pulse sequence'*” presented in Figure 79.A (Appendix I1). Acquisition time for the direct and indirect
dimensions was 8ms and 40.7ms, respectively. In 3D (H)CCH experiment (Figure 79.B, Appendix 1), *C-*C

0219 thus giving information about carbon-

homonuclear dipolar interactions were recoupled by RFDR
carbon contacts. Maximal acquisition times were AQ;=22.6ms, AQ,=16.8ms (indirect dimensions) and
AQz=7ms (direct dimension). RFDR recoupling was applied during 19.2ms and the applied carbon rf field
was 45kHz. In all the experiments during *H-">C CP, the carbon rf field was ramped down from 100% to 70%
with an average value of 15kHz, while the proton rf field was kept constant at 45kHz. The CP contact times
were 520ps and 320us for *H-*C and C-'H transfer, respectively. During *C evolution, *H-"*C couplings
were removed by application of low-power XiX*** on proton channel with an rf strength of 12kHz. During
proton detection, the "H-"3C scalar couplings were removed using WALTZ-16 decoupling sequence® with an

rf strength of 7kHz. The experiment times were 20.5h and 4days 12h for the 2D and 3D experiment,

respectively.
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10 Results and Discussion

10.1 Isotopic labeling pattern

The knowledge of the biosynthetic pathways of amino acids allows prediction of the labeling pattern which
can be achieved in proteins over-expressed in E. coli.¥® To identify the labeling pattern obtained in our
approach, we recorded solid-state NMR experiments on assembled MxiH needles. Two MxiH needle
samples were produced: first, the [LV-"*C Methyl]-labeled sample was prepared using the a-ketoisovalerate
precursor °C labeled at both methyl groups; second, the [U-"N-[ILV-"*C Methyl]]-labeled sample was
114,115

produced using three labeled precursors: sodium a-keto-isovalerate and sodium a-keto-butyrate

labeled at the methyl groups and >NH,CI (Figure 59.A,B).

C|) —» a-aceto-a-hydroxybutyrate CH3 O
13 |
3HC@]/\\O_ —» a-keto-B-dihydroxy-B-methylvaerate — 3HC\/KAAOH
Na*

A)

O —p a-aceto-a-hydroxybutyrate NH,
sodium a-ketobutyrate (125mg) isoleucine
B)
BCH, 0 CHy 9 0
3 . HC13
—p a-isopropylmalate > 3 OH
B3 OH --— 13 o}
HC HEE ] —»  a-ketoi t “CH, NH
NH, Na* a-ketoisocaproate 3 2
valine sodium a-ketoisovalerate ( 125mg) leucine

Figure 59 Representation of the biosynthetic pathways of the residues isoleucine, leucine and valine based on the
inducted precursors A) keto-butyrate and the intermediate steps achieving Bc-C61 labeled isoleucine B) 2-keto-
isovalerate and the resulting products 13C\/1,13Cy2 labeled valine and *C&1,"°C62 labeled leucine.

Solid-state NMR 1D CP-spectra were recorded for these samples and compared with spectra obtained from
two established C labeling strategies: uniform labeling [U-*C]-glc, and sparse labeling [1-"*C]-glc. As
previously demonstrated, the [1-°C]-glc- and [2-"°C]-glc labeled spectra show a large improvement in *C
resolution and line-widths relative to [U-"*C]-glc labeled spectra, due to the removal of a majority of one-
bond *C="C dipolar and J couplings.®** However, *C spectra are highly crowded in the chemical shift range
from 15ppm to 30ppm which corresponds to the methyl region of amino acids since methyl carbons are **C
labeled for all amino acid types in the [1-**C]-glc labeling. For some amino acids, carbon resonances from
CH, groups can also be found in the same chemical shift range as methyl groups. In contrast, the [LV-C
Methyl]-labeled MxiH spectrum shows only signals from methyl carbons, in the chemical shift range from
15ppm to 26ppm (Table 4). Considering a tolerance window of +0.15ppm, only four leucine or valine methyl
carbon resonances are isolated in the [U-BC]—gIc labeling, in contrast to six resonances for the [1—13C]-glc
labeling and ten resonances for the [LV-*C Methyl] labeling.

The comparison between the [U-"N-[ILV-"C Methyl]]-labeled sample with the [LV-"*C Methyl]-labeled
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sample demonstrates the similarity of the valine and leucine methyl resonances both in resolution and
signal intensity as well as the addition of the C81 methyl carbons of isoleucines in the [U-N-[ILV-C

Methyl]]-labeled sample (Figure 60.B), which are absent in the [LV-"*C Methyl] spectra.
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Figure 60 A) Excerpts of 1D CP-spectra of (black) [U-"C]-glc, (red) [1-"*C]-glc and (violet) [LV-"*C Methyl] B) Comparison
of the [LV-"C Methyl]-labeled sample (blue) with the [U-"N-[ILV-C Methyl]]-labeled sample (yellow) with full width
at the half-height (FWHH) values are indicated for isolated resonances. C) Electron microscopy image of T3SS MxiH
needles D) Measurements of the intensities of intra-residue cross-peaks calculated from the 2D PDSD-spectrum of [LV-
Bc Methyl] labeled sample, bars marked with a black star are ambiguous due to same chemical shift values E) 2D
PDSD-spectrum of [Lv-2c Methyl]-labeled MxiH needles recorded with a mixing time of 50ms. The cross-peak L37
C61/C6&2, located on the diagonal, was confirmed from a Be-Be double-quantum single-quantum (DQ-SQ)-spectrum
recorded on the uniformly labeled sample.25

No significant signals could be detected in other regions of the 1D CP-spectra, demonstrating the absence
of scrambling (i.e. undesired biosynthetic pathways) in the labeling patterns. This was further confirmed by
recording 2D PDSD with short mixing time (50ms PDSD, Figure 60.B) in the LV labeled samples. Cross-peaks

only appear where predicted according to the reported chemical shifts® (Table 4 and BMRB entry 18651).
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Table 4 Isotropic chemical shifts of carbons and protons of the methyl groups of valine, leucine and isoleucine in the
T3SS of Shigella flexneri.

Chemical shifts are indicated in ppm relative to DSS.

61 C62 Cyl Cy2 H&1 H&2 Hyl Hy2
V3 - - 18.8 20.9 - - -0.4 0.5
V5 - - 22.0 23.6 - - amb amb
L12 26.5 24.7 - - 1.0 1.2 - -
L15 27.1 25.1 - - 0.9 0.7 - -
L26 23.8 24.9 - - 1.1 0.9 - -
L30 26.2 23.3 - - 0.5 0.6 - -
L34 23.7 25.4 - - 0.6 0.1 - -
L46 23.4 25.5 - - amb 0.7 - -
L47 24.8 24.0 - - 0.8 0.7 - -
L54 215 25.1 - - amb amb - -
L59 28.1 22.2 - - 0.9 0.8 - -
V68 - - 21.0 22.7 - - 0.9 11
V70 - - 22.2 24.2 - - 1.0 1.2
171 8.0 - - - 0.7 - - -
V74 - - 215 25.2 - - - -
178 amb - - - amb - - -
179 amb - - - amb - - -

A remarkable advantage of the >C methyl labeling strategies is that the high resolution obtained in [1-2*C]-
glc- and [2-3C]-glc labeled samples is conserved (Figure 76), due to the absence of neighboring *C labeled
nuclei. Indeed, the carbon resonances are very sharp, with line-widths measured on isolated resonances

ranging from 29.1Hz (0.14ppm) to 52.1Hz (0.26ppm) (Figure 60.B).

The stereospecific assignment of the methyl groups was achieved by the approach of the [2-*C]-glc sparsely

labeling strategy as previously introduced.'*®

The stereospecific assignment of valine residues was achieved
based on the presence of strong correlation cross-peaks for Ca—Cyl and CB—Cy2 as highlighted for the
assignment of V74C61 and C&2 (Figure 61). For leucine residues, the unambiguous assignment of the
prochiral methyl groups is extracted from the correlation cross-peaks for Cy-C62, shown in Figure 61 for the

L59 spin system. The stereospecific assignment of methyl groups is structurally relevant since side-chain

[ 13 117

rotameric conformations can be identified from the methyl ~°C chemical shifts.

65



25
£
g
=
o
30
.V74CBCa |
o @
35 °
70 68 66

5 "C /ppm

Figure 61 2D PDSD-spectra of [U-"C]-glc- (in black) and [2-"C]-glc labeled (in magenta) T3SS MxiH needles, recorded
with a PDSD mixing time of 50ms. Spin systems for V74, L59 are highlighted in blue. The stereospecific assignment for
the methyl carbons of valine and leucine can be identified using the appearance of Cy-C62 cross-peak in leucine, and
Ca-Cy1 and CB-Cy2 in valine, following the method introduced in Ref.?®

10.2 Dynamics in the biomolecular assembly

In addition to dynamic studies, we performed relaxation studies of these methyl groups. We observed
strong differences in the signal intensities of intra-residue cross-peaks (Figure 60.D) measured from the 2D
PDSD-spectrum short mixing time (Figure 60.E). Peaks corresponding to amino acids located in the C-
terminal helix of the MxiH needle were more intense. The C-terminal helices, lining the inside lumen of the

24,25

needle assembly” >, may be more tightly packed than the N-terminal helices present at the outer surface

of the needle. Similar differences in cross-peak intensities were also observed in a DNP study of MxiH

needles.'*®

It was also observed that the amino acid sequence of T3SS needle protein is more conserved in
this C-terminal helix.”

We measured the apparent °C T, relaxation rates of Leu, Val and Ile methyl groups in MxiH, as knowledge
about this parameter is highly recommended to choose appropriate mixing times in PDSD experiments for
recording distances restraints. Due to the highly resolved carbon resonances in the 1D CP-spectrum of [U-
BN-[ILV-*C Methyl]]-labeled MxiH (Figure 62.A), we are able to select six isolated methyl peaks (Table 5).
The C T, relaxation rates range from 318ms to 485ms for leucine and valine residues (Figure 62.B,C). The
isoleucine resonances show a longer T,: the 171C61 resonance has a T, of 743ms; the isoleucine 178 and 179
resonances overlap; however, the fitted curve corresponds to a T, of 1.32s (Figure 62.C). Although the
values for T, differ between residues, a structural interpretation of the T, values is difficult due to the strong

influence of carbon-carbon spin diffusion during the measurement; higher MAS rates would be required to

suppress this effect. For the observation of long-range distance cross-peaks, usual PDSD mixing times of
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longer than 400ms are employed to allow sufficient transfer of magnetization. However, the inspection of
the C T, decay curves for leucine and valine residues reveal that mixing times longer than 1s would result
in a reduction of the magnetization amount to 10% of its initial level. We can suggest PDSD mixing times in

the range of 400 to 800 milliseconds for the observation of long-range distance correlations.
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Figure 62 A)1D CP-spectrum of [U-N-[ILVv-"C Methyl]]B) Graphs of the B3¢ T,-relaxation rates of the unambiguous
leucine and valine methyl groups C) Graphs of the B¢ T,-relaxation rates of the isoleucines methyl groups.

