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Chapter

1

General Introduction

The understanding of physiological processes at a molecular level has revolutionized life
science in the last decades. The discovery of the genetic code, the understanding of how this
information is translated into proteins, the sequencing of whole genomes of several
organisms and the decoding of the human genome have been milestones yielding profound
insights into the secrets of life. The explosive growth of knowledge results from an interplay
of several disciplines: molecular biology, biochemistry, bioinformatics, structural biology
and also many sections of chemistry and physics. The development of new technologies
combined with high degrees of automation have allowed crucial breakthroughs such as the
deciphering of the human genome.

Following completion of the Human Genome Project, the DNA code has now to be
analyzed and many questions arise. What is the function of the encoded proteins and RNA?
How do they interact with each other? How does the whole proteome (all proteins of an
organism) change during cell differentiation? Which post-translational modifications take
place? This is only a small sample of the many questions which will be investigated in the
coming decades. This research field has been given the name Proteomics.

One approach to Proteomics is to determine structures of the unknown proteins encoded
in the DNA and based on this to propose their possible functions. Several initiatives based on
this strategy were founded in the past three years, among them the Protein Structure Factory
in Berlin (Heinemann et al., 2000).

Structural biology, the discipline which deals with the three dimensional structure
determination of biological macromolecules and their interactions with other molecules, has
developed into one of the most important fields for understanding of biological functions.
The successful determination of a protein structure at atomic resolution was first performed
in 1959 using X-ray crystallography (Kendrew 1960, 1993). Since then X-ray crystallography
has been established as the traditional method for solving protein structures. However, it is
useful only for proteins that form high quality crystals. Two decades later, nuclear magnetic
resonance (NMR) spectroscopy showed the capability to solve structures of proteins and

peptides in an aqueous environment, as they exist in biological systems (Wiithrich, 1986).
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Additionally, NMR allows one to observe the physical flexibility of proteins and the
dynamics of their interaction with other molecules in solution - a huge advantage when
studying the biochemical function of a protein (Palmer et al., 2001). Finally, potential
binding partners of proteins, even with low affinity, can be screened by NMR spectroscopy
and the binding sites can be mapped. Based on this, a novel method was developed in
pharmaceutical research to optimize the binding affinity of potential drugs: SAR (structure
affinity relationship) by NMR (Shuker et al., 1996).

NMR spectroscopy is a young method and is developing very rapidly. The method allows
the determination of protein structures routinely up to a molecular mass of ca. 20 kDa.
Several techniques have been recently developed to extend the applications to sizes up to 100
kDa (Pervushin, 2000). There are efforts to fully automate the whole process of protein
structure determination (Moseley and Montelione, 1999).

The main project described in the present work is a contribution to the technology which
has to be developed for automated assignment of NMR signals, as the necessary first step in
automated structure determination. Novel amino acid type-selective NMR experiments were
designed which identify the amino acid type corresponding to each NMR signal. Strategies to
implement these experiments into an automated assignment procedure are proposed. The
implementation itself would go beyond the scope of this work and is tackled by others
(Oschkinat group, unpublished results) . The use of this specific information as additional
input will greatly facilitate automated assignment, increase the robustness of existing
automated procedures and ultimately reduce or even avoid any manual interference.

The second project described here deals with the extension of liquid state NMR
spectroscopy to membrane proteins. These can often not be crystallized and therefore X-ray
crystallography is not applicable. Recently developed techniques in NMR spectroscopy open
the way for obtaining structural information on membrane proteins solubilized in micelles
(Arora and Tamm, 2001). Bacteriorhodopsin was chosen as a model system. The micelle and
the membrane protein together behave like a very large protein of ca. 100 kDa and thus ranks
at the frontiers of NMR accessibility. The aim of the project was to explore how far the
spectra of the membrane protein could be assigned with recent methods and which structural
information could be extracted. This knowledge allows us to judge whether biologically
relevant membrane proteins such as G-protein coupled receptors are already accessible to

NMR investigation, or whether the recent techniques have to be further developed.
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Chap ter NMR chemical shift assignment

: 2 strategies for proteins

2.1 Introduction

The development of the Fourier transform NMR in 1966 (Ernst and Anderson, 1966) and
the introduction of a second frequency dimension in NMR spectroscopy by Jeener in 1971
(Jeener, 1971) opened the way for structure determination of complex molecules like natural
products, sugars and peptides by NMR. A decade later systematic procedures for the analysis
of complex protein spectra were introduced by Wiithrich and co-workers to determine three
dimensional structures of proteins (Wiithrich et al. 1986). In 1985 the first protein structure
was determined by NMR spectroscopy (Williamson et al., 1985). These methods were
developed for unlabeled proteins and allowed resonance assignments and measurements of
distance restraints for proteins with molecular masses of up to 10-12 kDa. They are briefly
described in chapter 2.2 together with methods for the investigation of '°N labeled proteins.

The development of molecular biological methods in the late 1980°s allowed '°N-labeling
and later on "*C/'"N-labeling of proteins. This resulted in a substantial addition to the
assignment strategies by the use of double and triple-resonance NMR experiments. The use
of triple-resonance experiments on uniformly >C/"°N-labeled proteins which is discussed in
chapter 2.3 is nowadays a routine method for assigning proteins with molecular masses of up
to 15-20 kDa.

The recent introduction of H/"*C/ "N-labeling and the TROSY technique has pushed the

size limit towards 100 kDa. These techniques are introduced in chapter 2.4.

2.2 Sequential resonance assignment in unlabeled and "°N labeled proteins

For the investigation of structure and dynamics of biomolecules by NMR a complete
resonance assignment is a prerequisite (Wiithrich, 1986; Cavanagh et al., 1996). The
methods for the sequential assignment of proteins developed by Wiithrich and co-workers
(Wiithrich et al., 1982) are based on the identification of spin systems within individual
amino acids using through-bond 'H-"H connectivity measured with correlation spectroscopy
(COSY) (Jeener, 1971; Aue et al., 1976) and later on by total correlation spectroscopy
(TOCSY) (Braunschweiler and Ernst, 1983; Bax and Davis, 1985). In a second step, the
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sequential connectivities between neighboring amino acids are established via nuclear
Overhauser effect spectroscopy (NOESY) (Jeener et al., 1979). Small peptide segments of
different length are thus obtained which are matched to the sequence. In order to complete
the resonance assignment these segments are extended and linked.

With increasing molecular weight not only the number of signals but also the linewidth of
the signals increases. Additionally, losses of magnetization occur due to relaxation. The
development of three-dimensional homonuclear experiments in the late 1980°s (Griesinger et
al. 1987a; Griesinger et al. 1987b; Oschkinat et al. 1988) offered a better dispersion of
signals. However, the number of signals is higher than in 2D spectra, the resolution in the
two indirect dimensions is usually inferior and the sensitivity is relatively low due to
intensity losses during the additional magnetization transfers. Therefore relatively long
measurement times are necessary.

The introduction of "N labeling into protein NMR offered an additional frequency
dimension ('°N) which greatly enhanced the dispersion of 2D and 3D NMR spectra as
illustrated in Figs. 2.1 and 2.2. The extension of common homonuclear 2D experiments by a
third "°N frequency dimension yields 3D "°N edited 'H-'"H spectra. The spectra are less
complex than homonuclear 3D spectra, only signals of "H nuclei which are attached to °N
are present in the edited dimension. While the 'H chemical shift dispersion is often not
sufficient to distinguish all the H" resonances, the 'H-'""N correlation is used as a
“fingerprint” in which every individual amino acid in the chain is represented by one signal
(Fig. 2.2). Each residue corresponds to a characteristic 'H/'°N chemical shift pair. However,
the general chemical shift assignment strategy based on homonuclear COSY, TOCSY and

NOESY transfers was not revised.
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Fig. 2.1: The chemical shift dispersion of one-dimensional protein NMR spectra of the nuclei 'H, °C and "°N:
(a) 'H 1D spectrum of the SAM domain (Smalla et al., 1999), (b) *C 1D spectrum of Tendamistad (Kessler et
al., 1990) at natural abundance, (c) °N 1D spectrum of "°N labeled T, Lysozyme (McIntosh & Dahlquist,

1990).
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Fig. 2.2: Two-dimensional spectrum of a 'H-N correlation: '"N-HSQC of the a-spectrin SH3 domain
(Musacchio et al., 1992; Blanco et al., 1997). Each amide group corresponds to one signal. NH, signals of
Asn/Gln and NH signals of the side chains of Trp and Arg are present too.

2.3 Assignment of uniformly *C/"*N-labeled proteins using triple-
resonance experiments

The introduction of *C/"°N labeled proteins initiated the development of a fundamentally
new assignment procedure based on triple-resonance NMR experiments (Kay et al., 1990;
Montelione and Wagner, 1990). Uniformly "*C/"°N labeled proteins offer very efficient
magnetization transfers through a network of coupled heteronuclear spins. Magnetization can
be transferred between different °C nuclei and between '°N and '°C via COSY and INEPT

steps using the coupling constants shown in Fig. 2.3.

13C

Y
35 Hz
13 1 130Hz 13 1
CB HO(. CB - HOL
35 Hz 35 Hz
13 55Hz 13 IS Hz 15+ v -1 Hz 13 S5Hz 13
C—C—"N—"C,—7C

(04

o
‘ W ‘-92 Hz ‘140Hz
1 1 1
H H, H

o o

Fig. 2.3: The most important 'J/ *J coupling constants in *C/"°N labeled proteins. They are used in the common
triple-resonance experiments.
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Due to the values of the 'J coupling constants being large in comparison to the linewidths,
the magnetization transfer steps are quite efficient and several of them can be combined.
Note that these couplings and transfers are conformation independent. The efficient transfer
lead to the development of triple-resonance experiments which make use of radio frequency
pulses at the frequencies of the three nucleus types 'H, C and "N. For reasons of

sensitivity, the magnetization transfer usually starts and ends on 'H.

chem. shift '3C

Fig. 2.4: Schematic representation of a three-dimensional triple-resonance spectrum with 'H, "N and "C
chemical shift axis. For one ('H, '°N) frequency pair which corresponds to a residue a “strip” is shown in the
center of the 3D cube.

Most 3D triple-resonance experiments designed for proteins record 'H™ and '°N chemical
shifts in addition to a third frequency (Fig. 2.4). 2D projections ("H/ '°N) of these spectra
look like a usual 2D ""N-HSQC, which contains a “fingerprint” of the protein, i. e., a pair of
(‘HY,"*N) frequencies for each residue, only some side chain NH signals are missing. It
should be emphasized that their use in the sequence specific assignment of °N,"*C-labeled
proteins lead to the most powerful assignment strategy available nowadays for proteins up to
ca. 20 kDa (Clore and Gronenborn, 1991; Sattler et al., 1999). The usual strategy is to
correlate each (‘HY,'°N) frequency pair with C%, CP or other frequencies of the same and the
sequential amino acid and thus form chains of residue patterns that can be matched to the
amino acid sequence of the protein once the type of amino acid corresponding to the pattern
has been identified.
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To connect °C chemical shifts of C* and CP to each ("H,"°N) frequency pair the two 3D
experiments CBCA(CO)NH (Grzesiek and Bax, 1992a) and CBCANH (Grzesiek and Bax,
1992b) are usually used. The magnetization transfer pathways are shown schematically in
Fig. 2.5 a and b. Note that the CBCA(CO)NH deliver the C* and CP chemical shift of the
preceding residue (i-1) while the CBCANH delivers the C* and CP chemical shift of residue
(i-1) and 1. Signals of residue (i-1) are recognized by the presence in both spectra, while
signals of the amino acid i are only present in the CBCANH (Fig. 2.6). The cP signals in the
CBCANH have opposite sign compared to the signals from C%.

a HBH —> CBi-l (tl) \

HAi-l —> CAi-l (tl)

CAi-l —> C'i-l - Ni (tz) —> Hi (t3)

b HB, — CB, (t)
™ CA.
HA, —> CA.(t) — ~
Ni (tz) —> Hi (tz)
HBi-l —> CBi-l (tl)
T ca,

HAi-l —> CAi-l (tl) —7

Fig. 2.5: Magnetization transfer pathways of the triple-resonance experiments (a) CBCA(CO)NH, (b)
CBCANH used for the sequential backbone assignment of >C/'°N labeled proteins. Magnetization is transferred
using 'J coupling constants and in the CBCANH additionally Juca. The *C and N chemical shift evolution
periods are indicated with t; and t,. t; is the 'H acquisition time. The indices i and i-1 indicate two neighboring
residues in the amino acid sequence.

”STrip”

at a specific “N
and 'H chem. shift

corresponds
to one residue

T chem. shift ] g\
“C of Ca/CP CB
/’° T
CBH CBH
i S
e cC
&‘.\5 N oy
COCH/’Q T Co,,

CBCA(CO)NH ~ CBCANH

Fig. 2.6: Representation of the signals contained in the triple-resonance experiments CBCA(CO)NH and
CBCANH. The signals of the CP in the CBCANH are negative.
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Neighboring residues are found by matching the BC chemical shifts of residue (i-1)
(corresponding to one strip) to the '*C chemical shifts of residue (i) which follows it in the

sequence. This is demonstrated in Fig. 2.7.
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i e
i v o ]
| & =d I 1
N o C CB. | [ CB. ! !
/ @ / \N \C | i = L
/ I I a1 NN
H-+4C/ H H O ! _
CBCA(CO)NH [ O
&S— “w
Co,
r50
Co, 1/0 ™Ca,,
L e | TIT
CBCA(CO)NH CBCANH i D] @12 e
& -
CBCANH -

V69 A60 K61 E62

“NA206  “N:A246 NS5 “N:A206
'H:7.32 'H:7.64 'H:8.33 'H:7.55

Fig. 2.7: Finding neighboring residues with the experiments CBCA(CO)NH and CBCANH by matching CP and
C“ chemical shifts of residue i and i-1. (a) Peptide topology with the spins involved in the two experiments
highlighted. (b) On the left two "strips" of both experiments at a particular '"H/"*N frequency pair are shown. On
the right the matching of strips of the CBCANH is illustrated. The CBCA(CO)NH is only used to distinguish
the "°C frequencies of (i-1) from those of the i residues.

To obtain a robust assignment strategy, however, more 3D experiments should be used,
for example a set of the 6 triple-resonance experiments (CBCA(CO)NH, CBCANH,
HN(CA)CO, HNCO, HA(CACO)NH and HA(CA)NH) which deliver the CB, CA, C’ and
HA frequencies of residues i and of previous residues i-1. All frequencies collected for a
"H/"°N pair are called in the following a generic spin system. The experiments HNCO
(Ikura et al, 1990; Kay et al., 1990) and HN(CA)CO (Clubb et al., 1992a) are used to obtain
the carbonyl °C chemical shifts of residue i and i-1. Their magnetization transfer pathways
are shown schematically in Fig. 2.7 a and b. The experiment pair HA(CACO)NH (Boucher
et al., 1992; Montelione et al., 1999) and HA(CA)NH (Kay et al., 1991) or HN(CA)HA
(Clubb et al., 1992b) deliver the HA frequencies of residue i and i-1. Most recent versions
and a variety of other triple-resonance experiments are reviewed in the literature (Sattler et
al., 1999; Montelione et al., 1999). Note that other combinations of triple-resonance

experiments are possible. Even a strategy based on 4D experiments is feasible.
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a H—> N, — C', (t) — N (t,) — H; (t,)

P 4 CA, —Ci(t) — CA
b Hi - Ni Ni (tz) —> Hi (ts)
TR CA,—C, () —>CA, T

C HAi-l (tl) — CAi—l — C'i-l - Ni (tz) —> Hi (ts)

d HA, (t) —> C, —> CA,

> N (t,) — H; ()
HAi-l (tl)_> C'i-l —> CAi-l

Fig. 2.8: Magnetization transfer pathways of the triple-resonance experiments (a) HNCO, (b) HN(CA)CO, (c)
HA(CACO)NH and (d) HA(CA)NH. Magnetization is transferred using 'y coupling constants and in case b and
d additionally “Jxca. The "*C and "N chemical shift evolution periods are indicated with t, and t,. In (c) and (d)
t, is the chemical shift evolution of the 'H". t; is the 'H acquisition time. The indices i and i-1 indicate two
neighboring residues in the amino acid sequence.

The pool of generic spin systems obtained from the set of six 3D experiments are shown
schematically in Fig. 2.9 and can be compared to pieces of a jigsaw puzzle. Sequential
neighboring residues, are found by matching the CB, CA, C’ and HA chemical shifts, and
linked up so that chains of residues are formed. Sometimes various pieces would fit to one
particular piece and the connection to the neighbor is ambiguous. The chains are then
matched to the protein sequence. The CB and CA chemical shifts are used to obtain
information about the amino acid type (Grzesiek and Bax, 1993). A correlation of both
chemical shifts results in a two-dimensional landscape which is shown in Fig. 2.10. Only in
few cases the amino acid type can be identified unambiguously, which is the case for Ala,
Ser and Thr. Probabilities for all amino acid types are obtained and the amino acid typing is
usually ambiguous. However, there are procedures available which are able to handle
probabilities of several amino acid types per residue for the sequence matching and the most
probable assignments for a given chain are delivered (Grzesiek and Bax, 1993; Zimmerman
etal., 1997).

The segments which have been assigned can be extended by finding matching spin
patterns until the protein is completely assigned. Dynamics and exchange can lead to missing
signals which prevent complete assignment. A correct backbone assignment is indicated by a

full consistency of all data.
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i-1 residue 1
4.62 [HA| 459
428 |CB| 283

i-1 residue 1 545 |CA| 547 i-1  residue 1
> [HA] 3.89 174.3 |COJ 173.6 519 [HA| 5.1
185 |CB| 42.8 N 1177 358 |CB| 467
522 |CA| 555 H 8.31 576 |CA| 521
173.2 |CO| 176.4 175.2 |CO| 173.8
-1 residue 1
- - N 123.1 !
E127'5 i-1  residue 1 H 597 5.11 |HA ?
9.25 389 [HA| 4.62 : 467 |CBl 103

428 |CB| 42.8
555 |CA| 545

52.1 |CA| 522

. . 173.8 |CO| 173.2

pool of generic spin 1764 |CO| 1743 N1

systems N 115 Hop
H 713

matching the generic spin
systems to form chains

v

i-1 residue 1 i-1 residue 1 i-1 residue 1 i-1

5.19 \HA| 5.11 5.11 {HA ? ? |HA| 3.89
46.7 |CB| 19.3 m=u 185 |CB| 42.8
52.1 |CA| 522 m=e 522 |CA| 555

CO

residue 1 i-1  residue 1

3.89 \HA| 4.62 4.62 \HA| 459
428 |CB| 428 428 |CB| 283
555 |CA| 545 545 |CA| 54.7

358 |CB| 46.7
57.6 |CA| 52.1
175.2 |CO| 173.8

173.8 |CO| 173.2 fmu[73.2 176.4 176.4 |CO| 174.3 174.3 |CO| 173.6
N 1231 N 127.0 N 1275 N 1115 N 1177
H 897 Hoi2 H 925 H7i3 H 831

evaluation of the segments

protein sequence ——>»> l sequence matching and —_—

i-1 residue 1 i-1 residue 1 i-1 residue 1 i-1
5.19 \HA| 511 5.1 {HA| 2 ? |HA| 3.89
358 |CB| 46.7 46.7 |CB| 193 185 |CB| 42.8
576 |CA| 52.1 52.1 |CA| 522 522 |CA| 555
175.2 |CO| 173.8 173.8 |CO| 173.2 173.2 |CO| 176.4

residue i i-1  residue i
3.89 \HA| 4.62 4.62 \HA| 459
428 |CB| 42.8 428 |CB| 283
555 |CA| 545 545 |CA| 54.7
176.4 |CO| 174.3 174.3 |CO| 173.6

N 1231 N 127.0 N 1275 N 1115 N 117.7
H 897 Hoi2 H 925 H7i3 H 831

L10 All L12 Y13 D14

extension of the assigned segments
and connection of them

full backbone assignment

Fig. 2.9: Schematic presentation of the backbone assignment procedure. Missing frequencies which might be

the caused by missing signals in the spectra or incomplete water suppression are marked with "?".
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The identification of the amino acid type is critical. All probable amino acid types for
each residue of an unassigned segment have to be considered during the sequence mapping.
This can lead to a combinatorial explosion of possible amino acid type combinations which
need to be evaluated and scored during sequence mapping. An unambiguous determination
of the amino acid type will greatly facilitate the assignment procedure and the development
of experiments which deliver this information has been the goal of the present thesis. They

are presented in chapter 4.

10
BCB

o Ala I %)

— 30

— 40

— 50

— 60

.................. Thr -

64 62 60 58 56 54 52 50
"Co. [ppm]

Fig. 2.10: Two-dimensional landscape of the CB and CA chemical shifts with the characteristic areas for the
different amino acid types. The ellipses show approximately the standard deviation of the chemical shift values
found in the BMRB database (Seavey et al., 1991). Data for Cys in the oxidized and reduced form are taken
from Sharma and Rajarathnam (D. Sharma and K. Rajarathnam, 2000).
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Proline residues hinder sequential assignment strategies based on a 'H-""N correlation
because proline lacks a NH group. A sequential assignment then has to rely either on the
observation of NOEs from proline to neighboring residues or on triple-resonance
experiments which do not involve a NH. A couple of triple-resonance experiments have been
designed just for this case, the HACA(CO)(N) (Olejniczak and Fesik, 1994), the
HDHA(NCO)CAHA (Bottomley et al., 1999) and the two 3D experiments HCAN and
(HB)CBCA(CO)N(CA)HA (Kanelis et al., 2000). Additional proline selective experiments
are presented in chapter 4.

Several approaches to automate the sequential backbone assignment are discussed in

chapter 5.

2.4 Frontiers of Biological NMR: Application of TROSY on large
uniformly *H/"C/"*N-labeled proteins

With increasing protein size not only the number of signals but also the linewidths
increase due to increased relaxation which is caused by the slower tumbling times of larger
molecules. Standard triple-resonance experiments mentioned in chapter 2.4 experience an
exponentially progressive decrease in sensitivity. Proton-proton spin diffusion is one of the
largest contributions to the fast relaxation. It can be eliminated by exchanging the "H nuclei
by *H nuclei. Deuteration also decreases "°C relaxation and thus "°C line widths. A deuteron
is 42-fold (Yw/y’p) less effective than a proton at causing dipolar relaxation of an attached
1C and the surrounding 'H.

A variety of deuteration schemes are in use, including random fractional deuteration,
uniform deuteration and selective deuteration. Several reviews describe the methods in detail
(Gardner & Kay, 1999; Farmer & Venters, 1999). For the backbone assignment of large
proteins a uniformly “H/"*C/"°N labeled sample in water is usually used. Only exchangeable
protons like in NH and NH, are present. The assignment strategy is in principle identical to
the one for >C/*°N labeled proteins, however because of missing protons attached to "*C
only triple-resonance experiments of the "out and back" type, starting and ending on 'HY, are
applicable. Several triple-resonance experiments were developed for “H/*C/'°N labeled
proteins which are reviewed in the literature (Gardner & Kay, 1999; Farmer & Venters,

1999). The magnetization transfer pathways of the experiments used in this work are given in
Fig. 2.6.
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d
H—> N, — C'i-l - CAi-l (tl) — C'i-l — N, (tz) — H, (ts)
b _» CA(t) —
H,— N, -~ s 4 N (t) — H; ()
CA, (t)
C _r CB, (t) ~
H—> N, — C'i-l - CAi-l CAi-l - C'i-l — N, (tz) — H, (ts)
TReAL )
d N,
/' b CA) — T~
N—H \ N, (tz) —> H, (ts)
CBl 1 (t )
CAM< > CA,,
CA1 1 (tl)

Fig. 2.11: Magnetization transfer pathways of the common triple-resonance experiments used for the sequential
backbone assignment of H/"C/"*N labeled proteins, (a) HN(CO)CA, (b) HNCA, (¢) HN(CO)CACB, (d)
HNCACB. The pathways for the HNCO and HN(CA)CO are given in Fig. 2.5. Magnetization is transferred
using 'J coupling constants and in case b and d additionally “Jyca. The °C and "N chemical shift evolution
periods are indicated with t; and t,. t3 is the 'H acquisition time. The indices i and i-1 indicate two neighboring
residues in the amino acid sequence.

The TROSY (transverse relaxation-optimized spectroscopy) technique has been
developed to reduce relaxation losses during the chemical shift evolution of a heteronucleus
X (e. g. °N), the X — '"H magnetization transfer and the acquisition time (Pervushin et al.,
1997). The longitudinal relaxation rate (R;) characterizes the return of the z-component of
precessing magnetization to thermal equilibrium and the transverse relaxation rate (R»)
characterizes the dephasing of the transverse components. R, directly determines the line
width of NMR signals and thus indirectly the signal intensity in multidimensional
experiments. The transverse relaxation rate is mainly caused by dipole-dipole (DD) coupling
and chemical shift anisotropy (CSA). Considering the components of a doublet of I in a
weakly coupled two spin system IS the transverse relaxation rates are different due to
addition or subtraction of the influence of DD coupling and the CSA. A narrow and a broad
component is the result. In a non-decoupled two-dimensional ">’N-HSQC spectrum only one
component of the quartet has a narrow line width in both dimensions (the TROSY
component) as shown in Fig. 2.12. TROSY experiments select solely these narrow
components and suppress the broad components of the quartets. Note that the signals in a
TROSY experiment are shifted in both dimensions by 1/2Jyyg. To summarize, TROSY
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. . 15 1 .. . .
suppresses transverse relaxation, e. g. in “N- H moieties by constructive use of interference

between dipole-dipole (DD) coupling and chemical shift anisotropy (CSA).

8 "N (ppm)
L129.5

+130.0

+130.5

+131.0

131.5

10.50 10.45 1040 10.35 1050 10.45 1040 10.35 1050 10.45 1040 10.35
3 H (ppm) 8 'H (ppm) 8 H (ppm)

Fig. 2.12: Regions of 'H-""N correlations of *H/"°N labeled Bacteriorhodopsin solubilized in detergent micelles
(chapter 6). Shown is a signal of a NH moiety: (a) conventional "N-HSQC with decoupling in both dimensions,
(b) "N-HSQC without decoupling in both dimensions and (c) "N TROSY which selects only the narrow
component.

triple-resonance experiments  dimensionality references
using TROSY

HNCA 3D Salzmann et al., 1998, 1999a,1999b;
Permi and Annila, 2001; Meissner and
Serensen, 2001a.

HNCO 3D Salzmann et al., 1998;
Yang and Kay, 1999a;
Loria et al., 1999.

HN(CO)CA 3D Salzmann et al., 1999c.
HN(CA)CO 3D Salzmann et al., 1999c.
HNCACB 3D Salzmann et al., 1999c.;
Meissner and Sgrensen, 2001b.
HN(CO)CACB 3D Salzmann et al., 1999c.
HNCOCA 4D Yang and Kay, 1999b.
HNCACO 4D Yang and Kay, 1999b.
HNCO;CA 4D Konrat et al., 1999.
HNCAN 3D Lohr et al., 2000.

Table 2.1: TROSY triple-resonance experiments for sequential resonance assignment of *H/"?C/"N labeled
proteins.

The TROSY technique can be implemented in every NH detected triple-resonance

experiment and TROSY versions of most of the above mentioned triple-resonance
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experiments were published. Table 2.1 gives an overview. The advantages are higher
sensitivities of the experiments and smaller half height line widths. Therefore the separation
of signals in the ""N-'H plane is better (Riek et al., 2000).

The application of the TROSY technique to the membrane protein Bacteriorhodopsin

solubilized in detergent micelles is presented in chapter 6.
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Ch apter MUSIC with shaped pulses and tuned delays:

3 An introduction to the techniques used to

create amino acid type-selective NMR experiments

Parts of this chapter were published in J. Magn. Reson. 141, 34-43 (1999).

3.1 Introduction

This chapter gives an introduction into the basic techniques of triple-resonance
experiments and into selection mechanisms which are used in chapter 4 to create amino acid
type-selective NMR experiments. Basic building blocks to achieve the desired magnetization
transfers are discussed in chapter 3.2. More sophisticated techniques which are able to edit
multiplicities are introduced in chapter 3.3. MUSIC, a novel powerful building block which
transfers magnetization and selects multiplicities is discussed in chapter 3.4. A short
introduction into selective pulses is given in chapter 3.5. It includes an analysis of the
evolution of spin-spin coupling during long selective pulses. How carefully tuned delays can

select specific coupling topologies is described in chapter 3.6.

3.2 Basic building blocks in triple-resonance experiments

The common triple-resonance experiments consist of a combination of simple building
blocks. The most common ones are introduced in Fig. 3.1.

INEPT (insensitive nuclei enhanced by polarization transfer) (Morris and Freeman, 1979)
is the standard magnetization transfer between heteronuclear spins (Fig 3.1 a). A delay 2A is
set between 1/4Jis and 1/2J;s optimized to minimize relaxation losses. A simple chemical
shift evolution in the indirect dimension is shown in Fig. 3.1b. A 180° pulse in the center of
the chemical shift evolution period refocuses J coupling to a coupled spin I. A constant time
chemical shift evolution combined with a magnetization transfer between two different types
of nuclei is shown in Fig. 3.1c. The optimal value for the delay 2A lies in between 1/4J;s and
1/2Jis depending on the relaxation losses. A constant time chemical shift evolution during
which J-coupling between S and I is refocused is presented in Fig. 3.1d. A homonuclear
through-bond magnetization transfer is the COSY (correlation spectroscopy) step (Jeener,
1971; Aue et al., 1976). A refocused COSY transfer without chemical shift evolution is
shown in Fig. 3.le. The two pairs of delays A are separated by 180° pulses to refocus

chemical shift evolution. The tuning of the delays A; and A; is discussed in detail in chapter
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3.6. Total correlation spectroscopy (TOCSY) (Fig. 3.1f) is a technique which transfers in-
phase magnetization to all J-coupled homonuclear nuclei within one spin system
(Braunschweiler and Ernst, 1983; Bax and Davis, 1985). Different pulse trains were designed
for that purpose which is reviewed in the literature (Glaser and Quant, 1996). Pulse trains
designed for broad band decoupling of a nucleus type are for example WALTZ-16 (Shaka et
al., 1983) and GARP-1 (Shaka et al., 1985) (Fig. 3.1g).

a) b)

INEPT - fransfer standard evolution

1|A Al I [

JIS QS
S |_| L S 2 t/2

c) d)

constant time evolution constant time evolution

I [ L I |_!LQ

QS + JIS

|
S JA—t1/2|_| A+t,2 L S JA—tl/2|_| A :tl/ZL

e) f)

refocused COSY - transfer TOCSY - transfer

S

LA, |_| A, I A, |_| A, ! DIPSI-2

g)
broadband decoupling

watz1e | @ GARP

Fig. 3.1: The most common building blocks used in triple resonance experiments. 90° and 180° pulses are
represented by thin black filled and thick unfilled bars, respectively. (a) The INEPT transfer, (b) a standard
chemical shift evolution time during which J-coupling between spin I and S is refocused, (c) a constant time
chemical shift evolution time during which J-coupling between spin I and S is active, (d) a constant time
evolution time during which J-coupling between spin I and S is refocused, (e¢) a refocused COSY transfer
(without chemical shift evolution), (f) a TOCSY transfer and (g) two broadband decoupling schemes. WALTZ-
16 is widely used to decouple 'H and GARP to decouple heteronuclei.
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3.3 Spectral editing techniques - The precursors of MUSIC

Several techniques were developed to obtain multiplicity information of a certain
heteronucleus (SI, SI, or SI3). The different multiplicities can be distinguished by different
signs of the signals which is called editing. The most common editing techniques are DEPT
(Doddrell et al., 1982) and refocused INEPT (Morris and Freeman, 1979) whose pulse
sequences are shown in Fig. 3.2. POMMIE is a rarely used technique (Bulsing et al., 1984)

but it offers some advantages.

a)

'H ] A (] A‘I A [] A WALTZ

x 11 ]

b)

0
‘H]AHA%A WALTZ
X I |_|

c)

¢
‘H]AHAHA WALTZ
X I |_|

Fig. 3.2: Editing techniques: (a) refocused INEPT, (b) DEPT and (c) POMMIE.

The INEPT element in Fig. 3.1a leads to antiphase magnetization -2I,S,. A refocusing
step has to follow to convert the antiphase magnetization into in-phase magnetization Sy. The
different behavior of the multiplicities can be described by the product operator formalism

(Serensen et al., 1982; Serensen and Ernst, 1983). Irrelevant terms are omitted.
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2A,
SI: -21,S, —» Sy sin mlis2A,

2A,
SI,: -21,S, —» S sin ms2A; cos mis2A,

20,
SI;:  -2IS, —» S, sin Ms2A; cos” Ts2A,

The signal intensities of the different multiplicities are a function of ©Jis2A, and thus of
the delay A, (Fig. 3.3). By appropriate adjustment of the parameter A, different signs of the
signals depending on the multiplicities are obtained.

In the DEPT experiment the pulse length 6 determines the sign of a particular multiplicity.
The delay A is set to 1/2];s. A detailed description of the experiment in the product operator
formalism is published elsewhere (Serensen and Ernst, 1983; Chandrakumur and
Subramanian, 1987). The intensities as a function of 6 are given in the following. Irrelevant

terms are omitted.
SI: Sy sin 6
SI,: 2 S, sin 6 cos O

SI;: 3S,sin 6 cos’ 0

The functions are shown in Fig. 3.3.

The POMMIE experiment is able to edit multiplicities by changing the phase ¢ of a 90°
pulse. The intensity dependence on ¢ is almost identical to the DEPT sequence. The only
difference is that the editing parameter is the pulse angle in the DEPT and a pulse phase in
the POMMIE sequence (Fig. 3.3):

SI: Sx sin ¢
SI,: 2 Sx sin ¢ cos ¢

SI;: 3 Sxsin ¢ cos’ [0}
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o [°]
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Intensity ' ' ' : '
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INEPT: 0. = 1J,2A,; DEPT: 0. = 6; POMMIE: 0= 0.

Fig. 3.3: Dependence of the signal intensities of the particular multiplicities as a function of the editing
parameter o. which is identical to the pulse angle 6 in the DEPT experiment and to the phase ¢ in the POMMIE
experiment. In the refocused INEPT « is correlated to the refocusing delay A;: oo = lis2A,. Note that the curves
show the intensities resulting from one excited proton. Since there are two or three of them in a CH,, CH;
group, respectively, these intensities have to be multiplied by 2 or 3, respectively.

Several attempts have been made not only to edit, but also to select a particular
multiplicity. The difference between editing and selecting multiplicities is that editing just
gives signals of certain multiplicities different signs while selecting results in a suppression
of undesired multiplicities. A particular multiplicity selection requires a linear combination
of several experiments with a different parameter o.. An example with the DEPT experiment
using three different pulse angles is given by Doddrell et al. (Doddrell et al., 1982). The
individual experiments had to be scaled before they were added or subtracted. The selection
is not completely clean, residual signals of undesired multiplicities are present. The
shortcomings mainly result from different Jis coupling constants in the sample and an
incorrect setting of the flip angle. To ensure a correct flip angle is very difficult since it
depends on the offset. Even if the flip angle is exactly 90° SI, and SI; multiplicities will not
be totally suppressed due to different J;s couplings. This problem is known as “J-cross-talk”
(Serensen and Ernst, 1983).

Deviations of Jis couplings are even more severe in the refocused INEPT, since it leads to
phase distortions and to different values of o for a given delay. Linear combinations of
spectra with different delays A, for the selection of a particular multiplicity do therefore not
lead to satisfying results.

Only the POMMIE sequence allows exact adjustment of the parameter o since in this case

it is the phase of a 90° pulse. Adding FID’s with different o values is accomplished simply
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by phase cycling. POMMIE extended by a proper phase cycle is the only sequence among

those three which allows the selection of proton double- and triple-quantum coherence.

3.4 MUSIC: A multiplicity selective in-phase coherence transfer

MUSIC (multiplicity selective in-phase coherence transfer) is based on the POMMIE
sequence and selects 'H double and triple quantum coherence by a proper phase cycle. 'H
triple quantum coherence can only be formed by a XH; group (X = spin %2 nucleus) whereas
double quantum coherence can be formed by XH, but potentially also by XHs;. MUSIC
selects higher multiplicities and suppresses lower ones in contrast to editing techniques
which just give opposite signs for different multiplicities.

In the following, multiplicity selection with °C as the heteronucleus is discussed by the
product operator formalism. At the beginning n quantum coherence has to be excited
efficiently. In order to select "H n quantum coherence a phase cycle with /n phase shifts is

necessary.

0,
q J AHAJ_ICA |

a d

+3

IH +2
+1

XH, 0
-1

2

3

+3

+2

+1

XH, 0
-1

2

-3

+1

l i 0

-1
Fig. 3.4: The MUSIC pulse sequence is shown on the top, the coherence pathway diagrams for 'H and X at the
bottom. A is set to 1/2Jyx. The phase cycle for the selection of XH, is: ¢; = 45°, 135°, 225°, 315°, @ = 0°,

180°; for the selection of XHj it is: ¢; = 30°, 90°, 150°, 210°, 270°, 330°, ¢ = 0°, 180°. The phase cycle can
be combined with conventional phase cycling used in standard triple-resonance experiments. To further

improve the performance of the sequence, three gradients of equal sign and strength can be implemented in each
of the three delays. These gradients reject imperfections of the two 180° pulses.
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The transfer function up to point a is:

90°, ("H) A 180°, ('H)
le —> 'Hly —> 2 HIXCZ sin (TCJCHA) —» 2 HlXCy sin (TEJCHA)
90° (°C)

Note that till this point the transfer functions of CH, CH, and CHj are identical except the
fact that in CH, and CHj; the second and third proton H, and Hs can also be excited leading
to the same transfer function where just H; is replaced by H; or Hs, respectively. The delay A
is set to 1/2Jcy and the sine term is equal to 1. For the sake of clarity sin (mJcyA) terms are
omitted in the following. The different multiplicities are discussed separately up to point b.
Chemical shift evolution of *C is not taken into account since it is refocused at the end of
MUSIC. Coupling to other °C nuclei is omitted too.

A 90° ('H)
CH: 2H,, —» 2H,C, —» 2H,,C, = (H, +H,)C,

A 90°, ('H)
CH,: 2H,C,+2H,C, —»-4H,H,C,-4H,H,,C, —» 4H,H,,C,+4H,;H,,C,

2
=2 (2H,Hyy +2HyHy) C,= = (H{H, - H/H;) C
1

A
CH3: 2 H]ny +2 Hszy +2 H3ny —»_8 H]xH22H3ZCy -8 H12H2XH3ZCy -8 H]ZH22H3ny

90°, ('H)
—» - 8 H;,H,,H;,C, — 8 H;,H,,H;,C, — 8 H;,H,,H3,C,

=3 (H1+H2+H3+ + H, H,Hy) C, - (HI'H2+H3+ + H1+H2'H3') C,
- (H,'H,H;" + HH, Hy) C, - (H,"H,"Hs + HyH, H5") C,

CH groups stay as 'H single quantum coherence till point b, methylene groups form 100%
'H double quantum coherence and methyl groups form a mixture of 'H triple quantum
coherence and three spin single quantum coherences.

The function of the consecutive 90° pulse is to convert the multiple quantum coherences
of a particular multiplicity to antiphase single quantum coherence 2 H;,Cy, 4 H;,H,C;,
8 H,.H,,H;,C,, respectively and to select "H double or triple quantum coherence by a proper
phase cycle. The selection of n-quantum coherence requires a 2n step phase cycle with
relative phases of A¢ = 2nk/2n [k = 0, 1, ... 2n-1] where n is the order of the multiple
quantum coherence (Braunschweiler et al., 1983; Wokaun and Ernst, 1977). To select (+2)

quantum coherence a 4 step phase cycle with 90° phase shifts has to be applied. To select
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(£3) quantum coherence a 6 step phase cycle with 60° phase shifts has to be used. To
determine the optimal absolute phases in the MUSIC experiment the transfer function is

derived with unknown phase ¢.

90°, (‘H)
CH: 2H,,C, ——— 2 (Hy, cos’0 +Hj, cos¢ sind - Hy, sing) C,

90° ('H)
CH;: 4H,H,C,+4H,H,,C, ——» 4 (Hy, cos’p +Hy, cosd sind - Hy, sing) X

(Hay cosd sing + H,y sin2¢ + H,, cosd) C,
+ 4 (Hix cosd sing + Hyy sin2¢ + H;, cosd) X
(Hyy cosz(j) +H,y cosd sind - Hj, sing) C,

90°, (‘H)
CH;: -8 H,,H,H;,C, - 8 H; H,,H;,C, - 8 H;H,,H;,C, ——»

-8 (Hyx cosz(j) +H,y cosd sind - Hy, sin) (H,x cos¢ sind + H,y sin2¢ + H,, cosd) X
(H3y cos¢ sing + Hjy sin2¢ + Hj3, cos9) C,

- 8 (Hix cos¢ sind + Hyy sin2¢ + Hjy, cosd) (Hypy cosz(j) +H,y cosd sing - Hj, sing) x
(H3y cos¢ sing + Hjy sin2¢ + Hj3, cos9) C,

- 8 (Hix cos¢ sind + Hyy sin2¢ + Hj, cosd) (Hy cosd sing + Hy, sin2¢ + H,, cosd) X
(Hs, cosz(j) +H;y cosd sing - Hj, sing) Cy

Only antiphase single quantum coherence 4 H;,H,,Cx and 8 H;,H,,H3,C, in the case of
CH; and CHj, respectively, leads to detectable magnetization at the end of the sequence and
is relevant for the optimization of the phase cycle. The formation of 4 H;,H,,Cy depends on
¢ with the factor sind x cos¢, 8 Hy,H,,Hj3,Cy with the factor sing x c052¢.

The amplitude of the resulting signal after a 4 step phase cycle to select CH, with a phase
incrementation of 90° and an alternating sign of the receiver phase can be described as

follows:

sind cos - sin(¢p + 90°) cos(¢ + 90°) + sin(¢ + 180°) cos(d + 180°) - sin(¢ + 270°) cos(¢ + 270°)
=2 sind cosd - 2 sin(dp + 90°) cos(¢p + 90°)
=4 sind cosd

Maximum intensity will be obtained with ¢ = 45° and thus with a phase cycle of ¢ = 45°,
135°, 225°, 315° with ¢ = 0, 180°. The normalized intensity factor is 0.5 (per scan, per

excited proton) due to the phase cycle.
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The signal intensity after a 6 step phase cycle to select CH3 with a phase incrementation of
60° and an alternating sign of the receiver phase can be described as follows:

sind cos’0 - sin( + 60°) cos* (¢ + 60°) + sin(d + 120°) cos*(¢ + 120°)

- sin(¢ + 180°) cos*(¢ + 180°) + sin(¢ + 240°) cos’(¢ + 240°) - sin(¢ + 300°) cos*(¢ + 300°)

= 2 sind cos’0 - 2 sin(d + 60°) cos*(¢ + 60°) + 2 sin(d + 120°) cos*(¢ + 120°)

The function has a maximum at ¢ = 30°. The optimal phase cycle is thus ¢ = 30°, 90°,
150°, 210°, 270°, 330° with ¢ = 0, 180°. The normalized intensity factor is 0.25 (per scan,
per excited proton) due to the phase cycle.

The effect of the 4 step phase cycle (CH, selection) on all three multiplicities till point ¢ is

discussed in the following (factors are normalized to one scan):

90°, (‘H)
CH: 2 H;,C, > 0
O = 45°, 135°,225°, 315°
Orec = 0, 180°
90°, ("H)
CH2: 4 H]tzny +4 HlyHZXCx > 4 HIZHZZCx -2 (H1XH2X+H1yH2y) Cy
O = 45°, 135°,225°, 315°
Orec = 0, 180°
90°, (‘H)
CHj3: - 8 H;,HH;,C, - 8 H;,H,,H;,C, — 8 H;;H,,H;3,C, >
O =45°, 135°,225°, 315°
Orec = 0, 180°

- 3 HyHy,H;,C, — 3 Hy Hy, Hy, C, — 3 Hy Hy, H3, C, — 3 HyH, H;, C,
+2 HIZHZZHSyCy +2 HlyH2zH3sz +2 leH2yH3sz

Signals resulting from CH are totally suppressed. CH, groups pass the phase cycle to give
the desired antiphase term 4 H;,H,,Cx which is refocused during the last delay A to give in-
phase Cy magnetization (till point d):

A
CHZ: - 4leHZsz —> Cx

Additionally 'H two spin zero quantum coherence is formed at point ¢ which does not
lead to detectable magnetization. Therefore 50% intensity is lost. However, the sum of the
two terms resulting from the two individual protons is 100% (compared to a signal of a CH
group in an unselective refocused INEPT).

In the case of CH3 groups several multiple quantum terms are able to pass the phase

cycling, but they do not lead to detectable magnetization. The term 8 H;,H,,H3,Cy is
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suppressed. However, if A is not exactly 1/2J which is usually the case due to small
differences of 'