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Abstract

NMR spectroscopy provides a versatile and indispensable methodology for the
characterisation of molecular structure and dynamics in modern biochemical research. A part
of the present work focuses on fast structural predictions, derived from major NMR
parameters and from their similarity between sequence-related proteins. In two isolated apical
domains of a large archaeal chaperonin, residues whose conformation was influenced by
crystal packing interactions were shown to be highly disordered in solution. For a small class
of homologous proteins, the human saposins, residual dipolar couplings were used to validate
their common fold. Many proteins are subject to chemical and conformational exchange
processes, which are often essential for their function, but may render the molecule
unamenable for structural investigations, as in the case of the GM2 activator protein. Several
NMR-spectroscopic methods were employed to study hydrogen- and slow conformational

exchange kinetics as well as its dependence on pH and temperature in saposin D.

Zusammenfassung

Die NMR-Spektroskopie stellt der modernen biochemischen Forschung ein vielseitiges
methodisches Arsenal zur Charakterisierung von molekularer Struktur und Dynamik zur
Verfiigung. Ein Teil der vorliegenden Arbeit befasst sich mit schnellen strukturellen
Vorhersagen aus wichtigen NMR-Parametern sowie deren Ahnlichkeit in sequenziell
verwandten Proteinen. Anhand von zwei isolierten apikalen Doménen eines grossen archdalen
Chaperonins konnte gezeigt werden, dass einige Aminosaurereste, im Gegensatz zum Kristall,
in Losung eine ungeordnete Konformation einnehmen. In einer kleinen Klasse von
homologen Proteinen, den humanen Saposinen, wurden dipolare Restkopplungen zur
Validierung der einheitlichen Faltung verwendet. Viele Proteine unterliegen chemischen oder
konformativen und fiir ihre Funktion essentiellen Austauschprozessen, durch die sie jedoch
fiir eine strukturelle Charakterisierung unzuginglich werden, wie zum Beispiel der GM2-
Aktivator. Verschiedene NMR-spektroskopische Methoden wurden eingesetzt, um Amid- und
Konformationsaustausch sowie dessen pH- und Temperaturabhingigkeit in Saposin D zu

untersuchen.
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Introduction and scope of the work

In the last few decades, biological sciences have been revolutionised by a growing
understanding of physiological processes on a molecular level, hallmarked by the
decipherment of the genetic code and the discovery of the flow of information from genes to
proteins. Constructed from a few relatively simple building blocks, proteins have been found
to form a tremendous plethora of structures and functions, ranging from huge complexes like
the thermosome, which aids in the folding of other proteins, to small enzyme cofactors like
the saposins. Appreciating the role of biomolecules in biochemical pathways and the ability to
encounter diseases resulting from potential functional defects requires knowledge about their

three dimensional structure as well as the exact mechanism of action.

Two major experimental techniques are currently able to accomplish this task down to atomic
resolution, and by now, almost 26,000 protein, nucleic acid and carbohydrate structures have
been solved by X-ray crystallography and NMR spectroscopy and deposited in the
Brookhaven Protein Data Bank. On the other hand, recent progress has been achieved in
supplementary “low resolution” methods as cryo-electron microscopy or approaches that
extract information from data base searches or theoretical simulations. Today there is a
growing awareness that biological sciences will benefit most from a close and fruitful

cooperation, in which each method focuses on its individual superiorities.

Since 1945, when the first weak radio frequency responses from atomic nuclei in paraffin and
water were observed, NMR has become a powerful tool for a diversity of applications,
ranging from medicine, organic and biochemistry to material sciences and quantum
computing. This development has been accompanied by technical advances in magnetic field
strength and homogeneity, probe sensitivity and data processing, but even more by
methodological milestones such as Fourier transform spectroscopy, multidimensional and
heteronuclear spectroscopy, relaxation optimised sequences, residual dipolar couplings,

pulsed field gradients and spatial imaging.

In biomolecular NMR, uniformly or selectively isotopically labelled recombinant
macromolecules of up to 80 kDa are currently studied. However, whereas information about
secondary structure and the fold may be collected rather rapidly, the resonance assignment
and accumulation of distance, dihedral angle and orientational restraints required for solving
complete structures often remains a tedious procedure. Currently, huge efforts are made to
automate single steps of the structure determination process. In return, NMR is highly flexible

when studying molecular interactions, and spin relaxation provides a powerful tool for
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detecting motional and exchange processes on various timescales and in solution, where
molecules are able to reveal their full dynamic properties. In particular, conformational
exchange processes are a rapidly growing subject of study, and many of them have meanwhile

been attributed to biological function.

On the other hand, like the lack of stability, exchange processes may heavily deteriorate
spectra and make a structural characterisation of even small proteins by NMR virtually
impossible. Since basic knowledge of the effects of exchange to NMR spectra is absolutely
essential for the discussion of the underlying processes, they will be discussed in chapter 1.
Hydrogen exchange of labile protons, albeit having less biological significance, is
conceptually so closely related to conformational exchange and encountered in several

projects in this thesis that it will be focussed on in the second half of this chapter.

Two dimensional heteronuclear correlation-, especially ’N-HSQC spectroscopy, is the
workhorse for assessing a new protein’s stability and amenability for further studies, for
estimating structural similarities, and for detecting and mapping weak and strong ligand
binding. Affording high resolution within relatively short experimental time, it is the most
widely used detection scheme for measurements on a per residue basis, and occurs as building
block in a variety of double- and triple resonance experiments. A few basic principles along
with important parameters will be discussed in chapter 2, using the experience and examples

from own experimental work.

Chapter 3 illustrates, how NMR of two small homologous 17 kDa domains can contribute to
the study of the archaeal 930 kDa thermosome from Thermoplasma acidophilum, without
having to solve structures completely de novo. X-ray structures were available of the
complete complex as well as both isolated apical domains (ADTs), but there was reasonable
suspicion that the most important feature, a 20 A long helical protrusion was strongly
influenced by crystal packing interactions. This project was accomplished in collaboration
with Markus Heller, who focussed on '“N-relaxation and the dynamical properties of the

protrusions.

Likewise, the human GM2 activator protein, which is an essential cofactor for the lysosomal
degradation of GM2 to GM3 and the subject of chapter 4, had been crystallised before, but
under neutral pH conditions, where it shows no biological activity. At acidic lysosomal, i.e.
active pH, however, the protein suffered from poor NMR performance and low stability and
did not allow more than an initial characterisation in terms of aggregation state, secondary

structure content and binding of GM1.
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Functionally closely related to, but genetically and structurally distinct from the GM2
activator, the saposins are rather small, but yet poorly understood homologous 11 kDa glyco-
proteins. Along with the ADTs, the four representatives of this class are prime examples to

show how sequence- and structural similarity is reflected in the appearance of NMR spectra.

Unfortunately, the pool of interesting proteins with good NMR performance is increasingly
grazed or liable to scientific competition. For example, promising attempts to solve the
structure of only '’N-labelled saposin C at pH 7 were foiled by a successful structural analysis
of the doubly labelled protein in another laboratory. Exchange processes or aggregation,
leading to much lower spectral quality, render the other saposins or saposin C at pH 4 less
suitable for a complete structure determination. In chapter 5, only their initial

characterisation and, if possible, ’N-HSQC assignment is presented.

One of the most significant recents impacts on NMR spectroscopy was the development of
weakly aligning media in combination with methods for efficient extraction and interpretation
of the dipolar coupling information. Not all media are equally qualified for a given
biomolecule, and after a rather theoretical introduction into the subject, experimental work on
different alignment media for the saposins is described in chapter 6. Finally, the data

obtained for three saposins is compared, and structural conclusions are drawn.

Chapter 7 is exclusively dedicated to the slow conformational exchange process in saposin
D, which could be studied over a wide temperature range due to the enormous thermal
stability of the protein. Kinetic data was obtained using exchange of longitudinal and

transverse magnetisation, and discussed in terms of the involved enthalpies and entropies.

Since no extensive synthetic or biochemical laboratory work, which is not described
elsewhere, was done in this thesis, it is abstained from a separate chapter on material and
methods. Tables of unpublished NMR data as well as novel implemented pulse programs are

given in chapter 9.
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1  Exchange processes in NMR

1.1 Motion and exchange

One of the most powerful features of NMR spectroscopy is its sensitivity to motional
processes at timescales, which are most relevant in biology and chemistry (Fig. 1.1.1).
Generally, motion renders the nuclear spin hamiltonian time dependent and thus affects the

spectrum and relaxation properties of spins.'"!

rotations diffusion

vibrations chemical exchange
ERE [ R [ N I - e
freq. 10" 10" 10° 10° 10° 10° s’

®, Ao R,

Fig. 1.1.1: Frequency scale of motional processes and their positions relative to the Larmor frequency @, the

amplitude of chemical shift modulation (CSM) Aw(both in rad s ') and spin-lattice relaxation rate R,.

On the fast side, the very end of the observable scale is marked by motions that are faster than
the Larmor frequency @, because in this case the dynamic hamiltonian can no longer a priori
be distinguished from a static one, expressed in terms of averaged distances and angles. Using
the static, snapshot structural picture provided by ultrafast methods like X-ray and neutron
diffraction requires the scaling of spin interactions with an order parameter S, which

accommodates vibrations and fast rotations (e.g. of methyl groups).

Motions in the nano-picosecond regime, comprising global molecular rotations, interdomain
motion, flexibility of side chains and loops, and helix-coil transitions, average secular spin
interactions (i.e. those which affect the NMR spectra), but not the non-secular ones. For
example, all dipolar contributions to the spin hamiltonian average to zero in isotropic
solution, their nanosecond random fluctuation does, however, provide the spectral density
required for spin-lattice- and cross relaxation. Today a large theoretical body is established to
extract amplitudes (i.e. order parameters) and timescales of fast motions from R; and R

relaxation rates and heteronuclear NOEs.”>™ In this thesis, these will play only a minor role.
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Exchange processes, which are even slower in the micro- to millisecond timescale, start to
affect the lineshapes, because the time dependence of the spin hamiltonian (i.e. chemical shift
modulation, CSM) becomes a source of transverse relaxation.”! Exchange is classified as fast,
intermediate or slow, if its associated rate constant ke is larger, in the range of, or smaller
than the spectral timescale, which is defined by the amplitude Aw of the hamiltonian
fluctuations, expressed in units of frequency. Classically, chemical exchange requires
breaking and formation of chemical bonds, but today the term is usually applied to all kinds
of conformational transitions and hindered rotations like amide bond isomerisations and slow
aromatic ring flips.') After introducing a few basic definitions, which will be referred to in
later chapters, lineshapes in exchanging systems, i.e. exchange of transverse magnetisation
under free precession will be discussed in section 1.2. The formalism will be extended to the

evolution of transverse magnetisation under CPMG conditions in section 1.3.

Finally, in the case of very slow exchange, associated with high energy barriers or extremely
low temperatures, simple NMR spectra can no longer be distinguished from mixtures of non-
exchanging components. Nevertheless, if kex does not greatly fall below the spin-lattice
relaxation rate R; of involved nuclei, the process may still be detected by exchange of
longitudinal magnetisation, which will be the subject of section 1.4. Very recently, progress

has been achieved in extending the memory time of nuclear spins beyond T (=1/R;),!”

opening the possibility to study even slower processes.
p g p y y p

Fig. 1.1.2: Reaction profile of a
two site (A, B) exchange
equilibrium with transition state
(#), forward and backward rate
constants &, and k;, and differences

in Gibbs free enthalpy AG.

The great advantage and power of NMR spectroscopy is, that all motional processes
mentioned so far can be studied under equilibrium conditions and do not require complicated
devices for mixing and time resolved measuring. Of course, NMR is also capable of dealing
with non-equilibrium systems with virtually no lower limit of ke, a prominent example being
H - D exchange of amide protons in D,O. Hydrogen exchange (HX) with protic solvents is an
example of a two site exchange with highly skewed populations, which will be discussed in

detail in sections 1.5 to 1.9.
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Consider an equilibrium between two species A and B with associated forward and backward
first order exchange rate constants k, and k&, (Fig. 1.1.2), which is more conveniently
characterised by the overall exchange rate constant kex = k, + Ay and the fractional populations
Pa = kv/kex and py = ko/kex (pa + po = 1). In highly skewed populations (p, » pp), as in the case
of hydrogen exchange between labile protons in a macromolecule and the bulk water, kex = ks
is essentially a pseudo-zero order off-rate from that particular site. The equilibrium constant K

= ka/kv = pv/pa 1s associated with the difference in free enthalpy AG,, of B and A:

K:exp(_ﬁgabj:exp[_ﬁ;[ab +A§abj (1.1.1)

Similarly, the temperature dependence of &, (and ki) may be calculated from Arrhenius law in

combination with the theory of the activated complex:'®!

T oh

(1.1.2)

k, =—ex =
h RT RT R

kT p(—AGij kT Xp(—AHﬂ .\ Asij
AG", is the Gibbs free enthalpy of the transition state, which contains an enthalpic term AH",
as well as an entropic contribution —TAS”,, if the transition state requires a significant degree
of order or tolerates disorder in the system. Let a certain spin have a precession frequency of
a) in molecules belonging to state A and «y for state B, then their difference is given by A

= ap— @) and the exchange process may be classified as:

slow kex « Ay
intermediate kex = Ay (1.1.3)
and fast kex » Dddy

on the spectral timescale of that particular spin. Note that a single exchange process in a
molecule may for different spins give rise to different regimes and lineshapes, which depend
on the static magnetic field. The term slow should not be confused with a complicated process
of conversion from A to B involving, for example, several transition states. In fact, the
transition can be regarded as instantaneous event, and slow refers simply to a low probability

of such a jump in either direction to occur within unit time.
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1.2 Exchange of transverse magnetisation (free precession)

In order to understand the effect of kex on the lineshape, it is instructive to consider a
symmetrical two site exchange process with equal populations p, = p, = 0.5 and rate constants
ka = kv = kex/2. Starting from state A, transverse magnetisation evolves, i.e. oscillates in the
rotating frame with Q, = @w — @), where @ is the spectrometer reference (= transmitter)

frequency, until a transition occurs to state B, and the signal continues oscillating with Qy, =

@ — a, ete. (Fig. 1.2.1).

Fig. 1.2.1: Evolution of transverse
magnetisation in a single molecule under
A B A B A the influence of symmetrical two-site

exchange. Since the lifetimes of states A

t and B between the transitions are long
enough to allow the magnetisation to
evolve with their distinct frequencies,

this example corresponds to a slow

exchange process. Figure taken from .

Of course, the exact time point of the transitions in an individual molecule is unpredictable
and subject to statistical variations among the molecules. The gradual loss of synchronisation
of transverse magnetisation in an ensemble of state A molecules may be visualised by
summing up simulated random trajectories for only a few molecules (Fig. 1.2.2). For low
values of k., the dephasing is monoexponential with time constant k../2 (k, in an asymmetric
equilibrium), in the absence of further transverse relaxation resulting in a Lorentzian
frequency domain signal at Q, with linewidth ke, (in rad s™). Likewise, all molecules starting

from state B give rise to a Lorentzian signal at Qy,.

The peak positions start to move towards each other, if kex enters the intermediate exchange
regime, where signals often are already so broad, that they are no longer visible in the
spectrum. After the crossover point ke = A, (Fig. 1.2.2 C), the transitions become so
frequent, that spins do no longer accumulate larger phase differences, and the averaging of
Q, and Q, becomes more and more complete. This results in a motionally narrowed single
peak at the average position Q,, =1/2 (Q, £ Q) (in the asymmetric case weighted with the

populations p, and py).
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A

k,=40x10"s"

B

k,=20x10°s"

i

C

k,=13x10"s"
= Ao,
Q

D av

k,=40x10"s" A

E

k,=1.0x10°s"

A

ZI]3E

Fig. 1.2.2: Simulations of precessing transverse magnetisation in an ensemble of 20 molecules, all starting in
state A, with fixed Aay, (Q./211= 2 kHz, Q,/211 = 4 kHz) and variable k.. Left column: superposition of
individual trajectories spanning 1 ms. Middle column: summed transverse magnetisation. Right column:
spectra resulting after Fourier transformation with equal amount of molecules starting from A and B. The
intermediate exchange crossover (C) is defined as k.x = Aa)y,. Coalescence (maximal broad signal) occurs before

at ko, = A/ \2. Figure partially taken from t

Assuming that the spin topology in the exchanging species is the same, the overall density
operator p of the system is given by:
pt P _ (PN P P P
P=D.P. ¥ PPy ( n Bj—p{ _ jﬂn( S j (1.2.1)
P P Pa P Po P
where p, and p, are averaged only over the molecules, which are in state A and B at a

particular point of time, respectively. Each matrix element o &, p and P of the matrix

representation of p in the eigenbase of I, of a single / = 2 spin may be decomposed in
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analogy, and all eight elements representing the individual states evolve according to inherent
dynamics (in the rotating frame) as well as to the exchange process. For example, (—1)
quantum coherence in molecules A obeys the equation of motion:

%p’a =(Q,-R, )Pk, patk,po (1.2.2)

Together with an analogous equation for p, this may be combined to:

_a Q _R _k k _a N
i ,0_ - 132, 2a a . b p_ = Lp (123)
dat\ ps k, 1Qy =Ry, =k, \ P

The time evolution of p~ is governed by the propagator Q = exp(L#), which is calculated by a
unitary transformation D = V'LV and subsequent integration, as described below in section
1.4. For a symmetrical equilibrium with identical transverse relaxation rates Ry, = Rap = R
one obtains the following signals after Fourier transformation:

k

1 ik k 1 1 k
SIQ)=—(1-—2)7(Q,, +P,R, +—2)+—(1+—2)/(Q,, —P,R, + ) k<A 1.2.4
Q)= -T2/ (Qu + PR+ =29 + (1472 /(Q, = PR, 472 hosbady (124)

2P

k 1 k
R, +—=-P)+—(1-—=2)(Q
TP (=) o

1 k k
SIQ)=—(1+—=2)(Q,, R, +—=+P) koA 1.2.5
( ) 2( 2P) ( av av 2 2 ) a)dlb ( )

with  P=_ ||k’ -Aw,’

/2 and Q_=(Q, +Q,)/2

Here, ~(Q, R;) denotes a Lorentzian which is centred on Q and has a linewidth of 2R,, as
directly evident from equation (1.2.4) in the absence of exchange (k.x = 0), where the overall
signal consists of 2 lines at Q,, + Aww/2 (= Qp) and Q. — Awy/2 (= Q,). With increasing ke,
P decreases, and the lines, being phase twisted by the imaginary term and broadened by ke,
move towards each other. At the crossover kex = Ay, P = 0, and both Lorentzians become
identical, and remain centred on Q,, for all k., > Aa)p. However, because P is now dominated
by kex/2, the first term of equation (1.2.5) represents a line with increasing intensity and
decreasing linewidth, whereas for the second term it is just the other way round, and it may
finally be neglected. Coalescence occurs at ke = A/ \2 (Fig. 1.2.2), when both (twisted)
Lorentzians are still separated by 2P = Acay/V2, but no longer resolved (for absorptive
Lorentzians this occurs at Adayy = half linewidth). In systems with large intrinsic R, like

biomolecules, coalescence is shifted to even lower kex.
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1.3  Exchange of transverse magnetisation (CPMG conditions)

As described in the previous section, CSM with rate constants in the order of Aajy, results in
increased free precession linewidths, i.e. an exchange contribution R.x superimposed onto the

intrinsic transverse relaxation rate R, of the affected nuclei:

R, =k, =pk, for kex « Ay (1.3.1)
2
R. =4pa‘;ﬂ for kex » A (13.2)

X

In order to remove artefacts from J-couplings and an imperfect static magnetic field
homogeneity, R, is usually measured from the exponential signal decay after a CPMG train of
variable length. In the presence of exchange, however, the apparent (or effective) transverse

relaxation rate R,"" is no longer R, + Rey as for free precession, but becomes a function of the
180° puls spacing 27cp owing to partial refocussing of Aayp. This has been exploited to
identify exchange from the dispersion of Ry*™(vcp) with variable CPMG field vep = 1/(4 Tcp)
and constant relaxation delay,” and full analytical expressions for the profile R,*"(vcp) as
function of A, kex and p, under the assumption of two site exchange have been derived.!'”
"I Since CSM relaxation can be fully suppressed in the fast pulsing limit (Vep » Adp/2TT), Rex
is usually defined as the difference R,*"(Vep—0) — Ro*™(vUep—0). Under slow exchange

conditions, R,*" (Vcp) shows oscillations in the region of slow pulsing (low vep)(Fig. 1.3.1).

1.8 a{ 1.8 b

PR Aw,, = 21 * 720 Hz
]
<10
t~
X 06

0.2

0 200 200 600 0 200 400 600
Vep (HZ) Vep (HZ)

Fig. 1.3.1: Simulated CPMG dispersion profiles for component A in a two-site slow exchange showing only the
exchange contribution (i.e. Ry, = Ry, = 0) a: Effect of Ay, corresponding to a N chemical shift difference at By
= 18.8 T (from the left to the right) of 1, 3, 5, 7 and 9 ppm or increasing B, with constant forward rate k, = Rex =
1 s b: Effect of the forward rate constant k, (= Rex), increasing from the bottom to the top: 0.5, 0.75, 1.0, 1.25

and 1.5 s, with constant Acy, = 210* 480 Hz (6 ppm). Figure taken from [\
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For site A, these oscillations have been shown to depend only on the forward rate k, and the
product of Acyp, and the CPMG delay 7cp:!?

sin(A&,,Tep)

R =R, +k, —k,
Aa)abrCP

(1.3.3)
which drops to the intrinsic rate R,, in the fast pulsing limit. At Vcp = 0 (free precession), the
actual transfer of transverse magnetisation between A and B within one precession cycle
1/Awy, averages to zero, and the effect of exchange is simply an increased dephasing on A. In
contrast, refocusing pulses may lead to a net transfer from B to A, which can increase or
decrease the amount of A transverse magnetisation, resulting in a lower or higher effective

transverse relaxation rate (Fig. 1.3.2).

Fig. 1.3.2: Scheme illustrating the

{SIte A) @ @ @ @ @ @ @ @ @ transfer of transverse magnetisation from
B to A through two CPMG cycles 7cp-

{Slte B) @ ® @ @ @ ® @ @ @ 180°-17cp. Spin A is assumed to be on-
;_ Tee __._130 —_— T —— T _180 — T _[ resonant (Q, = 0), whereas B evolves

: with Q, = Aa). A: rotating magneti-

sation vectors M, and M,, starting from

M.x (t
M::yit: B x-magnetisation. B: trajectory of x- and
y- components of My, My(f) = (I =
tr(Pulx) and My (1) = (L), = tr(poly) for
My~ M, . Ay Tep = 3102 (Vep = Aay/(3%2M)).C:
net amount of magnetisation
C accumulated on A due to transfer from B
(= integral of trajecories). Fig. taken
Moy =M,y from "2,

Hence, the peculiar situation arises, that R,"" can be higher at nonzero CPMG field strength
than in the free precession limit. For the first (going from right to left in Fig. 1.3.1) and

highest maximum of R

in the dispersion curve at AdwypZcp = 3TU2, the contribution of
magnetisation transfer makes up 2/(3mk, (= 0.21 k,). In contrast, at integral multiples of
Ay Tcp/T, the sinc term in equation 1.3.2 vanishes and the system behaves as under free
precession. At low By, or if the chemical shift difference between A and B is small, the
oscillations may not be observed, since R,*" cannot be sampled at arbitrarily small vep due to

sensitivity limitations.
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1.4  Exchange of longitudinal magnetisation

If kex is very slow, lineshapes are merely affected, since the contribution k, (k) to the
transverse relaxation rates is much smaller compared to intrinsic transverse relaxation R,
(Rap) or contributions from unresolved J-couplings. Such dynamic processes may still be
studied by NMR using exchange of longitudinal magnetisation (I,) = p,(I)a + pp{Ip =
pa(a— pBa) + po(P— pBb), which is part of the overall density operator as defined in
equation 1.2.1. There is no oscillation in the evolution of longitudinal magnetisation, giving
rise to a relatively simple equation of motion (neglecting that (I) actually drives back to a

nonzero thermal equilibrium, e.g. by an appropriate phase cycle):

i e (1 aan

L

This system of coupled differential equations is solved by diagonalising L according to D =
V'LV, where the unitary matrix V contains the eigenvectors, and the diagonal matrix D the

eigenvalues of L:

1 (k 1 4 -R 0
=— D=V LV = (1.4.2)
k., k, 1 0 -—-R +k,
assuming equal intrinsic longitudinal relaxation rates R;, = R, = R;. Subsequent

exponentiation of Lz is now straightforward to yield the propagator Q:
Q =exp(Lt) =V(V'expLtV)V™" =Vexp(V'LtV)V™" = Vexp(Dt)V™! (1.4.3)

The matrix elements of Q indicate, which fraction of the initial polarisations, e.g. (/,),(0), are
retained on A (¢..) and transferred to B (q.b) during the time period ¢, respectively, and vice

versa (equation 1.4.4):

(L), O)_(du ¢ (L)) _ 1 (ke™ +hke ™ ke™ — ke " Y(L) 0
(L), 0) (qw aw (L)) ko \ke™ —ke ™ k™ + ke | (L), 0
\—ﬁ/__J
Q
They are experimentally accessible, if magnetisation is frequency labelled before and after the
exchange takes place during a mixing period, as in 2D exchange spectroscopy (EXSY),!"
where ga, and gy, produce diagonal or aufo signals, whereas ga, and gp, give rise to cross

signals correlating the exchanging sites. Starting from full thermal polarisations, and

assuming equal treatment during preparation, terms originating from (I,)4(0) (gaa and ga) and
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I)p(0) (gvb and gpa) may be scaled with p, and py, respectively, as shown in the simulations
(Fig. 1.4.1). Under these conditions, i.e. if z-magnetisation represents true concentrations,
Paqab = Pvqbas Since in the equilibrium the number of exchanging molecules in the forward and

backward reaction is identical.

paqaa

o
Wyp
' o

Intensity

PPy |
0.2 -

Py |
0.1

O_O L] I L) I L] I L] I L] l
0.0 0.1 0.2 03 0.4 mixing time [s]

Fig. 1.4.1: Simulation of the time evolution of matrix Q elements according to equation 1.4.4 with scaling as
mentioned in the text. For all curves, R, =2 s ' and ky = 2 k, (pa = 2/3, pp = 1/3). The black dashed lines are the
kex » Ry asymptotic plateaus for g,,, g and gy, decaying with exp(—R,f).

In the absence of exchange, both exponentials cancel ¢,, and gu, to zero, and ¢.. and gy
follow a monoexponential decay with the time constant R;. Therefore, exchange is principally
not detectable for kex « R , because the build-up of cross peaks requires long mixing periods,
where the magnetisation has already decayed owing to spin lattice relaxation. In the other
extreme (kex » R1), the second exponential term, which is the same for all four peaks (apart
from opposite sign for the diagonal and cross signals), governs the initial behaviour of the
curves: pagaa and pygey quickly drop to plateaus at p,> and py’, the drop being much more
pronounced for the minor species of an asymmetric equilibrium. In contrast, paga» and pygba
rise to a plateau at p,pp, which is remarkably situated between the other two, and all plateaus
slowly relax according to exp(R;f). Cross-relaxation in a 2-spin system is completely
analogous, if in this case k, = ky is replaced by cross relaxation-, and R; + k, by the auto (=

leakage) relaxation rates, respectively.
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1.5 Hydrogen exchange chemistry

Discussing hydrogen exchange (HX) in macromolecules in terms of structural biology
requires the knowledge of the underlying chemical events, upon which structural and

1% 131 Consider a process, in which a catalyst

experimental influences are superimposed.!
molecule and the exchanging site (either of the two is donor AH and acceptor B), collide with
a rate constant kp, form a rapidly equilibrating (Kc) H-bridged complex, which dissociates
again with the rate constant k& p (equation 1.5.1). Owing to the large excess of water
molecules in aqueous solution, final de- or reprotonation by H,O, thus re-establishing the

educt molecules, is always fast.

AH+ B =—=2= (AH-B === 4-HB) —2= 4+ HB| (51

"o

In free solution, the collision rate kp is diffusion-limited and depends on the catalyst
concentration [Cat], whereas the equilibrium within the complex K¢ determines the fraction of
successful collisions F¢ to yield the overall rate 4, for proton transfer:

ke = kp Fe kp=10"[Cati M 's'  F.= Ke

= K. =10PKes=rKn) 1.5.2
K, c ( )

When transfer of a proton is energetically downhill, from a stronger to a weaker acid (pKg >
pKa), Fc approaches unity (Fig. 1.5.1), and the exchange proceeds (in the absence of other

slowing factors) at the maximum possible rate kp.

A acid base pK ke B
-CO-NH- -CO-N'- 18.5 ]
H,0 OH 15.7 061
lysine &-NH;*  lysine &-NH, 100 oel
imidazole-H" imidazole 7.0 ol
H;0" H,0 =107
C(OH)=NH'-  -CO-NH-  -125 S N S

Fig. 1.5.1: A: pK of selected acid-base pairs. At pH = pK the concentrations of acid and base are equal. B: F as
a funtion of ApK = pKg—pK, (for a proton transfer from A to B).
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For example, in a 0.2 M aqueous solution of imidazole at pH 7.0, corresponding to a 0.1 M
base catalyst, exchange of lysine {-NH;" protons proceeds at k, = 10° s' (Fc = 107).
Although less efficient, this is much faster than OH -ion catalysis (ki = 10° s!, Fe = 1) for
these conditions, simply due to the low concentration of hydroxide ions. In contrast,
deprotonation of a peptide amide group to the imidate anion is energetically strongly
unfavourable and therefore faster by OH -ion catalysis (ks = 10°% s™') compared to catalysis
by imidazole (k; = 10> s™'). Generally, exchange of amide protons by buffer or salt ion
catalysis in protein solutions is negligible, and the intrinsic HX-rate ki, can be expressed as

sum of H30" and OH™ catalysis only:
Kine = kit + kon = ku [H30'] + koy [OH] (1.5.3)

ki (= 0.41 M 's™! for poly-D,L-alanine at 20 °C and low salt conditions) is much smaller than
kou (= 1.49%10° M 's™"), because protonation of an amide group by H;O" is energetically
uphill by 11 decades! The minimum of ki, is located at a pH, where acid- and base-catalysis
are equally fast, and from there kin increases 10-fold per pH unit in both directions, giving

rise to typical V-shaped profiles (Fig. 1.5.2).

Fig. 1.5.2: HX-profile of log(k;,) in
min~' versus pH at 25 °C for nitrogen-
bound protons. poly-D,L-alanine NH
(solid line), glutamine €-NH, (bold and
medium dots for Z and E protons),
tryptophan &-NH (dashed line), arginine
€-NH (small dots) and arginine Nn-NH,
(dash-dots). Figure taken from !'*!

At conditions of biological relevance, acid catalysis as well as a pH-independent contribution

of catalysis by neutral water molecules is negligible.
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1.6  Hydrogen exchange in peptides

In peptides, the intrinsic rate constants ki and kon of acid and base catalysed amide hydrogen
exchange are sensitive to the neighbouring side chains, i.e. they depend on the primary
sequence.'” Surprisingly, side chains of residues (i—1) and (i) have been found to exert
simply additive effects on logioky and logiokon, which allows to calculate intrinsic exchange
rates for arbitrary dipeptide pairs (i—1,i) by reference to a suitable alanine peptide like poly-

D,L-alanine (see above) and correction factors a and b given by Table 1.6.1:!'"

logioku (i-1,) = logioku (Ala,Ala) + a(i-1) + a(i) (1.6.1)

log1o kor (i-1,1) = logio kon(Ala,Ala) + b(i-1) + b(i) (1.6.2)

Table 1.6.1: Dipeptide sequence specific correction terms a(i—1), a(i) (acid catalysis), b(i—1) and b(i) (base
catalysis) for the calculation of the intrinsic HX rate of residue (i) according to equations 1.5.3, 1.6.1 and 1.6.2.
Positive (negative) charges need to be considered for pH <(>) pK of the respective acidic (basic) side chain:
pK(Arg) = 12, pK(Lys) = 9, pK(His) = 7, pK(Glu) = pK(Asp) = 5. When His is neutral (pH > 7), acid catalysis is

too slow compared to base catalysis to be measured.

Xaa  a(i-1) a()) b(i-1)  b(i) Xaa  a(i-1) a() b(i-1)  b(i)
Ala +0.00 +0.00 +0.00 +0.00 Leu  -0.13 -0.57 -021 -0.58
Arg"  -032 -0.59 +0.22 +0.08 Lys" =029 -0.56 +0.12 -0.04
Asn  -0.13 -0.58 +0.32 +0.49 Met  -028 -0.64 +0.11 -0.01
Asp”  +0.58 +0.90 -0.18 —0.30 Phe -0.43 -0.52 +0.06 -0.24
Asp  —0.12 -0.90 +0.60 +0.69 Pro(t) -0.19 -  -024 -
Cys -0.46 -0.54 +0.55 +0.62 Pro(c) -0.85 -  +0.60 -
Cys,  —0.58 -0.74 +0.46 +0.55 Ser -0.39 -0.44 +0.30 +0.37
Gly  +0.22 -022 +0.17 +0.27 Thr -0.47 =079 +0.20 -0.07
Gln -0.27 -0.47 +0.20 +0.06 Trp -0.44 -0.40 -0.11 -0.41
Glu=  +0.31 -090 -0.15 -0.51 Tyr -0.37 -0.41 +0.05 -0.27
Glu -0.27 -0.60 +0.39 +0.24 Val -0.30 -0.74 -0.14 -0.70
His - - +0.14  -0.10 Nter’  -1.32 - 1.62 =
His"  -0.51 -0.80 +0.83 +0.80 Cter” - 4096 - -1.80

Ile -0.59 -091 -0.23 -0.73 Cter - +0.05 - -
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Both acid and base catalysis are significantly slower in hydrophobic residues due to steric
blocking of the amide proton, which corresponds to a downward shift of the V-shaped
exchange profile of Fig. 1.5.2. Electron-withdrawing groups in the side chain exert an
opposite inductive effect onto the basicity and acidity of the peptide group and therefore shift
the minimum of the V to lower pH. Additionally, positively and negatively charges residues
or the peptide termini can electrostatically influence local catalyst concentrations, and
logarithmic rates of respective residues have been shown to scale linearly with the square root
of ionic strength.!"®! Efficient base catalysis of His", which is approximately 50 % present at
pH 7.0, is the reason why amide protons of the unstructured histidine tag are usually only

visible under very acidic conditions.

L Fig. 1.6.1: Measured (white
k, ] {» bars with error bars) and
L H — predicted (grey bars) rates of
0 H = | H-H exchange in an unstruc-
tured dodecapeptide at 20 °C,
H 0.5 M KCl and pH 7.0." Tlel is
not visible in spectra due to fast
exchange, and for Ser2, a lower

limit of 50 s' was estimated

from rates determined at lower

01

lle sem Met3 Serd Glus GlUE  AspT Lews Lews  Asni0 Al Lysi2 temperature.

Furthermore, intrinsic HX rates may be calculated for arbitrary temperatures, if Arrhenius

behaviour is assumed for &y and kon:

Ea
Kyon DGXP[‘ RT} (1.6.3)
Activation energies E, have been determined as 14 and 17 kcal/mol for acid and base
catalysis, respectively, corresponding to an approximately threefold acceleration per 10 °C

increment.!'”!

In order to compare k;,;, for H-D with H-H exchange, small isotope
corrections need to be applied.*”! Thus predicted values of k;, have proven a fairly good
approximation of experimental hydrogen exchange in unstructured peptides, except for the N-

and C- termini (Fig. 1.6.1).""’
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1.7  Slowing of intrinsic rates in proteins

In folded proteins, HX-rates can be slowed down by many decades compared to the free
peptide k;,;, and some amide groups have been shown to resist H » D exchange for years.!*'! It
is now widely accepted, that intramolecular H-bonding of an amide proton blocks the
formation of the transfer encounter complex, and exchange requires structural fluctuations,
which imply breaking of that respective H-bond. According to a model proposed by
Linderstrom-Lang early in 1957,%*! hydrogen exchange of a particular amide in globular

proteins is preceded by an equilibrium of closed and open states (Fig. 1.7.1 A).

B

bettilliese e e seews e

i
Closed - T Open-T Open ‘-H kcl k

int

Fig. 1.7.1: A: Schematic illustration of a local unfolding equilibrium Closed-T — Open-T with forward and

backward rate constants k,, and k., which is required for T(ritium)— H(proton) amide exchange (ki) of an a-

helical residue. B: Plot of overall exchange rate ke, versus ki, as given by equation (1.7.1). Fig. taken from !"*,

Since, in a strictly basic or acidic regime, kiy is proportional to the catalyst concentration, the
combined kinetics is analogous to the common Michaelis-Menton formulation, except second
and first order processes occur in the reverse order. For an equilibrium strongly biased

towards the closed state, i.e. kqp « k¢ the overall HX-rate k., simplifies to:

k. k.
=T (1.7.1)
kcl + kint

The relative size of rates k. and k;, determines the regime of hydrogen exchange, which is
commonly referred with the apparent order of the overall exchange reaction (Fig. 1.7.1 B)./*’]

kcl « kint: kex = kop EX1 (172)
kcl » kimi kex = Kop kim Kop = kop/ kcl EX2 (1.7.3)

In the EX1 regime, the amide proton exchanges every time the H-bond is broken by a local

structural fluctuation, before it is re-closed, which is typically after milliseconds or shorter.*"
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Since kin is relatively slow under conditions, where proteins retain native conformations
(below pH = 8), amide exchange from folded proteins mostly follows pH-dependent EX2
kinetics. K, defines the time fraction, in which the amide proton is not H-bonded, i.e. acces-

sible to chemical exchange, and is often estimated by the inverse of the protection factor PF:
PF = kindkex = 1/Kop (1.7.4)

PF is defined as the extend, to which the experimentally determined exchange rate ke is
suppressed relative to the exchange rate ki of a non-H-bonded amide in an unstructured
peptide having the same dipeptide sequence at the same pH and temperature. Hence, the
relation between PF and K, assumes, that the open state is equivalent to a random coil state,
which may not be the case. For example, for completely unprotected amides at the surface of
globular proteins kex (= kint) may differ from random coil values owing to the given geometric
features of the local environment. K, yields quantitative evaluation of an apparent free

energy associated with the exchange limiting backbone fluctuation:
AG =—RT In(K,p) (1.7.5)

According to thermodynamics, all possible conformations in a protein are populated with
their relative energies, and “open‘ and “closed* states may actually summarise a large amount
of HX-competent and HX-protected conformations connected by a variety of modes and
timescales. Extremely slow protons (Ko, = 10'°) in the core B-sheet of BPTI require global

unfolding as the energetically highest of the excited states. >

In alternative HX-models, k. has been proposed to depend on the penetration of solvent and
catalyst to the exchanging amide, and thus predicted to be reduced especially in the protein
core.?®! However, for thermodynamic reasons, amides in the core are always also H-bonded,
and solvent penetration cannot explain reduced HX-rates in solvent accessible, but H-bonded

amides like surface helices.”*”]

It has been postulated that acid-catalysed hydrogen exchange should occur via imidic acid
mechanism, in which the amide oxygen is protonated because of its larger basicity compared
to the nitrogen.*® However, in proteins this mechanism requires fluctuations freeing H-bonds
of both the amide carbonyl and proton, and N-protonation may compete with O-protonation
for strongly H-bonded carbonyls.*”! For amides in the protein core that are connected to the
solvent via a chain of H-bonds, exchange may principally occur by a relayed imidic acid

pathway, in which H;O" does not have to reach the buried amide itself.*"’
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1.8  Measuring hydrogen exchange

The simplest method to determine HX rates of amide protons is lyophylising re-dissolving the
protein in DO and observing the decay of individual resonances by a series of 2D NMR
experiments like ""N-HSQC or TOCSY. This exchange out is, however, limited to protons
with kex < 107 s, which are not yet fully exchanged, before the first experiment is recorded
(typically 15-20 minutes). In principle, rates of faster protons may at least be estimated from
the signal decay during acquisition of the 2D experiment, which becomes manifest as line
broadening in the indirect dimension.”'! If slow protons of interest can be resolved in 1D
spectra, e.g. because most others have already disappeared (exchange editing), the limit may
be extended to kex = 107 s using ultrafast transfer lines.”?! Vice versa, under conditions,
where amide exchange is generally very slow, the fastest protons may be resolved by
exchange in from completely exchange-deuterated protein in H,O."”!

D - H exchange trapping has successfully been employed to identify structured regions within
folding intermediates, which are too short lived to be studied by other methods.”*! Here, a
fully exchange deuterated, denatured protein, kept under pH conditions where hydrogen
exchange with the 'H-solvent is insignificant, is subject to refolding conditions at time point
zero. After a variable refolding time 7 a short high pH pulse allows unprotected amides to
exchange completely with 'H, and folding proceeds in the absence of exchange. In 'H- (or
"N-HSQC) spectra of the native protein, signals of amides, which have gained a significant
solvent protection within 7y will be weakened relative to those, which remain exposed at that
stage of the folding process.

In the intermediate exchange regime, linewidths of 'H resonances may be directly converted
into HX rates up to ke = 10° s Faster exchange, as it occurs for solvent exposed amides
at pH > 7 and high temperatures (> 40 °C), is no longer detectable by NMR spectroscopy,
since the protons usually do not give rise to signals above noise level. In modern high field

spectrometers, amides enter the fast exchange regime at ke = 10* s

, where they become
finally indistinguishable from the solvent resonance. For this reason, most lysine (-NHj3,
arginine N-NH; and histidine aromatic HN protons, which are rarely H-bonded, do not appear
in spectra of proteins under biologically relevant conditions. The same holds true for serine,
threonine and tyrosine OH, whose intrinsic chemical shifts are even closer to the water
frequency.”™ Nevertheless, in highly concentrated protein solutions, intermediate regime

hydrogen exchange of these individual moieties was shown to have a significant effect on the

transverse relaxation rate of the H,O resonance itself (Figure 1.8.1).5¢
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Fig.1.8.1: Transverse

ELand B JLL LIS [ S P ILLL | Pt 4 relaxation of the water
i gL pH7.1 ] '

NG E: i | resonance as a func-
| sf g tion of pH in a 39 mM
C p (1) solution of BPTIL

| 4 ] - ,
6 r i The open circles
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- T l CPMG decay, in the
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L 102 103 1 104 inset from CPMG
1k 1Ty (s7) Peptide NH |  dispersion. The black

Arg n-NH, solid line is back
calculated from a fit
summing contributions
of different moieties.
These are denoted
above the individual
maxima, where the

respective protons are

in the intermediate

exchange with H,O.

Figure taken from ),

For amides exchanging on the order of 'Jxi (kex = 10%s'), already the loss of phase coherence
during INEPT transfer, being proportional to exp(—ke/'Jxn), leads to a significant signal
attenuation.’”! Residues affected this way often escape "N-HSQC and H"-detected triple
resonance schemes and require additional circumstantial CH-detected experiments. The use of
heteronuclear Hartmann-Hahn polarisation transfer, rather than INEPT, has been shown to

yield significantly enhanced sensitivity in cases of fast hydrogen exchange.”!

Hydrogen exchange of exposed amides with good "N-HSQC performance, but too fast for
time resolved measurements is usually characterised by transfer of polarisation from or to the
the bulk water after a selective perturbation. In its classical application, attenuation of '’N-

HSQC resonances upon presaturation of the water may be measured,””

this, however,
requires knowledge of the individual intrinsic proton spin-lattice relaxation rates Ry. Several
methods (MEXICO,*” WEX-FHQC,""!! CLEANEX-PM **) have been developed, which
aim at measuring the recovery of saturated amide magnetisation from exchange with the non-

saturated solvent. Their principle will be discussed in the following section.
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1.9  Exchange rates from polarisation transfer

The individual, time dependent polarisations of amide protons are coupled to a bath of
nonzero bulk water magnetisation, which can be assumed to be constant due to the large
excess of water protons. Every time a single proton exchanges between the bulk water and a
particular amide group, on average the “incoming* proton transfers the water magnetisation
FM.,, and the leaving proton carries the current amide magnetisation M(t) with it. M in this
context denotes the expectation value of the operator I, in the given density matrix 0 as
calculated from M = (I,) = tr(pl,). The factor F' takes into account that water may be not be
100 % restored to the Boltzmann equilibrium M., before the mixing period due to partial
saturation, RF inhomogeneity, pulse imperfections and radiation damping, or it is inverted
deliberately. However, given the slow spin lattice relaxation of water protons, it can be
assumed to be constant over typical exchange periods of up to 200 ms. The magnetisation
build-up on the amide group dM(t)/d¢ is proportional to the probability ke for an exchange

process to happen per unit time:

M=keX(FMoo - M(t)) (1.9.1)
In order to solve this differential equation, the inhomogenous part FM. needs to be added to
the solution M = M, exp(—kext) of the homogenous equation dM/d¢ + kM = 0. If amides are
completely saturated at # = 0, the boundary condition M(0) = M, + FM, = 0 yields:

M(t) = FM,, (1 - exp(—k_1)) (1.9.2)

After an initial linear build-up regime M = FMwket this function has, as expected, a steady
state plateau at M = FM... M(t) may be read out and assigned to individual protons by a 1D-

watergate or "N-HSQC detection scheme.

A serious limitation of simply measuring this recovery is, that evidently saturated amide
protons are subject to spin lattice relaxation during the mixing period, which may wrongly
pretend hydrogen exchange. Longitudinal relaxation (rate constant Ry) is always driven by
the difference to the full Boltzmann polarisation M. and contributes to the equation of
motion:

dM (t)

0l =k (FM,, =M () + Ry (M, = M (1)) = (ko = Ry)M + (Fk, + Ry)M,, (1.9.3)

which is solved in analogy to above steps:
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+ +
+ Fky + Ry M = MMw (1— e e hudty (1.9.4)
kex + RlH

M(t) =M e_(kcx Ry )t -
’ kex + RlH

[

where the last step enforces M(0) = 0. Now the steady state depends on F as well as the
relative sizes of kex and R, whereas the initial slope is given by Mew(FkextRin). For F =1, spin
lattice relaxation and exchange act constructively and cannot be separated. Instead, if water is
flipped to —z (£ = —1) prior to the exchange period, both processes try to drive the
magnetisation in the opposite sense and the initial slope and the plateau depend on the

difference of k.x and Rip.

The current experimental schemes separate k.x and Ry by a phase cycle, in which the water
magnetisation is alternating flipped to +z and —z, with the receiver phase adjusted

accordingly. The final signal, averaged over two respective transients is then:

LMWQ — e Yttty (1,9.5)
k X + RlH

€

M(t):l

{erx +R1H — _erx +R1H
2

M (1 _ e_(kcx Ry )l) -
kex + RlH kex + RlH °

Where F is now an average (positive) scaling factor of the water steady state polarisation.
Obviously, the influence of amide proton longitudinal relaxation cannot simply be removed
by phase cycling, which is a consequence of the nonlinear dependence of the relaxation
response dM/ds to M, as already pointed out by Gemmecker ez al.1**! Only in the initial build-
up regime, where exchange causes only minor changes in the polarisation of amide protons,
M = FM.ket is virtually unperturbed by spin lattice relaxation. After all, this linear regime
can extend to long mixing times (= 200 ms) for those residues, where k. is in the order of R,
(= 1s"). Usually, a series of experiments with variable mixing periods is performed, and the
measured intensities are divided to M., obtained from the reference '"N-HSQC experiment.
Individual ke should be extracted from the data points, where the polarisation increase is still
nearly linear. F' may be calibrated from measuring the water signal after the mixing period or

from the plateau of residues with kex » Rin.

Further problems arise from the presence of cross-relaxation during the mixing period, which
may be principally suppressed using conditions, where wr, = 1 is met,"”) or by NOE-ROE
cancellation (clean mixing) in the slow tumbling limit."**! In order to keep polarisation buildup
by intramolecular NOE effects as small as possible, all protein protons have to be saturated
prior to mixing by heteronuclear °N and C filtering."*> *! A variant of MEXICO applicable
to only '’N-labelled proteins, NewMEXICO (see also section 7.8), uses radiation damping

(RD) of the water signal within 20-40 ms after an initial TU2 pulse as an active element to
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discriminate between water and carbon bound protons.**! Before the mixing period, all amide
protons are again completely saturated by a "N filter. Although the RD-“pulse” has been
shown to be highly selective,'*] H* protons resonating exactly at the water frequency may be
restored to the z-axis and transfer polarisation to nearby H" protons via NOE. The same is
valid for OH protons, which are usually either merged with the bulk water signal (fast
exchange) or at least exchange quickly during mixing and give rise to exchange-relayed NOE
effects. Secondary effects including cross relaxation between adjacent amide protons (with
strongly different kex) or between amide and aliphatic protons may be neglected in the initial
buildup regime. Summing up these cross-relaxation side effects, a systematic error and
therefore lower limit of approximately 0.5 s™' seems reasonable for the determination of

individual HX rates.
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2 Heteronuclear correlation spectroscopy

2.1 Coherence transfer

Correlating the Larmor precession frequencies of covalently attached spins in heteronuclear
multidimensional NMR spectroscopy requires coherences to be efficiently transferred through
a network of J-couplings, for example in the protein backbone or sidechains. Insensitive
nuclei with low gyromagnetic ratio ylike '’N are often only accessible via such transfer steps
from a nucleus with much higher thermal polarisation like 'H. Formally, the term coherence

denotes non-diagonal elements of the density operator, represented in the eigenbase of I, as

for example in the case of an ensemble of non-interacting 7 = % spins:!"-*®*7!
“(t (¢ . e
p(0) =(p_( ) et )j =P 1 + PP O + p" ()" + p~ (D] 2.1.1)
p @) p@)

where I' etc. are (stationary) elementary spin operators and 0 and o are called (time
dependent) (+1)- and (—1)-quantum coherences, respectively. Physically, coherence requires
the existence of spins which are in a superposition of 0 and 3 quantum states and additionally
partially aligned in the xy-plane over the ensemble. The degree of spin alignment is given by
the magnitude, and its direction by the phase of the complex numbers p" and p . The classical

81 often also called coherences, are quantum

cartesian magnetisation vector components,*
mechanical expectation values of spin operators, which may be always calculated from the
density according to: M, = (I,) = tr(pl,) = (0 + ), etc. Usually prepared from the thermal
equilibrium polarisation M, under free Larmor precession in the rotating frame (+1)- and

(—1)-quantum coherences evolve with negative and positive frequencies, respectively:*”’

T
=1,

M. O M, :%(;f +p7) OB %(,cfe_’ﬂ" + 0 ") (2.1.2)
All terms carry the Boltzmann-factor 7% yBo/2kT, which is proportional to the gyromagnetic
ratio )f and the static magnetic field By. The NMR signal induced in the coil depends on the
one hand on the bulk magnetic moment in the sample (proportional to the number of spins
and )f), and on the other hand on the Larmor frequency @ (= —}By). A property of the
quadrature detection scheme during acquisition is that exclusively (—1)-quantum coherence is

detected.
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In a two-spin system IS, I- and S-spin polarisations may exist correlated, and the evolution of
spin density can be efficiently treated using operator products. For example, a non vanishing
expectation value (2IS,) describes a situation in which neither I-spins have a net alignment
along x nor S-spins along z, but in a single spin pair there is a certain nonzero probability for
S to be polarised in the z-direction, if I is polarised along x, and vice versa. Cartesian
antiphase I-spin coherence (2IS,) is completely converted into antiphase S-spin coherence
(2ISx) (and back to (2IS,)) by simultaneous application of 1/2pulses on both RF-channels
with phase y. Using such coherence transfer steps (CTS), the Boltzmann factor associated
with the originally excited nucleus may be propagated throughout the whole pulse sequence,

thus enabling indirect detection of low-sensitivity nuclei like "°N.

In contrast, pure (+1)-quantum antiphase coherence (I,S") is transferred not only to I-spin
single quantum, but also double and zero quantum terms by a simple CTS, because 8" = S, +
iSy contains both orthogonal cartesian operators. Also, both SQ terms (I'S,) and (I'S,) are

excited, but each only with half amplitude (Fig. 2.1.1 A).

!zs*+ 1/2TS, \ (+1)
\ \ (0)
1/218, (-1)

Fig. 2.1.1: Coherence level diagrams®™ for CTS from S to I by two simultaneous 772 pulses on both RF-

channels. A: without gradients. B: echo pathway. C: antiecho pathway. Brackets are omitted for simplicity.

After the application of a pulsed field gradient (PFG) G for a period g, (I,S™) acquires a (z-
dependent) phase factor exp(-i)§Gz1s), which in combination with a second, rephasing
gradient pulse after the CTS may be used to select either ¥5(I'S,) (Fig. 2.1.1 B) or &I S,)
(Fig. 2.1.1 C). Pathways with inversion and retention of coherence order are, in analogy with

" and they identically apply

homonuclear refocussing, called echo and antiecho pathways,"
for transfer of the adjoint coherence (I,S™). Antiphase coherences like (I,S™) are readily
converted into the respective inphase coherences (S*), and vice versa, by Jis-evolution periods

with a length of 1/(2Jis).
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2.2 The HSQC experiment

HSQC, the fundamental phase cycled version of which is shown in Fig. 2.2.1, is the most

widely used experiment for correlating frequencies of a sensitive (I) and an insensitive (S)
]

y y

|t|r t,/zlt/z T
I

nucleus through the heteronuclear scalar coupling constant Jig.>
¢ ¢2

O
S I I Dec.

Fig. 2.2.1: Pulse scheme of the fundamental HSQC experiment. The delay 7is set to 1/(4J;s) and decoupling of

the S-spins during acquisition may be accomplished with a GARP sequence. Cycling of ¢ (= y,-y) ensures that
all protons not bound to S are cancelled, and in order to suppress DQ and ZQ terms generated by the second
CTS, a four step phase cycle (@ = 2(y),2(—y) and @..= y,2(-Yy),y) needs to be applied. The phase of all other RF-

pulses is x unless stated otherwise. Quadrature detection is achieved by the States method."*!

Through an INEPT element,”* single quantum (SQ) (2IS,) coherence is generated, which is
allowed to evolve under @S, during a variable period #; and transferred back to I-spin
coherence, which is ultimately detected during #,. Only one of the cartesian products (21,Sx)
and (2LS,) present at the end of the #-evolution period can be transferred back to observable
proton magnetisation, leading to an amplitude modulation (AM) of the final time domain
signal. Quadrature detection in F; (States method">") is achieved by interleaved sampling of
cosine and sine data points (by shifting @) in the odd and even serial FIDs, respectively, to

yield the following interferograms:

Jeos(t1,t2) = cos(Qst1) exp(iQitz) detection of (S,) =% (S +(S)) (2.2.1)

Sfein(t1,t2) = sin(Qsty) exp(iQit2) detection of  (S,) =41 (~(SHY+(SY)

Other schemes like TPPIP*! and States-TPPI are closely related. Although some readjusting
of the receiver gain to unwanted signals does not severely affect the sensitivity of an
experiment, a desired signal never rises above noise level, if it falls below the digitiser
resolution (=1/dynamic range). Thus, in order to make the scheme of Fig. 2.2.1 applicable to
aqueous protein solutions, the water signal, which exceeds the protein resonances typically by

10°, needs to be actively suppressed before reaching the receiver.®>"!
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A simple method is presaturation of the water polarisation by a long selective irradiation of a
few mW at the water frequency, which, however, also saturates fast exchanging amide

protons and thus makes them unobservable (Fig. 2.2.2 A).

ppm pom
1244 1198
124.6 A 198
1248 120.0
125.0 1202

H87 -
=

H87 -

7

H87

AY

815 810 606 600 ppm 726 720 746 740 705 700 695 690  ppm

Fig. 2.2.2: Comparison of '°N correlation spectra for different amide resonances in saposin C at pH 7 and 37 °C.
H87 undergoes fast solvent exchange, whereas V66 is closest to the water frequency. Spectral parameters and
experiment time are identical. A: HSQC with 2s presaturation. B: gradient-selected HSQC (see section 2.3). C:
gradient-selected sensitivity-enhanced HSQC. D: FHSQC with 3-9-19 watergate sequence. E: HMQC
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In gradient-selected experiments (see section 2.3), water magnetisation is not rephased by the
second PFG and thus very efficiently supressed without the use of selective pulses (Fig. 2.2.2
B and C). Also, a homonuclear gradient echo may be combined with a band-selective
refocussing Tt-pulse on the desired protons, whose inversion profile sharply drops to zero at
the water frequency. Binomial (WATERGATE) sequences,”™ °°! which achieve good
selectivity in a relatively short period, have been developed and incorporated into the HSQC

scheme (Fig. 2.2.3).

y y x X '
| T I 1 | I | . ||II|| . Fig. 2.2.3: FHSCQ with solvent
/ supression by a binomial 3-9-19 sequence
I Dec.

¢Z

4)1
I | t/2 t/2 |
S
Gradients are variable and may be
1

G G, aG, G.a G, G,
G . PN ‘ ._. A optimised for water suppression.

in combination with flip-back. Pulse

phases and delays are as in Fig. 2.2.1.

This scheme has been called fast-HSQC (FHSQC)'*®! and is preferably employed if transverse
relaxation of protons is fast due to the molecular size or conformational or hydrogen exchange
(Fig. 2.2.2 D). As in virtually all modern amide detected experiments, water is flipped back to
the z-axis prior to acquisition in order to avoid partial saturation of the water resonance.'
Since the water magnetisation can behave rather unpedictable during delays due to radiation
damping,'®*! it is essential to guide it carefully through the sequence by use of selective pulses
and de- and rephasing by PFGs. In FHSQC, partial supression of protons resonating close to

the water frequency may occur, therefore the scheme cannot be used for the detection of H®

protons.

Instead of using SQ-evolution (HSQC), the heteronuclear frequency Qg may be evolved
alternatively from DQ (Qs+Q;) and ZQ (Qs—Qj) coherences during periods of equal length
(HMQC).l In terms of their relaxation properties, multiple quantum coherences have been
shown to be superior for certain spin systems in large proteins.”" For "N correlations in
small to medium proteins, however, HMQC is usually less sensitive due to the modulation of

the #-time domain signal with homonuclear Jun couplings, leading to rather broad resonances

(Fig. 2.2.2 E).
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2.3 Gradient selection

Alternatively to phase cycling, the desired coherence pathway can be selected by a pair of
PFG, placed shortly after the #,-evolution period and prior to acquisition, in a single scan.
Because (S") and (S") evolve with opposite frequencies, echo- and antiecho coherence
selection yields different interferograms, which are in analogy to the States scheme recorded

and stored separately:
Secholti,t) = Y2 exp(—iQst1) exp(iQit) detection of  4(S™) (2.3.1)

Sfantiecho(?1,22) = V2 exp(+1Qst1) exp(iQit2) detection of (S )

WO T
m \*',’.,f.n
mi o Fes gl

D

<
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Fig. 2.3.1: F,-Fourier transformed interferograms from a gradient selected *C-HSQC experiment with usual
interleaved echo/antiecho selection, showing a 'H doublet of dioncophillin. faq = 12.2 ms corresponds to the 3t
ti-increment (the 64" experiment). A: fepo, constructed from experiments number 1, 3, 5, etc. B: finticchos
constructed from experiments number 2, 4, 6, etc. C: i(fechot fantiecho)> corresponding to (fecho T fantiecho) and 90°
phase shift, and D: (fantiecho — fecho)- The signal in A and B can be imagined as coils turning in opposite directions
with parallel alignment at time points with Qgt,/Tt = 0, 2, 4gtc. and antiparallel alignment at time points with

Qgt1/Tt =1, 3, Setc. C and D correspond exactly to the States data f;,s and fg,, except that the noise is also added.
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The factor % arises because only half of (S¥) is actually transferred, as discussed section 2.1.
From these phase modulated data, States data can be constructed simply by addition f.s =

Jecho T fantiecho @nd subtraction feos = 1(fecho — fantiecho), thereby enabling quadrature detection in

F; (Fig. 2.3.1).

While exactly retaining the desired signal, adding two subspectra also increases the noise
level by a factor of \2, making the echo/antiecho method less sensitive than the conventional
HSQC.!%> %) Signal is principally lost if field gradients are combined with CTS by RF-pulses,
which select cartesian rather than coherence operators. To overcome this drawback, an
elegant method has been introduced by Rance °” and Kay.'®! Sensitivity enhancement makes
use of two othogonal CTSs, which allow to convert both cartesian components (21,S) and

(2LSy) into observable I-spin magnetisation (Fig. 2.3.2).

y ; y Drec
|TIT I rlr Tlrlé‘) S
/
¢, y
t/2 amésla I I 5
S I : ecC.
G, G,
G ‘ A

Fig. 2.3.2: Sensitivity-enhanced HSQC with coherence selection by field gradients, disregarding solvent
suppression. G, is adjusted to the relative larmor frequencies of 1 and S spins. & is just long enough to
accommodate a gradient pulse (e.g. 800 ms) with a subsequent ring down delay (e.g. 200 ms). For the echo
pathway @ = x, and G, and G, have opposite sign (for positive )§), for the antiecho pathway @ and G, are
inverted with constant ¢.. (= x). The phase of all other pulses is x, unless stated otherwise, and parameters are

the same as in Fig. 2.2.1.

In terms of coherences, either full (S*) (echo) or (S*) (antiecho), which is present during ¢, is
transferred to (I ), as controlled by the phase @ of the first transfer pulse on S. In this scheme,
no signal is discarded by the additional employment of gradients, only their relative sign has
to match the selection done by ¢, Again, echo and antiecho subspectra are recorded
interleaved, but now, each #,-increment contains the full phase-modulated signal. As
summarised in Fig. 2.3.3, the result is an enhancement of sensitivity by a factor of 2

compared to the simple gradient-seclected scheme, or V2 compared to the conventional

HSQC.
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In practice, the gain of 2 is barely reached, because the sensitivity-enhanced scheme contains
additional pulses and is longer at least by 1/(2J), for the gradient selected version by another
44. For larger proteins with fast transverse relaxation and IS-groups which are subject to
conformational or solvent exchange, this can turn into a severe drawback. On the other hand,
in gradient selected schemes the receiver does not have to be adjusted to strong undesired
signals from solvent, buffer or, in the case of 13C at natural abundance, the 100 fold excess of

"2C bound protons.

7T 27 Q.t,

Fig. 2.3.3: A: Cosine amplitude-modulated signal detected by the States method (solid line) vs. signal with
constant amplitude, but modulated phase as detected by the echo/antiecho method, with simple gradient selection
(dashed line) and sensitivity enhancement (dotted line). The root mean square of the cosine function is V(1/2). B:
Vector diagram of S-spin coherences. Echo and antiecho methods detect the counter-rotating vectors (S") and
(S, respectively, whereas the States scheme detects projections onto the axes, which are on average V2 smaller.

Brackets are omitted for simplicity.

In triple resonance experiments, full phase modulated transfer is principally possible for each
CTS, but the gain is usually outbalanced by relaxation losses for small J-couplings, i.e. long
J-evolution periods. Furthermore, if a pair of de- and rephasing PFGs is used to select
coherences, the gradients should be applied as close in time as possible in order to avoid
signal decay by translational diffusion. Sensitivity enhancement may also suffer from signal
phase distortions, which result from differential relaxation of the spin terms involved in the

CTS, and which may severely deteriorate the correlation spectrum.
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2.4 Real time and constant time evolution

Although alternative approaches using selective excitations are currently experiencing a

revival, 7"

most commonly frequency labelling of nuclei requires the excitation of
coherences, in which the respective spins are polarised in the transverse plane. For example,
the HSCQ schemes shown in the previous sections excite (and finally transfer) (I,S") and
(I.S") coherences, which then evolve under a Hamiltonian containing the chemical shift
interaction of S nuclei (Fig. 2.4.1 A). All these schemes have in common that the sampling of
individual ¢, data points is done during a coherent period 7, (Fig. 2.4.1 B), whose length is
exactly ¢, i.e. in real time (RT). During this period, the coherence decays exponentially with a
rate R, which includes in- and antiphase transverse relaxation and inhomogeneity of By, thus
giving rise to a frequency domain signal which is proportional to the area below the decay
curve up to the acquisition time #,q (Fig. 2.4.1 C). J-coupling to I and further heteronuclei

may, if not explicitly desired, always be refocussed by the application of appropriate T-pulses

on the respective RF channel.
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Fig. 2.4.1: t;-evolution. A: Pulse sequence elements for real time and constant time evolution. B: Coherent
period 7..(#,) required to sample ¢, data points. C: Enveloping (scaled) time domain signal f{t,) = exp(—RT,). The

frequency domain signal is proportional to the integral of f{z;) from #, = 0 to #, = f,q (hatched).

Alternatively, T, may be kept constant (= constant time, CT), and the phase Qg#; may be
evolved by shifting a T-pulse on the S channel may be shifted away from the centre by /2.
In order to achieve the desired spectral resolution 1/¢,q, Tco = taq has to be chosen, otherwise the
T-pulse reaches the end of the constant time before at #; = I,. This results in a strongly

reduced frequency domain signal, which is further lowered by apodisation to zero, unless

resonance side bands are tolerated.
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Fig. 2.4.2: Identical cutouts from 13C-HSQC spectra of dADT. A: Real time ¢,-evolution, during which 1JCC (=
35 H) fully evolves. Doublets indicate C* atoms and C® atoms of serine, whereas pseudo-triplets are observed
for threonine C® atoms. The indirect acquisition time is ¢, = 41 ms (LP to 62 ms). B: Constant time #,-evolution
with 7, = 28 ms = 1/Jcc (n = 1). The phase of the resonances is given by the multiplicity of attached non-

carbonyl carbons (grey = negative, C%, and black = positive, CPof threonine). The reduced sensitivity is apparent

from the lack of signals compared to A.

The reduced sensitivity of HSQC with CT chemical shift evolution restricts its application to
cases where homonuclear 'Jec (= 35 Hz) multiplicity needs to be suppressed in uniformly

BC-labelled proteins by chosing ., = n/ Uee. (Fig. 2.4.2).[73 ]
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Fig. 2.4.3: Combined #,- and J-evolution in the case of t,4 < 1/(2J), here t, = 1/(4J). A: Pulse sequence elements
for concatenated J-and RT-#,-evolution periods and ¢ -evolution integrated into a CT-J-evolution. B: Overall
coherent period 7.,(#) required to evolve J and sample ¢ data points. C: Enveloping (scaled) time domain signal

as described in Fig. 2.6.1.
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In triple resonance schemes, chemical shift evolution periods are often directly pre- or
succeeded by J-evolution periods (= 1/(2J)), which are required to prepare coherence transfer
and which can extend to several tens of milliseconds for small values of J. Since in 3D
experiments #,q for the indirect dimensions is usually small, # (or #) evolution may be

integrated as constant time in the J-evolution period rather than concatenated, provided that #,q

< 1/(2J) (Fig. 2.4.3).
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Fig. 2.4.4: Combined ¢#- and J-evolution in the case of t,; > 1/(2J), here t,; = 1/J. A: Pulse sequence elements for
RT-extended CT-J- and #,-evolution and SCT evolution. The pure RT scheme is not shown. B: Overall coherent
period T.(t) required to evolve J and sample # data points. The slope of the SCT scheme is 1-1/(2Jt,).
Nonlinear incrementation is indicated by a dotted curve. C: Enveloping (scaled) time domain signal as described

in Fig. 2.6.1.

This simple method is no longer viable for #,q > 1/(2J), ie. if high spectral resolution is
desired or the coupling to evolve is large ("Jxu, 'Jen or 'Jeoca). In this case, the first 7 data
points may be fully integrated into the CT of length 1/(2J), but the rest of them needs to be
sampled by an appended RT. Alternatively, the overall coherent period 7, may be allowed to
grow linearly in # right from the beginning to exactly reach the final value 7., = taq at t; = toq
(Fig. 2.4.4). The slope 1-1/(2Jt,q) of this semi-constant time (SCT)"*7 growth is between
zero (constant time) and unity (real time), depending on J and the chosen #,q, and the T-pulses
on S and its J-coupled partner have to be shifted with a corresponding scaled increment. If the
spectrometer software allows a more flexible handling of delays than just incrementation by a
fixed period, a curve I(#;) may be chosen which approaches the CT curve without showing
its kink. By using this nonlinear incrementation, one should gain up to 10 % sensitivity

compared to the conventional SCT scheme.
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2.5  Optimising sensitivity

Of course, getting the maximum sensitivity (= signal to noise ratio per unit experiment time)
out of the protein solution in the NMR tube requires careful calibration of all pulses and the
appropriate choice of solvent suppression, transfer and evolution schemes as described in the
previous sections. For large proteins, shortening of the INEPT transfer delay 7to 70-80 % of
1/(4J) or use of the heteronuclear NOE for "*C polarisation enhancement ") may improve the
sensitivity. Furthermore, if a full recovery is not essential for the experiment, the recycle
delay 7. may be optimised with respect to the longitudinal relaxation rate Ry of the excited
protons. Assuming that all protons are saturated prior to acquisition, their recovery during the

recycle delay is given by:
l-exp(-RyT..) = l—exp(-4) (2.5.1)

In most NMR experiments, the recycle delay determines the length of one transient, and
therefore the number of transients within fixed experiment time is approximately inverse
proportional to T, and hence to A. Considering that signal and noise accumulate directly and
with the square root of the number of transients, respectively, the sensitivity follows the solid
curve shown in Fig. 2.5.1. For most rigid protons in proteins Rjy = 1-1.5 s™' is rather
insensitive to the molecular size, temperature and spectrometer field, thus, a recycle delay of

Is is close to the optimum in most cases.

0.9.] Fig. 2.5.1: Solid curve: Sensitivity as function of
08 A = RiyT,. (the recycle delay, expressed in units
= 0-7': of 1/Ry). The same curve is obtained for A = Rt,q
;:/ 061 (the acquisition period, expressed in units of FID
:‘E %7 decay time 1/R), if the the experiment time is
?J Z:E independent of #, (direct dimension). The
’ 02 maximum is at T, = 1.25. Dashed curve:
01 Sensitivity as function of A = Rt,q, if experiment
O'Oo.o' T 1o s 20 a5 % time is proportional to t,q (indirect dimensions).

When resolution is not an issue in the NMR experiment, the question arises to what extend
sampling of real time #; (or #) increments still contributes to the signal/noise ratio. If
apodisation is neglected, signal accumulates according to the integral of the FID envelope

from zero to t,q, which is given by:
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Z aq

j exp(—R{)dt :% (1-exp(-Rt,,)) O (1 -exp(-A)) (2.5.2)

whereas white noise accumulates with \/taq. The ratio of both, describing the sensitivity in
cases where experiment time is independent of #,, i.€. in the direct acquisition dimension,
adopts the same functional form as for the recycle delay, if now A = Rt,q is substituted. In
indirect dimensions, however, experiment time is directly proportional to z,q. In other words,
for a fixed experiment time extensive sampling replaces transient repeats, which needs to be
accounted for by another factor 1/\/taq. As shown by the dashed curve in Fig. 2.5.1, sensitivity
continues to increase with decreasing the indirect acquisition times, and the actually chosen

values of t,q rather depend on the desired resolution.

A ppm B ppm
- 114.0 - 114.0
-114.5 1145

\ S48 ¢
115.0 L 115.0
- 115.5 - 115.5

T119
Q87
N74

-116.0 N74 @ '@ -116.0
T T T T T T T VAN T T 116-5 T T T T T T T T T T 116-5
91 9.0 89 88 87 86 85 84 83 8.2 ppm 91 90 89 88 87 86 85 84 83 82 ppm

Fig. 2.5.2: Cutouts from '"N-HSQC spectra of 0ADT at 42 °C and 14.1 T with acquisition times faq In the PN-
dimension of 32 ms (A) and 128 ms (B). Ser48 belongs to the most flexible residues in the protein with the

smallest '’N-R,. The respective resonances sharpen and gain in intensity most with increasing Lag-

For t,q » 1/R also the signal resolution becomes limited by the intrinsic resonance linewidths
rather than #,,. This may be exploited to quickly identify residues with high internal ns-
flexibility (low '’N-R,) from their sharp and intense resonances in a single "N-HSQC
spectrum with high '°N-#,, (Fig. 2.5.2). However, care has to be taken in the presence of
protein fragments or impurities, since their signals may start to compete with rather broad

protein resonances in increasingly resolved spectra.
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2.6  Temperature and pH

According to hydrodynamic theory, the rotational correlation time 7. of a rigid sphere with

hydrodynamic radius 7, may be calculated according to:

3
L (2.6.1)
3kT

where 77 is the viscosity of the solvent. With increasing temperature, 7. in aqueous solution
becomes smaller, in parts because of its explicit dependence on 7 and because the water

viscosity is a steadily decreasing function of 7 (Fig. 2.6.1).

18 . Fig. 2.6.1: Viscosity of H,O
] as function of temperature .
1.6 4 ,’A
. Circles with solid line
1.4 1 \ .
| \ represent experimental
1.2 \‘ A
& | values, whereas the dashed
£ o] NS j o
Z ] ~ lines represent 2™ (triangles)
g 0.8 \-\ and 3" (squares) order
- _ LA olynomial approximations:
0.6 T polyn pp
e
0 S S N0 = 17753 — 56.59 +
. —
02 m 1.075189% - 0.00922229°.
0.0 4 e e e

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 °C

As a consequence, resonances generally sharpen and gain in intensity, by far over-
compensating unfavourable thermal polarisations and thermal noise in the coil. (Fig. 2.6.2 A)
However, apart from limitations due to the protein’s thermal stability, the sensitivity for
individual residues in ’N-HSQC spectra may be severely affected by temperature dependent

hydrogen exchange up to the complete loss of signal (Fig. 2.6.2 B).

As discussed in section 1.5, hydrogen exchange rates are strongly pH dependent, and
decreasing the pH by one unit compensates an increase in temperature by approximately
30 °C. When lowering the pH is not possible, one needs to clarify whether the loss of some
resonances is justified by a significant removal of overlap in others. A further option is the
assignment of resonances affected by hydrogen exchange or overlap by a second data set at

different temperature.
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Fig. 2.6.2: 1D slices ('"H dimension) of ""N-HSQC spectra of saposin D as a function of temperature: 17 ° (blue),
27 °C (green), 37 °C (yellow), 47 °C (orange) and 57 °C (red). A: Signal of Ile75. B: Unassigned signal at
A'°N) = 115 ppm, which is strongly subject to hydrogen exchange.

It needs to be emphasised that the comparison of spectra recorded at different temperatures,
pH values and solvent conditions requires careful referencing of chemical shifts. Whereas in
organic solvents this is conveniently done for 'H and °C by use of the inert internal standard
TMS, analogous water-soluble compounds suffer from a pH- and temperature dependence of
their characteristic chemical shift. In this regard, DSS has been found to have the best
properties and recommended as universal chemical shift standard."® If not available, TSP
may be used instead, if its frequency is slightly corrected with respect to DSS (Fig. 2.6.3). In
order to exclude possible interactions with the biomolecules under study, TSP has been used
externally in the present work. Once the zero-ppm 'H frequeny is known for a given magnetic

field, chemical shifts of other nuclei are easily referenced using tabulated fixed frequency

ratios.”™
0.004 4 Fig. 2.6.3: Chemical shift of methyl
00027 protons of TSP relative to DSS as a
0.000
0002 ] function of pH at 25 °C, according to
O T
0 0004 ] Ass(TSP) =—0.019ppm(1+10°7 ).
E -0.006 - 78] The methyl protons of DSS are
. ]
g -0.008 - pH-independent in the range 2-11.
g 00197 hss(TMS) = 0.048 ppm
©-0.012
0014
0.016
ppm LA L B R B R R R DL R R A B
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3  Studies of the apical domains of the thermosome

3.1 The thermosome

Chaperonins are large, barrel-like, double-ring assemblies, which play an essential role in the
recognition and ATP-dependent refolding of misfolded substrates, e.g. upon heat shock.
Whereas the mechanism of action of the bacterial GroEL/GroES complex as a representative
of the so called Group I chaperonins is well studied in both biochemical and structural
terms,””! detailed information about the archaeal/eukaryotic Group II chaperonins has been
gained only in the past decade. The archaeal 930 kDa hexadecameric chaperonin, usually
referred to as “thermosome”, is composed of two homologous alternating subunits o and f,*"
each forming three distinct domains connected by flexible hinges: An equatorial or ATPase

domain, an intermediate and an apical or substrate binding domain.

Fig. 3.1.1:A: Closed thermosome as determined by X-ray crystallography.®''B: Open form, modelled from cryo-
electron tomography."**! Equatorial, intermediate and apical domains of one subunit are coloured in purple, cyan
and red, respectively, whereas the protrusion is shown in black. C: Top view of the iris-type aperture formed by

eight apical domains in the closed (grey) and open form (red with green protrusions). Figure taken from .

So far, the only structural information of higher resolution about the different mechanistic

(84]

states in the reaction cycle of the thermosome "' was obtained from X-ray crystallography

and cryo-electron tomography, showing the thermosome in a closed ™ and open **
conformation, respectively (Fig. 3.1.1). An iris-type aperture made up from helical segments,
protruding from the apical domains and forming an eight-membered intersubunit [3-barrel,

was suggested to control access to and exit from the folding cavity.
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The helical protrusions, which are completely absent in Group I chaperonins, display a highly
conserved pattern of residues in all Group II chaperonins (Fig. 3.1.2). Large hydrophobic
patches identified in the protrusions of the thermosome are assumed to play some role in
substrate binding, although no natural substrates have been identified yet. In contrast,
sequence positions in the globularly folded part of the apical domains which are involved in

(85]

substrate binding in Group I chaperonins “ are mainly hydrophilic in Group II.

TCPa206 IESHLIRGYALRCYVGSQGHP-————- KRITNARTACLDF SLOKT -570 LADCR ROF KERIQKILATGAN TILTTG GIDDMYLEYFYEA~——-—
TCPR210 ADSYLDEGFLLDKKIGTVNQPK--------RIENAKILI F ; KEKVERILKHGIN-~=mmmmm CFINRQ-—-—~ LI¥YNYPEQLFGAA~~-~—
TCP4 210 EDSCYLEGTIINEDVTHFRIR-—neuaux RYIENFRITLLDSSL
TCPE219 DDCELTEGLTLTOKTANSGIT-=mmmua= RYEKANIGLIOPCL
TCPe 220 EDTELIKGTIVDEDFSHPQUP-=wm—w-. KETYDAKIATLTCPF
TCPL 202 TDTSLIRGLYLDHGARHPDUH-———-—- KRYERAYILTCHVSL

TCPN206 EESQLVAGVAFKKTF SYAGFENQP-—--KKVKNPXIALLNVEL KO- HABLFUHT VEIR A 8 TN YDKLEKIHQ SGAK-~- ===~ FILSKL---=~ PIGDVATQYFADR----—
TCPE213  §SSSTLHRMNFKKET-EGDTT-om e STKDAKIAYY SCPFDGIIITE]-K) KT 3 DAQVKATAGTGAN- -~ ——-TITT66- -~ KV ADTALHYANKY -~ -—
Thsf208 DDTOLINGTIVDKEKY KPGHE - mmm e DY TKDAKTALLDAPL g REHTDEIKSTGAN TYITOK SIDDHANKYL SRA-mm e
Thsa208 NDTOFISEIVIDEEEYESEHP——DYYERAKTALTD: s BOUYEETEE S6AB—————YYLCOE———& DD YAQHT LAKE——
Vg —-c—
GroEL1SS DELDYYEGUQFDRE[IL SH{INEPETGAYELESPFILLADEELS HIRENP Y EAYARASEP—— LLITAE———DYEGEATATALL BTIRGIY
TCP4304 GAMATRRV-———- LERDLKHVAKASGASILS—-—-- TLANLEGEETFETTILGQAEEY FQERI--CDDELILIKNTKA RTSASIILRGAN
TCP308 GTUATEHA-——-- DFAGTERLALTTGGELAS—- -~ TFDHPELT - KLGSCKLIEETII--GEDKLIHF SGTAL GEACTITLRGAT
TCP} 308 NVTAIRRV==een RKTDNNRIARACGARLY S===neRPEELREDmn=mnm DVGTGAGLLEIIII-GDEYFTFITOCKD PEACTILLRGAS
TCPE321  KIMTTRDY-mmnm EREDIEFICKTIGTHPTA==--= HIDQFTAD====~-HLGSAELAEEY SL-NGSGKLFKITGCTSP: GETTTITTRGSN
TCPc318 GLPATRWY-----GGPEIELTATATGGRITP—m—mm R SELTSE-—mmmm KLGFAGTVQEI SFTTHDRILYIEKCKN. SRATTIFIRGGH
TCP{309 GIVALRRA-----KRRRERLTLACGGIALN----- SFDDLRPD------ CLGHAGLYYEYTL--GEEKFTFIERCIN. PRSVTLLYRGPN
TCPN307 DMFCAGRY-———- PEEDLERTIMACGGSIQT- -~ STHAL?PD-———-~ VLGHCQVFEETQI--GGERYNFFTGCPE: AKTCTIILRGGA
TCP8309 NIMLVRLE-——- SKWDLRRLCKTVGATALP-———- KLTFPVQE-~----EUBHCDSTYLSEY - GDTQV I TFIGEKED GATSTIVLRGST
Thsfi307 GIYATRRV--nnm KESDUDKLAKATGASLY S=mmmm TIDEISSS~mmmmm et e ——— FEATSILVRGET
Thsa306 GITATRRY. KE SDHEKLAEATSAKT VY~ DLDDLYP S~ ¥LGEAETYEERKT —EDDRITF THECEN PERATSILIRGOT
—e—— =i 2 S 4
il e ——  —— L ol e 81 ey ———— S ——— . ———0 ¢} —y

GroEI272 EYAAYEAPGFGDRREAHLODIATLYGETYI SEEYGHELERAYLE——— DLGOARRY Y INE——— DT TYTIDG VG EEAATOGRYAQTROOTEEA-T SOYDREELOER YARLAGG YAYIEYGAM

Fig. 3.1.2: Sequence alignment of apical domains of the eight different subunits of the eukaryotic CCT-TCP
chaperonin,® the a and B subunits of the archaeal thermosome and bacterial GroEL (Groupl). The secondary
structures of AADT and GroEL are shown below, with blue arrows representing (3-strands and red cylinders a-
helices. The protrusion region is shaded green, with conserved hydrophobic residues emphasised in red, and a

highly conserved glutamate in blue. The hydrophobic residues which are involved in substrate binding in GroEL

[87] [88]

are also shaded red, they are mainly hydrophilic in GrouplI chaperonins. Figure taken from

To facilitate comparisons between the two apical domains of the thermosome, dADT and
BADT, residue numbering for the complete chains will be changed into sequence positions
within the ADTs for all following sections. For example Ser214 in the O-subunit is now
“Ser2”, and Asn215 in the [-subunit “Asn2”. Since all preparations of ADTs have been

performed in E.coli, the first residue is always a methionine.

In contrast, the numbering of secondary structure elements in the following discussion
corresponds to the elements found in the closed thermosome. Thus, the B-strands in the apical

domains are termed S9-S19, and the a-helices H10-H12.
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3.2 Structures of the apical domains

Recently, crystal structures of both ADTs from Thermosplasma acidophilum have been
solved as isolated 17 kDa constructs consisting of 153 residues, of which 101 are

8. %91 Not surprisingly, in a globularly folded region, which is made up from a -

conserved.|
sandwich with two orthogonal sheets enclosing a helix (H12), the two structures can be
superimposed with a backbone RMSD of only 0.4 A (Fig. 3.2.1). B-strands S9, S10, the first
half of S11, S17, S18 and S19 are arranged in an antiparallel B-sheet, in which the BI-hairpin
between S18 and S19 adjoints to the intermediate domain. Bulges consisting of two
neighbouring hydrophilic side chains pointing towards the surface separate S10 from S11
(Lys20, Asn/Asp21l) and S17 from S18 (residues Glul33, Thr/Argl34) respectively. In
contrast to that, the second half of S11, S14, S15 and S16 forms a parallel 3-sheet in the very
core of the apical domain. Against this sheet, two amphiphilic helices are packed, H11 and
H10, the latter of which is N-terminally extended to the 20 A long protrusion. The backside of
H10 is stabilised by a long loop (sequentially following H12), which forms part of the inter-
subunit interface in the closed complex and is anchored mainly by hydrophobic interactions

involving as many as 4 leucines.

extended
stretch

B-sandwich

antiparallel sheet

Fig. 3.2.1: Ribbon diagrams of the crystal structures of dADT (A, PDB-code 1ASS **) and BADT (B, PDB-
code 1EOR ™). B-strands and o-helices of the globulary folded parts of the proteins are coloured blue and red,

respectively. The protrusion is shown in yellow.
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Differences were found in the N-proximal, i.e. outgoing half of the protrusion, and none of the
structures resembled the conformation of this region in the closed thermosome. In dADT,
after a short stretch of residues (Glu32-Lys34) emerging from the globular part, Lys35-GIn43
form a small a-helix, whereas the respective residues in BADT continue rather extended. The
lack of helical winding up makes the BADT protrusion approximately 3-4 A longer, before
both sequences conduct a sharp I turn (with Pro47 in i+1 position), which merges into the
310-capping of H10. In the closed thermosome, the whole N-proximal stretch bends off by
more than 90° at Phe/Ile38 and the following residues are involved in forming the eightfold (3-

barrel with residues from the neighbouring subunits.

Fig. 3.2.2: Packing of apical
domains in their respective
crystals. In aADT (a), the
protrusions of two symmetry-
related molecules form a 4-
helix bundle, whereas in
BADT (b), the protrusions are
tighly packed against the
globular parts of two adjacent
molecules. Colour coding is as
) in Fig. 3.2.1. Figure taken

from

Considering the arrangement of the ADTs in their crystal lattice, the above-mentioned
conformations in the protrusion may be purely artificially induced by intermolecular packing
interactions (Fig. 3.2.2), which may energetically compete with intramolecular interactions.
The absence of tight packing has been shown to lead to a complete loss of electron density for
the N-proximal half of the yCCT protrusion,”” suggesting it is highly flexible, but without

specifying a detailed picture.

With this background, solution NMR spectroscopy provides the most suitable tools to
investigate the physiological conformational and dynamic properties of the ADTs, in
particular the protrusion regions. Bearing in mind the cryo-electron model with spatially far
separated apical domains, the behaviour of isolated domains in solution is likely to represent

the situation in the open state of the thermosome.
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3.3 > N-HSQC spectra

Uniformly N and "N,"C labelled samples (= 1 mM) of the 153-residue constructs of dADT

1921 in the group of W. Baumeister at the

and BADT were prepared as described elsewhere !
MPI for Biochemistry in Martinsried, Germany. The pH (50 mM phosphate buffer) was
adjusted to 5.5 for dADT and to 7.8 for BADT, since below pH 7.8 BADT (pl 6.3) was
subject to aggregation. "N-HSQC resolution was only satisfactory at a temperature of 42 °C,
where sample lifetimes were approximately 2-3 weeks, during which "N-HSQC spectra

especially for d ADT heavily deteriorated (Fig.3.3.1).

&, /ppm

7 Fig. 3.3.1: "N-HSQC spectrum of
— 10500 gADT after ~3 weeks at 42 °C. All
: NMR experiments were performed
m 90 % H,O and 10 % D,O in
Shigemi tubes at 42 °C and 14.1 T.

® L 110.00

E— 115.00

Fig. 3.3.2 (following page):
Annotated ""N-HSQC spectra of
oADT (A, pH 5.5) and BADT (B,
pH 7.8) at 42 °C and 14.1 T. The

o - 120.00

L 125.00 .
3 regions of strong overlap are

expanded for the purpose of clarity.
, oo Side chain  NH, groups of

asparagine and glutamine residues

o : are connected by horizontal lines.

10.00 9.00 3.00 7.00 55/ppm

At these elevated temperature, also fast solvent exchange at pH 7.8 became a major issue, as
apparent from the strongly reduced number of visible amide resonances for BADT compared
to dADT (Fig. 3.3.2). Using the methodology described in the following section, in the a-
subunit domain all except the three N- and two C-terminal of the 150 non-proline resonances
could be assigned, but only 110 out of 148 non-prolines in the (3-subunit homologue. For
example, the conserved residue Lysl4, which gives rise to a signal with exceptional
downfield HY shift, was only observed in BADT upon lowering the temperature. Almost
identical resonance positions of conserved residues already provide strong evidence for

structural similarity, as it was seen in the crystal structures.
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3.4  Backbone assignment

The concepts of coherence transfer and heteronuclear shift-editing discussed in the previous
chapter may be readily extended to a third and fourth dimension and include both carbon and
nitrogen nuclei, provided they are simultaneously isotopically enriched in the molecule. In
proteins, this allows sequential connectivities to be established by using exclusively the
network of relatively large and structure-independent one bond 'J-couplings with relatively

short transfer times in the backbone and side chains (Fig. 3.4.1).°*

13C
v

|35Hz
13 13 130 Hz
Cs H;—C,~—H,
‘35“*- |35Hz
13 S5Hz 13 15Hz 15 11Hz 13 55Hz 13
C.  "C—"N—"C, C
| W|QOW
N <1Hz
Ha H HU.

Fig. 3.4.1: Typical values of one bond 'J-

couplings between 'H, C and "N nuclei in

protein backbone. Figure taken from %,

For medium-sized (15-30 kDa) proteins like dADT and BADT, the most efficient and
therefore most commonly used 3D triple resonance schemes for backbone assignment use the
final detection of "N (&) and H () nuclei, i.e. a "N-HSQC-type projection.”* In the
remaining () dimension, magnetisation is evolved with respect to the frequency of C’, C%
CP, H* and HP nuclei of residues (1) and/or (i—1) (Table 3.4.1). Different transfer periods and
transverse relaxation behaviour of the spins involved are responsible for the varying
sensitivity of the individual experiments and may favour an out and back (“HN...) or transfer
(“...NH*) design. Above 20-25 kDa, TROSY variants of these schemes, in combination with

fractional or full deuteration, may be used.”!

For the sequential assignment of A ADT and BADT, PASTA-"% pseudo residue lists were
generated by picking approximately 200 resonances in "N-HSQC spectra with moderate °N
acquisition times (32 ms) of the fresh doubly labelled samples. Additional ""N-HSQC spectra
with inverted phase for NH, groups and with large "’N acquisition times (128 ms) helped to
identify asparagine and glutamine side chain resonances and in case of resonance overlap.
After recording the experiments indicated in Table 3.4.1, w-frequencies were transferred

from the individual spectra to the program PASTA and corrected manually.
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Table 3.4.1: Common ""N-H" detected triple resonance experiments for the sequential assignment of backbone
resonances of medium-sized proteins. The experiments used for ADT and BADT are indicated in bold, using
spectral windows of —1.5-10.9 ppm for HY and H*/HP (in HNHA and HNHB), 101.5-134.5 ppm for °N, 170-180
ppm for C’, 42-68 ppm for C%, 10-76 ppm for C%/CP, and 1-6.5 ppm for H*/H® (in HBHA(CO)NH) nuclei.
Experiments were recorded at 42 °C and a magnetic field of 14.1 T with 72*36*512 complex data points, 16

transients and total acquisition times of 2-2.5 d each.

res. C’ (o cP H® HP
(i-1) HNCO HNCA HNCACB HN(CA)HA HBHA(CO)NH
HN(CA)CO  HNCACB CBCA(CO)NH HN(COCA)HA
HN(CO)CA HBHA(CO)NH
CBCA(CO)NH
(i) HN(CA)CO HNCA HNCACB HNHA HNHB
HNCACB HN(CA)HA

PASTA was then employed to globally optimise sequential connections based on penalties for
non-matching pairs of shifts. C%(i-1) occured in both HNCA and CBCA(CO)NH, and the
remaining resonances in these spectra were assigned to C°(i) (usually the stronger one) and
CB(i—l), respectively. The low- and high frequency resonances of HBHA(CO)NH were
assigned to H%(i-1) and HB(i—l) except for serine and threonine residues, whereas H%(i) and
HB(i) shifts were known from HNHA and HNHB spectra on '°N-labelled samples. Care had to
be taken in some cases where a close proximity of HP* and HP was resolved in
HBHA(CO)NH, but gave rise to a single maximum at average frequency in HNHB due to its
larger ay spectral width.

Measurement of CB(i) shifts turned out to be most critical as it relied on the less sensitive
HNCACB, a modification of HNCA, in which two lJCO(qg,-evolution periods on the fast
relaxing C® spin are inserted on either side of #;. A simulation of the transfer amplitude as a
function of the length of this period shows that the corresponding delays have to be chosen
very carefully (Fig. 3.4.2 A). Still, CB(i) could be identified only in about half of the residues,
fortunately often in flexible protein regions, where the dispersion of CP(i) is actually required
to remove sequential ambiguities due to the reduced dispersion of other nuclei. For residues
with known C%@i) and H%(i) shifts, assignment of CP(i) was completed by recording an

additional (H)CCH-COSY experiment.
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Similarly, C’(i) frequencies, which were found to be directly inaccessible due to the low
inherent sensitivity of HN(CA)CO, were measured indirectly using HCACO.P"! In this
experiment, different maxima for 'Jeqc-transfer (Fig. 3.4.2 B) were chosen for out and back

steps, because the latter was combined with a constant time evolution of the C® frequency.

1.0 4.

-0.5 4 -0.5 -

transfer amplitude of single step
transferamplitude of single step

104 404 S

TTTT

| e I e o e B e R e e
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35

C'-C" transfer delay (ms) C"-C" transfer delay (ms)
Fig. 3.4.2: Transfer amplitudes for coherence transfer from C” to cP (A) and to C’ (B), assuming an average C°
transverse decay (dashed black lines) with R,, = 50 s ', which is typical for the size of the ADTs. In A, the sine-
(transferred magnetisation) and cosine (retained magnetisation) oscillations (lJCucg = 35 Hz) are indicated with
green and red dashed lines, respectively. Relaxation corrected curves are shown as solid lines. At the CP transfer
optimum (= 11 ms), retained C* magnetisation is weak, whereas at a delay of 7 ms, which was chosen for the
HNCACSB, both nuclei are expected to have equal intensity. Note that for out and back transfer, the shown
amplitudes have to be squared, giving an overall sensitivity of approximately 25 % compared to HNCA. In B,
lJCuCﬁ is now passive and leads to an undesired modulation indicated as dashed green line. The active transfer
oscillation (lJCuCr = 55 Hz) is shown in dashed red, and the relaxation corrected product in solid red. Chosen

delays for out and back in HCACO were 6 and 27 ms, respectively.

Amide-detected triple resonance experiments have the severe drawback that residues with fast
exchanging amide protons escape this ordinary sequential assignment procedure, as obvious
from the lack of ""N-HSQC signals for 38 residues in BADT mentioned above. The
application of alternative CH-detecting experiments providing sequential information (like
HCAN and HCA(CO)N) to BADT, failed, however, due to their low inherent sensitivity and
resolution. Backbone resonance assignments have been published *! and deposited in the
BioMag-ResBank (http://www.bmrb.wisc.edu) under BMRB accession numbers 5930
(aADT) and 5936 (BADT) and are therefore not listed in chapter 9.
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3.5 Chemical shifts

Since experimental chemical shifts Q. of H°, C°, CP and C’ nuclei are sensitive to the local
peptide conformation, they may be used to identify secondary structure elements.”®! "N
chemical shifts are less frequently used for this analysis, since they have been shown to
strongly depend on the neighbouring residues.”” Provided that shifts have been calibrated
carefully (here done with external TSP for 'H and indirect referencing for the other nuclei),/”"!

this is usually accomplished by first calculating the secondary chemical shift O
dec(i) = dxp(l) - dc(l) (351)

where & are tabulated random coil values from small peptide models.!"® Sequence plots of
Jec(i) in dADT and BADT are shown in Fig. 3.5.2 for H%, C* and C". If this number exceeds
or falls below a certain interval around &, a chemical shift index (CSI) (+1) or (—1) is
assigned to that particular nucleus, and helices/strands are identified from opposite CSI being
constant over at least three to four residues.!'*! Finally, individual values for H%, C% CP and
C’ nuclei are combined to the consensus CSI, which is shown in Fig. 3.5.1 for aADT. In the
globular part of the protein, an excellent agreement with the secondary structure elements in

the crystal is obtained, proving the protein adopts the same fold in solution.

S9 S10 SM H10 S$14 H11815 H12 S16 S17 S18 S19

o —— —— ——)— - ) )

Fig. 3.5.1: Consensus CSI for d ADT with secondary structure elements from the crystal (PDB-code 1ASS)
shown above. Instead of the small helix Lys35-GIn43, the CSI indicates an extended stretch for residues Ile44-

Asp46, which is marked by a grey-shadowed arrow.
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Fig. 3.5.2: Sequence plot of secondary chemical shifts q..(i) of H*, C® and C'nuclei of dADT and BADT (ran-
dom coil shifts taken from '), Significantly negative values for H*, and simultaneously positive values for C*

and C’ over a stretch of at least 4 residues indicate 0-helices. Residues in [3-strands show the opposite behaviour.
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As apparent from Fig. 3.5.2 and Fig. 3.5.3, the secondary chemical shifts among both

homologues are highly correlated, leading to virtually coinciding absolute shifts for conserved

residues. This phenomenon is expected for proteins sharing the same fold and has recently
[102]

been exploited for structural predictions.

Fig. 3.5.3: Backbone stick diagrams of strands S14 (bottom) and S15 (top) in the central parallel (-sheet of
0ADT (A) and BADT (B). Carbon, nitrogen, oxygen and hydrogen atoms are represented in green, blue, red and

grey, respectively, and labelled with their experimental chemical shifts.

In both proteins, the H® proton of residue Ala97 resonates at extremely low field, and a
database search in the BMRB "% showed that . > 1.7 for H* occurs almost exclusively in
parallel [-sheets. Owing to steric restrictions, the geometry of H-bonds between amide
protons and the carboxyl group of the opposite strand is less favourable than in antiparallel
sheets. In the ADTs, S14 is slightly shifted with respect to S15, thereby shortening the H-
bonds Val76H"-Tyr96CO and Cys/Thr78H"-Val98CO (Fig. 3.5.3). As a result, Val76CO is
moved away from its H-bonding donor Val98H" and approaches Ala97H®. Considering, that
the conformations of residues in this core of the protein are likely to be the same in solution,
the electronic influence of this carbonyl may explain the unusually high frequency of
Ala97H®. Theoretical considerations also suggested the presence of a large *Jeqc- coupling

(across H"), which have recently been shown to reach about half the size of *"Jyc-.'*

Given the obviously high degree of structural correlation between the globular parts of the
two ADTs (and to the crystals) and the lack of assignment in the BADT protrusion it was
decided to proceed with a further backbone-conformational analysis only for d ADT. For the
same reason, side-chain assignments and a complete structure determination was not

envisaged, since it would have required unreasonable amounts of doubly labelled protein.
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3.6  Scalar couplings *Junua

In the HNHA experiment, the intensities /g and /; of diagonal (aw = a3, HN) and cross (HY)

peaks of residue (i) are modulated with the sine and cosine of the coupling constant >Jia(i),

which evolves during the transfer delay 7 (square for out and back):!'*!
1,(0) _ sin’ (77 e D7) 3 N 1,(1)

R . i T ) = ————— (3.6.1)
1,(0)  08® (7T, (D) T

The coupling constants determined this way for d ADT were scaled with another factor 1.1 to
account for the different relaxation behaviour of HY and H® nuclei (Fig. 3.6.1). They were

compared to values back-calculated from the backbone angle ®(i) in the crystal structure

(1ASS) via the Karplus relation:"' "
*Jinswa(i) = 6.4 cos® (®=60°) ~1.4 cos (®-60°) + 1.9 (36.2)

10 H . € ,\'IIJ - ] back from 1ASS
* ) + measured

R e
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Fig. 3.6.1: Plot of *Jinuq in AADT from HNHA (diamonds) and back-calculated from 1ASS (circles and line).

Values above 8 Hz and below 6 Hz indicate extended and helical conformation of the residues.

A good overall correlation, albeit with local deviations, is obtained. The amphiphilicity of the
second half of H10 (GIn63-Ala73) and H11 (Asp84-Glu93) is visible from the helical
periodicity of *Junue, whereas H12 (Lys103-Thr113), which is sandwiched between the two
[-sheets, is not amphiphilic. In residues Lys35-Gln43, experimental couplings are higher than
predicted from the small helix in the crystal, and like in the residues following up to Ile50,
they are typical of unstructured peptides.
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3.7  Backbone NOE pattern

The pattern of sequential backbone NOEs dun(i,i+1) and dnn(i,i+1) in d ADT was analysed
from 3D single (HNH-)"""") and doubly (NNH-)"""® *N-edited NOESY spectra. In B-strands
dan(i,i+1) = 2.2 A is usually short, giving rise to a strong NOE correlation, whereas in o-
helices dan(i,i+1) = 2.8 A is short and several intermediate range NOEs up to dun(i,i+4) and
dnn(i,i+4) may be observed. Secondary structure elements of dADT, identified this way, are
shown in Fig. 3.7.1. The topology, i.e. the 3D arrangement of [3-strands was established from

19 long range dun(i,j) and 13 long range dnn(i,j) correlations.

Fig. 3.7.1: Topology diagram of aADT as constructed from short, intermediate, and long range (dqan(i,j) as dotted
arrows and dyn(i,j) as solid arrows) backbone NOE correlations. Strands and helices are shown as arrows and
cylinders, respectively. S10 and S11 as well as S17 and S18 are separated by B-bulges with two hydrophilic side
chains (Lys20/Asn21 and Glul33/Thr134) on the same side of the sheet. The dotted helix Lys35-Gln43 is only

found in the crystal.
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As expected, and in agreement with chemical shifts and *Junuq data, the first two residues
(Glu32-I1e33) protruding from the globular core, and less pronounced also Lys34 and Lys35,
show the characterisitics of an extended conformation. For the following residues (as for
almost all residues in the protrusion), dnn(i,i+1) NOE correlations are visible, but estimated
cross relaxation rates were much lower than normally observed in a-helices. Since also the
secondary shifts are close to zero, it can be concluded that the small a-helix Lys35-GIn43

found in the crystal is not significantly populated in solution.

In contrast, there is some evidence that Ile44-Asp46 forms a rather extended stretch, which
was also observed in the consensus CSI (Fig. 3.5.1). For residues GIn51-Thr60 the secondary
structure indicators indeed predict a helix, albeit less pronounced than for the residues which
follow, or for the other helices. This may be interpreted as partial fraying of the N-terminal
half of H10 by fast helix-coil transitions, thereby averaging chemical shifts, coupling
constants and cross relaxation rates. As in the crystals, residues Asp46-11e50 form a [I-turn
(induced by Pro47), which could be modelled from the NOE data (Fig. 3.7.2). Possibly, this
turn confers some rigidity to the otherwise rather unstructured N-proximal half of the

protrusion, which may be necessary for substrate binding.
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Fig. 3.7.2: A: w-strip plots for residues Asp46-I11e50 (residue 47 is a proline) in dADT taken from HNH-
NOESY. Sequential NOE correlations are marked with horizontal solid lines, additionally the correlations
Ser48H-11e50H™ and Asp46H®-Ser48H", but not Asp46HB-Ser48HN can be seen (purple box). B: Bl-turn at the
tip of the protrusion in ball-and-stick, modelled from this NOE data, with carbon, nitrogen, oxygen and hydrogen
atoms shown in grey, blue, red and white, respectively. The H-bonding pattern is shown as green dashed lines.

The side chain of Asp46 is turned with respect to the crystal and is likely to form an H-bond with Ser48H".
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3.8  Amide exchange

The 28 residues from Ile33 through Thr60 of the protrusion suffer most from the
aforementioned assignment problems under basic (pH 7.8) conditions and 42 °C. Indeed, 18
out of 38 unassigned residues, i.e. those with high HX rates, in BADT are located in the
protrusion region, pointing out extreme solvent exposure (see section 1.7). In aADT at pH
5.5, where intrinsic hydrogen exchange is slower by a factor of 200 and ki is on the order of
a few s ', all protrusion backbone amide resonances were visible, albeit with poor chemical
shift dispersion. HX rates were obtained by the NewMEXICO experiment (sections 1.9 and
7.8)*Y for the whole protein except for residues affected by *’N-HSQC overlap. Fig. 3.8.1
shows a good correlation between kex in ADT and unobservable residues in BADT, but also

a correlation with amides which are not H-bonded in the crystal structure of a ADT.

o AMLC AL, AEEL MERERERT 0 AR

0 20 40 60 80 100 120 140
residue number

Fig. 3.8.1: Experimental amide proton exchange rates kex of O0ADT, measured by the NewMEXICO
experiment. Bars at 0.5 s ! indicate that for these residues the measured k., is below this value, i.e. under the
detection limit of the experiment. The secondary structure is shown above, with the small helix Lys35-GIn43
shown as dark-grey arrow. Black squares represent non H-bonded amide protons in the crystal structure of

OADT, while grey squares indicate residues not observable in BADT.
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For example, in the edging strand S9, HX is slow for Ile4H" and Ile6H", which are H-bonded
to carbonyl acceptors in S19, but fast for ValSH" and Asp7H", which point towards the
solvent. Also, the long loop between H12 and S17 forms a large ring, thereby leaving a hole
around Leu26H", which indeed shows fast hydrogen exchange as the only amide in S11. In
the globular part, ke is low in most of the secondary structure elements except for the first
turns of H11 and H12, and the BI turn between S18 and S19, where also residues Ile82-
Met85, Lys103-Ser104 and Gly141-Glu142 remained unassigned in BADT.

In BADT, although the peptide chain emerges from the globular core through Glu32 and
Ile33, their amide protons seem to be protected from the solvent and are still visible at pH 7.8.
This might be inferred from the vicinity of potential side chain carboxylate H-bond acceptors
for these residues. Similarly, Lys34, the second last residue visible in the N-proximal part of
the BADT protrusion, faces a completely conserved glutamate residue (Glu57) located on the
opposite branch of the protrusion in helix H10. Lys35 is followed by a proline and an
unassigned gap of further 16 residues, until Lys52. In the dADT crystal structure, the helix
Lys35-GIn43 protects the amide protons of Ile38-Ser45, for which no reduced HX rates were
observed in solution. ke rather follows the calculated ki, with protection factors scattering

around 1 as expected for a completely disordered peptide segment (Fig. 3.8.2).

PF

A N59 9 B

N55

30

Fig. 3.8.2: A: PF = ky/ke for the protrusion region of dADT. B: Amide exchange rates mapped onto the
structure of AADT. The color code is ramped from dark blue (ke < 0.5 s ') to red (key > 2.5 s ). Prolines and

residues affected by spectral overlap are shown in light grey.



3 Studies of the apical domains of the thermosome 57

Interestingly, amide exchange even remains fast throughout what is the second and third turn
of the H10 N-cap in a ADT crystal structures suggesting a temporary helical unwinding. Also
for BADT, at least partial N-terminal uncapping of H10 seems possible as could be concluded
from strong positive exchange peaks at the cy water frequency in the HNH-NOESY spectrum
for the respective amides. In contrast to that, pure cross relaxation with surface water has been
shown to give rise to negative peaks (extreme narrowing) due to its generally sub-nanosecond

. . 109
residence time.|

I PF is larger (ke is reduced) for Ser48 and Lys49 in the I turn at the tip of
the protrusion, and for Asn55 and Asn59, both of which face the inner side of H10 and may

therefore indicate asymmetry in the unwinding process.

At the very end of H10 in d ADT, the amide protons of Ser71, Gly72 and Ala73 show strong
NOE correlations to a proton resonating at 5.53 ppm, which is neither nitrogen nor carbon
bound. Obviously, the polar side chain of Ser71 (which is Val71 in BADT) is forced towards
the interior, leading to an unusual protection of Ser710H from the solvent and drastically

reduced hydrogen exchange.

3.9 Titration with trifluoroethanol

Trifluoroethanol is known to strongly stabilise O-helical structures in peptides and proteins
1197 and should therefore probe the propensity of Lys35-GIn43 in a ADT to form a helix in the
absence of crystal packing effects. A series of '"N-HSQC spectra with increasing
concentrations of TFE showed that despite strong precipitation at only 7 % (v/v), the

resonance positions of these residues were indeed strongly affected (Fig. 3.9.1).

Fig. 3.9.1: 1D slices from 15N-
HSQC of aADT recorded at various
TFE concentrations: black 0 %
(reference), blue 3 %, red 5 %,
purple 7 % v/v TFE. The

-

A40 548 K49 insensitivity of the amides of Ser48
and Lys49 to the TFE concentration

suggests that these residues are

protected from the solvent.

nom 8.1 8.0 7.9 7.8 8.7 8.6 8.5 8.4 ppm 7.9 7.8 7.7ppm
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Large H" and "N signal shifts were also observed for most other solvent exposed residues,

for example in H10 (Fig. 3.9.2) and may therefore be attributed to pure solvation effects.

Residues Serd8 and Lys49 in the I turn at the tip of the protrusion, which also showed

reduced HX rates, were nearly unaffected by TFE.

classification
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Fig. 3.9.2: Results of the TFE titration for d ADT. The chemical shift changes of the amide groups are

normalised to 1 % v/v TFE, classified and plotted versus the sequence number. A: not significant, B: < 10 ppb,

C: between 10 and 20 ppb, D: > 20 ppb. The vertical grey arrow indicates the position of Ser48 and Lys49.

Secondary structure elements are illustrated. The dark grey arrow symbolises the B-strand found in the closed

thermosome.

No substantial shifts of H® resonances in the protrusion was, however, observed in a HNHA

spectrum recorded at 7 % TFE. In agreement with the other data, significant tendency towards

helix formation may therefore be excluded and the occurrence of rigid secondary structure

elements in this part of the protrusion seems unlikely. Similar results were obtained from a

>N relaxation analysis of the ADTs, which showed the protrusions as intrinsically disordered

elements.!

111]
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4  The GM2 activator protein
4.1  Degradation of glycosphingolipids

Glycosphingolipids (GSLs) are ubiquitous constituents of eukaryotic plasma membranes and,
with their oligosaccharide head groups protruding into the extracellular space, form part of the
cell’s glycocalix."'?! The catabolic pathway of these complex lipids takes place on the surface
of vesicles in the acidic milieu of the /ysosome, where specific exohydrolases sequentially
cleave off the terminal monosaccharide moieties from the non-reducing end. In the case of
GSLs with rather short oligosaccharide head groups, this requires the assistance of small non-
enzymatic cofactors, glycoproteins, which mediate the interaction between the membrane-

embedded lipid substrate and the water-soluble hydrolases.!'"*!

I Blockage of any of these steps,
caused by a functional defect in either the enzyme or the catalyst, leads to accumulation of the

respective GSL and severe storage diseases (Figs. 4.1.1).
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Fig. 4.1.1: Catabolic pathways of GSLs in the lysosome (part I). Molecules are labelled in bold letters, mono-
saccharide moieties cleaved by the respective enzymes in grey, cofactors in italics and the storage diseases

related to a functional defect in either of the two in black with boxes.
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Fig. 4.1.1 (cont.): Catabolic pathways of GSLs in the lysosome.

To date, five of these so called sphingolipid activator proteins are known: the four saposins
(SAPs) A-D, which are proteolytically generated from a single precursor, and the GM?2
activator protein (GM2AP), which is coded by a separate gene. The latter serves as an
essential cofactor in the degradation of GM2, a member of the special class of sialic acid
containing GSLs, which are called gangliosides and are highly prevalent in the central
nervous system. Its physiological significance is illustrated by the occurence of a fatal neuro-
logical storage disorder, the AB variant of GM2 gangliosidosis.!"'¥ According to the liftase
model, GM2AP recognises, complexes and lifts GM2 out of the lipid bilayer, thereby

presenting it to the enzyme B-hexosaminidase A for hydrolysis (Fig. 4.1.2).1'"]

digestion Fig. 4.1.2: Liftase model. GM2-

activator  protein  binds  to

B-hexosaminidase A gangliosidle GM2 and lifts it up

from the (vesikel-) membrane,

GM2-activator O ganglri.&side thereby making it accessible to [3-
hexosaminidase A. The enzyme, a
ﬁﬁﬁMﬁﬁﬁMﬁﬁﬁﬁ ﬁﬁﬁuﬁﬁﬁ o/  heterodimer, undergoes a
conformational ~ change  upon

yyyyyyyyy yyyyy yyyyywyy interaction with GM2AP.
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4.2  The GM2 activator protein

In mammalian cells, GM2AP is first synthesised as a 193 amino acid precursor, which is then
glycosylated at Asn63 and modified along the pathway to the lysosome: In the endoplasmatic
reticulum, the translocation (pre) sequence is cleaved off after Ala23, and after reaching the
lysosome the pro-sequence (His24-Leu31) is removed (Fig. 4.2.1).''° Of the five well
documented mutations found in gangliosidosis AB (AB denotes intact - and (3- chains of 3-
hexosaminidase) variant patients, two are truncated proteins and the others are: AK88, C138R

and R169p.'!71

pre pro
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Fig. 4.2.1: Sequence of the full human wt-GM2 activator pre-pro-protein. Pre- and pro- segments are marked
above the sequence, and the secondary structure is indicated by arrows (B-strands) and a cylinders (a-helix).!"'*!
In the NMR studies the mature sequence (Ser32-Leul93) including an N-terminal tag EAEAYV originating

from the expression vector and a C-terminal tag RH, for purification was used.

The crystal structure of recombinant, unglycosylated human wt-GM2AP expressed in E.coli

revealed a novel B-cup fold, whose main feature is an eight-stranded anti-parallel 3-sheet with

118]

a central hydrophobic cavity (Fig. 4.2.2).! Two of the four disulfide bonds form
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remarkably short loops: Cys99-Cys106, which also interrupts strand 35, and Cys125-Cys136,
a third disulfide Cys112-Cys138 stabilises the only short a-helix in the protein. Most recently,
the structural analysis of lipid complexes of GM2AP confirmed the occurence of different
conformers in the assymmetric unit, as well as different lipid binding modes within the apolar

119

pocket.!"" In this second paper, also a model of membrane binding was proposed, involving

two of the three tryptophan residues, Trp94 and Trp162.

Despite these structural data and a wealth of biochemical information, the mechanism of
GM2AP action at the water-lipid interface is far from being understood. Moreover, since the
activity of GM2AP was shown to drop sharply from the maximum at pH 4.2,!'* the
crystallisation performed at pH 7 and 5.5 and in the absence of glycosylation may not reflect
the biologically most active conformation. For a better understanding of the activity of
GM2AP, structural data of the protein in solution from NMR spectroscopy under close-to-in-

vivo conditions were highly desirable.

Fig. 4.2.2: A: Topology diagram of secondary structure, showing [3-strands as arrows, labelled with first and last
residue and the O-helix as cylinder. The short loops formed by disulfide bonds are also displayed. B: Ribbon
model of the tertiary structure of the GM2 activator protein as determined by X-ray crystallography. [-strands
are shown in orange, the 0-helix in purple, and loop regions in blue. The positions of the four disulfide bonds are
shown as ball-and-stick with green balls representing C* and CP carbons, and yellow balls representing sulfur

atoms. Both figures were taken from !''®,
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4.3  Expression in Pichia pastoris and purification

Previous attempts to produce isotopically labelled GM2AP in E.coli after refolding from
inclusion bodies led to unfavourable aggregation behaviour at concentrations required for
NMR spectroscopy. Glycosylation was expected to enhance the solubility of the protein, but
requires eukaryotic hosts like insect cells, which may not be cultivated in minimal media and
thus make isotope labelling extremely costly. Methylotropic yeasts like Pichia pastoris are
now widely recognised as efficient expression systems that combine the ease of genetic
manipulation with the ability of eukaryotic processing, folding, and post-translational
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modifications.!"*'! All expression and purification work of GM2AP was done in the laboratory

of Prof. K. Sandhoff at the Kekule-Institute for Organic Chemistry and Biochemistry,

University of Bonn, Germany, and is described in detail elsewhere.'*!

Briefly, the cDNA of the mature GM2AP (starting with S32) with C-terminal RH¢ tag was
ligated into the expression vector pPIC9K and fused to the S.cerevisiae derived a-factor
signal sequence, under control of the alcohol oxidase (AOX) 1 promoter. Transformed Pichia
pastoris cells (GS115 line) were grown at 30 °C to an ODggo of 3-6 in a modified FM22
medium containing 2 g/L '"N-ammonium sulfate. The medium was also optimised for an
optional efficient isotopic labelling with *C-glucose instead of *C-glycerol as the sole carbon
source. Expression of GM2AP was induced by resuspension of the cells in the desired
methanol medium, and the directly secreted protein was isolated after 3 days from the

supernatant.

Sequencing of the N-terminus by ESI-MS/MS fragmentation analysis after tryptic digestion
confirmed the cleavage of the a-factor except for two remaining glutamate-alanine repeats.
After Ni-NTA chromatography the protein was essentially pure, except for the presence of 5-
10 strongly bound lipid molecules per molecule GM2AP. Because the solutions obtained after
concentration turned out highly viscous and not suitable for NMR analysis, lipids and
aggregates were removed by reverse phase and gel filtration chromatography, respectively.
The specific activity was found to correspond to the one reported for GM2AP isolated from

human kidney.
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Fig. 4.3.1: ESI-Q-TOF mass spectra of unlabelled (A) and "N-labelled (B) purified GM2AP expressed in Pichia
pastoris. The average mass for the recombinant mature protein [M+H]" bearing the oligosaccharide
GlcNAc,Mang, which is shown on the right, is 21090 Da, for its uniformly SN-labelled analogon 21314.5 Da.

All peaks at higher masses with increments of 162 Da represent GM2AP bearing the moieties GIcNAc,Man;_j¢.

Figure taken from !**],

ESI-Q-TOF mass spectrometry revealed that GM2AP is glycosylated with a glycan structure,
which is frequently found on glycoproteins expressed in Pichia pastoris (Fig. 4.3.1). This so-
called high mannose type consists of two units GIcNAc and a branched chain of 9-16 a1,2,
al,3 and al,6 glycosidic linked mannose moieties with an overall mass of 1866-3000 Da. '°N
labelling of the 224 nitrogen atoms increased the experimentally determined mass by 222 Da

and therefore can be considered nearly complete (> 98 %).
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4.4  Stability and amenability for NMR spectroscopy

Samples of '"N-labelled GM2AP were prepared in acetate buffer (50 mM, pH 4.5) and
phosphate buffer (50 mM, pH 7.0) and at the limit of solubility (11 mg/mL corresponding to
480 uM). In "N-HSQC spectra, recorded in the temperature range of 27 °C to 57 °C, HY
protons are well frequency dispersed, indicative of a folded protein (Fig. 4.4.1). In all spectra
the H® resonances of the three tryptophan residues Trp36, Trp94 and Trpl162 could be
identified. At pH 4.5, one pair of asparagine &-NH, resonances (Asn38 or Asnl67, Asn63 is
the site of glycosylation) and all five arginine €-NH protons are visible at &'°N) ~ 85 ppm,
but only two at pH 7.0 (data not shown).

:—105
_ Fig. 4.4.1: Overlay of
- "N-HSQC spectra of
F 0 GM2AP at 42 °C and
i 14.1 T in 50 mM acetate
- (pH 4.5, blue) and 50
:_115 mM phosphate (pH 7.0,
F black). Acquisition
times were 85.0 ms and
F 20 70.7 ms in the "N and
F 'H dimensions, respecti-
vely. Tryptophan €-NH
:_125 are marked with boxes,

and the asparagine o-
NH, group with a

[ 130 horizontal bar.

H 1000 9.00 8.00 7.00 ppm

Some peaks are clearly recognisable from coinciding resonance frequencies in the '"N-HSQC
spectra at acidic and neutral buffer, which is a strong hint that the overall fold and at least
some structural motifs are conserved. It remains a matter of speculation, however, whether the
differences in the remaining signals are due to true conformational changes, locally differently
charged aspartate, glutamate and histidine side chains or simply fast solvent exchange

expected at 42 °C and pH 7.0.
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Besides, there is massive evidence for conformational exchange processes within the
molecule, which are apparently even more pronounced at neutral pH. In the pH 4.5 spectra,
the overall number of backbone resonances exceed the number of non-proline residues of 159
in the sequence, and several signal pairs can be attributed to different conformations in slow
exchange. For example, both tryptophan e-NH protons at & 'H) = 10.7 and 10.1 ppm are split

into two resonances, albeit with different relative populations (Fig. 4.4.2).

53 kD

34 kD e
23 kD HHH
17 kD B

13 kD
A B C D
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Fig. 4.4.2: Left and middle: Cross sections of pairs of trp €-H resonances in the "N-HSQC spectrum of Fig.
4.4.1 Relative populations are 2:1 (left) and 4:1 (right). Right: SDS gels with silver staining showing molecular
weight standards (trace A), precipitate in the NMR tube (B), supernatant in the NMR tube (C) and GM2AP

before heating in the magnet (D). The precipitate comprises dimers and higher molecular associates.

Many resonances show temperature- and field dependent line broadening leading to a wide
distribution of signal intensities (intermediate exchange), from extremely sharp and intense
signals (loops and termini) to ones which are virtually indistinguishable from the noise. In the
region of random coil H" frequencies many signals suffer from severe overlap, which could

not be removed using "N-TROSY techniques '**' and 17.5 T magnetic field.

At elevated temperatures, broadening occurred due to fast hydrogen exchange of amide
protons at pH 7.0, but the sample remained stable. On the other hand, under acidic conditions
hydrogen exchange is not an issue, but close to the molecule’s pl of 5.4, precipitation of
protein aggregates (Fig. 4.4.2) was observed. Despite treatment of the NMR-tubes with
TMSCI in toluene prior to use, the amount of precipitate comprised as much as 30 % of the
concentration within 3-4 days at 42 °C, being less in dilute samples. The presence of lipids
(omitting the RP chromatography purification step), significantly increased the lifetime of
GM2AP, but again at the cost of spectral resolution. The instability of highly in contrast to

moderately purified GM2AP was long back pointed out by Li ez al.l'"**!
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4.5 Diffusion and *N-relaxation

Molecules in solution are not fixed in their positions, they rather perform a thermally driven
random translational motion, which for spherical particles in an isotropic environment of
viscosity /7 can be described by a single parameter, the translational diffusion coefficient D.
According to the Stokes-Einstein relation D is related to the hydrodynamic radius 7, i.e. the
size of the hydrated particle, which in turn depends on the molar volume v M (V is the mean
specific volume and M is the molar mass).

kT 3vM

D, = K o=3 (4.5.1)
6711y, 47V

Pulsed field gradients (PFG) are now widely used to measure translational diffusion
coefficients D; and thereby obtain an estimate of the size and association state of
macromolecules in solution. The underlying idea is the incomplete rephasing of coherence by
an opposite pair of gradient pulses, separated by a delay 74, due to movement of the molecule

along the gradient axis (Fig. 4.5.1).

Fig. 4.5.1: Principle of PFG-NMR

g small W diffusion = measurements:  After
T large S (g) coherence dephasing by a PFG
d . . .
r, l I molecules undergo diffusion with
%Df large D, which depends on the size r,.

large small
% g Tsmall After a period 7, rephrasing of
coherence is incomplete and leads to

. : . . a gradient depending signal S(G).
dephasing rephasing acquisition & pending signal S(¢)

Recorded as a function of the gradient strength G or its length J, the final signal follows a

Gauss-type behaviour, from which D; may be extracted:

S(G) = Soyexp(~Di(G Y’ Ta) (4.5.2)

1251 have

Several improvements of the original Hahn gradient spin echo (PFG-SE) sequence
been developed: The difference in longitudinal and transverse spin relaxation times of

macromolecules can be exploited, if 75 is implemented during a period of longitudinal magne-
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tisation (stimulated echo, PFG-STE).!"*®! To address the problem of gradient ring down, after
the rephasing gradient a second period of longitudinal magnetisation (longitudinal eddy
current delay) is inserted (STE-LED).!"*") Disturbing fields induced at interfaces with non-
continuous susceptibility (in an NMR tube)are cancelled out if using a bipolar pair of gradient

1281 At elevated

pulses, separated by a Te-pulse, instead of a simple gradient pulse (BPP-LED).!
temperatures, temperature gradients within the sample (especially if large sample volumes are
used) can lead to convection overrating diffusion. Coherence dephasing by a flow of constant
velocity along the gradient axis (convection) is supressed by the use of a double stimulated

echo (DSTE) scheme with selection of coherence order with inverted sign.!'*”!

The main drawback of measuring translational rather than rotational diffusion is that D; is
inverse proportional to only the cubic root of, whereas the rotational diffusion tensor is
directly inverse proportional to the molecular size. On the other hand, unlike spin relaxation,
translational diffusion is insensitive to conformational exchange as long as the shape of the
molecule is not strongly affected. Given the exchange processes in GM2AP apparent from the

"N-HSQC spectra, D; should therefore be a more reliable measure of the association state.

1 IT T2 | =I‘ 2t | T2 |* IT i |
'H
3-9-19

grad A A

v

Fig. 4.5.2: Pulse sequence used for the measurement of diffusion coefficients with additional water suppression
by a 3-9-19 binomial sequence.!"* The 2 ms sine-shaped gradient pulses in the shaded boxes were linearly
incremented in 32 experiments, and a 4 ms ring down delay was applied. 7 was usually set to 150 ms for
macromolecules and 25 ms for a control experiment for measurement of the diffusion coefficient of H,O (also
omitting the water suppression scheme), and 7, was 10 ms. D, was determined by a least squares fit of the
intensities S(G) of five spectral maxima to equation 4.5.2, where in this pulse sequence 7, = T + 8/30 + 3(7-9),

and G is the absolute gradient strength in Gauss/cm, averaged over the sine shape.

Using the sequence of Fig. 4.5.2, for solutions of 0.5 mM and 0.25 mM the measured
diffusion coefficients at 42 °C were very similar (D, = 1.38 £ 0.03 * 10™'° m%/s versus D, =
1.40 £ 0.05 * 10'° m?/s), arguing against unspecific association of GM2AP. A hydrodynamic
simulation with HYDRONMR *% using a model of the native mature GM2 activator protein
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(17.6 kDa) with an atomic bead size of 3.2 A predicted a Stokes radius of 7, = 23.5 A and D,
= 1.59 * 10" m%s, which is 14 % more than the experimental value. However, a
stoichiometric dimerisation is unlikely, since for a dimer D; < 1.25 * 10°'° m*/s would be
expected. The discrepancy may be understood considering the higher molecular weight of the
experimental system of 22-23 kDa, and assuming that the flexible N- and C- termini and the
glycan chain have a larger mass specific contribution to translational friction than the
compactly folded protein. Apart from that, the hydrodynamic calculation used the tabulated
viscosity of pure H,O, whereas concentrated protein solutions for NMR spectroscopy are
slightly more viscous. This is due to mutual friction of macromolecules, which can fill up
several percent of the solution volume. For example, from the molar volume 0.029 m’/mol of
the hydrodynamic model GM2AP and the experimental concentration 480 UM a nearly 1.5 %

fractional volume of the hydrated protein can be calculated.

18

Fig. 4.5.3: Distribution of "N-Ry/R, at 14.1 T
and 42 °C for 78 residues of GM2AP.
Relaxation rates and the "N{'H} NOE were
measured for 109 'N-HSQC-resolved peaks
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using standard pulse schemes and data

analysis with DASHA.!"*?! 20 residues with

occurence

errors in either rate larger than 10 % were

excluded, as well as 11 residues with "N {'H}

W NOE < 0.7 indicative of internal mobility.
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Similar results were obtained from measuring the ratio of '°N-R, and R, relaxation rates for a
large number of amide groups. It is important to note that the mean R,/R; only allows for
estimating an upper limit of the molecular size, since the individual R¢x contributions to R, are
not known prior to knowledge of the rotational diffusion tensor. Referring to the quality of
"N-HSQC spectra, however, large R, were expected for many residues, which might explain
the broad distribution of R»/R; (Fig. 4.5.3). Neglecting R.x and anisotropic tumbling, the
average R»/R; of 17.5 yields a molecular correlation time of 7. = 13 ns, as compared to a
harmonic mean of 7. = 8.1 ns from hydrodynamic modelling. Again, the discrepancy is likely
to be caused by the incompleteness of the model rather than dimerisation of GM2AP,

assuming 7, (dimer) = 27, (monomer).
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4.6  Secondary structure

Once resonances of backbone nuclei are assigned, secondary structure elements in the
sequence may be predicted using Jec(i) of H% C% CP and C’, *Junna, dan(iitl) and
dnn(i,i+1), as described in sections 3.5 to 3.7. For GM2AP resonance assignment seemed
virtually impossible with reasonable amounts of isotopically labelled protein, given the poor
"N-HSQC quality and short lifetime at least under the chosen conditions. However, the
relative occurrence of secondary structure elements may be estimated from distributions of
above parameters, which, of course, may be biased towards residues with good "N-HSQC

resolution.

For the distribution of Jinpa (Fig. 4.6.1 A), 125 diagonal intensities /; were directly
measured in the HNHA spectrum, and further 24 were estimated from contour levels in the
case of overlap. Similarly, 118 intensities /. of H® cross signals were measured, 19 intensities
below the peak picking threshold were estimated, and 12 intensities of invisible cross peaks
were assigned to the noise level. Glycine residues, arginine €-NH, tryptophan &-NH and

asparagine &-NH, groups were excluded from the analysis.
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Fig. 4.6.1: Distributions of coupling constants *Jimq (A) and absolute chemical shifts AH") (B) for 149 residues
with "N-HSQC-resolved resonances. The HNHA experiment V"3 was acquired at 14.1 T with acquisition
times of 9.9 ms, 15.4 ms and 70.7 ms in the i (H"), a('°N) and ay(H") dimensions and a total experiment time
of approximately four days. Coupling constants were calculated according to ‘Jinua = arctan
(I/1)™°/(210.9%d;), where ds (= 13 ms) was the overall evolution period of *Jinua, and 0.9 is a scaling factor

taking into account different relaxation behaviour of HY and H* protons.
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From the same spectrum, a distribution of absolute chemical shifts dy,(H”) was obtained
(Fig. 4.6.1 B). Albeit less significant than secondary chemical shifts d..(H®), they support the
estimate of 10 % helical and 50 % extended residues from >Jynpq. For comparison, in the
crystal structure !''® 7 % of the residues are located in helices (plus another 6 % have typical

helical conformation), and 42 % (plus 32 %) in [3-sheets.

Without '"N-HSQC assignment, is principally impossible to identify sequential NOEs
dnn(i,i+1) from HNH- and NNH-NOESY experiments due to the presence of intermediate
and long range correlations. However, don(i,i+1) may be identified for residue (i+1), because
the frequency of the intraresidual H%(i+1) is known from the HNHA correlation. Neglecting
the interference with dpn(i,i+1) or dpn(i,i) in serine and threonine, dun(i,it1) stronger than
dan(1+1,i+1), which is nearly secondary structure independent, is a strong indicator for an
extended conformation of residue (i). In GM2AP, this was observed for 63 residues out of
149 in a HNH-NOESY spectrum (80 ms mixing),"*" thus confirming a predominance of
residues in extended conformation in GM2AP. In the remaining 86 residues, no strong dun
correlation was found, or dan(i,i+1) and don(i+1,i+1) correlations were overlapped (data not

shown).

4.7  Binding of GM1

At physiological pH, the presence of sialic acid confers at least partially a negative charge on
the bulky oligosaccharide head group of gangliosides, which form micelles in aqueous
solution at concentrations above CMCs of typically 10> to 10~* M.["** For example, micelles
of GM1 have been reported to contain approximately 160 molecules, rendering the micelles a
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mass of about 250 kDa and a hydrodynamic radius of 7, = 57 A.1"** As therefore expected,

the "H-NMR spectrum of a solution of GM1 shows very broad resonances (Fig. 4.7.1).
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Since no separate signal set was observed for free monomeric GM1, either its concentration
(the CMC) is too low or the equilibrium between free and micelle bound GMI is in the fast
exchange regime averaging chemical shifts and linewidths. Diffusion measurements suffered
from poor signal noise ratio, but yielded a single diffusion coefficient D, = 0.7 £ 0.1 * 10 '°

m’/s, which is in good agreement with a large species of about 200 kDa size.
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Fig. 4.7.1: "H-NMR spectra of ganglioside GM1, 480 UM in H,0, buffered with 50 mM acetate, pH 4.5 at 42 °C
and 750 MHz after 128 transients. Water suppression was achieved by presaturation (upper spectrum) and a 3-9-
19 binomial watergate sequence (lower spectrum), both techniques introduce a phase distortion of the residual
water signal. The strong signal at 2.16 ppm belongs to the acetate methyl group. In GM1, only the olefinic
protons of sphingosine and the three amide protons are resolved. In contrast to the resonance of the sphingosine
amide proton (FWHH = 50 Hz) the NeuNAc and GalNAc amide peaks (FWHH = 35Hz) are sharper due to
flexibility in the oligosaccharide moiety, but weaken upon water presaturation, indicative of higher solvent

accessibility.

Gangliosides GM1 and GM2 have been shown to bind equally well to GM2AP in a 1:1

3] but sphingolipids lacking sialic acid

complex with a dissociation constant of Kp = 3.5 pM,!
bind much weaker.!"**! Measurements of Kp proved difficult due the inability to immobilise
gangliosides without affecting activator binding and the fact, that GM2AP can actually
accommodate higher amounts of lipids, albeit much less specific. At NMR relevant
concentrations (480 UM) of an equimolar mixture (Fig. 4.7.2), > 90 % of GM1 molecules are

expected be in the bound state.
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Apart from a higher amount of carbohydrate bound protons (3-5.5 ppm) the 'H-NMR
spectrum of the 1:1 complex of GM2AP and GM1 is very similar to the one of the pure
GM2AP and no signal could be clearly attributed to GM1. Upon diffusion- and 7, editing
the complex spectrum remained unaffected and was simply scaled with respect to the gradient
strength and 7p-delay. From diffusion measurements, the obtained value for Dy = 1.40 + 0.05
* 107" m*/s is virtually identical to the free GM2AP. If larger amounts of GM1 micelles were
present in solution, the appearance of diffusion edited spectra would have changed towards

the spectrum of GM1 micelles, given that their diffusion coefficients differ by a factor of two.

Fig. 4.7.2: '"H-NMR spectra of pure GM2AP (lower spectrum) and GM2AP in the presence of an equimolar
amount of ganglioside GM1 (upper spectrum) at 42 °C and 14.1 T. Both concentrations (480 PUM) and buffer
conditions (50 mM acetate, pH 4.5) were identical. Water suppression was achieved by a binomial 3-9-19

watergate scheme, and the buffer signal was suppressed by additional weak presaturation.

Rather strong binding could be also deduced from drastic changes in the appearance of '°N-
HSQC spectra in the absence and presence of GM1 (data not shown), which are much
stronger than the perturbations caused by the variation of pH (Fig. 4.4.1). It is worth recalling
the difficulties in removal of bound lipids during the purification of GM2AP, and the fact that
residual electron density was found in the binding pocket during the X-ray structure
refinement.!"'™ Despite an apparent slight improval of the protein’s thermal stability, the
quality of the ""N-HSQC further decreased in the presence of GMI, which might reflect the

different lipid binding modes within the cavity.!'"”’
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5 Characterisation of human saposins

5.1  The saposin family

Originally derived from sphingolipid activator protein, the term saposins (or short SAPs)
today denote four proteins, which are functionally related to, but genetically and structurally
distinct from the GM2 activator protein.*”! Essential for the in vivo degradation of GSLs
with even shorter oligosaccharide head groups, the specificity and mode of activation differs
among the individual saposins A to D. For example, saposin B facilitates the hydrolysis of the
138]

sulfate group from sulfatide by arylsulfatase A in the formation of galactosylceramide,'

which is then catabolised to ceramide in a reaction activated by saposin C (Fig. 4.1.2).
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Fig. 5.1.1: Multiple alignment of representative saposin-like proteins from different functional families: Human
saposins (Sap) A-D, acyloxyacyl hydrolase (AOAH), plant phytepsin (PHY), acid sphingomyelinase (ASM),
granulysin (NKGS), pore forming amoebapore A (AP-A), Countinin (Count) surfactant-associated protein B
(SP-B) and porcine NK-lysin (NKL). Leading and trailing dots indicate cases where the saposin motif is a sub-
sequence of a larger protein. Note that in the phytepsin swaposin domain, the sequence block VVSQ...TFDG
precedes the block ADPM...NRLP, as marked by a red asterisk. Sequence numbering is according to saposin C.
The highly conserved pattern of cysteine residues forming three disulfide bonds Cys5-Cys78, Cys8-Cys72 and
Cys36-Cys47 is shaded in black. Other conserved residues are shaded yellow, and experimentally determined
glycosylation sites (Asn22) are indicated with red lettering. The five helices of NK-lysin are shown as cylinders.

Figure taken from %,
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Saposin D has been shown to stimulate sphingomyelinase activity. In analogy to GM2AP
(chapter 4), a functional defect due to mutation in one saposin molecule results in a specific
phenotype of pathological GSL storage, which is only marginally bypassed by the remaining
intact saposins.!''?! In spite of that, saposins A-D with a size of approximately 11-12 kDa
share a high sequence similarity including six strictly conserved cysteine residues and a

common glycosylation site (Fig. 5.1.1).

The saposin motif does not only occur in a family of distinct sequence-related homologues
from different functional families, but also as a sub-sequence of larger proteins, where it has

' In some plant aspartic proteinases the sequential order

been shown to adopt the same fold.!
of the first and second half of the saposin domain is inverted, which provided one of the first
evidence for the occurrence of circular permutation during protein evolution.'*!) These
swaposin domains are easily rationalised by a peptide link between the spatially close N- and
C-termini and a break between helices 02 and a3 producing new N- and C-termini.
(Proximity of amino- and carboxy-termini is observed in most proteins, and it is a strict
requirement for domain insertions.) Bearing in mind, that also the four saposins are produced
from the single precursor pro-saposin by cleavage of linker segments, it seems likely, that

both saposin and swaposin domains have evolved from a similar pro-saposin-like gene (Fig.

5.1.2).

linker
"a
L Proteinase

Fig. 5.1.2: A: How saposin homologues and swaposins might have evolved from a similar pro-saposin-like gene.
B: Schematic topology of saposin and swaposin domains including disulfide bonds. In both panels helices a1-04
correspond to the helices actually found in the structures of NK-lysin and saposin C, and short helix a5 is

omitted. Figure taken from /"'
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5.2 Structures of members of the saposin family

The first member of the saposin family, for which a 3D structure has been solved by NMR

2] and it was the only structure

spectroscopy, was porcine NK-Iysin (PDB-code 1NKL),!
available of a distinct homologue, when the work of this dissertation was started. NK-lysin is
an unglycosylated effector polypeptide of T- and natural killer (NK)-cells present in CD2+,
CD4+ and CD8+ cells with marked antibacterial activity and the capability to lyse tumour cell
lines. The fold is a relatively compact monomer made up from five a-helices, which has also
been seen in crystals of the vacuolar-targeting swaposin domain of pro-phytepsin (PDB-code

1QDM).1"* Against a long helix al a slightly bend helix 02 and a3 are packed from one side,
and helices a4 and a5 from the other side (Fig. 5.2.1 A). Despite lack of sequence similarity

and stabilising disulfide bonds, a similar and extremely stable fold is also adopted by the
143]

antimicrobial, 70 residue cyclic peptide bacteriocin AS-48 (PDB-code 1E68).!

Fig. 5.2.1: Structures of members of the saposin family as ribbon diagrams. A: Compact monomeric fold of NK-
lysin (PDB-code 1NKL) P comprising helices al (blue), a2 (green), a3, a4 (both yellow) and a5 (red).
B: V-shaped chain B of the homodimeric, but asymmetric dimer of saposin B (PDB-code 1N69) [Abn03] \yith the

same colour coding. The N- termini are marked. Figure taken from !"**/,
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Recently, crystallisation of saposin B at pH 5.8 and in the absence of glycosylation has
revealed a homodimeric structure forming a shell around a large hydrophobic cavity.!'*”!
Although the secondary structure is similar to the known compact monomeric members of the
saposin family, the helices are repacked in a different tertiary arrangement making up two V-
shaped monomers. The differences are largely caused by two points of variability: a less sharp
turn between 0l and 02, and a merely minor kink in a3 instead of two approximately

orthogonal helices a3 and a4 (Fig. 5.2.1 B).

Very recently, the solution structure of likewise unglycosylated saposin C has been
determined by NMR spectroscopy at pH 6.8, and it shows nearly exactly the monomeric fold

1441 Although both proteins possess membrane binding capability,

expected from NK-lysin.
their surface electrostatic potential is remarkably different, being highly negative for saposin
C and mostly positive for NK-lysin. Within the saposins, the theoretical pl varies from 4.2
(saposin A) to 4.7 (saposin D), with a difference of negatively (aspartate and glutamate) and
positively (lysine and arginine) charged residues of 8 and 5, respectively. A C-terminal hexa-
histidine tag increases the theoretical pl by approximately one unit and may therefore
significantly influence intermolecular repulsion and propensity of dimerisation. In contrast,
NK-lysin is strongly basic with a pl of 9.2 and an inverted ratio of charged residues and
positively charged residues at numerous positions, where the saposins carry conserved
negatively or uncharged residues.

Similar to GM2AP, maximum activity of saposins occurs under acidic conditions, and lipid
141 and membrane !'*%! binding properties have been reported to strongly vary with pH and
assigned to conformational variability. Comparative studies of saposins A-D in solution at
varying pH by NMR spectroscopy should give further insight into the structural aspects of
substrate and pH specificity of saposin activity. One important question was, whether the
capability of dimerisation observed for saposin B is a feature inherent to all saposins, and
under which conditions it occurs. AIl NMR data presented in later sections will be discussed
in terms of protein models derived from existing structural data. Therefore, the following two

sections give an overview of modern comparative protein modelling and its application to

saposins.
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5.3  Comparative protein modelling

Proteins from different sources and sometimes diverse biological functions can have similar
sequences, and it is generally accepted that high sequence similarity is reflected by distinct
structure similarity. Indeed, the root mean square deviation (RMSD) of C® coordinates for
protein cores sharing 50 % residue identity is expected to be around 1 A. The idea, that
structure is conserved to a much greater extend than sequence and that there is a limited

number of backbone motifs [’

I often allows to predict the structure of a given target
sequence by comparing it to proteins (= templates), whose structure has explicitly been
determined by X-ray crystallography or NMR spectroscopy. Predictive methods have gained
much interest, since the number of solved 3D structures increases only slowly compared to
the rate of sequencing novel cDNAs. It has to be emphasised, however, that the results of
predictive methods do by no means provide the precision of experimental structures and

should be regarded as low-resolution models guiding the design of actual experiments.

In principle, a model can be built for any query sequence by moving it position by position
through the structure of a known protein expected to share the same fold, and computing the
thermodynamically most favourable sum of pair-wise interactions between residues.!'*"!
However, the current requirements of these threading methods in terms of both hardware and
expertise have proven to be obstacles to most structural biologists. With the increasing
amount of structural information available, it becomes increasingly likely that high sequence
similarities are detected in a database search at least for sections of the target. The first and

crucial step of modern modelling methods is therefore the identification of templates and

optimising the sequence alignment, followed by model building and refinement.

1 2 3

Search for Check se- Generate
suitable quence identity ProModll-
templates with target jobs

First approach mode (regular)

First approach mode (with user-defined templates)

Optimize mode

Fig. 5.3.1: Scheme of operation of the SWISS-MODEL server.!'*
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One of the powerful servers meanwhile available for fully automated comparative protein
modelling is the SWISS-MODEL server (Fig. 5.3.1).!"*"! The target sequence is submitted via
a web interface, and the results of the modelling procedure including coordinates of the final
model in the PDB format is returned via e-mail. First, a BLAST search against ExPdb, the
sequence database derived from the Brookhaven Protein Data Bank, selects sequences
yielding a poisson unlikelyhood probability P(N) < 10> and sharing at least 25 % sequence
identity in a > 20 residue subsequence. P(N) specifies the probability that the actual alignment

score between two sequences of length N is generated by chance alone.

A framework for the atoms in the backbone is constructed by averaging the positions in the
selected template structures, weighted with the local degree of sequence identity, by the
program ProModlIl. Non conserved loops are added by defining stems of usually two to three
residues in both directions, followed by a selection of database motifs, for which the C°
positions match the already constructed framework within a given cut-off RMSD.
Conformations of conserved side chains are directly taken over from the best template, and
for the others the most favourable rotamers in terms of van-der-Waals exclusion are accepted.
Idealisation of bond geometry and removal of unfavourable non-bonded contacts is performed
by a force field energy minimisation for a limited number of steps to avoid excessive

structural drifts.
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5.4  Modelling of the saposins

Throughout this thesis residue numbering for all saposins is adopted to saposin C (Fig. 5.1.1),
which occupies the sequence positions Ser311 (“Serl1”) to Gly390 (“Gly80) of the common
precursor pro-saposin. Saposin D, from Asp405 (“Aspl”) to Ser484 (“Ser80”) can be aligned
to saposin C without gaps, whereas in saposin A (Ser60 = “Ser2” to Serl140 = “Ser80”) a
proline after “Lys41” and an arginine after “Ser67” are inserted, and in saposin B (Gly195 =
“Gly2” to Glu273 = “Glu80”) a phenylalanine is inserted after “Thr24”, and position “64” is
missing. Sequence identity within the saposins ranges from 15 % (B-C) to 39 % (A-C),
increasing to 47 % and 60 %, if amino acids with similar properties are considered (Fig.

5.4.1).

NK-lysin

Fig. 5.4.1: Diagram
elucidating  the  se-

quence  identity  of

SapOSin A saposin C saposins A-D and NK-

a4

J . .
lysin, referring to a total
of 80 amino acids. Non
conserved residues in
the pairwise alignment
with similar properties

17 .

. (] . are not considered.
saposin B saposin D

Before the structures of saposin C (PDB-code 1M12) and saposin B (1N69) were accessible
in the protein data bank, NK-lysin (INKL) was the only distinct homologous protein with
known structure. Back then, saposin query sequences had to be adapted to NK-lysin in
positions believed to be of only minor concern in the structure, in order not to be rejected by
the SWISS-MODEL server in advance. In saposin C, for example, the necessary substitutions
were: D2G, E69Q, S79K and G80E. Even with these modifications the sequence alignment
remained incorrect around residue Pro40, which is a gap in NK-lysin, and all respective
residues were shifted by one position in the model structure, thereby disrupting the disulfide
bond Cys36-Cys47. Therefore Pro40 was removed in the query, yielding a correct ungapped
alignment, but, of course a model with this residue missing. Finally, residues substituted prior

to submission were corrected with a suitable structure editor.
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TARGET 1 SLPCDI C KDVWTAAGCDM LKDNATEEEI LVYLEKTCDW LPKPNVSASC
1Inl2A 1 S- - DVYCEVC EFLVKEVTKL | DNNKTEKEI LDAFDKMCSK LPKS- LSEEC

* L. * i * i i i * k% ** * L. * % * % % i i * *
TARGET hhhhh hhhhhhhhhh hh hhhh hhhh hhhh
1Inl2A hhhhh hhhhhhhhhh hh hhhh hhhh hhh

TARGET 48 KElI VDSYLPV | LDI | KGEMS RPGEVCSALN LCESLQ -
1Inl2A 48 EWDTYGSS | LSI LLEEVS - PELVCSMLH LCSGLVPR

*.**.* i * % *. *.* * * k% *. * % .*
TARGET hhhhh hh hhhhh hhhh
1m2A hhhhh hh hhhhh hhhhhh

Fig. 5.4.2: BLASTP sequence alignment of saposin A (target) to saposin C (template). Identical positions and
amino acids with similar properties are marked by stars and points, respectively. Predicted target and template

secondary structures are indicated (h = helix).

Since sequence similarity is much higher within the saposins, current direct queries of saposin
A and D including the C-terminal tag RHs yield correct alignment with saposin C without
further modifications (Fig. 5.4.2, Table 5.4.1). Saposin B was selected as template for neither
protein. No extra loops had to be constructed for saposin D, and for saposin A two loops
around the asparagine following Pro40 and arginine following Ser67 were successfully built
using Pro40-Ser44 and Glu65-Gly69 as anchoring residues, respectively. In all cases energy
minimisation was done using the GROMOS96 force field with 200 cycles of steepest descend
and 300 cycles of conjugate gradient. All model structures were checked by overlaying target
and template, hydrogen atoms were added and named according to the [UPAC standard (HN,

HA, ...), and residue numbering was changed, if necessary, to match saposin C.

Table 5.4.1: Saposin models generated with the SWISS-MODEL FirstApproach mode.

target template sequence identity P(N) of alignment name of model
saposinC(mod)  INKL 27 % 2%10°° SapC_Inkl_smh
saposin A IM12 39 % 8*107"! SapA_Iml12 smh

saposin D IM12 34 % 3%1071° SapD _Iml12 smh
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5.5  Backbone assignment strategy

According to the present standard, proteins of 11-12 kDa size require "°N, ">C doubly labelled
material for efficient backbone assignment using the triple resonance experiments described
in chapter 3. The older Wiithrich strategy ") to use exclusively NOE based dnn(i,i+1) and
dan(i,i+1) correlations for sequentially connecting the amino acid spin systems is not
straightforward, because these correlations are often weak and difficult to distinguish from
intermediate and long range correlations. Furthermore, considering the high degeneracy in a
set of only pairs of proton frequencies, in completely unlabelled proteins this work can

become very tedious.

However, in a-helices the steadily short dun(i,i+1) distances of about 2.8 A usually provide
two strong sequential NOEs in the strip of a given amide group. In principle, in a purely -
helical protein, labelled with °N, complete "N-HSQC assignment is possible, using only a
single 4D doubly "°N-edited NOESY experiment.!”"! Alternatively, if the resonances are
sufficiently spread in the '’N-HSQC plane, the correlations to residues (i—1) and (i+1) can be
observed separately in the c-dimensions of single (HNH)!"’"! and double (NNH)!'**! *N-
edited 3D-NOESY experiments (Fig. 5.5.1).

2.50

A B - 100
- 5.00 _
- 1150
161 | L62 | L63 | E64 | E65 | V66 61 | L62 | L63 | E64 | E65 | V66
3-117.5
@ 5
- 1200

Fig. 5.5.1: a-strip plots of HNH-NOESY (A) and NNH-NOESY (B) experiments (120 ms mixing) for the helical
segment 161-V66 of saposin C. Straight and dashed horizontal lines connect sequential dyn(i,i+1) and don(i,i+1)
correlations. Acquisition times were 21.5 ms (HNH-NOESY) and 123.6 ms (NNH-NOESY) in a, 34.8 ms (LP
to 61.8 ms) in & (°N) and 86.0 ms in ) (H") dimensions.
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After a few residues have been successfully connected to a segment, its direction in the amino
acid sequence can be fixed using dqan(i—1,1), which is much stronger than dnq(i,i+1), for a

residue where H(i) and H%(i—1) are not overlapped. If not obvious from the HNH-NOESY

spectrum, the HNHA spectrum provides the necessary HY(i) resonance frequencies.!'””

Mapping of the segment to the sequence is achieved by identifying potential amino acids by

152

comparison of side chain resonance frequencies, obtained from a HNH-TOCSY,!"*! with

100

tabulated random coil values.!"® In many cases the H? resonances need to be distinguished

from other side chain protons (or from H® protons for serine and threonine residues) by
another HNHB experiment.''>* The remaining, mostly non-helical residues can be found via
intermediate and long-range NOE correlations, with the exception of extremely fast solvent
exchanging residues, for which frequency labelled magnetisation is usually quenched during

the mixing times.

Table 5.5.1: Resonance assignment of saposins, specifying the fraction of non-proline residues (excl. RHg tag)
with assignment of "N, HY and H*. NOESY and (CleanCITY-)TOCSY"** mixing periods were 120 and 80 ms,
respectively. Because of overlap and a considerable number of fast slvent exchanging protons in saposin D,
assignment at 37 °C was supplemented by another set of experiments recorded at 17 °C, and the assignment was

transferred to 37 °C by ’N-HSQC spectra in steps of 5 °C.

protein buffer(50 mM) temperature[°C] field [T] fraction
saposin A phosphate pH7 37 14.1 69 /78
saposin C phosphate pH7 37 14.1 72 /78
saposin C acetate pH4 17 (monomer) 14.1 771778
saposin C acetate pH4 57 (dimer) 14.1 68 /78
saposin D phosphate pH7 37.(17) 11.7 (14.1) 70 /77

This strategy has so far been applied to °’N-labelled samples of saposins A, C and D at pH
7.0, and to saposin C at pH 4.0, samples of which were provided by the group of K. Sandhoff.
The protein sequences as in Fig. 5.1.1 were furnished with the C-terminal tag RHg, expressed
in Pichia pastoris cells and purified under conditions similar to those described in section 4.3
for GM2AP.!"*?! For each sample, the total required measurement time for five 3D spectra
was about one week and "N-HSQC assignment was usually nearly complete within one

further week (Table 5.5.1 and Tables 8.1 to 8.6).
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5.6  Saposin C at pH 7

Stabilised by three disulfide bonds, all saposins are thermally extremely robust proteins at pH
7.0 with absolutely constant '’N-HSQC spectra after heating to 57 °C for several hours, 37° C
for several weeks or storage in the fridge for now more than one year. Saposin C is readily
concentrated up to [# mM without showing significant propensity to unspecific association,
as concluded from unchanged linewidths of proton resonances during the concentration
process. Typical of a purely o-helical protein is the appearance of the ’N-HSQC spectrum
(Fig. 5.6.1 A), where all amide peaks resonate within less than 14.5 ppm in the °N-, and 2.0
ppm in the H“-dimensions. Peak resolution is satisfactory already at 17 °C and further
improved at 37° C, which was kept fixed in all following measurements as the maximum
temperature without major effects imposed by hydrogen exchange. All three side chain NH,
groups of Asn21, Asn22 ans GIn48 are visible and could be assigned using the HNH-NOESY
spectrum, and the H® proton of Arg81 disappears beyond 27° C. The "N-HSQC compares
well with a spectrum reported by de Alba ez al.!"* (Fig. 5.6.1 D).

The secondary structure was analysed in the usual manner (sections 3.5 to 3.7) using the H”
secondary chemical shifts, *Jinuq coupling constants (both from the HNHA experiment) and
sequential dnn(i,i+1) and dun(i,i+1) NOEs (from the HNH-NOESY experiment). Similar to
NK-lysin, five a-helices (Tyrd4-Asn21, Glu25-Leu39, Ser44-Tyr54, Ser56-Glu64 and Glu69-
Leu75) with rather short connecting loops were found (Fig. 5.6.2). From NewMEXICO
experiments, fast amide exchange could be confirmed for residues Val3, Tyr4, Glu25, Glu45,
Ser56 and Ser 57, which are expected either in the loops or in the first turn of each helix.
Further exchanging H" protons are the ones of Asp33, Lys34, Ser37 and Lys38 located in a2,
where also the secondary structure indicators predicted a kink between residues Lys34 and
Met35. Except for the termini Serl-Asp2 and Ser79-His87 the only unassigned non-proline
residues were Lys41 and Ser42 in the turn between 02 and a3, which are believed to be
highly solvent exposed. As can be seen from "N R; and R, relaxation rates and the
"N {'H}hetNOE (Table 8.4), the molecular tumbling is only slightly anisotropic (R»/R; = 4.4
+0.1 inal vs. 4.2 £ 0.1 in a3) with little mobility in the loop regions, constituting a compact,
spherical fold. A similar behaviour of the relaxation parameters has been found by de Alba et

al. " and was therefore not further analysed.
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Fig. 5.6.1 (previous two pages): Assigned ’N-HSQC spectra of saposin C at 37 °C and 14.1 T, recorded with
acquisition times of 61.8 ms (extended to 92.7 ms) and 86.0 ms in the N and H" dimensions, respectively. A:
1.2 mM in 50 mM phosphate, pH 7.0. B: 1.2 mM in 50 mM acetate, pH 4.0, directly after heating to 37°C. C:
same sample as in B, but after several hours at 37 °C. D: comparison with published overlay of *’N-HSQC

spectra at pH 6.8 (black) and 5.4 (red).'*"
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Fig. 5.6.2: Sequence plot of secondary chemical shifts d..(H%), coupling constants *Jinuq (calculated according
to section 3.6), dan(i,i+1) and dqn(i,i+1) NOEs, both classified into 1 (weak, < 5 A) 2 (medium, < 4 A) 3 (strong,
<3 A) and 4 (very strong, < 2.2 A), "N-R; and -R, relaxation rates and the "N {'H}hetNOE. The five helices of

NK-lysin are shown as cylinders on top with white bars denoting residues with fast (ke > 1 s ') amide exchange.
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5.7  Saposin C at pH 4

In the "N-HSQC spectrum of a pH 4 sample, recorded directly after inserting it into the
magnet at 37 °C (Fig. 5.6.1 B), signals no longer suffer from fast hydrogen exchange, so that
now all non-proline residues from Asp2 to His87 become visible and were successfully
assigned. Although pH 7 and pH 4 spectra can not be overlayed, there is good evidence for an
identical structure because of a close correlation between peak positions for most residues.
Indeed, the strongest pH dependence of resonance frequencies was observed for the amide
groups of Cys5, Thr24, Glu46 and Glu69, which are likely to be H-bonded to the side chain
carboxylate groups of Asp2, Glu27, Glu46 and Glu69, respectively. Since in saposin C most

144

carboxylates have been shown to titrate with a pK, in the range of 5-5.5,/'"* they are certainly

in a differently charged state at pH 4 and 7.
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Fig. 5.7.1: Comparison of H* chemical shifts in saposin C. A: pH 4.0 and 17 °C versus pH 7.0 and 37 °C. B: pH
4.0 and 17 °C (monomer) versus pH 4.0 and 57 °C (dimer).

This is supported by a similarity of AH®) chemical shifts (Fig. 5.7.1 A), which are much less
prone to small perturbations of electrostatic interactions than those of H" and '°N. Variations
observed at the N-terminus, in Glu25, Leu43 and Cys47 may as well be a local
conformational perturbation induced by the different temperatures at which AH®) were
measured. After a few hours at 37° C the appearance of the '"N-HSQC spectrum completely
changes, and only 10-15 % of the intensity of the original peaks is retained, whereas new and

much broader signals emerge (Fig. 5.6.1 C). This happens faster with increasing temperature,
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but could not be reversed upon cooling in the fridge even after several weeks. "N-HSQC
assignment was done at 17 °C for the first and 57 °C for the second species, where both
slowly degrade within about two weeks, and transferred to 37 °C in steps of 5 °C. Molecular

correlation times 7. of the “fresh® protein and at pH 7 (Table 5.7.1) are similar, monomeric,

144

albeit 40-50 % larger than reported "**! and modelled for an untagged and unglycosylated

species (see section 4.5). At higher concentrations rather unspecific association leads to an
apparent increase of 7. and linewidths in an otherwise identical "N-HSQC spectrum. In
contrast, a nearly doubled 7. for the second species in combination with the remarkable

changes in the "’N-HSQC spectrum can only be explained by specific dimerisation.

Table 5.7.1: Molecular size M, and correlation times 7, of saposin C at 37 °C, estimated from N-R, and R,

(averaged over all residues). The results are compared with the reported value "** and with HYDONMR-

[130] [142]

simulations of monomeric NK-lysin and the ab-dimer of saposin B.!"*"!

concentr. 1.2 mM 1.2 mM 1.2 mM 2.1mM  0.25mM HDmodel HDmodel
Buffer pH7.0 pH4.0° pH40° pH4.0° pH6.8 INKLY  IN69“

M,[kDa]  12-13 12-13 24-26 12-13 9 9 18
[ns] 52+02 55+05 95+05 7.0+05  3.6° 3.6 7.2

* directly after heating to 37 °C. ® several h after heating to 37° C. © corrected for solvent viscosity from 25 °C to

37 °C by a factor of 0.78. ¢ 3.2 A atomic bead radius.

Apart from an absolutely identical "N-HSQC signal pattern produced by the histidine tag,
most amide resonances of residues in the ,,monomer* and ,,dimer* are found in close vicinity,
and their H® resonance frequencies coincide (Fig. 5.7.1 B). However, there are large chemical
shift perturbations for the second half of a1, the loop connecting a1 and a2, and helices 04
and a5, and the N-terminal half of al could not be assigned due to strong overlap or broad
lines. These sites are too far apart from each other to be explained by a single dimerisation
interface without major rearrangement of helices. On the other hand, for a V-shaped dimer
like in saposin B, strong chemical shift perturbations would be expected between a3 and a4,
which were not observed. Here, an approach using RDCs of H"-N vectors and comparison
with different structural models could be useful for the determination of relative helix
orientations. Acid triggered dimerisation has not yet been reported for saposin C and may, far
beyond simple neutralisation of the surface charge, play an important role in its in vivo

membrane and GSL binding activity.
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5.8  Saposins A and B

The ""N-HSQC spectra of saposin A at pH 7.0 (Fig. 5.8.1) showed symptoms of
conformational heterogeneity, with most resonances affiliating to slow and intermediate
exchange regimes, and best spectrum quality at lower field strength. One mode of
conformational flip processes is likely to be similar to the one in saposin D (chapter 7), since
a second signal set with pronounced differences in the resonance frequencies was observed
for the same residues (Ser44, Ala45 and Ser46). The molecular correlation time of 7. = 5.4 ns,
calculated from the ratio R»/R; = 4.0 of average "N relaxation rates at 37 ° and 14.1 T,

compares with the monomeric species of saposin C.

8,/ ppm

[ 1100

Fig. 5.8.1: ""N-HSQC
E spectrum of saposin A, 0.6
TH2S M in 50 mM phosphate,

pH 7.0, at 37 °and 14.1 T.
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At pH 4.0, saposin A is strongly aggregated and slowly precipitated from solution even at
concentrations as low as 0.5 mM, where the only resolved peaks in the "N-HSQC spectra
were those from the RHg tag. Saposin B was sufficiently thermally stable under acidic and
neutral conditions, but yielded spectra with extremely broad lines, again the only exception
being the RHe tag at pH 4.0. Similar to the GM2 activator, this protein might undergo large
conformational exchange processes, which cannot be pushed into fast or slow exchange limits

in the available range of temperature and field strength, and was not further analysed.
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5.9  Methyl groups

The easy the backbone assignment by NOE correlations is in helical proteins, the difficult it is
to obtain information about their arrangement in a three dimensional fold. This is because the
backbones even of adjacent helices are too far separated in space to give rise to an extensive
long-range NOE network of HY and H* protons. On the other hand, assignment of valuable
NOE correlations including side chains generally requires expensive “C-labelled material for
heteronuclear editing, except for a limited amount of protons with unique resonance
frequencies. In saposin C, at neutral pH combing unlimited stability with excellent spectra,
only 32 such long range correlations could be identified from 3D HNH-NOESY and highly
resolved 900 MHz 2D NOESY experiments without a priori knowledge of the structure.

Fig. 5.9.1: Ribbon diagram of
saposin C (PDB-code 1M12) with
colour coding according to Fig.
5.2.1. Methyl groups are shown in

CPK representation with a radius of

1.3A.

A new strategy for conformational studies, which looked promising for the saposins,
combined comparative protein modelling, RDCs in various orienting media and the NOE-
network of methyl groups in the protein core (Fig. 5.9.1). All saposins are very hydrophobic
polypeptides, for example, saposin C comprises as much as 51 methyls from a wealth of
valine, leucine and isoleucine residues. With the sensitivity of a 900 MHz cryoprobe system
and the sharp resonance lines of methyls stemming from three protons, C-HSQC and 3D "°C
edited (HCH-)NOESY spectroscopy at natural abundance of >C seemed realistic for a 4 mM
sample of saposin C. In contrast, NOE information from hydrophilic side chains, most of
which emerge into the solvent and are therefore highly flexible, is much less valuable to

define the protein fold.
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In saposin C, overall side chain proton assignment (see table 8.1) was completed up to 97 %
and 100 % for methyl groups using 3D HNH-TOCSY and 2D TOCSY experiments.
Diastereospecific assignment of HP protons and X; dihedral angles were obtained for 45 % of
all residues by measuring dnp(i,1) (HNH-NOESY), deg(i,1) (NOESY), 3JNH[3 (HNHB) and the
multiplet structure of HP protons (NOESY) (Figure 5.9.2).

H* 5
A
C H”
A1 = -60 HNHB\ &, = 116.4 ppm §, = 7.46 ppm
N CcO
%, = +60 . X = 180
H® H H” NOESY 5, = 7.46 ppm
H[33 HBZ Hﬁz CY
H™
N+ CO N CO NOESY 5, = 4.88 ppm
CY HB3 3.'10 ‘ 3.60 ‘ 2.‘90 l 2:80 ‘ 2.|70 l KppmI

Fig. 5.9.2: A: Staggered X-conformers. For }; =—60°, *Jxup2 = 0.5 Hz, *Jappgs = 5.5 Hz, *Jianp: = 13 Hz, *Jiarips
=4 Hz, dygo = 3.05 A, dopz = 2.50 A and dnp2< dnpz. B: 1D @ -cross section of 3D HNHB spectrum, recorded at
14.1 T with an acquisition time (#,) of 21.5 ms, at the "N and H" frequencies of Asn21 and a-cross sections of
NOESY spectrum, recorded at 21.1 T with an acquisition time (#,) of 114.7 ms and "°N decoupling, at the H" and
H® frequencies of Asn21. The 3D HNHB is an indicator for 3JNHB, but cannot provide quantitative results.
Large/small values of 3JHG,HB split the resonances of H"? and H*? in a pseudo-triplet and doublet, respectively. In

agreement with the NOESY intensities, a value of ; = —60° is obtained for Asn21.

In the natural abundance *C-HSQC spectrum (Fig. 5.9.3 A), all methyl signals of methionine
(2), threonine (4), alanine (1) and isoleucine (4+4), as well as 13 methyls from 8 valine and 19
from 11 leucine residues could be assigned primarily on the basis of their 'H frequencies. In
the case of &'H)-degeneracy well visible intraresidual NOE correlations in the HCH-NOESY
spectrum (Fig. 5.9.3 B) to H®, HP and HY protons with known resonance frequencies were

used.
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Unfortunately, due to low inherent sensitivity, long range NOE data turned out to be too
sparse for constructing a network of methyl groups, which would require a multiple of the
measurement time even on a cryo-system at 900 MHz. After the solution structure of saposin
C was published, a limited number of expected correlations just rising above noise level were
reproduced from the experiment. Thus, *C-edited experiments were not applied to other

saposin samples.
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Fig. 5.9.3: A: Methyl region of the *C-HSQC spectrum of saposin C (pH 7.0, 4 mM), recorded at 37 ° on a 900
MHz cryoprobe at natural abundance *C. Acquisition times were 18.9 ms (LP to 29.6 ms) and 57.3 ms for °C
and 'H dimensions, respectively, and 64 transients with a total measurement time of 9 h were used. The peaks
are labelled with residue number, B, G, D and E for -, y-, &, and &-correlations and u/d for upfield/downfield in
the 'H dimension, since methyl groups of valines and leucines were not assigned diastereospecifically. B: c-
strip from the 3D HCH-NOESY spectrum at u) and  of the y-methyl group of I1e28, recorded under the same
conditions. Protons were not decoupled from ’C during #,, leading to a 'Jcy splitting of the diagonal signals. 16

transients were used for a total measurement time of approximately 3 days.
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6  Studies of saposins by residual dipolar couplings

6.1  The alignment tensor

The dipolar interaction between two nuclei I and S with gyromagnetic ratio )f and ) and

internuclear distance 715 forms the basis of observable RDCs and is given by:!">>!

_ M

- Vits(ns”) Beos* (0 -1) 21,8, = =bsBeos’9)-1) 21,S,  (6.1.1)

%’D(t) =
where the angle brackets denote the average of 15> due to bond stretching vibrations, and
additionally # is scaled down by an order parameter due to fast bending motions (=
librations). The time independent terms can be combined to b5, and time dependence is only
governed by the angle & between internuclear vector and external magnetic field due to
molecular tumbling. Commonly, the observed residual dipolar coupling (RDC) Dis, which
simply results from the time (or ensemble) average of #p, is expressed in terms of a global
alignment tensor A and the orientation of the bond vector with respect to the principal axis

system (PAS) of this tensor:
D, = by {Aa (3cos* B-1) +% A, sin’ 6’005(2@} (6.1.2)

Here, the spherical coordinates &and @represent the angle between 75 and the z-axis, and the
azimuth of the projection of ;5 onto the xy-plane as measured from the x-axis. The axial A,
and rhombic A, components of A are related to the Cartesian tensor components A4.., 4,, and

A, (in the PAS all elements A4;; with i # j vanish) as follows:

1
A=A~ —(A,*+4,) A =24
2 3 (6.1.3)
_ 1 1
A” - AXX A}’y Ayy - _gAa _EAr
0=4.+4,+4, A =24+l
XX 3 a 2 r

A is traceless (bottom left equation), which may be physically interpreted in terms of two
orthogonal bond vectors that may not be preferentially oriented in the same given direction,

and its properties are further elucidated in Table 6.1.1.
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Table 6.1.1: Examples of alignment tensors of different rhombicity A,/A,. In reality the tensor components are in
the order of 10 to 107, meaning that on average one out of 10° to 10* molecules is fully aligned. The ratio
A,/4, cannot exceed 2/3, since higher rhombicity violates the general convention |4..| = |4,,| = |4,|. In this case
(row 5), the z- and y- axes have to be swapped, and 4, and 4, change sign. Similarly, the y- and x-axes can be

swapped so that 4, and 4, always possess the same sign (row 6).

A, A, Az Ay, Ay Fig. 6.1.1
1 0 2/3 —-1/3 —-1/3 A
-1 0 —2/3 1/3 1/3 -
1 1/3 2/3 —-1/2 —-1/6 B
1 2/3 2/3 -2/3 0 C
not: 1 1 2/3 —5/6 1/6 -
rather: —5/4 —-1/2 —5/6 2/3 1/6
not: 1 —-1/3 2/3 -1/6 —-1/2 -
rather: 1 1/3 2/3 —-1/2 —-1/6

In order to visualise the dependence of Djs on A4,/4,, it is instructive to plot Dys as a function of

spherical coordinates fand ¢ (equation 6.1.2) on the surface of a sphere (Fig. 6.1.1).

Fig. 6.1.1: Graphical representations of alignment tensors with different rhombicities. A: 4,/4, = 0 (axial

symmetry), B: 4,/4, = 1/3 and C: A4,/A, = 2/3 (maximum rhombicity). Vector orientations with the same colour
intensity (red: negative, blue: positive, for positive gyromagnetic ratios and 4,) give rise to the same residual
dipolar coupling. The white circles (D;s = 0) in the axial symmetric tensor correspond to 8 = 54.7° (magic

angle). The pictures were generated with Mathematica4 (Wolfram Research Inc., Champaign, IL, USA).
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6.2  Residual dipolar couplings in proteins

Residual dipolar couplings (RDCs) are nowadays widely used for the refinement of NOE

156-158

derived structures of biological macromolecules.! n contrast to local distance restraints

imposed by NOEs, they are able to fix bond vectors with respect to a global molecular frame
and therefore over large distances. RDCs have proven to be particularly powerful in the
determination of the global structure of strongly anisotropic molecules like oligonucleotides,
and of relative domain and subunit orientations in larger molecular assemblies, when NOE

data between the domains is sparse.

However, attempts to obtain protein structures using exclusively RDC data have remained

difficult, owing to the low accuracy of measured dipolar couplings other than for H-X, their

degeneracy with respect to the bond vector orientation and insensitivity to translations.!>* %!

Furthermore, an incomplete cancellation of the dipolar interaction between two nuclei in

solution, leading to observable RDC, requires either a strong intrinsic magnetic susceptibility

[161] 162

or the presence a weakly orienting, liquid crystalline phase,'®? which is not always

compatible with the molecule under study.

Table 6.2.1: Typical one-, two- and > two-bond internuclear distances taken from the PDB-database and
maximum residual dipolar couplings 2b;s (for & = 0 and full alignment) according to equation 6.1.1 in the
absence of internal motions for a number of combinations IS occurring in proteins. The listed two bond distances
are nearly secondary structure independent, whereas the listed three (and four) bond distances depend on one or
more dihedral angles (* a-helix, ° B-strand) Only the distance H™(i)C%(i—1) is nearly constant. ° j denotes a
hydrogen bond acceptor carbonyl group. ¢ distance between E- and Z-protons within the primary amide groups

of asparagine and glutamine.

one bond ri[A] 2bi5[kHz] twobond ri[A] 2b,5[kHz] >twobond ri[A] 2b;s[kHz]

HYONG)  1.03  —223  HYGOC'@) 216 6.0 HYOHYG) ~3.0 89
NGC%i) 145 20  HYO)CG-1) 205 70  HYOHY -1 ~3.6 5.1
NOC'G-1) 133  -26  H'GC'G) 218 58  HYOHY-1) ~22 225
C'G)C’G) 150 45 HYGNG)  2.09 27 HYGOCYi-1) 2.57 3.6
HOG)CG)  1.09 46,6  C°H)C’G-1) 239 1.1 HYG)C'G)® ~28 28

C%G)-CPia) 152 4.3 HY%:-HY, ¢ 1.78 426
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Most commonly, the dipolar coupling contribution between two nuclei is extracted as
difference of apparent doublet splitting in oriented versus isotropic solutions. Virtually all
methods employ direct coherence transfer between I and S and therefore require |Dys| to be
smaller than |Jis|, the latter of which also should be uniform, as it is usually the case for one
bond couplings. If RDCs are to be measured between nuclei separated by more than one
chemical bond, ;5 has to be precisely known, since it depends on often non-uniform bond and
dihedral angles (Table 6.2.1). With increasing degree of orientation, ie. liquid crystal
concentration, the RDC information becomes more accurate. On the other hand the different
environment may influence the molecular structure and lead to broader lines because of

slower rotational diffusion and unresolved passive dipolar couplings.

A q>1 A A d)4 " B
H | : I - '| 2 H 2 H | A qx Hg -
0. 0, | ; =
Xy yiz | y iz 2
grad GE'I éQ G!2§GS i Gﬁﬂfés Ggs ........... e e ppm _

Fig. 6.2.1: A: Pulse scheme of the the IPAP-['H,'°N]-HSQC experiment for the measurement of 'Jy.'® The
Tepulse denoted by an open bar is applied only in the AP-experiment and @ = y,-y; @ = 2(x),2(—x) for IP and
2(y),2(—y) for AP; @ = 4(x),4(y), @ = 8(x),8(—x) and @ = X,2(—X),X,~X,2(x),~Xx. IP and AP sub-spectra are
recorded in an interleaved manner and stored separately. Figure taken from !'®!. B: ""N-cross sections of IP and
AP sub-spectra. After processing, the IP spectrum needs to be rescaled to account for the slightly faster

relaxation in the AP experiment.

By far the most commonly used spin pair for the measurement of RDCs is N-H", because it
requires only "°N labelled material, and the isotropic scalar coupling ('Jxu = =93 Hz) is large
and nearly secondary structure independent. Furthermore, the '°N spins are well frequency-
dispersed and among the slowest relaxing nuclei in proteins, which allows to measure '°N
frequency splittings with high accuracy. In small proteins with little overlap 'Jxu can be
extracted directly from a ’N-HSQC spectrum without proton decoupling during ¢;-evolution.
A more sophisticated method is to record two separate data sets with in-phase (IP) and anti-
phase (AP) doublet structure and cancel one of the doublet components by both adding and

'] When assigning peaks, it should be

subtracting the frequency domain data (Fig. 6.2.1)..
considered, that peaks may not only be shifted by 'Juu/2, but also because of chemical shift

anisotropy and solvent effects.
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From a set of measured couplings De(1) and a structure with given bond vectors, the
alignment tensor components 4, and A, and the respective set of back calculated couplings
Drack(1) are determined by a least squares fitting procedure to equation (6.1.2), minimising the

target function Y’u:

=3 Lon® Do O
i o, (1)

(6.2.1) which depends on the individual experimental errors dp(i). Error estimates of the
tensor parameters can be obtained by Monte-Carlo-type simulations, where usually several
hundreds of data sets are generated by random variation of Dypae(i) within op(i). The
experimental data represents a purely statistical variation of a given tensor, if the experimental
Xn is well located within the simulated x’,-distribution, as often defined by a cutoff value
including 95 % of the simulations. For homogenous errors op(i) this is equivalent to the
criterion of ), being approximately equal to number of couplings, i.e. average deviations not
exceeding Op(i). Lower correlation between the sets Dexp(1) and Dypack(1), having its origin in
either an underestimation of dp(i), a systematic error in the measurement of Dey,(1) or

inadequate structural data, is often assessed by the Pearson correlation coefficient R”:

s _ Dy () = Doy YDy () = Dy))’
Zi (Dexp (i)~ Dexp)z Zi (D (D) = Dback)z

(6.2.2)

For an alignment tensor that is based upon an unrefined structure, the individual Deyy(1) may
be used to constrain the IS bond vector orientations with respect to this tensor in a structure
refinement. The power of this method can be enhanced by using different orienting media,
thus exploiting the variety of steric and electrostatic interactions between the medium and the
biomolecule. Independent tensors do principally allow for an unambiguous determination of
bond vector orientations in 3D space, whereas different concentrations of a single alignment

medium do not add to the information.

Considering the high efficiency of ’N-HSQC assignment in combination with sparseness of
long range NOE data described in chapter 5, the fold of helical proteins may be efficiently
analysed by RDCs, if possible, in different alignment media. The following sections give a
short introduction to some of the most commonly used media and their application to
solutions of saposin C, and the rest of the chapter is dedicated to the analysis of RDC data
obtained for saposins C, D and A.
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6.3  Phospholipid bicelles

Bicelles are disc-shaped lipid assemblies with a thickness of ~ 40 A and a diameter of several
hundred A, which are known to be fully oriented in magnetic fields even at low
concentrations.!'®*! Easily prepared from DMPC/DHPC in approximately 3:1 molar ratio, they
have been used for weak alignment of macromolecules with great success.!'®”! These
phospholipids are electrostatically neutral over a wide pH range (Fig. 6.3.1) and thus are
applicable to positively (pH < pl) as well as negatively (pH > pl) charged biomolecules.
Electrostatic interactions between protein and the bicelles can even be tuned to some degree
by the addition of small amounts (10 % of DHPC) of charged lipids like CTAB or SDS.!"*"]
The overall degree of alignment present in solution depends on the lipid concentration and
can readily be monitored by the quadrupolar splitting of the solvent (90% H,0, 10% D,0) *H

signal. %%

| ® Fig. 6.3.1: Lipids for the preparation

P NMes
CrHan+1 O/\/\O// \O/\/ of bicelles.

DMPC: 1,2-dimyristoyl-sn-glycero-3-

DMPC n=13 phosphocholine,
DHPC n=5

Qi

CnH2n+1

0 DHPC: 1,2-dihexanoyl-sn-glycero-3-
o phosphocholine,
| & . .
® CTAB CoH s Na SDS CTAB: cetyltrimethyl-ammonium
NM 1225
% \0/ \\06 bromide,
CigHzs™  p© s

SDS: sodium dodecyl sulfate.

Since under acidic conditions saposins are well known to bind to membranes, and DMPC and
DHPC have been reported to suffer from slow hydrolysis, experiments were done with
phosphate buffered (50 mM, pH 7.0) saposin solutions. The same buffer was used for the

197 Briefly, in an

preparation of a 15% w/v bicelle stock in according to standard procedures.
eppendorf cap (Eppendorf AG, Hamburg, Germany), 17 mg (38 umol) DHPC (4Avanti Polar
Lipids Inc., Alabaster, AL, USA) were completely dissolved in 100 pL cold (0 °C) buffer,
added to a cold suspension of 77 mg (114 pmol) DMPC in 200 pL buffer and washed three
times with 100 pL buffer. After 15 min of cooling and regular vortexing, the 600 UL stock,

having a milky appearance, was kept at 38° C for 30 min. Several cycles of warming and

cooling were repeated, until a homogenous and highly viscous phase above room temperature
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was obtained, and the stock was stored at 4° C and consumed within three days. For NMR
measurements, a shigemi tube (Shigemi Co., Ltd, Tokyo, Japan), containing 100 UL bicelle
stock + 180 UL protein solution + 20 UL D,O was transferred quickly from the ice bath into
the preheated (37° C) magnet.

Fig. 6.3.2: Solvent “H signal of a 3:1:0.1
mixture of DMPC/DHPC/SDS (total lipid

[uM] . .
concentration 5% w/v), buffered with 50
100 mM phosphate, pH 7.0. Saposin C (2 mM
80 in the same buffer) was added stepwise to
60 yield the overall protein concentration as
specified.
40
0

T T T T T T T T

T T T
25 20 15 10 5 0 -5 -10 -15 =20 -25 Hz

For both saposins C and D, the result was always a complete collapse of the “H splitting,
which was analysed in a titration experiment (Fig.6.3.2). In the presence of SDS (10 % of
DHPC) the liquid crystalline phase remained stable up to 40 UM protein (the slight decrease
of the *H splitting merely reflects the dilution of the lipids) at 37°C for short time, but not for
the time required to collect data with reasonable signal to noise ratio, even on a cryoprobe. At
higher protein concentration and irrespective of the total amount of lipids, the *H splitting
rapidly decreases, the lines broaden, and finally merge to the sharp singlet peak observed for
isotropic phases. Simultaneously, the protein shows essentially the isotropic 'Jxy splitting
within the error limits. Stabilisation of the oriented phase was achieved by variation of the
neither the temperature (27-47° C) nor the buffer conditions of the bicelle preparation (50-
100 mM phosphate, pH 6-7).

This behaviour can only be explained either by binding of the protein to the membrane-like
bicelles, thereby preventing the establishment of a stable liquid crystalline phase, or a
selective binding of one of the lipids to the protein, leading to a strong perturbation of the
lipid ratio. Since SDS is known to be a strongly denaturating agent, and the amounts of '°N
labelled proteins were limited, no further experiments with higher concentration of SDS or

different lipid ratios were made.
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6.4  Strained polyacrylamide gels

Polyacrylamide, which is linked with N,N’'-methylenebisacrylamide, forms elastic, neutral,
hydrophilic and chemically extremely inert gels, which have been used in biochemistry
laboratories for decades. Since polymerisation can be initiated under mild conditions in the
presence of biomacromolecules, the problem of diffusion into the gel is elegantly
circumvented. When the gel body is macroscopically stretched or compressed along one axis,
also the microscopic environment of the molecule enclosed is no longer isotropic and can

16 . .
[168. 1691 " A convenient and meanwhile

170]

confer weak orientation via steric interactions.

commercially available device for introducing strain has been developed (Fig. 6.4.1).!
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Fig. 6.4.1: Apparatus for straining polyacrylamide gels with most pieces made from teflon. After polymerisation
in the cylinder the gel body is squeezed by a piston through a funnel into an NMR tube, the bottom of which has
been ground off. The aspect ratio of compression is given by (R¢/Ry)’, where Rc and Ry (= 4.24 mm) are the

inner diameters of the cylinder and the NMR tube, respectively, and alignment has been shown to be

proportional to (R¢/Rx)*—1. Figure taken from 7%

As described by the authors, gels were prepared from a stock solution containing 36 % w/v
acrylamide and 0.94 % w/v N,N’-methylenebisacrylamide, corresponding to a molar ratio of
1:83. For a gel with a total volume of 400 pL, 80 UL of the stock, 270 pL of the protein
solution, 40 YL of D,O and 8 pPL of a 10 % aqueous solution of APS were mixed in an
eppendorf cap. After the addition of 1 pL. TMEDA the solution was quickly transferred to a
cylinder for overnight polymerisation. First experiments with 50 mM phosphate buffer (pH
7.0) in a copy of the apparatus (R¢ = 5.5 mm), made by the workshop of the institute, showed,
that the gel body often broke shortly after insertion into the NMR tube, resulting in complete

relaxation of strain and collapse of the *H splitting.
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Better results were obtained for gels which had been polymerised in a modified blue (1 mL)
pipette tip with Rc = 5.1 mm, corresponding to a reduction of the aspect ratio of compression
from 2.18 to 1.78, and transferred to the teflon apparatus. To render the glass surface more
hydrophobic and facilitate the gliding of the gel within the NMR tube, it was rinsed with
propyltrimethoxysilane shortly prior to use. As major remaining problem, a part of the gel
regularly remained in the teflon apparatus, and the volume of the transferred gel was too small

for a satisfactory field homogeneity.

A B

.

15 0 5 0 5 0 5 Hz| | 80 70 60 50 40 30 20  10ppm

Fig. 6.4.2: A: °H spectrum of a strained polyacrylamide gel. The *H splitting, and thus the strain in the sample is
not homogenous and ranges from approximately 6-14 Hz, the maxima being separated by 10 Hz. B: 'H spectrum
of the same sample. The broad signals are from the polymer, and narrow lines from remaining monomeric

acrylamide indicate good magnetic field homogeneity.

After successful tests (Fig. 6.4.2), the phosphate buffer was replaced by a 1.2 mM solution of
saposin C, and the gel body was rinsed with phosphate buffer (pH 7.0) buffer for 30 min to
compensate the increase of pH during polymerisation. However, "N-HSQC spectra of the
gels, showed extremely broad resonances, indicative of either strong interactions between
protein and gel, or restricted molecular tumbling. Longer rinsing of the gel with buffer to rule
out pH effects only resulted in loss of signal due to diffusional leakage. As a result, unless the
procedure is extensively optimised, polyacrylamide gels cannot be considered a fast and
reliable method of weakly orienting saposins. Electrostatic interactions could be in principle

influenced by the use of charged gels from a copolymer of acrylamide-acrylate.!'”"!
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6.5  Pfl filamentous phage

Pfl bacteriophage consist of a 7,349-nucleotide single-stranded circular DNA genome, which
is packaged at approximately 1:1 ratio of nucleotide and coat protein into a ~ 60 A diameter
by ~ 20,000 A long particle.'’? The highly negatively charged coat protein forms an a-
helical structure, whose network of carbonyl groups is believed to be the source of the phage's

large anisotropic magnetic susceptibility, with its long axis aligning parallel to the magnetic

field (Fig. 6.5.1). Since its first employment to oligonucleotide and protein cosolutes,”!

magnetic alignment of Pfl phage has been characterised in detail.'’*

Fig. 6.5.1: Structure of phage Ff protein
sheath. One 0-helical subunit is shown on
the left, with charges indicated by filled
circles. The N-terminus (top) contains
negatively charged residues facing the
outer surface of the phage particle,
whereas C-terminal (bottom) positively
charged residues at the inner surface
neutralise the charge of the DNA core.
The assembly of overlapping helices,
about 1% of the total length shown on the
right, is held together by apolar residues.

Fig. taken from !'7%],

Saposins were oriented by addition of a cold stock solution (52 + 4 mg/mL) of Pfl-phage
(ASLA Biotech Ltd., Riga, Latvia) to 250 PL of the protein solution and 50 pL D,O in a
Shigemi NMR tube (Shigemi Co., Ltd, Tokyo, Japan). The tube was closed with a
conventional cap, sealed with parafilm and shaken rigorously, with regular cooling in order to
decrease the macroscopic viscosity. Air bubbles were removed by centrifuging at 1000 rpm
for 30 min, and the cap was replaced by the usual Shigemi glass piston. The liquid crystalline
phase was stable below ~ 47 °C, and at 4 °C for several months. Compared to the difficulties
arising in the other tested orienting media this procedure is extremely straightforward and

easy and has so far been applied to phosphate (50 mM, pH 7.0) buffered solutions of saposins
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A, C and D. Employment to acetate (50 mM, pH 4.0) buffered protein solutions resulted in

precipitation and very broad signals in the NMR spectra and has not been further optimised.

Fig. 6.5.2: Symmetric 465 Hz * 465

?115'0 Hz cut of IP sub-spectrum of saposin

C (13 mg/mL Pfl, 37 °C and 17.6 T).
Long acquisition times (160 ms, LP

1160
' to 250 ms in °N, 69 ms in 'H) in both

V71

dimensions yield linewidths nearly
102.7 Hz

;‘117'0 given by the intrinsic transverse
relaxation rates and unresolved
:—113.0 couplings. The 1D traces are shown
[ for the downfield component of V71.

Due to the linewidths (FWHH ('H) =

5-119-0 42 Hz vs. 23 Hz in isotropic solution
: and FWHH (°N) = 7 and 10 Hz for
; down- and upfield components, the
;120-0 same as in isotropic solution),

measurements of Dyy from the

—— ——— e T I AEa AR Eaa ] indirect dimension is 3-5 times more

accurate.

All TPAP-['H,""N]-HSQC spectra (Fig. 6.5.2) were measured at 37 °C and a magnetic field of
17.6 T field, with a maximum #; of approximately 160 ms (= 73, linear predicted to ~ 250 ms)
and a total acquisition time of 1.5 days. Acquisition- and processing- (digitisation of ~ 0.5 Hz
in @) parameters were identical for isotropic and oriented phase. The AP sub-spectra were
added and subtracted from the /P sub-spectra (scaled by 0.9) in the frequency domain, to yield
upfield and downfield sub-spectra, which contained less than 1 % contamination from the
other component. Peaks assignments were transferred with from '"N-HSQC spectra after a
a -shift of —45 Hz (downfield) and +45 Hz (upfield) using the program sparky (7.D. Goddard
and D.G. Kneller, University of California, San Francisco, CA, USA). Apparent splittings
JInnapp Were extracted from frequency lists (upfield minus downfield), and RDCs were
calculated according to Dnu = Jnmapp(oriented) — Jnmapp(isotropic), corresponding to Dy
being negative for a large doublet splitting. A uniform uncertainty in the final residual dipolar

couplings of 1 Hz was assumed.
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6.6  Residual dipolar couplings in saposin C

Alignment in saposin C was introduced by stepwise addition of 25 YL of a stock solution of
Pfl phage (52 + 4 mg/mL) to 250 PL of the protein solution (1.2 mM) and 50 pL of D,0O, as
described in the previous section. After four portions (= 13 mg/mL Pfl phage), corresponding
to a “H quadrupolar splitting of 13 Hz, the largest deviations in the N-H" doublet splitting
from the isotropic value 'Jyg = —92 Hz reached approximately + 30 Hz. For a large doublet
splitting Dnxu was taken as negative, but the sign is not too important, since apart from an
inversion of 4, and A4, it does not change the fit results. Approximately equal maximum
positive and negative Dyy were indicative of an alignment tensor with high rhombicity, in

contrast to the familiar 2:1 amplitude of an axially symmetric tensor.

Hz .

20 1

Fig. 6.6.1: Diagram of experimental RDCs versus the sequence number of saposin C in 13 mg/mL Pfl phage
(black circles). A uniform error of 1 Hz was assumed. The solid line in the usual colour coding (Fig. 5.1.1)
represents values back calculated from the alignment tensor obtained by fitting 59 couplings to the published
structure of saposin C (PDB-code 1M12).1"** Four residues with significant deviation, Ala31, Asp33, Met35 and
Lys38, were excluded from the fit. Missing data is due to fast hydrogen exchange or signal overlap.

Plotting Dy against the sequence number (Fig. 6.6.1) confirms the existence of five helices
proposed in section 5.6, as couplings within one helix oscillate around an average
representing the orientation of the helix axis. These oscillations have recently been termed

1731 and will be discussed further below. ol is a long, straight helix, whereas

dipolar waves
02 shows a strong curvature in the second half, with a more pronounced kink between Lys34
and Met35, as becomes manifest in a strong drift of Dyy. 003 and 04 can be distinguished by

their orientations, in contrast to the dimeric saposin B, where they are nearly merged.
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Fig. 6.6.2: Correlation of 63 experimental couplings of saposin C in 13 mg/mL Pfl phage (vertical axis) and
back-calculated (horizontal axis) couplings. A: Fit to the structure of saposin C (1M12),!"** excluding couplings

from the four labelled residues (> 4 Hz deviation). B: Fit to model derived from NK-lysin (sapC_Inkl_smh).

When fitting the data to the recently published structure of saposin C,!'**! RDCs are
reasonably well reproduced with a mean per residue squared deviation of less than 3 HZ’ (Fig.
6.6.2 A, Table 8.3). A few exceptions (Ala31, Asp33, Met35 and Lys38) are located in 02,
where also de Alba et al. found the largest deviations from the final structure, which may
imply exchange processes. Since the structure determination largely relied on N-HY, C°-
H® and C%-C’ vector restraints from Pfl- and pd-phage containing solutions, it is instructive

to compare the alignment tensors obtained in the different laboratories (Table 6.6.1).

Table 6.6.1: Alignment tensor parameters obtained by fitting different data sets of Dyy to the published structure
of saposin C.'"* Sets A and B were used as deposited in the PDB databank, after removing residues Val3,
Ala31, Asp33, Lys38, Leu39 and all residues following Cys78 from data A, and Ala31, Asp33, Leu39, and all
residues following Cys78 from data B. Data C, obtained in this work, was fitted as described in Fig. 6.6.1.
Experimental conditions for A and B: 50 mM phosphate (pH 7.0), 25 °C, C-terminus following Gly80: VVVV.
Experimental conditions for C: 50 mM phosphate (pH 7.0), 37 °C, C-terminus following Gly80: RHg.

data medium couplings a B y  AJ107]  A/A, X
A Pfl 69 6.0° 163.6° 42.3° 1.75 0.31 54
B pd 51 3.4° 163.7° 42.4° 1.28 0.36 55

C Pfl 59 35.0° 166.2° 60.8° 1.16 0.50 173
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As apparent from the resemblance of Euler angles and rhombicity of tensors A and B, very
similar mechanisms govern the alignment of saposin C by Pfl and pd phage, which therefore
may not be regarded as truly independent orienting media. The relative sizes A4,, which
correspond to the observation of nearly linearly scaled couplings, are probably the result of
different concentrations of phage particles or variable surface charge density (p/ = 4.0 for Pfl
and pI = 4.2 for pd)."’%! In contrast, tensor C (from own data) is tilted by more than 45°
relative to the others and much more rhombic. This may be due to different buffer and
temperature used in this study, but more likely to a large contribution of the hexa-histidine
tag, which had been cleaved off by deAlba etal. Protein alignment by phage solutions is

assumed to be dominated by electrostatic interactions, and positively charged surface patches

have been reported to strongly interact with highly negatively charged Pfl phage particles.!'’®!

Fig 6.6.3: Overlay of the structure /mi2 of
saposin  C (purple) and the model
SapC _Inkl_smh (blue), based on NK-lysin, in
ribbon  representation. The view is
approximately as in Fig. 5.9.1. The overall
RMSD = 2.5 A for the backbone atoms N, C*
and C’, with the largest deviations occuring in
02, which is more distorted in saposin C. In
the model, Lys4l directly follows Leu39
owing to a gap in NK-lysin at Pro40, which
has also been removed from the structure for

comparison.

Before the structure of saposin C was published, RDC data was fit to a protein model, derived
from the structure of NK-lysin (Fig. 6.6.2 B). Although there is an overall linear correlation
between D, and Dy, individual couplings deviate by 5 Hz and more. With respect to
structural similarity of both proteins (Fig. 6.6.3), these may be regarded as the result of local
perturbations of N-H" bond vector orientations rather than a major variation in the fold.
However, RDC data proved not sufficient to refine the model without including an adequate

amount of long-range NOE information.
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6.7  Dipolar waves in saposin C

Dipolar waves describe the periodic variations in the magnitudes of dipolar couplings in the
backbone of partially or fully aligned proteins, if plotted versus the residue number.!'”> 77> 7%
Like PISA wheels,"” they are spectral signatures of the inherent periodicity of secondary
structure elements: a-helix (periodicity 3.6), Tthelix (4.4), 310-helix (3.0) and B-strand (2.0-
2.3). Even in ideal (@=—65°, ¥=—40°) a-helices the individual N-H" vectors deviate by o=
15.8° from the helix axis and thus sample discrete points Dny of a sinusoidal oscillation,

whose amplitude depends on O and the overall helical orientation [ 8,,, ¢.,] and whose phase

depends on the rotation Oy of the helix with respect to the molecular frame (Fig. 6.7.1).

Fig. 6.7.1: A specific N-H" bond vector (of residue i), which
is located at phase position Qi) = & + 217%1/3.6 on a cone
tilted at an angle O away from the helix axis. The latter,
represented by an arrow, has a given orientation [ §,,, ¢,] and

rotation g in the PAS, which characterise the dipolar wave.

The individual Dyy(i) is a function of the phase p of that

particular residue (i). Figure taken from !'7*],

Thus, dipolar waves provide much more information compared to a fictive situation, where
only an average Dyy within one helix (= D,,) is observed for collinear N-H" bond vectors.
For example, in saposin C, D,, is misleadingly similar for al and a4 (Fig. 6.6.1), but the
amplitudes of the waves differ by approximately a factor of two. Indeed, both helices are
oriented almost perpendicular to each other. Of course, the helices in saposin C are not ideal,
but rather amphiphatic and distorted, due to their surface exposure in the small protein. In a
canonical model, proposed by Zhou et al.,'"*"! @(i+1) = —59° and W) = —44° for residues on
the hydrophobic face, and @(it+1) = —66° and i) = —41° for residues on the hydrophilic
face. If plotted onto the spherical representation of the alignment tensor, distorted N-H"
vectors become visible as deviations from a circle with radius & expected for ideal helices
(Fig. 6.7.2). Helix a3 is a particularly illustrative example for the origin of dipolar waves,

since D,y is close to zero, and the Dy = 0 line is crossed twice every helix turn, as visible by
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a counter-clockwise rotation of the individual vectors (viewed against the helix direction). a4

is kinked off by approximately 50 ° and is situated in a region of strong positive Dnu

(compare Fig. 6.6.1).

Fig. 6.7.2: Spherical
representation of the
alignment tensor C
from Table 6.6.1. (blue
= negative values) with
10° grid size. The N-H
vectors of helices 03
(residues S44-Y55) and
o4  (G55-E64)  as
defined by the structure

of saposin C are plotted
on the surface and
labelled with sequence

position. The angle

@1 between two
arbitrary vectors [¢,06]
and [@,6:] in the PAS

is given by: @;>= cos '

[n/2,m2] e Tt 7 [M2n]  osbreoss, +

sin@;sin & cos (@ @)).

Strictly, the helical dipolar wave is not a single sinusoidal oscillation with the frequency of
one helix turn, but contains sometimes neglected weak contributions from a second term with

811 To understand its physical origin, we only need to

half periodicity, as pointed out recently.!
consider a helix pointing along the x-axis in the PAS of a highly rhombic alignment tensor, as
in Fig. 6.1.1 C. The average helical Dxy will then be close to zero, but within one helix turn
the vectors will twice be passing regions of small positive (when inclined towards z and -z)
and negative (y and -y) Dnu. However, the small value of O keeps the amplitude of this
oscillation small, which may be observed only in very special cases of helix orientation, when

the regular periodic wave almost vanishes.
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6.8  Residual dipolar couplings in saposin D and A

Since saposin D, at least under the conditions of study, is a system in two site slow dynamic
equilibrium (chapter 7), in principle two separate sets of RDCs can be observed, at least for
residues where both conformers are spectrally resolved. It has to be noted, however, that the
averaging of chemical shifts and couplings by an exchange process principally takes place on
different timescales given by the inverse of Awy, and AJy,. Depending on the method of
extracting RDCs, this may lead to perturbations of the intrinsic dipolar contributions D, and
Dy, for both conformers A and B, as further discussed in section 7.7. Since at 37° exchange
rates in saposin D are smaller than the experimental error of Dy in rad/s, dynamic effects

will be neglected here.

Hz ]
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Fig. 6.8.1: Sequence diagram of D,(i) (blue circles and connecting line) and D,(i) (magenta circles), measured
for saposin D in the presence of 13 mg/mL Pfl phage (250 PL protein + 50 pL D,O + 100 pL Pfl stock). If

couplings could not be resolved with respect to a and b conformers, they were assigned to D,(i).

Where separately measurable, the two sets D,(i) and Dy(i) of RDCs for major and minor
conformer, respectively, closely resemble each other, as expected for an identical overall fold
(Fig. 6.8.1). The largest deviations (AD,, ~ 7 Hz) occurred in Cys36 and Ser37, which are
located in the region where also large chemical shift differences were observed. In other
residues of this region AD,, is much smaller, but this does not necessarily allow conclusions
about their relative N-H" bond vector orientations. Compared to saposin C, the helices appear
less pronounced in the RDC data, but also here, a jump clearly distinguishes 03 from 04. Dnu

is strongly positive with almost no characteristic oscillation in o1, which must therefore be
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oriented nearly parallel to a strongly positive axis of the alignment tensor. Referring to the
sharp drop in residues Gly3-Phe4 and Leul9-Glu20, this helix appears shorter than in saposin
C, which, at least at the N-terminus, may be the result of helical fraying.

Compared to saposins C and D, alignment of saposin A turned out to be much weaker and
required approximately twice the liquid crystal concentration for a satisfactory distribution of
Dnp. Despite the enormous macroscopic viscosity of solutions containing 26 mg/mL Pfl
phage, the average '’N-R, increases only slightly from 7.4 s in isotropic solution to 8.5 s ',
Thus, IPAP-['H,"’N]-HSQC spectra could be measured separately with good resolution in
the presence of 7.4, 13 and 26 mg/mL of Pfl phage (Fig. 6.8.2).

Hz

20 +

15 +

10+

-10 +

=15 =+

Fig. 6.8.2: Sequence diagram of Dyy, measured for saposin A in the presence of 7.4 (green, 250 PL protein +
50 uL D,O + 50 pL Pfl stock), 13 (blue, + another 50 PL Pfl stock) and 26 (magenta, + another 200 pL of Pfl
stock) mg/mL Pfl phage, corresponding to *H quadrupolar splittings of 8, 14 and 28 Hz. Despite slightly

increased linewidths at 26 mg/mL, a uniform error of 1 Hz was assumed.

Dyy increases linearly for almost all residues, as expected for an alignment whose magnitude
(4,) depends on the liquid crystal concentration, whereas rhombicity 4,/4, and orientation (=
Euler angles a, fand )) remain constant. The pattern of dipolar waves resembles the one in
saposin C, but Dnu shows an opposite trend in a2 (like in saposin D), and D,, in 04 is notably
different. It should again be emphasised, that this behaviour does not have to imply a different
curvature of 02 or orientation of a4. Owing to non-conserved surface charge distribution
among the saposins, their alignment tensors may be completely different and only pretend

structural variability.
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6.9  Conservation of the saposin fold

If the fold of monomeric saposins A and D is conserved with respect to saposin C under
identical conditions (pH 7.0), as expected from high sequence similarity (section 5.4),
experimental RDCs should yield high correlations, when fitted to saposin C-based models.
This was indeed observed (Fig. 6.9.1 A and Fig. 6.9.2 A), when excluding a few outliers,
almost all of which are located in either the termini (Gly3, Phe4 in saposin D), turns (Ala23,
Met43 and Glu65 in saposin A and Glu55, Met66 and Gly76 in saposinD) and helix a2
(Val30, Lys34, Thr35 and Cys36 in saposin A and Gly35 and Ser37 in saposin D). Although
the correlation coefficient is much lower than for the saposin C data itself, it is comparable to
the fit of this data to a homologous protein, NK-lysin. It may be concluded, that the structural
similarity within the saposins is in the order of the variability of Fig. 6.6.3, with stronger
perturbations at the respective positions. In comparison, when fitting the data to a different
fold, like the dimeric saposin B (Fig. 6.9.1 B and Fig. 6.9.2 B), the correlation between Dey,

and Dy 1s poor, and the outliers are distributed over the whole sequence.
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Fig. 6.9.1: Correlation of 63 experimental couplings of saposin D in 13 mg/mL Pfl phage (vertical axis) and
back-calculated (horizontal axis) couplings. A: Fit to model derived from saposin C (sapD Imli2 smh),
excluding couplings from 9 labelled residues deviating by more than 7 Hz (4,= 0.87-107, A,/4,= 0.36). B: Fit of
all couplings to chain C of the dimeric saposin B (1N69), except for Gly64, which is a gap in saposin B.
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Fig. 6.9.2: Correlation of 64 experimental couplings of saposin A in 26 mg/mL Pfl phage (vertical axis) and
back-calculated (vertical axis) couplings. A: Fit to model derived from saposin C (sapA_Imli2 smh), excluding
couplings from 9 labelled residues deviating by more than 7 Hz (4, = 0.90:107°, 4,/4, = 0.58). B: Fit of all
couplings to chain C of the dimeric saposin B (IN69), except for Glu64, which is a gap in saposinB.
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Fig. 6.9.3: Improved fit (¥’ = 203) of 55 couplings of saposinA (excluding the residues from Fig. 6.9.2 A) to two
independent modules: helices al (blue, ¥*;s = 16) and a2-05 (red, 40 couplings, ¥4 = 187). A: Correlation plot
provided by the program MODULE,"** also showing the squared deviations for the individual residues (Chi2),
as well as the lowest and highest values of measured and back-calculated couplings. B: View along the long axis
(Az3) of the alignment tensor of module 02-a5, which is approximately parallel to the y-axis (Ay2) of the tensor
of module a1, corresponding to a swap of axes in highly rhombic tensors (Ax2 and Ax3 are small) as discussed

in Table 6.1.1. Az2 is tilted away from Ay3 by 31°, which corresponds to a phase shift in the rotation of a1.
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In saposin A, a decrease of x° can be achieved, if al is rotated by approximately 30° around
its axis in the half-shell formed by the other helices (Fig. 6.9.3), which corresponds to a phase
shift of the dipolar coupling wave as discussed in section 6.7. In principle, another decrease is
possible if the molecule is further bisected into smaller units. However, since the helices in
the saposins are short, deviations in measured RDCs are more likely to originate from
sequence-specific helical distortions than from inadequate helix orientations and rotations.
Note also, that since the alignment tensor contains five independent parameters, any five

vectors can always be fitted to some tensor with essentially zero X”.
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7  Exchange in saposin D

7.1 “N-HSQC spectrum

From the number of resonances in the "N-HSQC spectrum (Fig. 7.1.2) it is immediately
evident that two (monomeric) species, populated in a ratio of approximately 2:1, are present
in solutions of saposin D at pH 7 and 37 °C. Nevertheless, for the majority of residues, either
just a single resonance is observed, or two resonances may be distinguished, but these are
merged beyond coalescence. This is strongly indicative of minor structural differences, which
are locally restricted and do not affect the common overall fold and the particular
environment of these amide groups. Similar spectra, showing a coexistence of major and
minor conformers, were obtained in samples of the protein at pH 4, which were, however,

highly unstable.

Fig. 7.1.1: ""N-HSQC resonance
separation between conformers A
and B in saposin D, mapped upon
the model SapD Imi2 smh (see
section 5.4). Colour coding: single
resonance or unassigned (grey),
beyond coalescence (= single
maximum, pink), peaks not
separated down to the baseline (red)
and well separated (magenta). These
definitions  depend on  the
linewidths, chosen acquisition times
and magnetic field, which were as
stated in Fig. 7.1.2. The figure was
generated with MOLSCRIPT '
and Raster3D."*"

In a second group of residues the two amide resonances representing conformers A and B are
well frequency separated in one or both dimensions. Mapping onto a structural model of
saposin D allocates this group to the inner helical faces of the end of al (and the following
loop), 02, a3 and a4, with remarkable shift differences occurring in residues Lys34-Cys36,
and again in GIn44-GIn46 (Fig. 7.1.1).
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These two stretches are located in close proximity at the end of 02 and beginning of a3 and

are linked by a disulfide bond Cys36-Cys47. Intriguingly, residues following the first stretch

(Ser37-Leu39) and Tyr43, which preceeds the second stretch, are much less affected in the

N-HSQC spectrum. The whole loop region in between, comprising residues Pro40-Pro42, is

not traceable, since the amide proton of Lys41 exchanges fast with the solvent.
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Fig. 7.1.2: "N-HSQC of saposin D (2 mM, 50 mM phosphate, pH 7.0) at 37 °C and 14.1 T with acquisition

times of 99.8 (LP to 149.8) and 86.1 ms in the °N and H" dimensions, respectively. Residues are labelled in

black with “a” for the major, and red with “b” for the minor conformer. In case of coalescent resonances black

labels are used without specification of the conformer. Rectangles illustrate the frequency separations of Lys34,

Cys36, Lys45 and GIn46. Peaks from a third species (“c”) are labelled green. The insert shows an expansion of

the crowded region in the box.
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An obvious reason for the coexistence of two conformers in saposin D may be given by a cis-
trans isomerisation of one of the above mentioned prolines, or both. Due to the sparse
assignment and NOE data in this region, this possibility has been neither approved nor
disproved so far. Considering the pattern of strongly affected residues, however, an
isomerisation of the disulfide bond along with different side chain conformations of the

185]

involved cysteines, as it has been observed in BPTI (Fig. 7.1.3),"'®! seems much more likely.

In aqueous solution, no multiple conformers of free cystines can be separately observed by

NMR, and from small organic model compounds at —100 °C, the inversion of disulfide bond

chirality has been estimated to require only approximately 7 kcal/mol of activation energy.!'*"

187] or

However, under steric constraints imposed by the framework of cyclic peptides!
proteins, this barrier may be more than doubled, thereby making the individual conformations

accessible to NMR studies at room temperature.
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Fig. 7.1.3: Ball-and-stick diagram showing the backbone and side chain conformations of residues Cys14 and
Cys38 in BPTT and the chirality of the disulfide bond, if viewed in the direction of the sulphur atoms (large black
balls). Medium and small sized balls represent carbon and hydrogen, and grey balls represent nitrogen atoms. HP
protons are labelled, together with the respective dihedral angle X;. A: major conformer with Y;(C38) =+60° and
right handed disulfide chirality. B: minor conformer with };(C38) = —60° and left handed disulfide chirality.

Using the methods described in section 5.9, identical values Y; = —60° were found for the
Cys36-conformers in saposin D, and Cys47 gives rise to only one ’N-HSQC resonance, thus
disulfide isomerisation remains a hypothesis. Even in residues where nuclei are strongly
affected by the above mentioned chemical shift separations, virtually identical NOE data did
not allow to elaborate clear structural differences between the two conformers. Minor
perturbations in the RDC data are discussed in sections 6.8 and 7.7. Further studies will have
to clarify whether the existence of two states, which seems to be an intrinsic property of

saposin D, reflects a biological relevance.
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7.2  Assignment

Because for most residues two resonances exist in "N-HSQC spectra of saposin D, the
overlap is strongly increased. For example, the °N and H" frequencies of Tyr43a and Tyr54b
are exactly degenerate, thereby making the identification of two tyrosine residues from side
chain resonances extremely difficult. Using the assignment strategy described in section 5.5,
the peculiar situation arose, that for both HNH- and NNH-NOESY experiments often three
rather than two strong NOE correlations were observed. This occurs, because longitudinal
magnetisation does exchange between the two species during the NOE mixing period,
producing peaks with the same sign as those from cross relaxation in the slow tumbling
regime. In order to distinguish both effects, mixing sequences have been designed, in which
(negative) NOE and (positive) ROE mutually cancel out, leaving only signals from true
chemical exchange.!"*® However, exchange peaks in the HNH-NOESY spectrum can also be
identified from a corresponding peak in the HNH-TOSCY spectrum, since exchange also

occurs during spin lock mixing (Fig. 7.2.1).

....... F38a-H"

........ F38b-H™
@ ...... F38a-H"
....... Co Y

118 4.00

17

3.00 3.00

4.00

F38a-H"
F38b-H"

2 =<)

119 5.00 5.00
120 6.00 6.00

121 7.00 7.00
....... F38b-H"
&---- Fasa-H'

122 8.00
T T T T T T T T T T T T T T T T T
730 720 740 PPM H'770 760 760 740 730 720 740 PPM  H'770 760 760 740 730 720 740 PPM

8.00

Fig. 7.2.1: A: Section of w("*N)-cy(H")-projection (*’N-HSQC dimensions) of a HNH-TOCSY spectrum of
saposin D (90 ms clean-CITY mixing %), showing the exchanging resonances F38a and F38b. B: ci('H)-
w(HY)-plane at a("’N) = 118.7 ppm of this HNH-TOCSY spectrum. C: the same plane in a HNH-NOESY
spectrum with 120 ms mixing. Dotted lines connect direct and exchange relayed peaks, and the position of the

plane is shown as dotted line in A.
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Obviously, in the TOCSY experiment, not only magnetisation exchange of detected H"
protons and transfer through the *Jun-coupled spin system occurs, but also combinations of
both, giving rise to completely new peaks in the spectra. For exchange rates ke in the order of
3 Jun, principally each member of the spin system of species A is correlated with each member
of the spin system of species B. A similar argumentation is valid for the NOESY experiment,
if kex competes with cross relaxation rates gy within the dipolar coupled network of both

%] this enormously blows up the number

individual species. As pointed out by Otting et al.,!
of resonances and complicates the analysis of spectra (Fig. 7.2.2), although the exchange

relayed correlations are often much weaker.

Fig. 7.2.2: Schematic 2D NOESY or

° ] TOCSY spectrum of the slowly ex-
[ | ’ F 3% changing HYH*HP?H®® spin system of

F38a/F38b, exemplifying Cys, Asp, Phe,
[ .00 His, Asn, Ser, Trp and Tyr residues. The

upper left triangle shows the spectrum in

the absence of exchange (e.g. at low
%0 temperatures), with large and small

circles representing (each 4 diagonal- +
00 2%6 cross- = 16 overall) signals from the

major and minor conformer, respectively.

In the lower right triangle (k. in the order
[ 7.00

of *Juy or Oin) 4 direct + 12 relayed

exchange correlations (= overall 32

- 800 signals, squares) add to the spectrum.

In practice, the number of resonances is greatly reduced owing to completely or nearly
degenerate chemical shifts in the exchanging sites. Since carbon bound protons are generally
less sensitive to conformational changes than amide protons, in most residues of saposin D H”
and HP frequencies of conformers A and B are very similar, even if the amides are separated.
On the other hand, all residues with (nearly) coalescent peaks in the '"N-HSQC spectrum
display virtually a single signal set in NOESY and TOCSY spectra. Chemical shift
degeneracy was solely an issue for some cases, where the neighbours of one of these residues

were not degenerate and gave rise to a double set of strong dnn(i,i+1) correlations.
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7.3  The N;-exchange experiment

Once slow chemical exchange is identified and distinguished from cross-relaxation, it may be
quantified by 2D exchange spectroscopy (EXSY),!"*! a homonuclear experiment completely
identical to 2D NOESY, with a series of mixing times. Its application to biological
macromolecules is, however, severely limited by the need to resolve pairs of exchanging
protons in both diagonal and cross positions. Especially when cross peaks are close to large
diagonal peaks, their detection, not to mention quantification, becomes virtually impossible.
Assuming that the slow exchange equilibrium in saposin D affects all residues with the same
overall pair of rate constants k, and ks, in principle a single proton pair would allow for their

extraction, still, such a pair does not exist in the molecule.

To overcome this problem, an approach has been proposed, that exploits the increased

chemical shift resolution of heteronuclear correlation experiments by monitoring the

189 189]

exchange of two spin order (2LS,).!"*! This experiment was modified by mixing on (S,).!
(N--exchange), thereby extending the lower limit for exchange rates down to pure N
longitudinal relaxation (Fig. 7.3.1), and applied to the N-terminal SH3 domain of protein
drk."™ Tt was known that this 59-residue fragment exists in a 2:1 slow dynamic folded-

unfolded equilibrium at 20°C.
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Fig. 7.3.1: Pulse scheme for the measurement of N,-exchange as used in this work, which is slightly modified
from the literature.!"*” Narrow and wide bars represent 90° and 180° pulses, respectively, which are applied with
phase x, unless indicated otherwise. 7 was set to 2.5 ms, and in the mixing period 7., consisting of repetitions of
the brackets (6 ms) plus gradients G3 and G4 (each 1 ms), 180° pulses on protons were applied every 20= 3 ms
in order to suppress dipole-CSA cross-correlated relaxation. Water selective 90° pulses were applied with a
Gaussian shape and a length of 2 ms, and final water suppression was achieved with a 3-9-19 binomial sequence
with a delay of 200 ps between the pulses. Pulse phases: @ = x,—x, @ = 2(y),2(-y), @& = 4(x),4(—x) and @.. =
X,2(—X),X,~X,2(x),~x. Relative gradient strength (where 100 corresponds to 33 Gauss/cm): G; = 30, G, = 15, G;
=60, G4 =40, Gs = 20.
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The sequence starts with an INEPT polarisation transfer from 'H to "°N spins, and antiphase
magnetisation with respect to protons is refocussed in combination with #-evolution (which
may be implemented as semi-constant time). Subsequently, magnetisation is alternatingly
flipped to +N, and —N,, ensuring its decay to zero rather than the thermal equilibrium
polarisation, if the receiver phase follows this pulse. Thus, in analogy to section 1.4, a "N
frequency labelled and population weighted pair of initial polarisations ((N,a(0), (N2)(0)) is
prepared at time point ¢ = 0, which is allowed to evolve under the propagator Q to the final
pair ((N2)a( Tmix), (N2)b(7Tmix)) at time point ¢ = Tyix. This is finally converted into observable
transverse proton magnetisation by a refocussed INEPT step and detected as H"-frequency
separated resonances. The corresponding spectra have a '"N-HSQC-like appearance, but apart
from just two auto peaks for each residue in both conformational states, an additional pair of
exchange peaks arises from magnetisation transfer between both states, forming a rectangle

with the auto peaks (Fig. 7.3.2).

r115  Fig. 7.3.2: N,-exchange spectrum with single

&) g g o
Kmb@ @ K34aa mixing period (7mix = 363 ms) of saposin D (pH
3 7,37° and 14.1 T cryoprobe), which aided in the

"N-HNQC assignment of the protein.

116

Acquisition times were 74.9 (extended to 124.8)
117 and 85.2 ms in the "N and H" dimensions,
<& respectively. During T,;, auto signals K34aa and
K34bb (corresponding to K34a and K34b in the
""N-HSQC) have decayed to approximately half

118

of the initial intensity. At Iz = 363 ms, the

F38ab
) [119 exchange signals K34ab (exchange from A to B)
F

3860 and K34ba (exchange from B to A) have

maximum intensity.

7.30 7.20 7.10 ppm

Fitting all four peak volumes as a function of T, against the analytical expressions for the
matrix elements of Q as given in equation 1.4.4 allows to extract ’N longitudinal relaxation
(R)) and exchange (k) rates. Whereas in a two site equilibrium one single value for ke
should be obtained, the '’N-R) rates vary among the residues, depending on the N-H" bond
vector orientation with respect to the global diffusion tensor and superimposed internal
motions. The individual values for ’N-R; may be used in a Lipari-Szabo type analysis to

study internal protein dynamics.
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7.4  Application of N,-exchange to saposin D

The extreme thermal stability of saposin D at pH 7 allows the exchange process between
states A and B to be studied over a wide range of temperatures. An interval of 10 °C was
chosen, starting from 17 °C, where increasingly broad lines caused severe overlap, to 57 °C,
where solvent evaporation during the experiments became a major issue. For all temperatures,
N_-exchange spectra were recorded (for the pulse program see section 9.7), using the same 10
mixing periods up to mix =722 ms (= 7 at 17 °C or =27 at 57 °C). A long recycle delay of
4 s ensured, that all proton spins in states A and B are completely relaxed to their thermal
equilibrium before the following transient. In the following, a terminology of two letters
behind the residue name will be used, the first denoting the '°N frequency labelled origin, and

the second the destination of magnetisation.

Generally, if relaxation losses during the INEPT transfer steps affect A and B differently, the
initial and final polarisations (N.)ab(0) and (N2 )an( Tmix) require further scaling with respect to
the initial and final conformational state. However, unlike in the N-terminal SH3 domain of
the protein drk, states A and B in saposin D are both folded monomeric proteins, presumably
sharing a high structural similarity. It may therefore be assumed, that all relaxation rates
(including R, = R1p, = R; of ISN), and thus coherence transfer efficiencies, of corresponding
spins in A and B are identical within experimental error. A series of N,-exchange spectra with
increasing transfer delays 1/(2J/xu), 3/(2Jnn), 5/(2Jxn), as suggested by Tollinger et al.,''* did

not reveal differential relaxation behaviour, except Lys45 (see section 7.8).

Differential transverse relaxation (i.e. linewidths) of spins belonging to A and B should also
be considered, when Q(7mix) is extracted from peak intensities rather than volumes. In
particular, this may become significant in an asymmetric equilibrium at high ke, where the
exchange contribution to the linewidths (k,/Tt and &y/TT in units of Hz) is different. In saposin
D, a comparison of intensities (= data heights) /( Tmix) With peak volumes V(Tnix) from fitting
2D Gaussian lineshapes above noise level did not reveal significantly different behaviour.
Even at 57 °C, linewidths are still dominated by intrinsic transverse relaxation and unresolved
scalar couplings, and the influence of differential exchange line broadening may be neglected.
Thus, intensities, which are much easier to obtain, were used for all data sets. Of all residues,
Lys34 and Cys36 showed the required frequency separation in both "N and HY dimensions,
and for both residues three out of four peaks (aa, bb and ab) were isolated in the spectra at all

temperatures and therefore easily identified and picked (Fig. 7.4.1).



7 Exchange in saposin D 123

At low temperatures, where exchange is largely suppressed, exchange peaks remain weak for
all mixing times, and the auto peaks essentially follow monoexponential behaviour. With
increasing temperature, the decay of l.(Tmix) of K34aa becomes faster due to increased R,
thereby shortening the timescale for exchange, and biexponential. On the other hand, Zuy( Tmix)
(from K34ab) builds up more efficiently and reaches its maximum at shorter T, before it
also finally decays with R;. Both curves approach each other, because in the case kex » R}
magnetisation is rapidly distributed over the equilibrium. The temperature dependence of
1,,(0) is a consequence of proton thermal polarisations, as well as temperature-different

relaxation losses during INEPT transfer.
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Fig. 7.4.1: N,-exchange curves of K34aa (auto) and K34ab (exchange) signals, monitored by peak intensities
Lo(Thix) and Ly(Tyix) as function of the N,-mixing period Znix. Top(Tmix) is not shown, but was also used for the
analysis. Spectral parameters were used as specified in Fig. 7.3.2. Using 8 transients for each of the 192 #-
increments and a recycle delay of 4 s, the experimental time was approximately 2 h per single N,-exchange
experiment, and 1 d for one series of I,,x. Mixing times 7, were 8, 32, 62, 122, 182, 272,362, 482, 602 and 722
ms. For the sake of clarity, the data points are connected with solid lines, with colours representing the

temperatures: 17 °C (blue), 27 °C (green), 37 °C (yellow), 47 °C (orange) and 57 °C (magenta).
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At high temperatures, the intercept /,,(0) # 0 indicates that significant exchange takes place
already at zero mixing time, i.e. during the refocussed INEPT transfer of 1/(/xn), leading to
high ¥* in fitting the data against Q. The presence of chemical exchange in the nuclear spin
Hamiltonian can principally not be influenced by RF pulses, and therefore needs to be

accounted for by an improved formula, which will be briefly derived in the following:

Assuming that the pair of polarisations ((N,)a(?), (N:)v(?)), having evolved under Q(?), is not
directly detected at # = T, but rather subject to another propagator Q,(¢) for a fixed time T,

the final signal will be:

(N.),(t+7) (N.), (0 (N.), (0
: = e e 7.4.1
(<Nz>b(t+roff) QZ(Toff)Ql(t) <Nz>b(0) Q(t) <Nz>b(0) ( )

A further simplification is, that over the re-INEPT period 7, magnetisation is simultaneously
subject to some averaged transverse ('°N and 'H) relaxation R, (the same for A and B), and

chemical exchange &, and Ay, thus expressed in the Liouvillian operator:

- Rav - ka kb
L, = (7.4.2)
k -R, —k,

Qa(Totr) = exp (Lo o) then adopts the same form as Q, with matrix elements given in analogy

to equation 1.4.4. The matrix product Qz( 7o) Q1(?) is readily shown to be:

Q,(7,,)Q,(1) = (7.4.3)

“R Ty -R —Rit—k, (t+T 5 -R Ryt =k, (1+T 5
e A e A
k

ex

kae—Rlz _ kae_th_kex (t+7,) kae—th + kbe_Rll_kex (t+7 )
This resembles equation 1.4.4 with an additional damping constant exp(—Ray Tofr), but now all
kex-terms (not the R;-terms) depend on #+ 7¢ instead of 7, because exchange takes place during
both periods. At ¢ = 0 (zero mixing time), the ab and ba matrix elements no longer cancel to
zero, but have already accumulated to kyu(1—exp((—kex Tofr)), and the aa and bb elements have
dropped by a similar factor. With the assumptions made in the previous section, the final
signals /(Tmix) after a discrete mixing time 7Znix depend on the respective initial polarisation

(N(0) and its evolution according to equation 7.6.3:
Lij( Tiix) = (N2i(0) gij( Tmix) (7.4.4)

where gi( Tmix) With 1,j = a,b are the matrix elements of Q(7mix) as specified in equation 7.4.3.
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7.5  The Ny-exchange experiment

As transverse spin relaxation slows down, owing to faster molecular tumbling at elevated
temperatures, rates ke, of conformational exchange start to compete also with transverse '°N
relaxation rates R,. Thus, transverse Ny instead of longitudinal N, magnetisation may be used
during the mixing period for the simultaneous study of '"N-R, and k... The Ny-exchange
experiment required merely minor modifications in the pulse scheme for N,-exchange, and

was implemented and tested on the same sample of saposin D (Fig. 7.5.1 and section 9.8).
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Fig. 7.5.1: Pulse scheme for the measurement of N,-exchange. Narrow and wide bars represent 90° and 180°
pulses, respectively, which are applied with phase x, unless indicated otherwise. 7 was set to 2.5 ms and the
CPMG mixing period T, consisted of repetitions of the cycle in brackets (~8 ms with 7cp = 450 Us). Again,
180° pulses on protons were applied once per cycle to suppress dipole-CSA cross-correlated relaxation. For an
experiment with zero mixing time, all pulses in the brackets were replaced by a delay of 3 ps. Water selective
90° pulses were applied with a Gaussian shape and a length of 2 ms, and final water suppression was achieved
with a 3-9-19 binomial sequence with a delay of 200 Us between the pulses. Pulse phases: @ = x,—x, @ =
2(¥),2(-y), @& = 4(x),4(—x) and @ = Xx,2(—X),X,~X,2(x),~X. Relative gradient strength (where 100 corresponds to
33 Gauss/cm): G, =30, G, =15, G; = 60, G4 = 25, G5 = 20.

Initial polarisation transfer from 'H to '°N spins and #; evolution elements are completely
identical, however, longitudinal '’N magnetisation is subject to a z-filter element (ensuring
pure phases) and subsequently flipped to the x-axis. After the following CPMG mixing
period, through which "N spins undergo transverse relaxation and chemical exchange,

coherence transfer from "N to 'H spins is again analogous to the N, scheme.

As described in section 1.3, during a CPMG pulse train, transverse magnetisation relaxes with
an effective rate Raer, Which depends on 7cp and may strongly oscillate, if Vep = 1/(417cp) is

smaller than Acyy/2T0 In Saposin D, Lys34 has the largest '°N frequency separation Acy/2TT
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ranging from 130 Hz at 17 °C to 86 Hz at 57 °C and 14.1 T. With the chosen CPMG delay 7cp

of 450 ps (corresponding to Avcp = 555 Hz), all

N spins should approximately relax with
their intrinsic transverse relaxation rates R, without significant exchange contributions. In this
particular case, and assuming equal intrinsic relaxation rates R, = Ra, = R», the equation of
motion, and thus the propagator Q, resemble the one for polarisations, as given by equation

1.4.4, with R, replaced by R».

The spectra have the same appearance, and were recorded with the same parameters as for the
N, -exchange, but here the decay of auto and exchange peaks is governed by the "N transverse
relaxation rates. Compared to R;, R, has an inverse temperature dependence, with a rapid
decay for low temperatures, during which exchange has no time to build up. Only above 37°,
exchange peaks clearly emerge from the noise, and they become more intense with increasing

kex and with the extending 1/R, timescale.
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Fig. 7.5.2: Ni-exchange curves of K34aa (auto) and K34ab (exchange) signals, monitored by peak intensities
Lo(Tix) and Ly(Tix) as function of the Ny-mixing period Tix. op(Tmix) 1S not shown, but was also used for the
analysis. Spectral parameters were exactly as specified in Figures 7.3.2 and 7.4.1. Mixing times 7 for all
temperatures were 0, 16, 32, 48, 64, 96, 128, 160, 208, 256 and 320 ms, the largest 7, corresponding to
approximately 1.5*7; at 57 °C and 3*7; at 17 °C. Colour coding is as in Fig. 7.4.1.
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7.6 Fit results

For residues Lys34 and Cys36, the missing Jya(Tmix) Was set to Lyp( Tmix), and all four g;i( Tmix)
were fitted simultaneously against (N,)a(0), (N u(0), R1, ka, kv and Tos (equations 7.6.3 and
7.6.4). This was done with a script implemented in Matlab (MathWorks Inc., Natick, MA,
USA), which requires four separate input files for /n,, vy, lap and Iy, with residues listed in
rows, and mixing periods in columns, and which generates a plot for each residue (Fig. 7.6.1)
and a single file containing results for all residues. The generation and fitting of randomly
generated data sets for Monte-Carlo-type simulations and error estimates of the results has not

been implemented yet.

1=

=} A
. — B
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Especially at 47 °C and 57 °C, excellent N, data fits were obtained with T, in the order of the
expected period of 47 (= 10 ms) for refocussed INEPT transfer, thus 7, = 10 ms was kept
fixed for the other temperatures and all Ny data. The equilibrium constant as defined by the
ratio k./ky, agreed well with the ratio of initial polarisations (N,)»(0)/(N24(0), indicating that the
assumptions of fully relaxed conditions and equal relaxation rates apply here. Within
experimental error, both residues Lys34 and Cys36 yielded the same exchange, but also R,
relaxation rates, which may be explained by isotropic molecular tumbling and the absence of
further internal motions, as it was found in the homologue saposin C (section 5.6). The
relaxation rates also correspond to the quasi monoexponential decay curves obtained for

residues with only small frequency separations between A and B.

Exchange rates from Ny data agree with those from N, data at 37 °C and above, however, as

R, is approximately 10 % higher for Lys34 at high temperatures, CSM contributions to R
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may not be fully negligible. Below 37 °C, exchange peaks merely rise above noise level, and
only the auto peaks were subject to monoexponential fitting, yielding R, and (N,)»(0)/(N2a(0).
The results for residues Lys34 and Cys36 are summarised in Table 7.6.1.

Table 7.6.1: Temperature dependence of 'SN-R; and R, relaxation rates, forward and backward exchange rates k,

and k, their ratio, and ratio of (N,)(0), from fitting N, and Ny (in brackets) data with fixed 7,g¢= 10 ms.

RiR)I[s'] kals'] ke [s7'] kalky (Nu(0)AN,)a(0)
17°C Lys34 1.09(10.96%) 0.11(-) 0.23(-) 046 (-) 045047
Cys36 1.12(10.78%) 0.09 (-) 0.20 (-) 043(-) 042041
27°CLys34 148(7.96% 0.21(-) 0.44 (-) 0.48 (-) 0.50 (0.52 %)
Cys36 1.42(7.88%) 0.23(-) 0.47 (-) 049 (-)  0.50(0.51%
37°C Lys34 1.84(6.16) 0.62 (0.44) 1.18 (1.01) 0.53 (0.44) 0.54 (0.49)
Cys36 1.88(6.25)  0.63(0.70)  1.16(1.40)  0.55(0.50) 0.55(0.57)
47°C Lys34 225(4.95)  1.58(1.51)  2.69(2.52)  0.59(0.60) 0.59 (0.60)
Cys36 221(4.69)  1.52(1.69)  2.46(2.74)  0.62(0.62) 0.62 (0.63)
57 °C Lys34 2.38 (4.50) 3.84 (4.13) 6.07 (6.33) 0.63 (0.65) 0.63 (0.68)
Cys36 2.43(4.21)  3.79(3.70)  6.03(5.89)  0.65(0.64) 0.64 (0.67)

* obtained from monoexponential fitting.

The relaxation rates R»/R; drops from 10 (17 °C) to below 2 (57 °C) for Cys36, corresponding
to a decrease in the molecular tumbling time from 7, = 9.6 ns to 3.1 ns (7.2 ns to 2.9 ns in
hydrodynamic simulations). As in saposin C, the glycosylation and the hexa-histidine tag, but
also intermolecular interactions or a larger hydration shell may serve as reason for the 10 %

increase of the apparent radius of gyration leading to this discrepancy at low temperatures.

Information about the relative energies and entropies of A, B and the transition state between
the two may be gained from a semi-logarithmic plot of 4,, k, and K versus (1/7) (Fig. 7.6.2),

corresponding to the logarithmic form of equations 1.1.1 and 1.1.2:

an :_AGab :_AHab +ASab

(7.6.1)
RT RT R
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E4 E4 E4
Ink, :_AG - +lnk—T=—AH - +AS - +lnk—T (7.6.2)
RT h RT R h

Since (In kT/h) varies only from 29.4 at 17 °C to 29.6 at 57 °C, In(k,) and In(ky) yield
approximately straight lines with the intercepts AS™,/R +29.5 and AS™,/R + 29.5, respectively.

Fig. 7.6.2: Arrhenius plot of In(k,) (filled
diamonds), In(k,) (filled triangles) and In(X)
= In(k/ky,) (filled circles) versus (1/7) from

the results for residue Cys36. The straight

lines, labelled with their slope and intercept,

were obtained by a least squares fit to the

data points. "N R, (open circles) and R,

Iln K =(892K)(1/T) + 2‘3|

(open diamonds) relaxation rates are shown

for comparison.

|In ko (-9075 K) (1/T) + 28.8

The slope of In(K) corresponds to a characteristic temperature of 892 K and therefore to a
positive equilibrium enthalpy of AH,, = 1.77 kcal/mol in favour of conformer A, which is
approximately the strength of one H-bond. However, the positive intercept 2.3 at (AS,, = 4.57
cal/molK) infinite temperature shows that conformer B is slightly more disordered and thus
entropically stabilised by —1.42 kcal/mol at 37 °C. An apparent compensation of enthalpy and

[191

entropy is often found for kinetic data from biological systems,!'”!! but this principle has been

192

challenged recently.!"””! A full compensation (i.e. AGy = 0) in saposin D is expected at

approximately 115 °C and above this temperature, B becomes the major conformer.

From the slopes of In(k,) and In(ky) activation enthalpies of AH”, = 18.02 kcal/mol AH", =
16.25 kcal/mol, respectively, are obtained, which approximately corresponds to the rotation
barrier of a peptide bond, but also to the barrier of disulfide isomerisation in BPTL!""* The
intercepts of both curves indicate negative activation entropies (i.e. an ordered transition state)
of AS”, = —1.4 cal/molK and AS”, = —6.0 cal/molK, but these values may be afflicted with a
large extrapolation error. The observation of a single predominant conformer in the other
saposins A and C, which should in principle be able to undergo the same exchange process,
reflects either a strong stabilisation of one state or a low isomerisation barrier, i.e. a fast
exchange process. For example, a large variation of kinetic data of BPTI upon a single point

mutation has been observed in BPTL.H?]
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7.7  Exchange of residual dipolar couplings in saposin D

Separate values D, and Dy, were obtained for many residues in the two conformers A and B,
raising the question, how dipolar or general couplings J, and J, are averaged under the
influence of chemical exchange. In saposin D, apparent J-splittings were measured from '°N
frequencies, J-modulated during ¢-evolution, and RDCs were calculated as difference of
these values in weakly aligned and isotropic phase. Thus, one needs to calculate how the
system of four coherences, each of which gives rise to a single '°N resonance (Fig. 7.7.1),

evolves during the #,-period.

—_ pakex —_—
Alp7l = |p” B
a vT b
b *ex
Q. +7nd, Q,+nd,
R || R Ris|| R
p’j— pakex p[j— i
a'bkex b ———————————————
Q-nd, Q—nd, B AR O O S O P PN

Fig. 7.7.1: A: System of exchanging "N (=1) quantum coherences of an NH spin pair in the presence of
chemical exchange. A slight bias of 'H spin state populations towards , corresponding to a difference in R,y for
upward and downward transitions, is neglected. B: Hypothetical '°’N spectrum (in units of Hz) of residue Cys36,
generated by adding the "N cross sections through C36a and C36b of an IP-['H,'’N]-HSQC subspectrum.

Coherences and couplings are labelled as defined in the text.

For example, p*, denotes N (—1) quantum coherence with the attached proton in the spin
state a, averaged over all molecules in state A, which is connected to p“7, with the familiar
rate constants pykex = ko and pakex = kp of the exchange equilibrium. Furthermore, owing to
transitions of the proton spins, p°, equilibrates with p®, with the spin lattice relaxation rate
of the protons Ry, which can be assumed to be identical for A and B for the same reason as
discussed in section 7.1 and is typically in the order of 1 s™. Only for small 21U, and 21U,
(smaller than Ry), the observable "N splitting is expected to break down, and averaged

signals at Q, and Qy, appear, this is, however, never the case for large one-bond couplings.
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The rather complicated general solution of this system requires diagonalisation of a 4 x 4
Liouvillian matrix, which is beyond the scope of this text. However, if kex » Rin, the proton
spin state is retained on the exchange timescale, and the equilibrium of four coherences can be
decomposed into two equilibria of two coherences and thus be treated exactly as section 1.2.
The only difference is that the exchange regime and thus the lineshape is now effectively

governed by 'H spin state dependent frequency differences:

A = (Qb + TUp) = (Qa + TUL) = Ay + T (7.7.1)

A= (Q — TU) = (Qa — TUL) = Ac, — TiA

Assuming AJ,, = Jp — Jo = 0 in isotropic solution (pure scalar coupling) and AJy, = ADy, in
oriented solution, fast exchange averaging of resonance frequencies of one of the dublet
components may occur, if AD,y/2 is on the order of Ay,./2T1.0f the two residues in saposin D
with remarkably high AD,, = 6 Hz, this applies to Ser37 (Aww/211= 5 Hz at 37 °C), but not to
Cys36 (Aww/2Tt= — 35 Hz at 37 °C). Unfortunately, in Ser37, the temperature dependence of
RDCs could not be measured owing to overlap with side chain resonances above 37 °C.
However, the exceptional thermal stability of saposin D and Pfl phage allowed the
measurement of AcS'y, and Adfu and thus AD,, for Cys36 up to the probe’s limit at
approximately 72 °C (Fig. 7.7.2).

40 45 50 55 60 65 70 °C

0 frw=—t—rrigr + } } } Fig. 7.7.2: Temperature
T -k /2n dependence of D, (filled
1 ) diamonds) and D, (open
10l diamonds, data points are
connected by solid lines for
-15 ¢ both), Ay, (filled
diamonds) and Ay, (open
20t diamonds, connected by
25 1 dashed lines). Awy, is the
average of AdSy and A,
301 *H quadrupolar splittings Q..
(squares) were measured at
1 37 °C, 57 °C and 67 °C, and
40 4 kex (circles) was extrapolated
for temperatures above 57 °C

Hz

with the results of section 7.6.
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D, and Dy were obtained from #-coupled "N-HSQC experiments by fitting Gaussian
lineshapes, assuming temperature-independent isotropic couplings J, = J, = —94.5 Hz
(measured at 37 °C). The results indicate that RDCs are not averaged between states A and B,
even though ke > 2TIAD,;, at high temperatures, and the decrease of D,, Dy and AD,, merely
reflects thermally decreased alignment of Pfl phage (Fig. 7.7.2). At high temperatures,
however, ke increases towards the intermediate exchange regime of Adfa, and Adby,
therefore broadening resonances and impeding the accurate measurement of frequencies.
Besides, intrinsic resonance frequencies may be superimposed by a dynamic shift of

resonances, which reaches the order of AD,;, at approximately kex = V2TIAD A Wy,

Y y X X Pree
/

,
7, I 1, ti2  t/2 | I Dec. |

. A “A -a_ a

Fig. 7.7.3: Pulse sequence of J-modulated "N-HSQC experiment.!"”"! Parameters are the same as described in
Fig. 2.4.1. For an expected Jyy, I; is sampled in the region 7; = (n+1)/(2Jyn). Below the sequence the modulation
of one particular NH signal with J, and J;, is shown, which is subject to averaging in the presence of chemical

exchange.

The averaging of J, and J, is fundamentally different in quantitative-J-correlation

. 5,153
experlments,[10 » 153]

in which the amplitude modulation of the signal during a pure J-evolution
period 7; is recorded in a series of 2D spectra (Fig. 7.7.3). If 77 is sampled efficiently in an
interval around the true 77 = (n+1)/(2/nn) yielding zero amplitude, RDCs may be obtained
with approximately five times higher accuracy compared to conventional frequency

4 However, chemical exchange during this period acts on 21tA/,, exactly like on
g g p y

splittings.!
Ay, in a chemical shift evolution period (equations 1.2.4 and 1.2.5) and leads to an averaging

of J, and J, to Jay = paJa T pr/a fO1 kex > 2TTA .
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7.8  Hydrogen exchange in saposin D

In the "N-HSQC spectrum of saposin D (Fig. 7.1.2), several resonances are significantly
broadened in both dimensions owing to hydrogen exchange with the solvent during ¢-
evolution and acquisition. One of them is Lys45a, which is expected to be situated in the first
turn of a helix (03), where amide protons are often not H-bonded. Remarkably, no broadening
was obvious for its well resolved counterpart Lys45b, indicative of a high protection of this
amide in conformer B. In N,- and Ny-exchange spectra the peaks of Lys45 were broad only in
the spectral dimension belonging to the coherences and frequencies of state A (Fig. 7.8.1).
Due to differential apparent relaxation rates during INEPT transfers, #-evolution and acquisi-

tion periods, fitting N, and Ny intensities or volumes to equation 7.4.3 failed for this residue.

ppm

-117.5

Ka45bb |

~118.0 Fig. 7.8.1: Appearance of auto and

exchange signals of residue Lys45 in the

N -exchange spectrum as described in Fig.
-118.5

7.3.2. 1D-traces, drawn as dashed lines, are

taken at the "N and 'H frequencies of

| 119.0 K45aa.

-119.5

T T T~ T T T T T i
855 850 845 840 835 830 8.25 8.20 8.15 ppm

In order to investigate, whether hydrogen exchange of Lys45b requires a conformational
transition to the fast exchanging Lys45a (i.e. depends on k, and k,), NewMEXICO
experiments were applied to saposin D at 37 °C. To overcome deleterious radiation damping
effects on cryogenic probes, the existing pulse sequence was slightly modified by including a
weak field gradient every 5 ms in the mixing period and an improved readout "N-HSQC
scheme (Fig. 7.8.2 and section 9.9). A single gradient pulse was not able to keep water along
—z for more than approximately 40 ms, leading to a subtraction of exchange-transferred

polarisation from transients with water along +z (Fig. 7.8.3).
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Fig. 7.8.2: Pulse scheme of the modified NewMEXICO experiment.**! The first two pulses saturate all protons
and create 'H-">’N multiple quantum coherence. Water z-magnetisation is re-established after typically zzp = 20
ms on a cryoprobe and Zrp = 40 ms on a conventional probe via radiation damping. Carbon bound protons
maintain > 90% saturation during this period. The second filter only saturates amide protons and alternatively
flips the water magnetisation to +z and —z (@ = 4x,4(—x)). Polarisation is transferred to amide protons during the
mixing delay 7, implemented as 1..n repetitions of the brackets (5 ms). Apart from proton pulse phase
cycling, ensuring that water is along +z before acquisition in all transients, the readout "N-HSQC corresponds to
the scheme of Fig. 2.4.1 and was also used as reference. @ = X,—X, @ = 2X,2(-X), @ = 4y,4(-Y), @ec = X,2(—X),X,
—x,2x,—X. Relative strength of gradient pulses (1 ms): G| = 80, G, =30, G; = 15, G4 = 25, G5 = 20.

Although amide exchange is indeed fast for Lys45a, the rate ke = 17.2 s ', obtained from the
initial slope, is only about half the one for the fastest exchanging assigned residue, Phe4 (ke =
38 s7') (Fig. 7.8.3). For Lys45b, hydrogen exchange is significantly slower (kex = 4.5 "), but
still much faster than k, and k., indicating that this proton is exchangeable by structural

fluctuations within conformer B, which are distinct from the transition to conformer A.

i, ) T

re 1] .

23
R 2

Fig. 7.8.3: I(1yi)/lr of NewMEXICO
experiments versus Tp,x (=5, 10, 15, 20, 30,
40, 50, 70, 90, 120, 150 and 200 ms) for
residues Phe4 (diamonds), Lys45a (circles)
and Lys45b (squares). Open and filled
symbols connected with solid lines indicate
data with single gradient and a series of
gradients during the mixing period,
respectively. The initial slopes Fk are
drawn by dashed lines and labelled with
their values. F = 0.57 (the average water

polarisation) is given by the plateau of

Phed4, which is also drawn as dashed line.
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8  Summary

In this thesis, different proteins are characterised by NMR spectroscopy in terms of
association state as well as structural features and exchange processes in solution. In none of
the projects encountered a complete structure determination was feasible, due to either limited
sample stability, poor spectral performance or simply obvious agreement of the data with
existing structures. Instead, the work focusses on information which is obtained relatively
fast, such as secondary structure indicators, residual dipolar couplings, "°N relaxation- and

hydrogen exchange rates.

In the project presented in chapter 3, the two isolated 17 kDa apical domains of the 930 kDa
thermosome from Thermoplasma acidophilum, aADT and BADT, were studied, whose
protrusion regions were believed to be strongly influenced by crystal packing interactions.
Backbone assignment of both °N, "C labelled proteins was accomplished using common
triple resonance experiments, unfortunately, BADT suffered from fast hydrogen exchange
under basic sample conditions. The '’N-HSQC-pattern as well as chemical shifts of HY, C°
CP and C’ nuclei turned out highly homologous, and further analysis of *Jinua and dax- and
dxn-NOEs in aADT proved that the globular core regions adopt the crystalline fold. In
contrast, the N-proximal half of the protrusion seems to be unstructured, rather than forming a
short a-helix as in the crystal, and the first turns of H10 in the C-proximal half undergoes
helical fraying. Still, amide exchange rates and a '"N-HSQC titration with TFE strongly
indicated that the BI-turn at the very tip of the helical protrusion is preserved in solution. '’N
backbone relaxation data support the picture of intrinsic disorder in large parts of the ADT

protrusions.

The mature GM2 activator protein bearing '’N-labelling and a high-mannose type
glycosylation from efficient expression in Pichia pastoris cells was subjected to NMR
spectroscopy at varying pH (4.5 and 7.0), temperature, concentration and in the presence and
absence of lipids (chapter 4). Diffusion- and relaxation studies revealed, that the protein is
monomeric in solution with only little tendency to form associates, and a secondary structure
analysis confirms a prevalence of [3-sheets as found in the crystals. However, conformational
heterogeneity and exchange processes at various timescales continued to be obstacles for a
detailed NMR spectroscopic characterisation. Before envisaging a structure determination and
binding studies at atomic resolution, sample lifetime and '’N-HSQC quality need to be further

optimised in a systematic and possibly time consuming process.
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Samples of all four human saposins A-D, bearing uniform ’N-labelling, glycosylation and a
hexa-histidine tag from purification, were examined by NMR-spectroscopy at variable
temperature and pH (chapter5). Although highly homologous and purely a-helical under all
conditions of study, the individual proteins show a remarkably different behaviour in solution.
For samples showing sufficient spectral resolution, backbone °’N, HY and H* chemical shifts
were assigned using a combination of five '’N-edited 3D experiments. By far the best spectral
quality was obtained for saposin C, whose secondary structure was analysed to yield the five
a-helices expected from NK-lysin. However, the determination of the fold by constructing an
NOE network of methyl groups suffered from 'H chemical shift degeneracy and low
sensitivity of '*C edited experiments at natural abundance and was not further pursued, after
the solution structure had been solved by another research group. At variance with the
authors, at acidic conditions and elevated temperatures specific dimerisation of saposin C was
observed, presumably accompanied by a rearrangement of helices. The other saposins are
rather heterogenous in solution, varying from a pH-independent two site equilibrium in

saposin D, to a highly and unresolvable dynamic system in saposin B.

A conformational analysis using residual dipolar couplings of saposin A, which is strongly
prone to aggregation at pH 4.0, and saposin D is the subject of chapter 6. In order to obtain
weakly oriented solutions of human saposins, different media, which are well established for
the alignment of biolocical macromolecules, were tested on saposin C at pH 7.0 (chapter 6).
Bicelles were prepared from a mixture of phospholipids DHPC and DMPC, but do not form
stable oriented phases in the presence of lipid- and membrane-binding saposins, even if a
negative surface charge is introduced by addition of SDS. Polyacrylamide gels were
efficiently strained with a special device, but spectra of saposin C, oriented this way, were of
rather poor quality. Pfl filamentous phage turned out to be the only medium readily
applicable to saposins, and RDC data of saposin A, C and D at pH 7.0 was obtained using the
IPAP-['H,"”N]-HSQC experiment. All proteins display the dipolar waves typical for helical
proteins, and five helices with different orientations can be identified. In saposin C, the
variance with recently published RDC data may be due to the presence of a hexa-histidine tag.
Fitting of couplings to different structure models confirmed that saposin A and D share the
monomeric fold of saposin C, with structural variations being comparable to the variations

between the known structures of saposin C and NK-lysin.

Saposin D exists in a slow dynamic conformational equilibrium, which is reflected in a
double signal set in the ’N-HSQC spectra at pH 7 and pH 4 (chapter 7). Exchange between
both sites A and B lead to additional crowding by exchange-relayed signals in TOCSY and
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NOESY spectra, thus hampering '"N-HSQC assignment and the extraction of structural data.
A close similarity of the chemical shifts, NOE, J-coupling and RDC information gained so far
supports nearly identical structures with a local perturbation by either a proline cis-trans or
disulfide bond isomerisation. However, a remarkable amide chemical shift separation for
some residues allowed the equilibrium to be studied at various temperatures using
heteronuclear longitudinal (N,) exchange spectroscopy. At higher temperatures, also
exchange of heteronuclear transverse (Nx) magnetisation under CPMG mixing was observed
and exploited in the determination of forward k, and backward ki, exchange rates. From their
temperature dependance, both positive equilibrium enthalpy AH,, = 1.77 kcal/mol and
entropy ASy, = 4.57 cal/molK were calculated, indicating a partial compensation of enthalpy
and entropy. A relatively large difference in the dipolar couplings for residue Cys36 persisted
up to 72 °C and is not averaged by the conformational exchange rate. In a second residue,
Lys45, different amide exchange rates indicates a different strength of H-bonding and solvent

protection in both forms.
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9  Tables and pulse programs

9.1  Chemical shifts in saposin C at pH 7 and 37 °C

residue HN N HA HBd HBu HG HD HEMHZ)
V3 8.07 120.4 3.88 1.95 0.85/0.72

Y4 7.92 118.6 4.11 3.23 2.94 7.10 6.93
Cs 7.79 118.0 4.29 3.92 3.02

Eo6 8.06 119.2 4.03 2.21 2.09 2.32

\ 4 8.53 116.5 3.82 2.13  1.03/1.03

C8 8.36 120.6 3.93 3.53 3.15

E9 8.80 119.3 4.11 2.10 2.04 2.38/2.53

F10 7.89 121.0 4.38 3.40 3.37 7.27 7.18(7.31)
L11 8.51 120.4 3.79 2.20 1.32 2.19  0.92/0.83

V12 8.81 118.5 3.39 223  1.05/1.22

K13 7.72 120.8 4.01 2.01 1.96 1.63/1.44 1.75/1.73 3.02
E14 8.05 119.0 3.82 1.96 2.00 1.72

V15 8.95 120.0 3.45 2.03  0.96/0.95

T16 8.46 114.9 3.83 4.29 1.32

K17 7.33 119.9 4.08 1.89 1.89 1.42/1.63 1.66/1.71 2.89
L18 7.32 118.3 4.03 2.00 1.15 1.90 0.80/0.76

119 8.42 122.1 3.66 1.92  1.77/0.95 0.77

D20 8.59 122.2 4.48 2.82 2.69

N21 7.46 116.4 4.88 3.01 2.69 6.83/7.51 ND:1124
N22 8.22 113.2 4.49 3.10 2.89 6.89/7.52 ND:111.7
K23 7.65 117.0 4.54 1.71 1.51 1.54/1.45 1.66 291
T24 8.93 112.0 4.37 4.71 1.38

E25 8.85 119.9 3.78 2.09 2.25/2.17

K26 8.11 116.4 3.94 1.89 1.75 1.49/1.44 1.64 3.03/3.15
E27 7.48 117.5 4.02 2.40 1.90 2.26

128 8.34 121.9 3.39 1.77 0.63 0.59

L29 8.32 119.1 3.89 1.88 1.53 1.79  0.93/0.90

D30 7.96 118.1 4.50 2.75 2.68

A3l 7.77 122.2 4.30 1.48

F32 7.93 119.6 4.64 3.39 3.33 7.49  7.05(6.78)
D33 7.98 116.7 4.57 2.88 2.80

K34 7.62 116.2 4.66 2.09 1.85 1.54/1.51 1.76/1.70  3.04/3.10
M35 7.80 121.1 4.16 2.40 2.00 2.64/2.74 1.69
C36 8.68 113.4 4.60 3.06 2.99

S37 8.00 115.4 4.40 4.07 4.07

K38 7.59 119.0 4.36 2.15 2.09 1.55 1.74/1.83 3.06
L39 7.16 119.9 4.37 1.57 1.24 0.88  0.62/0.19

P40

K41

S42

L43 7.66 120.8 4.84 1.62 1.46 1.53  0.79/0.77

S44 7.75 115.4 3.95 3.99 3.99

E45 8.74 122.9 4.10 2.04 2.04 2.29/2.41

E46 9.33 121.9 4.18 1.99 1.46 2.21

C47 8.53 116.9 4.17 3.35 2.85

Q48 8.16 120.2 3.87 223  2.56/2.45 NE:114.8  7.80/6.85
E49 7.97 118.7 4.24 2.42 2.28 2.53/2.33

V50 8.23 120.3 3.85 2.23  0.80/1.10

V51 8.91 122.0 3.03 2.15 0.83/1.04
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D52 8.66 120.1 4.38 2.86 2.69

TS3 8.03 113.0 4.02 3.78 0.49

Y54 8.93 116.8 4.79 3.21 2.80 7.23 6.91
G55 8.33 112.3 3.25 HA:3.57

S56 8.74 114.5 4.21 4.04 3.95

S57 7.79 120.3 4.50 4.22 4.04

158 8.60 122.4 3.41 2.14  1.77/0.90 0.71

LS9 7.90 116.6 4.11 1.55 2.20 1.73  1.00/0.97

S60 8.20 112.5 4.09 4.04 4.03

Iel 8.27 120.9 3.80 1.81 1.02/0.90 0.83

L62 7.91 119.1 4.14 2.05 1.33 1.95 0.94/0.92

L63 8.54 120.9 4.27 2.02 1.59 1.88 0.88/0.87

E64 7.56 119.2 4.40 2.35 2.28 2.56/2.35

E65 7.98 111.7 3.94 2.35 2.28 2.18/2.16

V66 6.88 120.6 3.82 1.67 0.92/0.91

S67 8.32 122.3 4.52 3.96 3.88

P68

E69 8.79 114.4 4.23 2.00 2.17/2.26

L70 7.98 118.2 4.41 1.77 1.53 1.52  0.96/0.81

V71 7.10 118.6 3.35 2.11  0.82/1.05

C72 9.22 115.4 4.06 3.00 2.82

S73 8.33 117.7 4.60 3.85 3.76

M74 8.28 125.5 3.99 2.27 2.15  2.54/2.66 2.07
L75 7.28 114.7 4.25 1.75 1.47 1.74  0.90/0.70

H76 7.68 111.3 4.27 3.51 3.44 Har: 7.19
L77 7.87 116.7 4.39 1.79 1.32 1.20  0.57/0.32

C78 6.91 112.6 4.90 3.17 2.18

9.2 Chemical shifts in saposin C at pH 4 and 37 °C

residue  pH4N  pH4HN pH4HA® pH4dN° pH4dHN pH4dHA® pH7HA  HAsec®
D2 120.6 8.35 4.27 0.00
V3 125.0 8.20 4.27 3.88 -0.07
F4 119.5 7.97 4.54 4.11 -0.49
C5 4.02 4.29 -0.36
Eé6 4.41 4.03 -0.26
V7 3.88 3.82 -0.13
C8 3.94 3.93 -0.72
E9 118.8 8.68 4.06 4.11 -0.18
F10 121.1 7.76 4.41 4.38 -0.28
L11 120.4 8.31 3.82 119.8 8.41 3.58 3.79 -0.38
V12 118.4 8.60 3.40 117.1 8.47 3.37 3.39 -0.56
K13 121.5 7.63 4.01 118.9 8.20 3.96 4.01 -0.35
E14 120.7 8.17 3.83 117.9 8.35 3.98 3.82 -0.47
V15 119.8 8.80 3.41 119.9 8.58 3.57 3.45 -0.50
T16 115.5 8.20 3.80 111.6 7.90 3.76 3.83 -0.52
K17 120.0 7.19 4.01 119.4 7.42 4.09 4.08 -0.28
L18 118.1 7.18 4.01 119.0 7.98 4.02 4.03 -0.14
119 122.1 8.40 3.66 114.8 7.83 3.85 3.66 -0.29
D20 4.51 116.0 7.59 4.68 4.48 -0.28
N21 117.4 7.37 4.92 117.9 7.79 4.74 4.88 0.13
N22 112.7 8.00 4.50 119.0 8.83 4.54 4.49 -0.26
K23 116.8 7.49 4.56 120.2 8.48 4.04 4.54 0.18
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T24 111.4 8.37 4.34 116.9 8.27 3.92 4.37 0.02
E25 119.8 8.69 4.73 119.6 8.49 3.79 3.78 -0.51
K26 117.1 8.12 3.90 117.9 7.98 3.87 3.94 -0.42
E27 117.2 7.35 4.00 117.7 7.87 4.02 4.02 -0.27
128 121.8 8.18 3.37 120.2 8.22 3.39 3.39 -0.56
L29 119.3 8.18 3.86 119.7 8.43 3.82 3.89 -0.28
D30 117.2 7.84 4.49 117.7 8.36 4.41 4.5 -0.26
A31 122.5 7.61 4.34 122.4 7.92 4.26 4.3 -0.05
F32 119.9 7.74 4.65 119.3 8.94 4.54 4.64 -0.02
D33 115.8 8.07 4.60 116.9 8.52 4.42 4.57 -0.19
K34 117.1 7.58 4.62 118.7 7.96 4.15 4.66 0.30
M35 121.0 7.67 4.17 120.1 8.50 4.14 4.16 -0.36
C36 113.6 8.44 4.61 114.5 8.58 4.56 4.6 -0.05
S37 115.5 7.83 4.38 113.7 7.95 4.31 4.4 -0.10
K38 119.0 7.43 4.36 119.2 7.68 4.34 4.36 -0.06
L39 119.7 6.98 4.39 119.7 7.26 4.36 4.37 0.20
P40 0.00
K41 123.6 8.60 4.44 122.3 8.72 4.05 0.00
S42 113.0 8.16 4.22 112.6 8.48 4.17 -0.22
L43 120.9 7.55 4.70 120.7 7.83 4.46 4.84 0.67
S44 116.1 7.77 3.96 115.9 8.48 391 3.95 -0.55
E45 121.9 8.48 4.17 120.7 8.41 4.11 4.1 -0.19
E46 119.1 8.10 4.16 118.4 8.05 4.13 4.18 -0.11
C47 3.93 117.8 8.60 4.00 4.17 -0.48
Q48 3.86 119.2 8.45 3.81 3.87 -0.50
E49 118.1 7.81 421 118.4 8.19 4.13 4.24 -0.05
V50 120.4 7.99 3.84 120.5 8.34 3.73 3.85 -0.10
V51 122.2 8.83 3.03 121.3 8.86 3.11 3.03 -0.11
D52 119.3 8.47 4.41 118.4 8.87 4.43 4.38 -0.38
T53 113.3 7.74 4.05 112.9 8.07 4.01 4.02 -0.33
Y54 116.9 8.77 4.81 116.7 8.89 4.77 4.79 0.19
G55 112.2 8.14 3.26 110.8 8.55 3.25 0.00
S56 114.8 8.65 4.22 114.0 8.94 4.19 4.21 -0.29
S57 120.4 7.68 4.47 119.0 8.16 4.47 4.5 0.00
158 122.3 8.47 3.37 121.4 8.38 3.38 3.41 -0.54
L59 4.08 116.9 8.06 4.43 4.11 -0.06
S60 112.9 8.10 4.06 111.8 8.07 4.08 4.09 -0.41
I61 120.7 8.17 3.76 119.0 8.09 3.94 3.8 -0.15
L62 119.2 7.80 4.08 121.1 8.13 3.77 4.14 -0.03
L63 120.9 8.40 4.26 114.5 8.16 4.12 4.27 0.10
E64 118.1 7.39 4.41 118.6 8.05 4.50 4.4 0.11
E65 110.9 7.84 4.04 114.9 7.91 4.25 3.94 -0.35
V66 120.2 6.65 3.81 120.0 7.35 3.79 3.82 -0.13
S67 121.8 8.22 4.52 121.7 8.59 5.01 4.52 0.02
P68 4.00 4.05 -0.39
E69 113.5 8.18 4.22 115.3 8.42 3.77 4.23 -0.06
L70 117.9 7.82 4.42 121.9 7.85 4.00 4.41 0.24
V71 118.4 6.91 3.37 119.2 8.14 3.35 -0.60
C72 114.8 8.89 4.06 113.7 8.16 4.04 4.06 -0.59
S73 118.0 8.14 4.63 119.4 8.71 4.57 4.6 0.10
M74 125.8 8.17 4.00 125.2 8.41 4.05 3.99 -0.53
L75 114.3 7.09 4.26 115.5 7.12 4.13 4.25 0.08
H76 111.1 7.56 4.32 110.2 7.92 4.24 4.27 -0.36
L77 116.1 7.77 4.38 115.7 7.97 4.37 4.39 0.22
C78 112.7 6.72 4.94 112.6 7.02 4.83 4.9 0.25
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S79

G80
R81
H82
H83
H84
H85
H86
H87

117.7
111.0
119.9
118.6
119.4
120.0
120.6
120.6
125.5

8.89
8.39
8.07
8.36
8.39
8.55
8.60
8.48
8.31

117.1
111.0
119.9
118.6
119.4
120.0
120.6
120.6
125.5

8.96
8.39
8.07
8.36
8.39
8.55
8.60
8.48
8.31

# measured at 17 °C

" d = dimeric species at pH 4

¢ measured at 57 °C

4 for pH 7

9.3 Scalar and residual dipolar couplings in saposin C at pH 7 and 37 °C

residue JHNHA Dexp  Dback® DIit-Pf1°  Dlit-pd © PhiX ¢  ThetaZ‘
D2 1.7793 -7.35 1.0633 1.0864
V3 4.42 25.2926 -22.657 0.1145 1.4614
F4 5.52 0.6718 -3.422 0.8789 0.9255
Cs 5.17 17.7 13.9001 -19.158 -13.116 0.6785 1.2467
Eé6 3.34 24 22.1568 -26.778 -21.024 0.3429 1.3668
vi7 5.11 10.7 11.4683 -16.916 0.5448 1.0421
C8 3.80 9.5 8.9311 -11.98 -6.516 0.7337 1.0923
E9 3.75 16.4 20.215 -22.072 -15.445 0.5349 1.5229
F10 4.64 21.5 19.1746 -28.033 -20.288 0.3575 1.218
L11 4.06 7.6 8.4836 -12.925 -8.296 0.6269 0.9987
V12 4.19 12 11.7077 -15.1 -11.772 0.6892 1.1618
K13 5.17 22.1 21.1164 -26.047 0.428 1.3943
E14 16.4 16.4852 -21.806 0.4448 1.1578
V15 5.21 6.3 5.606 -9.833 -6.191 0.8006 1.0284
T16 3.90 17.7 14.5277 -20.926 -14.387 0.7251 1.3409
K17 4.10 24 23.7984 -29.668 -21.455 0.3146 1.5102
L18 5.81 8.8 10.1466 -14.605 -10.049 0.6336 1.0587
119 4.96 12.6 12.4149 -17.955 0.8338 1.3439
D20 4.17 18.9 22.0103 -24.055 -17.193 0.4173 1.4772
N21 9.24 17.9829 -25.281 -19.175 0.3952 1.1876
N22 7.61 -8.8 -8.4147 7.083 5.986 1.2319 0.8439
K23 7.13 4.4 3.5171 -10.683 -5.65 1.2061 1.2592
T24 7.70 -19.6  -19.4107 24.742 17.912 1.4646 0.5836
E25 2.49 10.7 9.6885 -3.895 -4.056 0.6754 1.0736
K26 4.33 20.2 20.5992 -20.154 -15.166 0.4046 1.3211
E27 5.49 18.3 18.1944 -20.312 -15.331 0.4158 1.2115
128 5.57 5 5.0641 3.675 0.6771 0.9244
L29 3.72 15.8 15.4045 -11.847 -8.257 0.5859 1.2277
D30 4.77 259 24.039 -27.528 0.2028 1.3908
A3l 6.15 8.9 13.4818 -2.608 -2.512 0.5044 1.0852
F32 2.95 2.5 3.1313 6.452 5.589 0.8165 0.9597
D33 4.49 13.9 22.2129 -17.315 -11.581 0.361 1.4052
K34 8.93 15.8 15.2751 -15.084 -11.334 0.4613 1.1234
M35 4.45 -10.1  -14.1513 20.195 15.139 1.5498 0.7501
C36 4.73 -0.6 -2.1946 1.143 0.751 1.5417 1.1317
S37 5.72 11.4 14.7304 -11.95 -7.988 0.663 1.3039
K38 7.47 -14.5 -29.218 29.164 1.5476 0.1357
L39 8.23 1.3 4.1156 -7.977 -5.111 1.2974 1.3676
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P40 -24.0911 40.551 1.3279 0.3736
K41 -10.3522 12.392 1.1569 0.7574
S42 9.66 -18.1419 24.033 1.13 0.4904
L43 2.50 -10.7  -11.4913 26.529 19.016 1.0474 0.6648
S44 5.37 7.6 6.5152 -0.094 0.419 0.6857 0.9749
E45 4.55 -5.7 -4.6793 14.282 11.184 1.0903 0.8923
E46 3.83 -12 -12.2165 26.114 0.9751 0.5968
C47 4.08 3.1 0.9615 10.039 0.8098 0.8881
Q48 4.34 3.2 3.4534 2.726 0.9387 1.0572
E49 5.20 -13.3  -13.3314 28.218 1.1248 0.6546
V50 4.06 -5.1 -5.8304 19.717 13.312 0.9309 0.7642
V51 3.93 6.9 5.1066 3.053 1.646 0.7657 0.9869
D52 8.53 0.6 -1.6788 8.853 8.415 1.0986 0.9909
T53 10.41 -12.8177 28.194 21.819 1.0521 0.6268
Y54 5.40 17.7 14.3128 -23.6014 -18.088 0.7611 1.3745
G55 4.30 19 19.0599 -29.325 -22.694 0.5309 1.3817
S56 6.08 24 22.7545 -25.743 -18.814 0.2612 1.3429
S57 15.1 16.2098 -20.514 -16.252 0.5399 1.2247
158 3.99 23.4 19.7485 -29.608 -21.851 0.5004 1.3829
L59 2.78 24 24.389 -31.693 -24.636 0.1745 1.4035
S60 5.41 21.5 20.3865 -21.788 -17.157 0.3223 1.2492
161 4.95 17.7 18.2958 -23.07 -18.589 0.4658 1.258
L62 5.87 20.9 18.1267 -24.154 0.5957 1.4062
L63 8.14 24.6 23.7516 -26.263 0.2386 1.3829
Eo64 7.94 -8.8  -12.2632 10.108 6.441 1.5039 0.8072
E65 6.44 6.3 4.9086 -16.288 -12.277 1.1461 1.285
V66 2.69 -19.6  -22.2346 27.612 1.4247 0.4797
S67 4.58 20.6356 -29.531 -21.863 0.495 1.4682
P68 17.2967 -21.882 0.4323 1.1812
E69 3.32 -10.1  -10.7454 12.625 8.588 0.9899 0.6519
L70 4.45 -8.3377 9.849 5.744 1.0115 0.7378
V71 6.93 12 12.2239 -17.801 -14.228 0.5141 1.0653
C72 4.28 -6.9 -7.6684 8.965 6.002 0.8917 0.6842
S73 7.14 -17.7  -16.0039 21.498 15.969 1.1039 0.5551
M74 6.87 17 19.8572 -28.883 -24.127 0.4891 1.3795
L75 25.3532 -31.487 -22.638 0.1811 1.4705
H76 9.78 1.9 0.7904 9.701 0.772 0.8577
S79 14.3343 15.488 11.319 0.6483 1.2394
G380 -21.1714 -2.928 -2.088 1.2891 0.4703
® from structure 1M12 [*4 ® published couplings Pfl ["*¥ ¢ published couplings pd ''*¥

4 IM12 in the PAS of the tensor given by Table 6.6.1C.

9.4 "N relaxation and hydrogen exchange rates in saposin C at pH 7 and 37 °C
residue R2 R2err R1 Rlerr hetNOE  hetNerr HX
V3 8.33 0.11 2.05 0.09 0.73 0.04 2.12
Y4 8.17 0.12 1.90 0.02 0.77 0.04 0.80
Cs 0.80 0.04 <0.5
\ 4 0.79 0.04 0.63
C8 0.83 0.04 <0.5
E9 0.76 0.04 <0.5
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F10
L11
V12
K13
E14
V15
T16
K17
L18
119
D20
N21
N22
K23
T24
E25
K26
E27
128
L29
D30
A31
F32
D33
K34
M35
C36
S37
K38
L39
L43
S44
E45
E46
C47
Q48
E49
V50
Vs1
D52
TS3
Y54
G55
S56
S57
158
L59
S60
I61
Le62
L63
Eo64
E65
V66
S67

8.02
7.64
8.73
8.05
8.51
8.17
8.16
8.14
8.12
8.51
8.10
7.04
8.04
7.79
7.18
7.85
8.01
7.78
7.93
8.13
8.16
6.99
7.48
7.54
6.51
7.12
7.19
8.76
7.60
7.42
7.14
7.61
7.79
7.58
7.98
7.69
8.03
7.75
7.69
8.22
7.27
8.04
7.98
8.14
7.99
8.10
8.30
7.40
8.03
8.47
8.46
7.82
7.83
7.28
8.10

0.05
0.07
0.10
0.07
0.06
0.08
0.08
0.07
0.09
0.05
0.04
0.05
0.08
0.08
0.10
0.06
0.03
0.04
0.04
0.07
0.07
0.10
0.07
0.05
0.04
0.06
0.05
0.08
0.07
0.07
0.05
0.06
0.06
0.07
0.06
0.04
0.04
0.06
0.09
0.04
0.06
0.08
0.06
0.06
0.06
0.08
0.05
0.07
0.09
0.05
0.08
0.05
0.08
0.07
0.05

1.82
1.80
1.86
1.82
1.84
1.86
1.86
1.85
1.79
1.83
1.86
1.79
1.83
1.79
1.85
1.97
1.87
1.87
1.89
1.91
1.84
1.85
1.76
1.85
1.80
1.78
1.94
2.16
2.09
1.77
1.90
1.86
1.98
1.85
1.93
1.88
1.86
1.93
1.87
1.93
1.84
1.91
1.98
2.13
2.00
1.95
1.93
1.89
1.89
1.95
1.95
1.75
1.84
1.79
1.82

0.01
0.01
0.02
0.01
0.02
0.02
0.03
0.02
0.01
0.02
0.01
0.02
0.01
0.01
0.02
0.04
0.01
0.02
0.02
0.02
0.01
0.02
0.01
0.01
0.04
0.01
0.02
0.07
0.03
0.01
0.03
0.02
0.02
0.02
0.01
0.02
0.01
0.01
0.01
0.01
0.02
0.02
0.01
0.07
0.04
0.02
0.01
0.01
0.02
0.01
0.02
0.01
0.01
0.01
0.01

0.75
0.60
0.80
0.82
0.74
0.80
0.79
0.76
0.73
0.73
0.74
0.75
0.78
0.77
0.72
0.70
0.79
0.78
0.78
0.77
0.75
0.70
0.70
0.63
0.53
0.71
0.75
0.82
0.70
0.66
0.70
0.80
0.84
0.76
0.73
0.71
0.76
0.73
0.73
0.76
0.78
0.73
0.79
0.82
0.78
0.77
0.74
0.73
0.77
0.71
0.75
0.71
0.78
0.73
0.78

0.04
0.03
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.03
0.03
0.03
0.04
0.04
0.04
0.03
0.03
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04

0.52
1.28
<0.5
<0.5
0.53
<0.5
<0.5
<0.5
<0.5
0.50
<0.5
<0.5
0.72
<0.5
0.60
1.62
<0.5
0.59
<0.5
<0.5
0.70
<0.5
0.42
1.05
1.34
<0.5
1.08
2.14
0.91
<0.5
0.68
<0.5
1.33
<0.5
0.42
<0.5
0.65
<0.5
<0.5
<0.5
0.96
<0.5
<0.5
2.05
1.28
0.50
<0.5
<0.5
<0.5
<0.5
<0.5
<0.5
<0.5
0.53
<0.5




Tables and pulse programs

144

E69 7.91 0.06 1.96 0.02 0.72 0.04 0.99

V71 7.78 0.05 1.88 0.01 0.82 0.04 <0.5

C72 7.73 0.09 2.02 0.02 0.81 0.04 0.73

S73 8.22 0.10 2.18 0.06 0.80 0.04 1.66

M74 8.25 0.10 1.94 0.02 0.74 0.04 0.64

L75 8.62 0.10 1.95 0.03 0.76 0.04 0.56

H76 8.32 0.13 2.05 0.02 0.80 0.04 0.73

C78 7.46 0.08 1.79 0.02 0.77 0.04 0.78

9.5 Chemical shifts and residual dipolar couplings in saposin A at pH 7 and 37 °C
residue N HN HA HAsec HB furtherH remark® RDC
C5 116.02 7.60 4.20 -0.34 3.04 HX

D6 120.04 8.06 4.26 -0.43 2.75 HX 10.58
17 118.65 8.27 3.86 -0.31 1.74 0.85 HX 12.21
C8 118.96 8.42 3.82 -0.72  3.50/3.00 20.59
K9 120.12 8.54 3.72 -0.61 1.91 23.24
D10 122.05 7.78 4.49 -0.22  2.94/2.71 broad 9.11
Vi1 122.83 8.56 3.70 -0.42 2.34  1.08/0.87 16.32
V12 119.19 8.80 3.43 -0.69 2.11 0.93 21.76
T13 117.61 8.24 3.90 -0.45 3.92 1.29 broad 16.33
Al4 123.10 7.93 4.28 -0.05 1.60 12.95
Al5 119.12 8.73 3.97 -0.38 1.38 21.17
Gl16 123.60 8.36 4.11/3.76 -0.20 broad

D17 123.14 8.15 4.44 -0.27  2.83/2.63 14.27
M18 118.58 7.98 4.15 -0.33  1.98/1.89 2.70/2.32 16.77
L19 121.59 8.47 4.12 -0.20  1.90/1.66  0.90/0.75 20
K20 120.31 7.75 4.14 -0.19 1.99 1.72/1.56 13.97
D21 118.42 7.18 4.89 0.18 2.95/2.55 7.22
N22 113.47 8.05 4.41 -0.33  3.09/2.94 10.01
A23 120.78 7.62 4.45 0.12 1.29 3.53
T24 110.96 8.50 4.42 0.07 4.21 1.38 HX -3.09
E25 120.51 9.04 3.75 -0.58 2.03 2.27 HX 1.47
E26 117.92 8.53 4.02 -0.31  2.06/1.99 2.33 HX 10.44
E27 119.12 7.59 3.95 -0.38 2.40 1.92 HX -0.29
128 121.32 8.30 3.74 -0.43 1.98 1.02/0.75 -0.73
L29 120.55 8.11 3.89 -0.43  1.89/1.64 1.00 6.91
V30 116.37 7.74 3.75 -0.37 2.10  1.12/1.02 12.21
Y31 120.16 7.91 4.15 -0.40  3.20/3.00 7.02 -0.74
L32 119.81 8.90 3.93 -0.39 2.09 1.35/1.00 1.17
E33 118.73 8.50 3.67 -0.66  2.14/1.97 2.54 12.35
K34 118.30 7.32 3.87 -0.46 1.69/1.44 1.22/2.89 8.52
T35 112.47 7.64 4.00 -0.35 3.26 0.83 3.97
C36 118.46 7.79 4.58 0.04 3.35/2.93 5.88
D37 120.31 7.65 4.55 -0.16 2.67 15.29
W38 118.15 7.57 4.80 0.14 3.45/3.29 9.97/7.16 -1.91
L39 121.17 7.18 4.57 0.35 1.84 1.47/1.00 -8.09
M43 120.28 7.56 4.17 -0.31 2.25  2.66/2.54 HX -5.01
S44 115.48 7.97 4.22 -0.25 4.01 HX -3.09
Ad5 122.29 8.21 4.15 -0.18 1.52 HX 0.44
S46 114.98 7.71 4.32 -0.15  3.98/3.84 HX -2.95
C47 120.31 8.28 4.01 -0.53  3.53/2.60 HX -6.03
K48 119.85 8.35 3.79 -0.44 1.88 1.58 0.44
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E49 118.88 7.84 4.19 -0.14 225 2.42/1.90 3.98
150 121.01 8.13 3.96 -0.21 2.15 1.16/0.83 -5.3
Vs1 120.66 8.56 3.41 -0.71 2.16 1.03 -3.24
D52 117.69 8.65 4.37 -0.34  2.81/2.68 1.77
SS3 110.42 8.14 4.30 -0.17  3.62/3.11 -1.33
Y54 114.44 8.39 4.97 042 3.17/2.98 -6.18
LSS 121.71 8.28 4.27 -0.05 2.18/1.89  1.00/0.86 -11.76
P56 4.22 -0.22 2,12 3.79/3.42

V57 115.60 6.93 4.02 -0.10 2.30 1.17 -0.6
158 121.20 8.43 3.43 -0.74 2.12  0.84/0.65 -10
L59 116.33 8.48 3.98 -0.34 1.96 1.38/0.87 -12.35
D60 117.34 7.37 4.44 -0.27 2.81

161 119.97 8.23 3.80 -0.37 1.94 1.01/0.84 -5.29
162 115.44 8.45 4.20 0.03 2.06 1.49/0.97 -11.48
Ke63 119.62 7.70 4.15 -0.18 1.90 1.72/1.50 -9.41
Go64 127.16 7.84  4.25/3.85 -0.11 HX

E65 119.00 8.18 4.30 -0.03  2.24/2.07 HX -7.94
Mo66 120.62 8.27 4.52 0.04 2.00/2.90 2.50 HX -6.61
S67 115.17 7.91 4.52 0.05 3.75 HX -5.59
R68 122.90 8.42 4.68 0.30 2.04/1.77 3.26 HX

G69 123.91 9.11 3.93/3.47 -0.53 HX

E70 121.47 7.30 4.12 -0.19  2.31/2.13 HX 7.2
V71 121.71 7.96 3.58 -0.54 2.14 0.89 HX -3.66
C72 114.44 8.17 4.04 -0.50 2.94 HX -10.15
S73 118.27 8.19 4.58 0.11 3.89 HX -4.71
A74 127.81 7.93 4.19 -0.14 1.56 2.94
L75 114.83 7.16 4.25 -0.07 1.83/1.50 0.78/0.63 -7.94
N76 113.05 8.02 4.47 -0.27  3.15/2.92 -11.33
L77 115.87 7.78 4.40 0.08 1.74/1.32  0.72/0.47 8.97
C78 112.82 6.87 4.82 0.28 3.31/2.37 -0.74

* HX = water signal in HNH-NOESY

9.6  Chemical shifts and residual dipolar couplings in saposin D at pH 7 and 37 °C

residue Na HNa HAa RDCa Nb HNbD HNbD RDCb
G3 108.12 8.30 -1.14

F4 118.61 9.01 1.16

Cs5 120.22 8.34 13.15

E6 117.46 8.42 14.99

\%/ 117.79 8.42 3.56 13.38

C8 120.94 7.97 3.39 13.30 120.93 7.93

K9 119.72 8.09 3.77 13.15 119.67 8.05 13.01
K10 120.12 8.10 4.08 15.50 120.28 8.08 13.38
L11 122.03 8.77 4.25 13.61 122.02 8.74 12.39
V12 118.47 9.13 3.67 12.40 118.33 9.10 11.55
G13 107.12 8.09 3.92 15.43

Y14 122.97 7.75 4.11 13.68

L15 122.01 8.07 3.75 15.21 122.07 8.09

D16 117.71 8.73 4.36 14.21 117.75 8.68 13.46
R17 112.36 7.37 4.20 17.25

N18 115.24 7.49 4.70 12.17

L19 122.39 8.17 4.57 243 122.65 8.28 1.07
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E20 121.12 8.28 -9.20

K21 122.39 8.68 -1.74

N22 116.07 8.51 4.19 116.18 8.58 3.99
S23 116.43 7.84 -8.75 116.27 7.89 -5.05
T24 113.19 8.83 4.47 6.69 112.91 8.81 3.42
K25 120.36 8.90 3.79 -0.23

Q26 116.08 8.34 4.00 7.07 4.53

E27 120.94 7.72 4.41 8.07

128 121.90 8.43 3.64 -2.44

L29 120.49 8.50 -1.53

A30 119.65 7.76 4.19 11.10 4.14

A31 120.45 7.75 6.31 120.88 7.82 4.48
L32 120.46 8.77 4.06 -3.04 120.33 8.65 -4.41
E33 116.05 7.85 6.60 116.07 7.69 4.03
K34 115.62 7.35 4.60 10.26 117.33 7.58 4.34 7.67
G35 108.78 8.20 3.47 -6.53 108.50 8.46 3.35 -5.25
C36 116.76 8.57 4.51 -19.91 116.23 8.12 4.66 -14.06
S37 113.25 7.81 4.10 -8.06 113.37 7.72 4.17 -1.22
F38 118.90 7.51 4.45 -3.05 119.13 7.34 4.55 -1.22
L39 121.29 7.31 4.59 -16.50 121.23 7.35 4.59 -16.19
Q44 119.92 7.65 3.72 -5.48 3.90

K45 119.32 8.53 4.24 -10.49 117.99 8.20 4.24 -9.13
Q46 119.29 8.62 4.44 -15.43 117.62 7.43 4.48 -12.54
C47 125.59 8.00 -1.37

D48 121.05 8.53 -1.68

Q49 119.81 7.80 -11.94

F50 121.71 8.52 -10.04 121.60 8.33 -9.43
V51 119.47 8.82 -3.12 119.13 8.81 -3.72
A52 119.91 7.72 -3.43

E53 115.13 7.70 -15.43 115.22 7.67 -12.54
Y54 113.33 8.17 -3.50 113.43 8.08

ES5 123.55 8.36 10.63

V57 112.71 7.07 4.28 9.96 112.59 7.07 4.28 8.36
L58 121.66 8.48 4.05 7.98 121.74 8.45 4.05 6.00
159 115.66 8.20 3.84 4.64 115.44 8.21 3.84 4.26
E60 115.01 6.78 4.20 14.30 115.20 6.83 4.20 13.46
I61 116.82 7.59 4.41 12.32 120.47 8.42

L62 120.38 8.50 4.81 5.69 109.33 6.90 4.81 4.34
V63 108.82 6.87 3.92 1.29 3.92 1.52
E64 118.90 7.91 4.53 15.12 118.62 7.88 4.53 14.37
V65 119.56 8.37 4.30 1.21

M66 120.24 8.21 6.77 120.37 8.22 6.32
D67 117.52 6.33 0.00

S69 111.63 7.98 4.70 5.77

F70 121.15 7.90 4.24 8.06

\%)| 118.11 8.86 3.30 0.69

C72 113.61 7.89 4.21 -1.52

L73 122.04 7.45 4.37 9.13

K74 122.50 8.25 4.45 6.16

175 108.25 7.90 4.47 -4.70

G76 107.40 7.57 4.38 -0.45

AT7 121.54 7.53 4.41 15.35

C78 112.67 7.34 4.21 3.50
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9.7  Pulse program for the Nz-exchange experiment

; mj Tlex. 2D nj/ 17/ 06/ 2003

avance-ver si on

| T NOTE  #HHHHHHHHHHHHHHHHHH PR
;2D 15N T1 rel axati on and exchange experinents with the
;followi ng features:

- Nis flipped to +z and -z

;- suppression of CSA[N]/DD[NH cross-correlated relaxation
;- H2O fli p- back

; - STATES quadrature detection & WATERGATE

;- good wat er suppression on a cryoprobe

;- all dinensions decoupl ed
###########################################################

; NA. Farrow, O Zhang, J.D. Fornman-Kay and L. E. Kay(1994)J. Bi onol . NVR 4,
; 727-734.
define |ist<gradi ent > EA=<EA>

; B ##Pr ocessi ng | nf or mat | on #H##HHHHHHHHHHHHHHHHHHHHH
; MC2: STATES

; REVERSE = TRUE in F1

; ATTENTIONI I MAKE SURE TO USE THE ' xfb nc_proc x' COWAND TO OBTAIN

; EQUAL SCALI NG FOR ALL SUCCESSI VE SUB- SPECTRA

;X = NC scaling factor from'dpp' after processing reference spectrum

; Tlmi x = d25*1 10 (1-120)

; T Set ting Par anmet er s:  #HHHHHHHHHHHHHHHH
;*) NS = n*4

;*) DS = any value, but nultiples of TD1 reconmended!
;*) SFOL: H20 NUST be on-resonant (for water flip-back)
;*) Set ndO =

;*) CPDPR&X = garp

; HtHHTH T ASED par anmet er s #HHHHHHHHHHHHHHHHH
;in0 = 1/ [ 2* SWH( 15N) ]

; pl 90deg hi gh power on 1H (F1, pl1)

; p3 = 90deg hi gh power on 15N (F2, pl2)

; p16 >=800u gradi ent pul se

; pl7 = 1.8m gradi ent pul se (gp0)

; pcpd2 >=200u 15N decoupl er (pl 12, F2)

;dl >2s |long rel ax. del ay (heat equilibration!)
;dd =< 2. 7m (=1/[4J(NH)])

;d14 =< 2. 7m (=2.7m for NH2 suppression!)

;d16 >= 150u (gradi ent recovery)

;d23 >= 1.5m (echo for CSA/ DD decoupl i ng)

; #H#HpHHHAHH#AS fixed paraneters, do not change ####
"p2=pl*2"

" p4=p3*2"

define delay cen3l

define delay cen42

"cen31l=(p3-pl)/2" ; pul se center del ay

"cen42=(p4-p2)/ 2" ; pul se center del ay

"do=3u"

"d11=10n{ ;delay for phase and buffer increnmentation
"d14=2. 7nf

"d24=d23- p16-d16"

" d25=d23* 4+p2* 2" ;calculated time for 1 loop in T1

define delay dl4a ; conpensat ed d14 J-evol ution del ays
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define del ay dl14b

define del ay dl4c

defi ne del ay d4grad

define del ay dl4grad
"d4grad=d4- pl17-di6"
"d14a=d14+p3*0. 64- p1- p17-d16"
"d14b=d14+d0+p1"
"dl4c=d14- dO- p1- p3*0. 64"
"d1l4gr ad=d14- p17-d16"

define delay dl6c¢ ; conpensat ed gradi ent duration
"dl6c=pl6+d16"

define delay wg

"wg=pl*4. 77+d19* 10"

define delay cenl4d
"cenld=(wg- p4*2-6us)/2"

"1 10=cnst 10"

"10=(td1/2)" ;loop counter for quadrature detection
"1 9=0" ; dummy scan fl ag
1 ze
d25
2 dl setnnr 270 setnnr 0734732733 do: f2
d11*2
3 di1
dil pl2:f2
4  50u setnnr2|0 setnnr0| 34| 32| 33 pl2:f2

; ### Destruction of natural 15N magneti sation ###

(p3 ph0):f2

pl6: gpl*0. 3 ; Z-spoi |

di6

 ### Start of | NEPT ###

(p1 phO)

pl7: gp0 ; dephasi ng of residual H2O
di6
d4grad pl 2:f2 ;H2Oin -y

(cen42 p2 phl) (p4 ph5):f2

pl7: gp0 ; dephasi ng of residual H2O
di6
d4grad pl 2:f2 ;H2Oin -y

(pl phl) ;H2Oin -y

y#H## Start of t1 on 15N ###

(p3 phb5):f2
d14b

(p4 ph4):f2
do ; H2O in +z

(p2 ph0):f1
do ;H2Oin -z

dl4c
c### End of t1 tinme on 15N ###

### Start of T1 m xing ###

(p3 ph12):f2 ; f1ipping N coherence +/-z cancel s
d24 ; 15N equi i brium magneti sation as Tl offset

pl6: gp2*0. 2 ; Z- spoi
dié6 ; H2O in +z

(p2 ph20) ; decoupl ing of CSA/DD cross-correlated rel axation
d23 i p20 ; using MLEV expansi on

15 d23 i p20 ;HOin -z
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(p2 ph20)
d23
d23

(p2 ph20)
d23 i p20

loto 15 tines |10
d23 i p20

(p2 ph20)
d24

pl6: gp2*0. 4
dle

:H2O in +z

:H20in -z
:H20in -z

;H2O in +z
; Z- spoi |

;### End of T1 mixing ###

; ### Coherence transfer to 15N and J[HN] rephasi ng ###

(p3 ph0):f2
pl7: gp0
di6
dil4grad

;Create 2NyHz

;H2Oin -y

(cen42 p2 phl) (p4 ph0):f2 ;rephase to Nx

pl7: gp0
di6
dl4a
(p3 ph9):f2
pl6: gp2*0. 6
di6
(pl ph0):f1
d24
pl6: gpl
di6

;H2Oin -y

; Z-spoi |

(p1*0.231 phl4 d19*2 p1*0.692 phld d19*2 pl*1.462 phld d19*2 pl*1.462
phl5 d19*2 p1*0.692 phl5 d19*2 p1*0.231 phl5):f1 (cenld p3 phl 3u p4 phO 3u

p3 phl):f2
pl6: gpl
di16 pl 12:f2
d24

; ### Start of data acquisition ###

go=2 ph31 cpd2:f2

dl do:f2 w #0 if #0 zd
d11l setnnr 2”0 set nnr 0347232733

di1 ip5
loto 3 tines 2

; States | oop

CHH#A Increnment t1 time ###

d11 i do
d11l i p31*2
loto 4 tines |10
exit

ph0=0

phl=1

ph2=2

phd= 012 3
ph5= 0

ph9= {{1}*8}"2
ph10={{1}*8}"2
ph12=1 1 3 3
phl4= {{0}*8}"2
phl5= {{2}*8}"2
ph20=0

;shift axial peaks and H20O
;to the edges of the spectrum

;(N) t1 phase purge 180deg pul se

;(N) t1 excitation pul se, States phase

;(N) invertable read pul se for sens. enh

;(N) read pul se for sens.enh

;(N) for cancellation of 15N nagnetisation in T1
;wat er gat e

;wat er gat e

ph31={0 2 2 0 0 2 2 0}"2
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9.8  Pulse program for the Nx-exchange experiment

; mj T2ex nj / 25/ 07/ 2003

avance-ver si on

) T NOTE  #HHHHHHHHHHHHHHHHHH PRI
2D 15N T2 rel axati on and exchange experinments with the
;followi ng features:
; - CPMG spin-echo pulse train
;- suppression of CSA[NJ/DD[NH cross-correlated relaxation
;- H2O flip-back and gradi ent echoes during | NEPT
, - good wat er suppression on a cryoprobe
; - STATES quadrature detection w WATERGATE
;- all dinensions decoupl ed
;- z-filter before CPM5 pul se train enhances t1-phases
; PR

define |ist<gradi ent > EA=<EA>

; BT #Pr ocessi ng | nf or mat | on ###HHHHHHHHHHHHHHHH#HHE
; MC2: STATES

; REVERSE = TRUE in F1

; ATTENTIONI!'! MAKE SURE TO USE THE ' xfb nc_proc x' COWAND TO OBTAI N
; EQUAL SCALI NG FOR ALL SUCCESSI VE SUB- SPECTRA

; X = NC scaling factor from'dpp' after processing reference spectrum
; T2m x = d22*]1 10 (1-12)

; T Set ting Par anmet er s:  #HHHHHHHHHHHHHHHH
;*) NS = n*4

;*) DS = any value, but nultiples of TD1 reconmended!
;*) SFOL: H20 NUST be on-resonant (for water flip-back)
;*) Set ndO =

;*) CPDPR& = garp

; HHHHTHHHHHH ASED par anet er s #HHHHHHHHHHHHHHHHH
;in0 = 1/ [ 2* SWH( 15N) ]

; p1 = 90deg hi gh power on 1H (F1, pl1)

; pll 2ms 90 deg GAUSS (F1, splil)

; pl2 2ms 180 deg GAUSS (F1, spl2=spll- 6dB)

; p3 = 90deg hi gh power on 15N (F2, pl2)

; p16 >=800u gradi ent pul se

; pl7 = 1.8m gradi ent pul se (gp0)

; pcpd2 >=200u 15N decoupl er (pl 12, F2)

;dl >2s |long rel ax. del ay (heat equilibration!)

;dd =< 2.7m (=1/[4J(NH)])

;d14 =< 2. 7m (=2.7m for NH2 suppression!)

;d16 >= 150u (gradi ent recovery)

; d20 ~ 0. 45m CPMG echo del ay

; ; NOTE: |l ong d20 minimze sanple heating but are
; ;detrimental due to |onger antiphase evol ution
; ; and enphasi se conformati onal exchange processes

; HH#HBHHHAH#HAR fixed paraneters, do not change ####
"p2=pl*2"

" p4=p3*2"

define delay cen3l

define delay cen42

"cen31l=(p3-pl)/2" ; pul se center del ay
"cen42=(p4-p2)/ 2" ; pul se center del ay

"do=3u"
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"d1l1=10nt ; del ay for

"d14=2. 7t
"d21=d20- p1"
"d22=d20* 32+p4* 16"

define delay dl4a
define delay dl4b
define del ay dl4c
define del ay d4grad
define delay dl4grad
"d4grad=d4- pl7-di6"
"dl4a=d14+p3*0. 64- p1l- p17-d16"
"d14b=d14+d0+pl"
"dl4c=d14- dO- pl- p3*0. 64"
"dl4grad=d14- pl7-d16"
define delay dl6c
"d16c=pl6+d16"

define delay wg
"wg=pl*4. 77+d19* 10"
define delay cenl4d
"cenld=(wg- p4*2-6us)/2"
"1 10=cnst 10"

"1 0=(td1/2)"

1 ze
d22

phase and buffer

;corrected CPMG del ay
;duration of 1 CPMS pass
"d24=d4- p16- d16- 600u" ; 600U conpensate for J-evol ution during 3919 seq
; conpensat ed d14 J-evol ution del ays

2 dl setnnr 2720 set nnr 0134732733 do: f2

d11*2
3 di1
d1l pl 2:f2

4  50u setnnr2|0 setnnr0| 34| 32| 33 pl2:f2

; ### Destruction of natural 15N magneti sation ###

(p3 ph0):f2
pl6: gpl*0. 3 ; Z-spoi |
di6
 ### Start of | NEPT ###
(p1 phO)
pl7: gp0 ; dephasi ng of residual
di6
d4grad pl 2:f2 ;H2Oin -y
(cen42 p2 phl) (p4 ph5):f2
d4gr ad ;H2Oin -y
pl7: gp0 ; rephasi ng of residual
di6
(pl phll) ;H2Oin -y
y### Start of t1 on 15N ###
(p3 phb5):f2
d14b
(p4 ph4):f2
do
(p2 ph0):f1 ;H2Oin -z
dl4c ;H2O in +z
do
### End of t1 time on 15N ###
; HitH 15N z-filter #Hit#
(p3 ph0):f2
pl6: gp2*0. 7 ; Z-spoi | gradient

di6

H20

H20O

i ncrenment ati on

; conpensat ed gradi ent duration

;loop counter for quadrature detection
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(p3 phl):f2

 #H## Start of mixing (CPM5 along x, i.e. parallel to incom ng N coherence!)
10 d20
(p4 ph0):f2
d20
loto 10 times 3
d20
(p4 ph0):f2
d21 ; H2O in +z
(p2 ph0):f1 ; decoupl e CSA/ DD cross-correl ated rel axation!!
d21 ;H2Oin -z
(p4 ph0):f2
d20
11 d20
(p4 ph0):f2
d20
loto 11 times 6
d20
(p4 ph0):f2
d21 ;H2Oin -z
(p2 ph2):f1 ; decoupl e CSA/ DD cross-correl ated rel axation!!
d21 ; H2O in +z
(p4 ph0):f2
d20
12 d20
(p4 ph0):f2
d20
loto 12 times 2
d20
(p4 ph0):f2
d20
loto 10 times |10
; ### End of CPMG mi xi ng ###

; ### Coherence transfer to 15N and J[HN] rephasi ng ###
pl7: gp0
di6
dil4grad ;H2Oin -y
(cen42 p2 phl) (p4 ph0):f2
pl7: gp0
di6
dl4a

(p3 ph9):f2
pl6: gp2*0. 4 ; H2O r ephasi ng
di6
(pl ph0):f1 ;H2Oin z
d24
pl6: gpl
di6
(pl*0.231 phl4 d19*2 p1*0.692 phl4 d19*2 pl*1.462 phl4 d19*2 pil*1.462 phl5
d19*2 pl*0.692 phl5 d19*2 p1*0.231 phl5):f1 (cenld4 p3 phl 3u p4 phO 3u p3
phl):f2
pl6: gpl
di6 pl 12:f2
d24

; ### Start of data acquisition ###
go=2 ph31 cpd2:f2
dl do:f2 w #0 if #0 zd
d11l setnnr 2”0 setnnr 0734732733
d11 ip5
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loto 3 tinmes 2 ; St at
CH#H Increnment t1 tine ###
dl1l ido :shif
dil i p31*2 ito t
loto 4 tines |10
exit
ph0=0
phl=1
ph2=2
ph3=3
ph4=0 1 2 3 i (N)
ph5=1 1 3 3 i (N
pho= {{2}*4}"2 (N
phl1={{1}*4}"2 ; (H

phl4= {{0}*8}~2
ph15= {{2}*8}~2
ph31=0 2 2 0

es | oop

t axial peaks and H20
he edges of the spectrum

t1 pahse purge 180deg pul se

t1l excitation pulse, States phase
i nvertabl e read pul se for sens. enh
I NEPT transfer pul se

9.9  Pulse program for the NewMEXICO experiment

; mj newrexwg. f 2

nj / 25/ 11/ 2003

| HARHBHARH AR AR A AE NOTE  #HHABHBHARHHHHBHABH B HBH R H B

; fast 2D N, H HSQC
; usi ng WATERGATE suppr essi on

schemre with water flip-back

; BEST possi bl e wat er suppression, 60% H2Oz recovery
;long gradient during tmx ensures water stays in —z for ~200 ns

;all di mensi ons decoupl ed

| HHBHBHHBHHHH BB H BB BB H B R B R R R R

define |ist<gradi ent > EA=<EA>

D H#AH | MPORTANT ####
: H20 nust be on-resonant!
;nd0 = 2 (States)

; ### Paranmeters to set up ###

; pl = 90deg on 1H (pl 1, F1)
;pll = for pl=90deg
; p3 = 90deg on X (pl 2, F2)
;pl 2 = for p3=90deg

; pcpd2 = 90deg decoupler on X (pl 12, F2)

; pl 12 = for pcpd2=90deg
; p16 >= 800u (gradi ent pul se)

;d0 = 3u (= 5,5mfor inverted NH2 groups)

;dl ~1s (rel axation del ay)
;d4 <= 1/ 4JHX

;d16 >= 150u (gradi ent recovery)

; d19 ~ DW (WATERGATE del ay)
; NOTE: zero intensity reoccur

s at offset=1/(2*d19)!!

; ### Cal cul at ed Par anmet ers ###

"p2=pl*2"

" p4=p3*2"

define delay wg
define delay cenl4d
define delay cen214
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define del ay dOc
"d0c=d0* 2+p2"
"cen214=p4+3u- pl"
"wg=pl*4. 77+d19* 10"
"cenld=(wg- p4*2-6us)/2"
"d11=10n{
"d12=d10- 20u- d16"
"d17=d7-pl6- d16"
"d22=(p3-p2)/ 2"
"d23=(p4-p2)/ 2"
"d24=d4- p16- d16- 500u" ; 600u conpensate for J-evol ution during 3919

"1 3=(td1/2)"

1 ze
di2

2 dl do:f2
d11*2

3 d11*2

4 (pl phO)
d2 pl2:f2 ; H N-HMQC evol ution
(p3 phl0):f2 ; HN-HMQC creation
di7
pl6: gpl
dié ; radi ati on danpi ng peri od

(pl phO) ; creat e maxi mum quant um coherence (invisi bl e)
d2

(d22 p2 ph0) (p3 phll):f2
d2

(d23 pl ph0) (p3 phl2):f2; HO returns to +z, all other nmgnetization as
MX

10u gronl*0.1

di2

10u groff

dié6 ; M xi ng tine (transfer H2O equi | i bri um
nmagneti zati on)

(pl phO) ;H2Oin -y
d4 pl2:f2

(cen214 p2 phl) (p3 phl3 3u p4 ph3 3u p3 phl3):f2
d4 setnnr2| 0 setnnr0| 34| 32| 33

(pl phl) ;H2Oin -y

pl16: gpl*0. 2
di6

(p3 ph3):f2
do

(p2 phl)
do

(p4 ph0):f2
doc
(p3 ph4):f2

pl16: gpl*0. 2
di6

(pl ph2) ; H2O in +z
d24
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pl16: gpl*0. 3
d16
(p1*0.231 phO d19*2 pl1*0.692 phO d19*2 pi*1.462 phO d19*2 pl*1.462 ph2
d19*2 pl*0.692 ph2 d19*2 pl*0.231 ph2):fl1 (cenld4 p3 phl 3u p4 phO 3u p3
phl):f2
pl16: gpl*0. 3
di6 pl 12:f2
d24 setnnr 2”0 set nnr 0034732733
go=2 ph31 cpds2:f2

dl do:f2 w #0 if #0 zd

di1 i p3
di1l ipl3
loto 3 tines 2
d11 i do
d11l i p31*2
loto 4 tines |3
exit
ph0=0
phl=1
ph2=2
ph3=0 2
ph13=1 3
ph4=0 0 2 2
ph10= 22222222
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