Table 5 Longitudinal B¢ 1, relaxation times of the methyl groups of valine, leucine and isoleucine in the T3SS of
Shigella flexneri

Values are in milliseconds.

cs1 62 cyl Cy2
V3 - - 393+6 -
L15 485 + 6 - - -
L59 318+ 4 - - -
V68 - - 443 + 4 447 £ 3
171 743 £ 34 - - -
178/79 | 1318+42 - - -

10.3 c-"c Distance restraints

In order to collect long-range distance restraints, we recorded 2D PDSD-spectra with a long mixing time of
800ms for both the [LV-C Methyl]- and [[U-"N-[ILV-*C Methyl]]-labeled sample (Figure 63.A). By
comparing those spectra with short mixing PDSD-spectra (Figure 60.E), multiple long-range cross-peaks can
be observed. A long-range correlation is defined between residue i and j where [|i-j|=5]. In our analysis, we

picked all peaks in the spectrum and excluded all short-range [1 <|i-j| <2] correlations.
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The long-range cross-peaks were classified as frequency unambiguous, structurally unambiguous, or
ambiguous. For each cross-peak, all assighment possibilities were considered which had a chemical shift
deviation of less than 0.15ppm between the resonance frequency and the frequency present in the BMRB
(BMRB entry 18651). If only one assignment possibility is present in the tolerance window, the correlation is
classified as frequency unambiguous (Table 17, Appendix Il). The frequency unambiguous correlations
indicate the right 3D fold of the subunit and the inter-molecular assemblies. As an example, all methyl-
methyl contacts between residues L12 and V68 are frequency unambiguous and highlighted in magenta in
Figure 63.A. Remaining long-range correlations can be assigned unambiguously by employing the 3D
structure identified using the frequency unambiguous cross-peaks. Indeed, long-range correlations are

usually assigned in an iterative procedure.'****

To determine the number of structurally unambiguous
correlations that can be obtained using our labeling approach, we used the atomic structure of the MxiH

needle assembly determined on the basis of cryo-EM density map solid-state NMR restraints and Rosetta

modelling.
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Figure 63 A) Comparison of the [Lv-c Methyl]-labeled sample (blue) with the [U-"N-[ILv-"C Methyl]]-labeled sample
(yellow) PDSD-spectra with a mixing time of 800ms. The cross-peaks which are colored in black represent intra-residual
interactions, in magenta unambiguous distance restraints and in green structurally unambiguous distances restraints.
The shielded C81 resonance of isoleucine 171 (8.0ppm) is not shown. B) The unambiguous distance restraints between
L12 to V68, identified on the 2D PDSD-spectrum of the [Lv-"c Methyl]-labeled sample, is illustrated on the atomic
structure of MxiH needles from Ref.mC) Representation of the structurally unambiguous distance restraints between
L59 methyl carbons to 179C61, as observed on the 2D PDSD-spectrum of the [U-lSN-[ILV—BC Methyl]]-labeled sample.

For each long-range cross-peak, we calculated the distance for every assignment possibility, including intra-

molecular and inter-molecular distances. A correlation was classified as structurally unambiguous when the
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shortest distance was more than 2 A shorter than any other assignment (Table 18, Appendix I1). As an
example, the L59 methyl carbons C61 and C&62 have systematically shorter distances to 179C61 than to
I78Cd1, as presented in Figure 63.C. The structurally unambiguous correlations 179C61-L59C61 and 179C61-
L59C62 are highlighted in green in Figure 63.A. When more than a single possibility remained, correlations
were classified as ambiguous (Table 19, Appendix Il) and the corresponding cross-peaks are colored in blue.
In this statistical analysis the 10 lowest energy conformations of the ensemble were considered: the
distances listed in Table 17-19 (Appendix Il) are reported as average + standard deviation format. The
ambiguous correlations can be used further in a structure calculation procedure since many software

19123 Eyrthermore they can be used as an independent

packages allow the use of ambiguous restraints.
dataset for validation of the structure.

From the PDSD 800ms spectrum of the [LV-">C Methyl]-labeled sample (Figure 63.A), we obtained ten
frequency unambiguous correlations (Table 17, Appendix Il), seven structurally unambiguous correlations
(Table 18, Appendix Il), and four ambiguous correlations (Table 19, Appendix Il). The long-range interaction
between the L12 and the V68 residues is highlighted in the protomer structure (Figure 63.B). This
information confirms the intra-molecular packing of the second alpha-helix close to the beginning of the
first alpha-helix of the MxiH-protein. By comparing the spectra of the [U-"N-[ILV-"*C Methyl]] to those of
the [LV-"*C Methyl]-labeled sample, one can detect additional correlations between the L-V methyl carbons
to the C61 methyl group of 178 and 179: four structurally unambiguous and four ambiguous new correlations
were found. Although the C61 resonances of isoleucines 178 and 179 overlap, structural information on the
intermolecular interfaces of the self-assembling system can be achieved. (Figure 63.A) One of these
interactions corresponding to the lateral contact between the C-terminal helices of subunit i and i+6, is
highlighted between the leucine L59 and the isoleucines 178 and 179 (Figure 63.C). In total, 21 unambiguous

carbon-carbon distance restraints could be collected, which had distances varying from 3.9 Ato 10.3 A, with

an average of 6.7 A.

10.4 '*N-'3C Distance restraints

With NH,Cl as the sole nitrogen source in the expression medium, the recombinant proteins become
uniformly °N labeled, such that ultra-sparse methyl *C labeling schemes can be used to collect N-C
distance restraints by recording a NCX-spectrum. In contrast to conventional ssNMR experiments such as
NCA and NCO where a one-bond N-C transfer is required for the >N-3C CP step, the backbone **N and

13
I

methyl ~°C atoms are separated by three chemical bonds (valine) or four bonds (leucine, isoleucine). The

intra-residual distances from the backbone N to the **C labeled methyl carbons are larger compared to

one-bond °N-**

C distances: on average 3.4 A for valine, 4.3 A for leucine and 4.4 A for isoleucine. As a result,
the contact time of the N-C transfer step has to be increased. The 1D build-up curves of the °N-">C CP
contact time starting from 5ms up to 15ms are shown in Figure 64.B.

A crucial element for this type of experiments is the control on the rf irradiation time. For probe safety, we
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have chosen a CP contact time of 12ms with a ‘H decoupling strength of 58kHz and low-power irradiation
on the carbon and N channels (8.8kHz rf °C, 4.5kHz rf °N). The 2D NCX-spectrum contains intra-residue
cross-peaks and sequential cross-peaks, which can be used to confirm the N and *C chemical shift
assignment. Indeed, we assigned six cross-peaks for N; to C,_; correlations and one cross-peak for N; to Ci,,,
with distances ranging from 3.5 A to 6.4 A. From the 2D NCX-spectrum, we obtained a total of twelve
structurally unambiguous distance restraints (Table 17, Appendix IlI) and eight ambiguous restraints (Table
18, Appendix Il). The information about the axial interface between needle subunits i and j+11 is illustrated
in Figure 64.C by an unambiguous contact between E49N and 178C61. Distance restraints were detected

with distances ranging from 5.6 A to 12.1 A and an average of 7.3 A.
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Figure 64 A) plot of the 2D NCX-spectrum of [U-"N-[ILv-"C Methyl]]-labeled sample, cross-peaks which are colored in
black represent intra-residual-, in blue ambiguous interactions and in green structurally unambiguous distance
restraints. B) Build up curves of the double CP contact time in the range from 5ms up to 15ms. C) lllustration of the
structurally unambiguous distance restraints between E49N to 178C61, observed on the 2D NCX-spectrum,

represented on the atomic structure of MxiH needles from Ref.'*

10.5 Proton-detected ssNMR

Ultra-fast MAS (~60kHz MAS) and high external magnetic fields provide attractive conditions to use proton

13,124

detection in fully protonated samples. This approach provides better sensitivity compared to “C
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detection and improved resolution via the additional proton dimension. In addition, low-power
heteronuclear decoupling schemes can be efficiently employed at ultra-fast spinning rates'™, and thus very
long *C evolution time can be used to gain high resolution originating from the very sharp carbon lines.
Figure 65.A shows a 2D proton-carbon heteronuclear correlation experiment which demonstrates the
possibility to assign methyl proton chemical shifts, in part due to the reduced number of resonances. Proton
line-widths vary from 160 to 300Hz, which indicates a high variation in the mobility of methyl groups as well
as on the disorder and heterogeneity of the molecular assembly. The line-width of the **C projection is
presented in Figure 78 (Appendix Il). We recorded a 3D (H)CCH experiment (Figure 65.B) using RFDR®* to
13C_13

recouple C homonuclear dipolar interactions and obtain information about carbon-carbon contacts.

Although the RFDR recoupling period lasted moderately long (19.2ms), we observed only intra-residual

12> The conducted

contacts as long-range magnetization transfers were suppressed by dipolar truncation.
experiments allowed the assignment of almost all methyl proton signals via the carbon resonance

assignments, which were obtained previously®® and confirmed in Figure 60.E and Figure 63.A.
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Figure 65 A) Two dimensional proton-detected (H)CH correlation spectrum. Three dashed lines show unresolved
signals originating from known resonances, which are indicated on the right side of the panel. B) Two representative
planes from 3D (H)CCH correlation experiment demonstrate the assignment of methyl protons from the same amino
acid. Carbon isotropic chemical shift values in the indirect dimension are indicated at the top of the planes.

The chemical shift of methyl proton can reveal local structural features, such as the shielding and
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deshielding effects due to aromatic rings currents. As proton chemical shifts are highly sensitive to the
surrounding environment, they can also be used as a basis for the comparison of different sample
preparations, for instance to detect the binding sites of ligands and to characterize the influence of binding
partners. Considering the recent improvements in the performance of chemical shift prediction software

126-128

packages , the determination and validation of side-chain conformation could employ side-chain

chemical shifts similarly to the present use of backbone chemical shifts.
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11 Conclusions

We have reported a straightforward isotopic labeling strategy for the Type-Three Secretion System (T3SS)
needle assembly of MxiH proteins and obtained 10 frequency unambiguous distance restraints, 23
structurally unambiguous distance restraints and 16 ambiguous distance restraints. We could show that the
use of the two biosynthetic precursors, a-ketoisovalerate and a-ketobutyrate, is a valuable tool in achieving
clear and ultra-sparse labeled *C methyl group spectra, with a high resolution for *C resonances (line-
widths as low as 29.1Hz). We demonstrated the possibility of recording NCX-spectra where long-range
distance correlations were detected. Our approach reveals a significant increase of detectable long range
correlation distances up to 12 A in comparison to primarily proton detected ssNMR experiments on partial

111 additionally, the high resolution of peaks and the spectral simplification enabled

protonated samples.
many important aspects for the study of proteins: the assignment of methyl proton chemical shifts, the
collection of long-range restraints, and the study of dynamics. The proposed labeling strategy can be

employed to advance the study of large and complex protein systems.
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12  Appendix|

12.1 Ubiquitin MPD

12.1.1 SsNMR experiments (MPD)

Table 6 List of solid-state NMR experiments performed on various samples

Type of Acquisition Times Mixing Time Recycling Delay Spectrum size Number Total Spectrometer
sample Experiment (ms) (ms) (s) (ppm) of Scans time H larmor freq.
unif-Ubiquitin PDSD 14 /14 50 3.0 354 /240 32 1d18h 850 MHz
unif-Ubiquitin PDSD 14 /14 150 3.0 354 /240 32 1d 18 h 850 MHz
unif-Ubiquitin NCA 10/12 2.6 296 / 44 64 4h 800 MHz
unif-Ubiquitin NCO 10/12 2.6 296 / 44 64 4h 800 MHz
unif-Ubiquitin INEPT 10/ 10 1.1 334/14 32 25h 850 MHz
unif-Ubiquitin 1D-c 20 2.2 300 16 im 850 MHz
unif-Ubiquitin 1D-"N 15 2.0 702 128 4m 800 MHz
unif-Ubiquitin NCACX 14 /11 30 3.3 283 /60 1504 6d 5h 800 MHz
unif-Ubiquitin NCOCX 10/ 14 60 3.2 283 /60 2080 10d 20h 800 MHz
unif-Ubiquitin NCOCA 10/13.5 3.2 300/ 46 576 2d 8h 850 MHz
unif-Ubiquitin NCACO 10/ 14 3.2 300/ 46 448 1d 21h 850 MHz
unif-Ubiquitin CANCOCA 9/8 33 300/ 28 2304 8d 14h 850 MHz
1glu-Ubiquitin 1D-2C 20 2.5 334 32 im 850 MHz
1glu-Ubiquitin PDSD 14/11 100 3.0 346 /200 80 2d 19h 800 MHz
1glu-Ubiquitin PDSD 15/11 900 2.2 346 /250 256 9d 1h 800 MHz
1glu-Ubiquitin PDSD 15/10 400 2.3 318 /220 304 6d 19h 600 MHz
1glu-Ubiquitin NCA 12 /10 3.0 283/200 144 1d 15h 800 MHz
2glu-Ubiquitin 1D-2C 20 2.5 334 32 im 850 MHz
2glu-Ubiquitin PDSD 14/11 100 2.8 249 /100 96 2d19h 800 MHz
2glu-Ubiquitin PDSD 15/11 900 2.0 346 /210 352 10d 7h 800 MHz
2glu-Ubiquitin PDSD 15/10 900 2.0 318 /200 496 11d 1h 600 MHz
2glu-Ubiquitin NCA 13/12 3.3 283 /50 240 21h 800 MHz
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12.1.2 Chemical shift lists (MPD)
Table 7 Observed chemical shifts for the main conformation of microcrystalline ubiquitin (MPD)

The chemical shifts values are indicated in ppm relative to DSS (deposited in the BMRB under accession ID: 25123).
Resonances marked with “*” symbol are ambiguous.

residue N co Ca CB Cy/Cy2 C6/C82 Ce/cCe2 Ct

Met 1 389 1709 55.2 34.2 313 18.4

GlIn2 | 1250 175.1 54.2 315 35.3 180.1

lle 3 1152 1723 588 417 25.2/18.2 14.1

Phe4 | 119.2 1753 547 414 139.2 132.1* 131.0* 127.1
Val 5 121.0 1755 60.0 34.8 21.1/20.6

Lys 6 126.2 177.2 534 338 24.5 29.5

Thr7 | 112.8 177.7 60.3 70.2 21.0

leu8 | 1193 1774 573 424 27.4 28.5/23.9

Thr9 | 1025 1756 61.0 69.3 23.0

Gly10 | 109.4 173.4 44.9

lys11 | 122.2 175.4 56.5 329 25.2 29.4 42.6
Thr12 | 119.8 1744 62.8 69.6 22.7

lle13 | 128.6 1752 59.8 40.4 26.6/18.1 14.8

Thr14 | 1244 1740 62.6 69.5 22.4

Leul5 | 1252 174.1 525 463 26.8 27.6/245

Glule | 123.4 175.1 54.2 304 36.7 178.7
Val17 | 1188 175.1 58.6 36.5 22.5/19.2

Glu18 | 119.0 175.3 54.7 29.9 37.0 185.4
Pro19 | 133.7 1775 658 32.2 27.8 49.9

Ser20 | 108.8 1733 57.1 613

Asp21 | 1223 176.6 56.7 385 181.5

Thr22 | 106.6 176.3 59.7 70.8 22.0

lle23 | 121.7 179.2 61.8 333 27.7/17.4 9.5
Glu24 | 123.4 1789 59.0 30.6 33.7 184.0
Asn25 | 121.0 180.4 553 36.6 174.2

Val 26 | 124.4 177.4 67.7 31.0 20.7/24.0

lLys27 | 120.0 180.8 59.0 34.7 25.9 31.1 42.8
Ala28 | 122.2 179.9 55.0 185

lys29 | 118.6 180.8 59.3 33.9 26.4 30.5 43.1
lle30 | 122.7 1775 66.4 369 30.7/16.9 15.7

GIn31 | 122.8 179.2 595 28.1 33.7 180.0

Asp32 | 1214 177.6 57.9 38.7 178.8

lys33 | 120.0 178.1 59.5 344 25.5 29.9 42.8

Glu34 | 112.0 177.4 55.0 333 34.9
Gyl35 | 109.2 1739 46.0
lle36 | 119.7 1735 57.7 404 27.7/18.0 13.8
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residue N co Ca Ccp Cy/Cy2 C6/C62 Ce/Ce2 CT
Pro37 | 142.6 176.7 61.8 32.1 28.5 514

Pro38 | 136.6 1784 66.4 33.0 28.1 51.4

Asp 39 | 115.0 177.3 554 383 180.3

GIn40 | 117.8 175.9 55.2 295 34.0 179.2

GIn41 | 120.7 174.7 559 30.7 33.7

Arg42 | 125.7 173.5 55.2 30.8 27.8

Leud43 | 127.0 175.6 533 474 27.5 25.4/26.5

lle 44 119.3 176.1 58.2 415 27.7/17.6 12.8

Phe 45 | 123.7 173.6 56.4 44.3 137.1 132.4* 132.3*
Alad46 | 135.7 177.3 52.2 16.5

Gly47 | 103.7 173.5 45.6

Lys48 | 1225 175.0 553 314 25.3 294 42.7
GIn49 | 1239 175.7 55.9 30.3 36.2 178.9

Leu50 | 1239 176.4 54.1 413 25.6 26.1/19.4

Glu51 | 123.5 177.1 559 299 35.0

Asp 52 | 118.6 1759 57.7 39.7 181.2

Gly53 | 100.9 1749 45.6

Arg54 | 120.8 175.0 534 32.6 27.4 43.0

Thr55 | 107.6 176.4 59.6 73.5 23.3

Leu56 | 117.4 180.3 58.3 39.7 26.1 27.8/23.3

Ser57 | 112.2 178.4 60.8 62.7

Asp 58 | 125.1 176.1 57.6 38.8 180.6

Tyr59 | 113.0 176.0 57.1 40.5 130.8 131.1* 117.8* 156.9
Asn 60 | 117.4 174.1 53.7 37.7 178.1

lle 61 118.7 174.1 629 365 289/17.9 15.3

GIn62 | 125.8 175.2 536 32.2 33.2 180.8

Lys63 | 1194 176.6 584 32.8 30.1

Glue4 | 1149 1749 58.2 26.1 35.6 183.9

Ser65 | 115.7 172.0 61.3 65.1

Thre6 | 118.2 1729 62.5 70.0 22.3

Leu67 | 1289 1755 535 445 30.6 243 /25.8

His68 | 117.8 175.6 54.5 304

Leu69 | 126.0 176.4 55.2 419 27.6 24.2 / 25.6

Val70 | 112.2 176.2 589 36.3 22.0/18.4

Leu71 | 119.7
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Table 8 Chemicals shift of the second and third conformation of microcrystalline Ubiquitin (MPD)

Chemical shifts are indicated in ppm relative to the DSS. The second and third conformation is highlighted by one or

“uxn

two primes respectively. Resonances marked with symbol are ambiguous.

residue N co Ca CcB Cy/Cy2 C6/C62 Ce/Ce2

Met 1° 389 170.8 55.2 341 313

GIn2® | 1245 1748 544 315 354 179.6

lle 3 116.7 1724 588 417 25.2/18.2 14.1

Phe4® | 119.2 1751 549 41.2 139.2 132.1*

Val 5° 1219 1751 604 342 22.7/20.5

Lys 6° 128.2 177.1 54.0 34.6 24.5 29.2 42.6

Thr 7° 1135 1773 60.2 713 21.4

Thr7 | 1147 1771 60.0 70.1 20.7

Leu8 | 1211 176.2 57.0 43.1 26.9 26.6/23.8
Leu8™ | 120.1 177.2 56.3 42.2

Thr 9 101.8 176.1 60.3 69.1 22.3

Thr9™ | 104.8 175.7 61.2 69.8 22.9

Gly10° | 109.3 1741 454
Gly10 ™ | 109.3 173.5 44.9

Lys11® | 121.1 176.0 55.0 33.3 25.1

Thr12® | 118.4 1740 62.8 70.0 22.6

Thr12™ 1743 62.4 69.5
lle13" | 129.3 1752 60.0 414 26.9/18.1 15.0
lle13™ | 127.3 175.1 59.6 41.4 18.7

Thr14® | 1233 173.8 62.3 69.6 22.2
Leu15" | 1252 173.8 52.4 459 26.8 27.6/245

Thr 22 176.3

lle23" | 1225 179.2 62.2 33,6 28.3/17.9 9.7

Val26° | 1245 1776 67.7 31.0 21.3/2338

lle 30° 177.5 663 36.8 30.7/17.2 15.9
Lys 33 178.1

Glu34® | 112.1 177.4 552 344 35.5 181.3

Gyl 35" | 107.6 174,2 457
lle36" | 119.8 173.5 59.0 40.8 27.2/18.0 141

Pro 37° 176.6 61.6 32.2 28.7 51.0
Pro 38" 178.5

Asp39" | 115.6 177.1 55.4 38.3 180.2

GIn40® | 1182 175.5 55.8 29.9 34.0 179.4
GIn41" | 1195 175.8 559 32.2 33.7

Arg 42 1735 548 304

Leud3” | 126.2 1755 53.1 46.1 28.1 24.8/26.5
lle44’ | 121,12 1754 58.9 43.2 27.9/18.0 14.5
Phe45" | 124.7 174.4 555 44.1

Ala46" | 133.6 177.5 52,4 16.4

Gly 47° | 104.2 45.5

Lys48" | 122.5 175.0 55.3 31.7 25.1 29.4 42.5
Leu 56° 58.2 39.1 26.1 27.8/23.3

Ser 65° 1721 61.2 65.1

Three™ | 117.8 173.7 624 70.1 21.8

Leu67" | 128.8 175.5 539 447 304 24.5/26.0
His 68" | 117.0 175.5 54.4 30.8

Leu69" | 125.7 176.6 54.4 41.2

Val 70° 176.4 59.1 36.8 22.1/18.5
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12.1.3 Secondary structure analysis of the second-conformation of Ubiquitin (MPD)
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Figure 66 Secondary chemical shift analysis of the second conformation of Ubiquitin (MPD).
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Figure 67 A) TALOS+ analysis, predicting Phi (black) and Psi (red) dihedral torsion angles of the second conformation B)
cartoon of the result of TALOS+ prediction, only residue E34 shows ambiguity for the secondary structure prediction.
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12.1.4 Validation results of Ubiquitin (MPD)
12.1.4.1 Validation result of the main conformation (MPD)
Table 9 Structural statistics for the 10 lowest-energy conformers of microcrystalline ubiquitin (MPD)

Conformers were calculated with XPLOR-NIH using 518 distance restraints with a defined distance range of 1-7 A.

Summary of conformationally-restricting experimental constraints @
Distance constraints:

Total 518
intra-residue [i = j] 0
sequential [|i-j | =1] 0
medium range [1< | i-j | <5] 241
longrange [|i-j | 25] 277
Constraints per restrained residue b 7.3
Dihedral-angle constraints: 136
Total number of restricting constraints b 654
Total number of restricting constraints per restrained residue b 9.2
Restricting long-range constraints per restrained residue b 3.9
Total structures computed 1000
Number of structures used 10

Residual constraint violations @:€
Distance violations / structure

0.1-0.2A 15.4
0.2-05A 10.3
>0.5A 0

RMS of distance violation / constraint 0.05 A
Maximum distance violation d 0.49 A

Dihedral angle violations / structure

1-10° 43
>10° 11.1
RMS of dihedral angle violation / constraint 6.26°
Maximum dihedral angle violation d 30.50°

Rmsd Values

all ordered®©
All backbone atoms 0.7 A 0.5A
All heavy atoms 13A 1.1A
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Structure Quality Factors - overall statistics

Procheck G-factor € (phi / psi only)

Procheck G-factor € (all dihedral angles)
Verify3D

Prosall (-ve)

MolProbity clashscore

Ramachandran Plot Summary from Procheck f
Most favoured regions

Additionally allowed regions

Generously allowed regions

Disallowed regions

Ramachandran Plot Statistics from Richardson's lab
Most favoured

Allowed regions

Disallowed regions

Mean score
-0.54

-0.79
0.31
0.75
85.85

86.0%

8.7%

4.9%
0.3%

91.6%

3.7%
4.7%

SD
N/A

N/A
0.02
0.06

10.62

Z-score 8
-1.81
-4.67
-2.41

041
-13.21

2 Analysed for residues 1 to 72

b There are 71 residues with conformationally restricting constraints

C Calculated for all constraints for the given residues, using average r°*-6

d Largest constraint violation among all the reported structures

€ Residues with sum of phi and psi order parameters > 1.8

Ordered residue ranges:
f Residues selected based on: all residues

Selected residue ranges: all

€ With respect to mean and standard deviation for a set of 252 X-ray structures < 500 residues,
of resolution <= 1.80 A, R-factor <= 0.25 and R-free <= 0.28; a positive value indicates a 'better'

score

Generated using PSVS 1.5
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12.1.5 Validation result of the second conformation (MPD)
Table 10 Structural statistics for the 10 lowest-energy conformers of microcrystalline ubiquitin (MPD)

Conformers were calculated with XPLOR-NIH using 318 distance restraints with a defined distance range of 1-7 A.

Summary of conformationally-restricting experimental constraints @
Distance constraints:

Total 318
intra-residue [i = j] 0
sequential [| i-j | =1] 0
medium range [1< | i-j | < 148
longrange [|i-j | 25] 170
Constraints per restrained residue b 4.5
Dihedral-angle constraints: 134
Total number of restricting constraints b 452
Total number of restricting constraints per restrained residue b 6.4
Restricting long-range constraints per restrained residue b 2.4
Total structures computed 1000
Number of structures used 10

Residual constraint violations @:€
Distance violations / structure

0.1-0.2A 10.9
0.2-05A 10.2
>0.5A 0.8
RMS of distance violation / constraint 0.06 A
Maximum distance violation d 0.79 A

Dihedral angle violations / structure

1-10° 42.5
>10° 11.7
RMS of dihedral angle violation / constraint 6.30°
Maximum dihedral angle violation d 34.60 °

Rmsd Values

all ordered®©
All backbone atoms 1.1A 09A
All heavy atoms 1.8A 1.6 A
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Structure Quality Factors - overall statistics

Procheck G-factor € (phi / psi only)
Procheck G-factor € (all dihedral angles)

Verify3D
Prosall (-ve)

MolProbity clashscore

Ramachandran Plot Summary from Procheck f
Most favoured regions

Additionally allowed regions

Generously allowed regions

Disallowed regions

Ramachandran Plot Statistics from Richardson's lab
Most favoured

Allowed regions

Disallowed regions

Mean score
-0.62

-0.89

0.26

0.57
75.53

83.5%

12.2%

4.1%
0.2%

86.4%

8.4%
5.1%

N/A
N/A
0.05
0.15
9.18

Z-score 8
-2.12
-5.26
-3.21

-0.33
-11.44

3 Analysed for residues 1 to 72

b There are 71 residues with conformationally restricting constraints
C Calculated for all constraints for the given residues, using average r*-6

d Largest constraint violation among all the reported structures

€ Residues with sum of phi and psi order parameters > 1.8

Ordered residue ranges:
f Residues selected based on: all residues

Selected residue ranges: all

8 With respect to mean and standard deviation for a set of 252 X-ray structures < 500 residues,
of resolution <= 1.80 A, R-factor <= 0.25 and R-free <= 0.28; a positive value indicates a 'better'

score

Generated using PSVS 1.57

82



12.1.6 Comparison to different structures (MPD)

12.1.6.1 Comparison between the main conformation (MPD) to the bundle of structures of 2J7Z

Figure 68 Comparison of the lowest energy calculated structure (red) to the 20 lowest energy structures (PDB ID:
2122)"( grey),(global backbone rmsd value of 1.98 A).

12.1.6.2 Comparison between the main conformation (MPD) to the bundle of structures of 1D3Z

Figure 69 Comparison of the lowest energy calculated structure (red) to the 10 lowest energy solution NMR structures
(PDBID: 1D3Z)95 (grey), (global backbone rmsd value of 1.32 A).
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12.2 Ubiquitin PEG

12.2.1 SsNMR experiments (PEG)

Table 11 List of solid-state NMR experiments performed on various samples (PEG)

Type of Acquisition Times | Mixing Time | Recycling Delay | Spectrumsize | Number Total Spectrometer
sample Experiment (ms) (ms) (s) (ppm) of Scans time 'H larmor freq.
unif-Ubiquitin 1D-c 20 22 300 16 im 850 MHz
unif-Ubiquitin PDSD 15/15 50 3.0 354 /119 64 1d 23h 850 MHZ
unif-Ubiquitin NCA 13/12 3.5 283/60 256 1d 17h 800 MHZ
unif-Ubiquitin NCO 12/10 3.0 283/60 192 16h 800 MHZ
unif-Ubiquitin NCACX 15/ 14 50 4.2 283/60 608 4d 4h 800 MHZ
unif-Ubiquitin NCOCX 12/11 50 3.0 283/60 768 2d 22h 800 MHZ
unif-Ubiquitin INEPT 10/ 10 1.1 334/ 14 32 2.5h 850 MHZ
1glu-Ubiquitin PDSD 14/ 10 100 2.5 356 /250 9% 2d 22h 800 MHZ
1glu-Ubiquitin PDSD 12/10 400 2.5 331 /155 9 2d 20h 600 MHZ
1glu-Ubiquitin PDSD 15/12 850 2.0 354 /119 320 6d 21h 850 MHZ
1glu-Ubiquitin NCA 12/10 2.5 283/60 288 19.5h 800 MHZ
1glu-Ubiquitin NCO 12/10 2.5 283/60 576 1d 15h 800 MHZ
1glu-Ubiquitin N-"N PDSD 18/ 14 6 2.0 702 /200 48 2d 800 MHZ
2glu-Ubiquitin PDSD 124/84 100 2.5 249 /195 128 2d 13h 800 MHZ
2glu-Ubiquitin PDSD 15/12 400 2.5 354 /220 176 6d 18h 850 MHZ
2glu-Ubiquitin PDSD 12/10 800 2.5 331/255 160 5d 8h 600 MHZ
2glu-Ubiquitin NCA 12/8 2.5 283 /100 544 2d 1h 800 MHZ
2glu-Ubiquitin NCO 12/83 2.5 283 /100 576 1d 18h 800 MHZ
2glu-Ubiquitin N-"N PDSD 18 /16.5 6 2.0 702 /200 32 1d 13h 800 MHZ
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12.2.2 Chemical shift lists (PEG)
Table 12 Observed chemical shift of the conformation A of microcrystalline Ubiquitin (PEG)

Chemical shifts are indicated in ppm relative to the DSS. The second and third conformation is highlighted by one or
symbol are ambiguous.

“uxn

two primes respectively. Resonances marked with

residue N co Ca CB Cy/Cy2 Cc5/Co2 Ce /Ce2 N62 Ne2
M1 - - 57.5 38.7 32.3 - 17.7 - -
Q2 123.6 175.9 53.5 31.2 33.8 179.3 - - 111.2
13 114.5 172.6 59.1 41.5 247 /17.8 14.3 - - -
F4 1189 175.2 55.3 40.8 138.7 132.0* 129.0*/131.0* - -
V5 121.2 175.1 60.4 34.0 221/21.1 - - - -
K6 1283 177.2 55.1 - - - - - -
T7 1153 1773 60.7 69.9 22.0 - - - -
L8 122.6 - 57.3 - - - - - -
T9 - 173.8 61.3 69.0 22.3 - - - -
G10 - 173.7 45.2 - - - - - -
K11 - - 58.4 - - - - - -
T12 121.0 1741 62.5 69.8 22.8 - - - -
113 128.1 175.0 60.1 40.8 27.0/17.5 14.1 - - -
T14 122.0 175.0 61.8 69.7 22.4 - - - -
L15 124.8 174.6 52.8 46.3 26.5 27.2 /244 - -
E16 125.2 1755 55.0 29.3 32.8 183.3 - - -
V17 119.5 173.7 58.5 36.5 21.8/18.6 - - - -
E18 117.6 174.7 52.9 314 36.0 186.2 - - -
P19 134.8 176.8 65.7 31.7 27.6 50.5 - - -

S20 108.0 1743 571 61.1 - - - - -
D21 122.7 1763  56.7 40.6 - - - - -

T22 108.1 1763  59.6 70.8 21.9 - - - -
123 122.2 1795 623 33.9 27.7/18.0 9.1 - - -
E24 122.3 1793  60.2 - - - - - -
N25 1239 1794 557 36.9 179.6 - - 105.8
V26 1239 177.6 679 30.8 21.5/235 - - - -
K27 119.7 180.7 59.2 33.9 26.4 30.6 42.4 - -
A28 123.0 180.5 55.2 18.0 - - - - -
K29 121.6 1804  59.7 33.6 26.0 31.2 42.7 - -
130 121.2  178.2  65.7 36.6 30.7/17.1 14.8 - - -
Q31 123.7 179.0 60.2 28.1 34.3 - - - -
D32 1203 1774 574 38.3 179.5 - - - -
K33 1169 177.7 58.6 34.0 25.3 29.0 42.2 - -
E34 113.8 178.2 551 33.0 35.8 181.1 - - -
G35 109.5 173.7 46.7 - - - - - -
136 119.2 1731 575 40.2 27.1/17.9 13.3 - - -
P37 1414 1764 616 31.8 28.3 51.2 - - -
P38 136.1 178.6  66.2 33.2 28.0 511 - - -
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residue N co Ca CcB Cy/ Cy2 C6/Céd2 Ce/Ce2 N&2 Ne2
D39 114.8 177.0 56.0 39.7 - - - - -
Q40 117.4 175.1 55.5 29.6 34.5 174.5 - - 105.7
Q41 1189 176.0 56.1 31.7 33.3 175.0 - - 104.7
R42 122.4 174.1 54.8 - - - - - -
L43 123.7 175.2 52.8 45.6 27.3 26.7 /23.8 - -
144 - - 57.7 - - - - - -
F45 126.1 173.8 56.8 44.1 137.1 130.6*/132.4* 132.3* - -
A46 131.6 177.8 52.4 17.2 - - - - -
G47 102.3 172.8 45.9 - - - - - -
K48 120.5 175.4 54.7 34.7 24.7 294 42.1 - -
Q49 123.0 175.6 55.6 30.2 - - - - -
L50 126.2 176.8 54.3 41.5 25.8 26.1/19.4 - -
E51 122.5 1755 56.0 31.8 36.5 183.6 - - -
D52 121.2 177.5 57.2 38.3 179.0 - - - -
G53 104.4* 175.2 45.2 - - - - - -
R54 119.4 175.2 54.4 329 27.6 42.9 - - -
T55 108.1 176.3 59.6 73.0 22.4 - - - -
L56 116.8 180.5 58.5 39.5 26.4 26.7/22.7 - -
S57 1134 178.3 61.4 62.5 - - - - -
D58 125.0 177.4 57.5 40.0 180.2 - - - -
Y59 115.5 174.8 58.5 40.3 132.6 - - - -
N60 115.8 174.0 54.4 37.6 178.4 - - 112.0 -
161 119.3 174.2 62.4 36.5 27.7/17.8 15.4 - - -
Q62 124.9 175.7 53.4 31.7 33.3 180.5 - - 111.1
K63 119.4 1755 57.4 32.3 24.2 29.9 42.4 - -
E64 113.6 175.4 58.0 25.0 34.3 - - - -
S65 1169 171.8 61.2 64.9 - - - - -
T66 118.1 173.8 63.0 69.6 21.9 - - - -
L67 128.5 175.5 53.9 44.1 29.9 25.3/24.8 - -
H68 118.9 173.7 54.9 30.1 - - - - -
L69 1249 175.2 53.8 44.3 27.6 26.4/23.4 - -
V70 126.6 175.4 60.3 35.2 219/21.1 - - - -
L71 126.6 53.8
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Table 13 Observed chemicals shift of conformation B of microcrystalline Ubiquitin (PEG)

Chemical shifts are indicated in ppm relative to the DSS. The second and third conformation is highlighted by one or
symbol are ambiguous.

“uxn

two primes respectively. Resonances marked with

residue N co Ca CB Cy/Cy2 C6/Cé2 Ce /Ce2 N62 Ne2
M1 - - 57.5 38.7 32.3 - 17.7 - -
Q2 123.6 1759 534 31.2 33.8 179.3 - - 111.2
13 1135 172.6 59.2 41.8 247 /17.9 14.4 - - -
F4 118.9 175.3 54.9 41.0 139.5 131.9* 129.0*/131.0%* - -
V5 120.5 175.1 60.5 34.0 22.1/21.1 - - - -
K6 128.3 177.2 55.1 - - - - - -
T7 115.3 177.3 60.7 69.9 22.0 - - - -
L8 122.6 - 57.3 - - - - - -
T9 - 173.8 61.3 69.0 22.3 - - - -
G10 - 173.7 45.2 - - - - - -
K11 - - 58.4 - - - - - -
T12 121.0 174.1 625 69.8 22.8 - - - -
113 128.1 174.7 59.9 40.6 26.3/17.7 14.0 - - -
T14 122.0 175.0 62.0 70.0 22.4 - - - -
L15 124.7 1747 52.8 45.9 26.8 27.2/24.0 - -
E16 125.2 175.5 55.0 29.3 32.8 183.3 - - -
V17 119.5 173.7 58.5 36.5 21.8/18.6 - - - -
E18 117.6 174.7 52.9 314 36.0 186.2 - - -
P19 134.8 176.8 65.7 31.7 27.6 50.5 - - -

S20 108.0 1743 57.1 611 - - - - -
D21 122.7 1763 56.7 40.6 - - - - -

T22 108.1 1763 59.6 70.8 21.9 - - - -
123 1225 1796 625 34.2 28.3/18.3 9.6 - - -
E24 1223 1793 60.2 - - - - - -
N25 1239 1794 557 36.9 179.6 - - 105.8
V26 1239 1776 679 30.8 21.5/235 - - - -
K27 119.7 180.7 59.2 339 26.4 30.6 42.4 - -
A28 123.0 1805 55.2 18.0 - - - - -
K29 121.6 180.4 59.7 33.6 26.0 31.2 42.7 - -
130 1212 1782 66.0 36.9 31.0/17.3 15.7 - - -
Q31 123.7 1789 605 27.8 33.9 - - - -
D32 1203 1775 574 387 179.5 - - - -
K33 1169 1779 58.6 34.0 25.3 29.0 42.2 - -
E34 1131 1779 552 333 35.7 181.1 - - -
G35 108.6 1735 463 - - - - - -
136 119.2 173.1 575 40.2 27.1/17.9 133 - - -
P37 1414 1764 616 318 28.3 51.2 - - -
P38 136.1 1786 66.2 33.2 28.0 511 - - -
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residue N co Ca CcB Cy/Cy2 C6/Cé2 Ce / Ce2 N62 Ne2
D39 114.8 177.0 56.0 39.7 - - - - -
Q40 117.4 175.1 555 29.6 34.5 174.5 - - 105.7
Q41 118.9 176.0 56.1 31.7 33.3 175.0 - - 104.7
R42 122.4 174.1 54.8 - - - - - -
L43 124.1 175.2 52.9 45.1 27.4 26.6/ 24.0 - -
144 122.5 175.8 58.6 41.2 28.0/17.9 12.8 - - -
F45 126.1 1743 56.2 44.1 137.1 130.6*/132.4* 132.3* - -
A46 134.6 177.8 52.5 16.4 - - - - -
G47 102.3 172.8 45.9 - - - - - -
K48 120.5 1754 54.7 34.7 24.7 294 42.1 - -
Q49 123.0 175.6 55.6 30.2 - - - - -
L50 126.2 176.8 54.2 42.3 25.8 26.0/19.0 - -
E51 122.5 175.5 56.0 31.8 36.5 184.0 - - -
D52 121.2 1775 57.2 38.3 179.0 - - - -
G53 104.4* 175.2 45.2 - - - - - -
R54 119.4 175.2 544 329 27.6 42.9 - - -
T55 108.1 176.3 59.6 73.0 22.4 - - - -
L56 116.8 180.5 58.5 39.5 26.4 26.7 /22.7 - -
S57 1134 178.3 614 62.5 - - - - -
D58 125.0 1774 57.5 40.0 180.2 - - - -
Y59 115.5 174.8 58.5 40.3 132.6 - - - -
N60 115.8 174.0 544 37.6 178.4 - - 112.0 -
161 119.0 174.2 62.6 36.7 28.7/17.8 15.0 - - -
Q62 124.9 175.7 534 31.7 33.3 180.5 - - 111.1
K63 119.4 175.5 57.4 32.3 24.2 29.9 42.4 - -
E64 113.6 175.4 58.0 25.0 34.3 - - - -
S65 116.0 172.2 615 64.9 - - - - -
T66 118.1 173.8 62.6 70.0 21.6 - - - -
L67 128.0 175.5 53.9 44.1 29.9 25.3/24.8 - -
H68 118.9 173.7 549 30.1 - - - - -
L69 125.2 175.2 54.2 43.8 27.6 26.5/23.8 - -
V70 126.6 175.4 60.3 35.2 21.9/21.1 - - - -
L71 126.6 53.8
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12.2.3 Network distance restraints between I3Cy2 and V26Ca (PEG)

B)

90°

Figure 70 lllustration of the Bc-C correlation between I13Cy2 (orange) and V26Ca (magenta). The contact is
highlighted by a yellow dashed line in the X-ray structure 1UBQ.”
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12.2.4 Secondary structure analysis of the conformation B (PEG)

10 20 30 44 60 |

ASCa-ASCR /ppm

10 residue

Figure 71 Secondary chemical shift analysis of conformation B of Ubiquitin (PEG).
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Figure 72 A) TALOS+ analysis, predicting Phi (black) and Psi (red) dihedral torsion angles of conformation B B) cartoon
of the result of TALOS+ prediction.
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12.2.5 Validation results of Ubiquitin (PEG)
12.2.5.1 Validation result of conformation A (PEG)
Table 14 Structural statistics for the 10 lowest-energy conformers of conformation A (PEG)

Conformers were calculated with XPLOR-NIH using 498 distance restraints with a defined distance range of 1-7 A.

Summary of conformationally-restricting experimental constraints @
Distance constraints:

Total 498
intra-residue [i = j] 0
sequential [|i-j | =1] 0
medium range [1< | i-j | <5] 264
longrange [|i-j | 25] 234
Constraints per restrained residue b 7.0
Dihedral-angle constraints: 128
Total number of restricting constraints b 626
Total number of restricting constraints per restrained residue b 8.8
Restricting long-range constraints per restrained residue b 33
Total structures computed 1000
Number of structures used 10

Residual constraint violations @:€
Distance violations / structure

0.1-0.2A 12.8
0.2-05A 5.2
>0.5A 0.1
RMS of distance violation / constraint 0.03 A
Maximum distance violation d 0.51A

Dihedral angle violations / structure

1-10° 34
>10° 43
RMS of dihedral angle violation / constraint 4,98 °
Maximum dihedral angle violation d 35.80°

Rmsd Values

all ordered®©
All backbone atoms 0.7 A 0.5A
All heavy atoms 1.4 A 1.0 A
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Structure Quality Factors - overall statistics

Mean score  SD Z-score 8

Procheck G-factor € (phi / psi only) -0.47 N/A -1.53
Procheck G-factor € (all dihedral angles) -0.76 N/A -4.49
Verify3D 0.32 0.04 -2.25
Prosall (-ve) 0.64 0.06 -0.04
MolProbity clashscore 56.18 9.47 -8.11

Ramachandran Plot Summary from Procheck f

Most favoured regions 86.5%

Additionally allowed regions 10.6%

Generously allowed regions 2.4%

Disallowed regions 0.5%
Ramachandran Plot Statistics from Richardson's lab

Most favoured 91.1%

Allowed regions 3.4%

Disallowed regions 5.4%

a Analysed for residues 1 to 72

b There are 71 residues with conformationally restricting constraints

C Calculated for all constraints for the given residues, using average r°*-6
d Largest constraint violation among all the reported structures

€ Residues with sum of phi and psi order parameters > 1.8

Ordered residue ranges:
f Residues selected based on: all residues

Selected residue ranges: all

8 With respect to mean and standard deviation for a set of 252 X-ray
structures < 500 residues, of resolution <= 1.80 A, R-factor <= 0.25 and R-free <= 0.28; a positive

value indicates a 'better' score

Generated using PSVS 1.5
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12.2.5.2 Validation result of conformation B (PEG)
Table 15 Structural statistics for the 10 lowest-energy conformers of conformation B (PEG)

Conformers were calculated with XPLOR-NIH using 487 distance restraints with a defined distance range of 1-7 A.

Summary of conformationally-restricting experimental constraints @
Distance constraints:

Total 487
intra-residue [i = j] 0
sequential [|i-j | =1] 0
medium range [1< | i-j | <5] 260
longrange [|i-j | 25] 227
Constraints per restrained residue b 6.9
Dihedral-angle constraints: 132
Total number of restricting constraints b 619
Total number of restricting constraints per restrained residue b 8.7
Restricting long-range constraints per restrained residue b 3.2
Total structures computed 1000
Number of structures used 10

Residual constraint violations @:€
Distance violations / structure

0.1-0.2A 13.9
0.2-05A 4.6
>0.5A 0.2
RMS of distance violation / constraint 0.03 A
Maximum distance violation d 0.58 A

Dihedral angle violations / structure

1-10° 37.8
>10° 9.9
RMS of dihedral angle violation / constraint 5.68°
Maximum dihedral angle violation d 36.10°

Rmsd Values

all ordered®©
All backbone atoms 0.7 A 0.6 A
All heavy atoms 1.4 A 1.1A
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Structure Quality Factors - overall statistics

Mean score  SD Z-score 8

Procheck G-factor € (phi / psi only) -0.49 N/A -1.61
Procheck G-factor € (all dihedral angles) -0.77 N/A -4.55
Verify3D 0.37 0.03 -1.44
Prosall (-ve) 0.62 0.05 -0.12
MolProbity clashscore 62.74 8.10 -9.24

Ramachandran Plot Summary from Procheck f

Most favoured regions 85.6%

Additionally allowed regions 11.6%

Generously allowed regions 2.4%

Disallowed regions 0.2%
Ramachandran Plot Statistics from Richardson's lab

Most favoured 90.4%

Allowed regions 4.6%

Disallowed regions 5.0%

a Analysed for residues 1 to 72

b There are 71 residues with conformationally restricting constraints

C Calculated for all constraints for the given residues, using average r"-6
d Largest constraint violation among all the reported structures

€ Residues with sum of phi and psi order parameters > 1.8

Ordered residue ranges:
f Residues selected based on: all residues

Selected residue ranges: all
8 With respect to mean and standard deviation for a set of 252 X-ray structures < 500 residues,
of resolution <= 1.80 A, R-factor <= 0.25 and R-free <= 0.28; a positive value indicates a 'better'

score

Generated using PSVS 1.5
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12.2.6 Comparison between conformation A (PEG) to the bundle of structures of 1D3Z

Figure 73 Comparison of the lowest energy calculated structure of conformation A (PEG) (red) to the 10 lowest energy
solution NMR structures (PDB ID: 1D3Z)95 (grey), (global backbone rmsd value of 1.81 A).
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Table 16 Backbone comparison between the main conformation of MPD and the conformation A of PEG

residue AN ACO ACa
1 - - 2.3
2 -1.4 0.8 -0.7
3 -0.7 0.3 0.3
4 -0.3 -0.1 0.6
5 0.2 -0.4 0.4
6 2.1 0 1.7
7 2.5 -0.4 0.4
8 3.3 - 0
9 - -1.8 0.3
10 - 0.3 0.3
11 - - 1.9
12 1.2 -0.3 -0.3
13 -0.5 -0.2 0.3
14 2.4 1.0 -0.8
15 -0,4 0.5 0.3
16 1.8 0.4 0.8
17 0.7 -1.4 -0.1
18 -1.4 -0.6 -1.8
19 1.1 -0.7 -0.1
20 -0.8 1.0 0.0
21 0.4 -0.3 0.0
22 1.5 0.0 -0.1
23 0.5 0.3 0.5
24 -1.1 0.4 1.2
25 0.3 -1.0 0.4
26 -0.5 0.2 0.2
27 -0.3 -0.1 0.2
28 0.8 0.6 0.2
29 3.0 -0.4 0.4
30 -1.5 0.7 -0.7
31 0.9 -0.2 0.7
32 -1.1 -0.2 -0.5
33 -3.1 -0.4 -0.9
34 1.8 0.8 0.1
35 0.3 -0.2 0.7
36 -0.5 -0.4 -0.2
37 -1.2 -0.3 -0.2
38 -0.5 0.2 -0.2
39 -0.2 -0.3 0.6
40 -0.4 -0.8 0.3
41 -1.8 1.3 0.2
42 -3.3 0.6 -0.4
43 -3.3 -0.4 -0.5
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residue AN ACO ACa
44 - - -0.5
45 2.4 0.2 0.4
46 -4.1 0.5 0.2
47 -1.4 -0.7 0.3
48 -2.0 0.4 -0.6
49 -0.9 -0.1 -0.3
50 2.3 0.4 0.2
51 -1.0 -1.6 0.1
52 2.6 1.6 -0.5
53 3.5 0.3 -0.4
54 -1.4 0.2 1.0
55 0.5 -0.1 0.0
56 -0.6 0.2 0.2
57 1.2 -0.1 0.6
58 -0.1 1.3 -0.1
59 2.5 -1.2 14
60 -1.6 -0.1 0.7
61 0.6 0.1 -0.5
62 -0.9 0.5 -0.2
63 0.0 -1.1 -1.0
64 -1.3 0.5 -0.2
65 1.2 -0.2 -0.1
66 -0.1 0.9 0.5
67 -0.4 0.0 0.4
68 1.1 -1.9 0.4
69 -1.1 -1.2 -1.4
70 14.4 -0.8 1.4
71 6.9 - -
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12.3 Pulse sequence of 2D NCA and NCO experiments

(90)
Decoupling CW-dec. Decoupling
1H cp
t1
15N ce '—{\
$ SPECIFIC-CP
t

2
13¢C | Mml .

Figure 74 lllustration of the heteronuclear correlation pulse sequence to record 2D NCA and NCO experiments. The
second magnetization transfer from BN to =, highlighted by an arrow, is based on the SPECIFIC-CP magnetization

transfer.

12.4 Pulse sequence of 2D NCACX and NCOCX experiments

(90)
Decoupling CW-dec. Decoupling
1H cp DARR
t
1
15N cp 4’[\
¢ SPECIFIC-CP
(90) (90)
| | tz
13C 1 "
Mixing time

Figure 75 lIllustration of the 2D heteronuclear correlation pulse sequence to recorded 2D NCACX and NCOCX

experiments with DARR B3¢-2¢ correlation transfer.
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12.5 Structure calculation

The detailed description of the different energy terms used for the total force field energy are listed as
follows:

12.5.1 Covalent bond energy term Ey 4

Epona = z kp (r —rp)?
bonds
(Eq.34)

with ky, = bond force constants, ry = equilibrium bond length (between specified nuclei),
r = actual bond length

12.5.2 Angle energy term E,pge

Eangles = z kg (6 — 90)2
angles

(Eq.35)

with kg = angle force constants, 8,=equilibrium constants (between specified nuclei ),
0= actual value of the angle

12.5.3 Dihedral energy term Eginedral

In xplor-NIH program, the total dihedral energy term Eginedral i Separated into two terms.

Edihedral = Edihe + Eimpr

(Eq.36)
E { kg, (1+ cos (nd; + ;) ifn; >0
dihe = . 2 o
dihedrals i=1m k¢'i (q)l + 81) if n; 0
(Eq.37)
E kg, (14 cos (nd; +8;)) ifn; > 0
e kd)i (i + 8i)2 ifn; =0

impropers i=1m

(Eq.38)

with kg, = dihedral force constants, ¢;= actual torsion angle, n; = periodicities, m; = multiplicities,
0;= phase shifts

According to historical reasons the term Ej;,,;- is mostly used with n = 0 to maintain planarity or chirality
whereas the term Egjpe is used for n > 0 to describe multi-minima for torsion potentials.
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12.5.4 Van der Waal energy term E 4.,

For the xplor-NIH force field (parallhdg.pro) which is used in this work the van der Waals interaction term
will be calculated with the so called repel function which exclude attraction- and electrostatic interactions
terms.

Evdw = z fvdw(R)

(Eq.39)

faw(R) = Crep [max (0, (k™P Rmin)ireXp - Rirexp)]rexp
(Eqg. 40)

with Cpe, = force constant, Ry = 0 {2, 6 = Lennard-Jones constant (finite distance between two nuclei
where the inter-particle potential is zero).

Parameter setting for E 4.,
repel = 0.8

C ragius = 1.5 A

H radivs = 1.0 A

N ragius= 1.35 A

rexp =2
irexp =2
rcon=1

nbxmod = 3 (exclude nonbonded interactions between bonded atoms and atoms that are bonded to a
common third atom)

wmin = 0.01 A (specific the threshold distance for close contact warnings, a warning is used when a pair of
atoms gets closer than this distance unless the nonbonded interaction is excluded by nbxmod)

cutnb = 6.0 A (specifies the nonbonded interaction cutoff for the nonbonded list generation )

tolerance = 1.5 A ( specifies how far atoms are allowed to move before the hydrogen-bond list gets updated)

12.5.5 electrostatic energy term E;

( C
QiQj R heavy (R — Reyt), for pur trunctation
0
QiQ ‘ 1 R )? for shifted opti
iQ— (1—57)°, or shifted option
fa@® ={ ¥R U TR g
C 1 ‘
QiQ; o R2 SW (R, Ron, Ros), for 7 option
0, for repel option

Parameter setting for E:

QiQj = electric charge of the atoms

C = scaling factor

€o = electric permittivity of free space
R = distance
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12.5.6 Distance restraint energy term Eeyperimental

For the distance restraints interaction term Eexperimental the soft square function is used

. . ————+cA Jt> d+d —d
Eexperimental = min (ceil, SC) a+ Asoftexp +c + dplus off T I'sw

AEXP N< d+ dplus — doff + I'sw
(Eq.41)

S, C= scaling factors

I = distance between selected stets of atoms
c = slope of the asymptote

rsw = specified by the switching function
definition of A:

N—(d+dps —dosr),  d+dpps—dops <N
A= 0 B d—dminus<9?< d+dplus_d0ff

(d - dminus - SR) ’ N<d- dminus
(Eq.42)

Parameter setting for Ecyperimental (distance restraint range of (1-7 A):

softexp=1.0

Isw = 0.5

c=1.0

9 = center (R = (éenter — I'éenter )
exp =2
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12.5.7 Inputfile of the x-plor-NIH calculation

eval (SnumStructs = 1000) ! total number of structures to calculate

cpyth "from os import environ as env"

cpyth "xplor.command('eval (Sproc_num=%s)' % env['XPLOR_PROCESS'] )"

cpyth "xplor.command('eval (Shum_procs=%s)' % env['XPLOR_NUM_PROCESSES'])"
eval (SfirstStruct = (Sproc_num * SnumStructs) / Snum_procs)

eval (SlastStruct = ((Sproc_num+1) * SnumStructs) / Snum_procs)

levaluate (SPARAMETERS =" @/progs/xplor-nih-2.30/toppar/parallhdg.pro")
evaluate (SSTRUCTURE = "ubiq.psf" )

evaluate (STEMPLATE = "gen_temp_ubi.pdb" )

evaluate (SNOE_TABLE1 = "distance-restraints.tbl" )

evaluate (SNOE_TABLE2 ="" )
evaluate (SDIHE_TABLE ="TALOS.tbl" )
evaluate (SPDBNAME  ="ubi" )

evaluate (Stad_temp  =30000 )
evaluate (Stad_step  =4000 )
evaluate (Stad_vdw =0.1 )
evaluate (Stad_noe =150 )
evaluate (Stad_dih =100 )
evaluate (Scool_t =30000 )
evaluate (Scool_steps =4000 )
evaluate (Scool_noe =150 )
evaluate (Scool_dih =100 )
evaluate (Svercool_temp =1000 )
evaluate (Svercool_steps = 2000 )
evaluate (Svercool_noe =150 )
evaluate (Svercool_dih =100 )
evaluate (Spow_noe =50 )
evaluate (Spow_dih =200 )
evaluate (Spow_step =300 )
evaluate (Send_count = 1000)
Iparameter

| @SPARAMETERS

Iparameter

I @/progs/xplor-nih-2.30/toppar/protein.par
cluster

evaluate (Send_count = SlastStruct)
parameter
@/progs/xplor-nih-2.30/toppar/protein.par
end

structure

@SSTRUCTURE

end

coor @STEMPLATE

coor copy end
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set echo off message off end
noe

nres = 10000

class all

@SNOE_TABLE1
end
set echo off message off end
restraints dihedral

nass = 1000
@SDIHE_TABLE
end

set echo on message on end

flags exclude * include bonds angle impr vdw noe cdih end
vector do (fbeta=10) (all)

vector do (mass=100) (all)

noe
ceiling=1000
averaging * cent
potential * soft
sqoffset * 0.0
sqconstant * 1.0
sgexponent * 2
soexponent * 1
asymptote * 1.0
rswitch * 0.5

end

parameter

nbonds
repel=0.80
rexp=2 irexp=2 rcon=1.
nbxmod=3
wmin=0.01
cutnb=6.0 ctonnb=2.99 ctofnb=3.
tolerance=1.5
end
end
set seed =3 end
evaluate (Sstructure_number = 0)
evaluate (Saccept_count = 0)
while (Send_count > Saccept_count) loop main
evaluate (Sstructure_number = Sstructure_number + 1)
coor swap end
coor copy end
vector do ( vx = maxwell(1.5)) ( all)
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vector do ( vy = maxwell(1.5) ) (all)
vector do ( vz = maxwell(1.5) ) (all)
noe
scale * Stad_noe
end
restraints dihedral
scale = Stad_dih
end
constraints interaction (all) (all)
weights * 1 vdw Stad_vdw end
end
parameter
bonds ( name SG ) ( name SG ) 100. TOKEN
angle (name CB ) ( name SG ) ( name SG ) 50. TOKEN
end
dynamics torsion
topology
kdihmax = 300
maxchn = 1000
fix group ( resn PRO and not ( name c or name o) )
for Sss_rm_id_1inid ( name SG ) loop SSRM
for Sss_rm_id_2 inid ( name SG ) loop SSR2
if (Sss_rm_id_2 > Sss_rm_id_1) then
free bond (id Sss_rm_id_1) (iid Sss_rm_id_2)
end if
end loop SSR2
end loop SSRM
I evaluate (Snucl=1)
I while (Snucl le 24) loop cut
! free bond ( resid Snucl and name C3')
! ( resid Snucl and name C4')
! evaluate ( Snucl = Snucl + 1)

! end loop cut
end
ntrfrg=1

nstep = Stad_step timestep =0.015
tcoupling = true tbath = Stad_temp nprint = 50
end
noe
scale * Scool_noe
end
restraints dihedral
scale = Scool_dih
end
parameter
bonds ( name SG ) ( name SG ) 1000. TOKEN
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angle (name CB ) ( name SG ) ( name SG ) 500. TOKEN
end
flag exclude * include noe cdih bond angl impr vdw end
evaluate (Sfinal_t = 1000)
evaluate (Stempstep = 100)
evaluate (Sncycle = int((Scool_t-$final_t)/Stempstep))
evaluate (Snstep = int(Scool_steps/Sncycle))
evaluate (Sini_vdw = Stad_vdw)
evaluate (Sfin_vdw = 1.0)
evaluate (Svdw_step = (Sfin_vdw-S$ini_vdw)/Sncycle)
evaluate (Sbhath = Scool_t)
evaluate (Sk_vdw = Sini_vdw)
evaluate (Si_cool =0)
while (Si_cool < Sncycle) loop cool
evaluate (Si_cool = Si_cool + 1)
constraints interaction (all) (all)
weights * 1. vdw Sk_vdw end
end
dynamics torsion
ntrfrg=1
nstep = Snstep timestep = 0.015
tcoup =true tbath = Sbath nprint = Snstep
end
evaluate (Sbath = Sbath - Stempstep)
evaluate (Sk_vdw= Sk_vdw + Svdw_step)
end loop cool
dynamics torsion
topology
reset
end
end
vector do ( vx = maxwell(Svercool_temp) ) (all)
vector do ( vy = maxwell(Svercool_temp) ) (all)
vector do ( vz = maxwell(Svercool_temp) ) (all)
noe
scale * Svercool_noe
end
restraints dihedral
scale = Svercool_dih
end
evaluate (Sfinal_t =300)
evaluate (Stempstep = 50)
evaluate (Sncycle = (Svercool_temp - $final_t)/Stempstep)
evaluate (Snstep = int(Svercool_steps/Sncycle))
evaluate (Sbhath = Svercool_temp)
evaluate (Si_cool =0)
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while (Si_cool < Sncycle) loop cool
evaluate (Si_cool=Si_cool+1)
dynamics verlet
nstep = Snstep time =0.003
jasvel = current firstt =Sbath
tcoup = true tbath = Sbath
nprint = Snstep iprfrqg=0
end
evaluate (Sbath = Sbath - Stempstep)
end loop cool
noe
scale * Spow_noe
end
restraints dihedral
scale = Spow_dih
end

minimize powell nstep=Spow_step drop=10.0 nprint=25 end
evaluate ( Saccept=0)
print threshold = 200 noe
I print threshold = 20 noe
evaluate (Snoe5 = Sviolations)
print threshold = 0.5 noe
evaluate (Snoe0 = Sviolations)
evaluate (Srms_noe = Sresult)
if (Snoe5 > 0) then evaluate ( Saccept = Saccept + 1) end if
print threshold = 100.0 cdih
! print threshold = 50.0 cdih
evaluate (Scdih5 = Sviolations)
print threshold = 0.0 cdih
evaluate (Scdih0 = Sviolations)
evaluate (Srms_cdih = Sresult)
if (Scdih5 > 0) then evaluate ( Saccept = Saccept + 1) end if
print thres=2.5 bond
! print thres=0.5 bond
evaluate (Sbond5=Sviolations)
evaluate (Srms_bond = Sresult)
if (Srms_bond > 0.02) then evaluate ( Saccept = Saccept + 1) end if
print thres=50.0 angle
evaluate (Sangle5=Sviolations)
evaluate (Srms_angle = Sresult)
if (Srms_angle > 4.0) then evaluate ( Saccept = Saccept + 1 ) end if
print thres=50.0 improper
I print thres=50.0 improper
evaluate (Simproper5=Sviolations)
evaluate (Srms_improper = Sresult)
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if (Srms_improper > 4.0) then evaluate ( Saccept = Saccept + 1 ) end if
energy end
if (Saccept =0 ) then
evaluate (Saccept_count=Saccept_count+1)
remarks Accepted structure Saccept_count of Sstructure_number structures

remarks ==== = == = = ======

remarks noe, cdih, bonds, angles, improp

remarks violations.: Snoe5,5cdih5,5bond5,5angle5,Simproper5

remarks rmsd  .: Srms_noe,Srms_cdih,Srms_angle,Srms_bond,Srms_improper
remarks O-viol .: Snoe0,5cdih0

remarks = = ==

remarks overall = Sener
remarks noe = SNOE
remarks dih = SCDIH
remarks vdw = SVDW
remarks bon = SBOND
remarks ang = SANGL
remarks imp = SIMPR
remarks = = ==
evaluate (Sfilename= SPDBNAME +"_" + encode(Saccept_count) + ".pdb")
write coordinates output = Sfilename end
end if
end loop main
stop
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13  Appendix I

13.1 Comparison between 1D **C spectra of [1-**C]-glc and [U-"N-[ILV-**C Methyl]]-labeled sample

%h

T T T T T T T T T T T T T T T T

25 20 15 10
+— 5 "C/ppm

Figure 76 Excerpts of 1D CP Bc spectra of [1-13C]-glc (green) and [U-"N-[ILv-"c Methyl]]-labeled sample (magenta),
For qualitative comparison, the spectra are scaled by equalizing the signal intensity of resonance at 25ppm.

13.2 Comparison between 1D C spectra of [U-*C]-glc and [U-"°N-[ILV-"*C Methyl]]-labeled sample

JMM N\

20 15 10
<+— 0 *C/ppm

Figure 77 Excerpts of 1D CP “°C spectra of [U-"C]-glc (black) and [U-"N-[ILV-"C Methyl]]-labeled samples (magenta ).
For qualitative comparison, the spectra are scaled by equalizing the signal intensity of resonance at 25ppm.
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13.3 Column projection of the *C chemical shift dimension

V68Cy2
22.2Hz

V68Cy1

L1565 Cd1

28.0Hz
L59 Ca1 I

30.4Hz

Z5 20 15 10
<+— O *C/ppm
Figure 78 Column projection of the >C chemical shift dimension from the 2D (H)CH-spectrum (Figure 65.A), The full

width at half maximum (FWHM) is indicated for isolated leucine and valine methyl groups. A sine squared window
functions with sine bell shift of 47° was used to process the B¢ dimension.
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13.4 Pulse sequences for 'H detection ssNMR experiments

A)
water
(H )CH saturation

XiX, HC decoupling |
m == . oo e

e iy
3¢ [CP ) - < I
2T=const b
B)
water
(H)CCH saturation

H [FIL — cP \An ‘

RFDR

s _ Tt - Cs 1 JHc decoupling
3¢ _[em) <t |

tw
Figure 79 Pulse sequences to obtain A) 2D (H)CH and B) 3D (H)CCH correlations. Open bars represent 90° pulses. CP
and RFDR are used for HC and CC magnetization transfer. During carbon and proton evolution periods, XiX and WALTZ-

16 were applied for heteronuclear decoupling.
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Table 17 Collection of intramolecular and intermolecular unambiguous long-range distance restraints of the self-
assembling system of MxiH needles

Intermolecular distance restraints are indicated with a prime. Distances are shown in angstroms (A).

resl atoml res2 atom2 Distance Chemical-shift deviation
(A) (ppm)
V3 Cyvl L15 Co61 9.67 +£0.08 0.05
V3 Cy2 L15 C61 |10.31+0.08 0.07
L12 C61 Vves (Cyl 3.94 +0.02 0.03
L12 C61 Vves Cy2 3.98+0.03 0.04
L12 C62 Vves Cyl 4.07 £0.03 0.03
L12 C62 V68 (Cy2 5.20+0.03 0.02
L15 C61 V68 (Cyl 7.59+0.04 0.08
L15 C61 V68 (Cy2 6.45 +0.05 0.04
L12° €61 L59° (€61 |10.24+1.05 0.05
L12”° €62 L59° Cé1 8.51+1.10 0.05

Table 18 List of structurally unambiguous long-range distance restraints of the self-assembling system of MxiH
needles

Intermolecular distance restraints are indicated with a prime symbol. Distances are shown in angstroms (A).

resl atoml res2 atom2 Distance Chemical-shift deviation
(A) (ppm)
L26 Co1 L30 Cé2 9.56 £ 0.06 0.11
V74  Cyl 178 Cé1 4.52+0.12 0.03
V74  Cy2 178 Cé1 6.92+0.12 0.07
V3 N L15 €62 10.68 £ 0.09 0.08
V5 N L15 €62 12.05+0.10 0.10
N43 N L47 Cé1 5.65+1.20 0.03
K72 N L12 Cé1 5.59+0.05 0.13
K72 N L12 €62 5.67+0.05 0.03
Q64 Ne2 V68 Cy2 6.07 £0.04 0.04
V3’ Cyl 134" cé&1 10.08 £ 0.07 0.06
V3’ Cy2 134" cé&1 8.88 £ 0.07 0.05
L15° €61 L34° cCé1 7.23+£0.06 0.02
L59° €61 179° C8&1 4.23 +0.68 0.08
L59° €62 179° Cé&1 5.78 £0.97 0.05
V70° Cyl L54° (Cé1 3.90+£0.05 0.05
V70° Cy2 L54° (Cé1 5.16 £ 0.08 0.02
V70° Cy2 L54° (&2 4.02+£0.03 0.04
N43’ N V74~ Cyl 8.51+0.20 0.01
E49’ N 178" €61 7.16 £0.09 0.15
S55° N V70° Cy2 6.39+0.08 0.02
L59° N 179" €61 6.35+0.35 0.04
Y60’ N 179" €61 6.80+£0.30 0.02
R61 N V74~ Cy2 6.86£0.10 0.06
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Table 19 List of ambiguous long-range distance restraints for MxiH needles

Intermolecular distance restraints are indicated with a prime symbol. Distances are shown in angstroms (A). Restraints
that originate from the same cross-peaks are grouped together with the same index and can be used as a single

ambiguous restraint.

Index resl atoml res2 atom2 Distance Chemical-shift deviation

(R) (ppm)
1 V3 Cyl L15 C62 7.84 £0.09 0.14
1 V3’ Cyl L34’ C62 7.79 £0.07 0.02
2 L12 cé1 V70 Cyl 8.87 £ 0.05 0.04
2 L12’ cé1 L59° C62 9.11£0.69 0.05
3 L37 C62 L47 C62 4,28 £ 1.06 0.05
3 L37 cé1 L47 C62 457 +1.11 0.08
4 L47’ cé1 178’ Cé1 5.23+0.83 0.09
4 L47’ Cé1 179’ cé1 5.71+1.03 0.07
5 L47’ C62 178’ cé1 5.84 + 0.87 0.06
5 L47’ C62 179’ cé1 5.88 + 0.99 0.02
6 V70 Cyl V74 Cy2 4,47 £0.08 0.03
6 V70’ Cyl L54° C62 4,14 £ 0.05 0.07
7 171 Cé1 V74 Cyl 5.67 £0.10 0.14
7 171’ Cé1 L54° cé1 4.65+0.11 0.11
8 171 Cé1 L15 C62 6.12 £ 0.04 0.16
8 171 Cé1 V74 Cy2 4,89 +0.13 0.12
8 171’ Cé1 L54° C62 6.28 +0.11 0.15
9 S16 N V68 Cyl 7.32+£0.04 0.06
9 S55° N V68" Cyl 8.01+0.04 0.09
10 S16 N V68 Cy2 5.26 £ 0.03 0.06
10 S55° N V68"  Cy2 10.24 £ 0.04 0.07
11 A38’ N L59° C62 10.43 £ 1.27 0.15
11 F82° N L59° C62 12.74 £ 0.61 0.10
11 F82° N V70° Cyl 10.49 £ 0.06 0.10
12 N43’ N L15° C62 10.59 £ 0.05 0.10
12 N43’ N L74° Cy2 10.24 £ 0.17 0.02
13 E49° N V3’ Cyl 13.70 £ 0.15 0.13
13 E49’ N L59° C&2 12.95+0.63 0.05
13 E49’ N V70" Cy2 13.53 £ 0.05 0.05
14 Y50 N L47 Ccé1 7.89 £ 0.94 0.02
14 178’ N L47’ cé1 6.89 +0.31 0.02
14 Q80 N L47’ cé1 8.21+0.48 0.13
15 Q64 N L12 cé1 10.20 £ 0.08 0.06
15 E56° N L12’ cé1 8.69 £ 0.07 0.08
15 K53’ N L12’ cé1 8.99 + 0.05 0.10
16 N66 N V70 Cy2 6.66 + 0.02 0.02
16 R83’ N V70° Cy2 6.89 £ 0.06 0.01
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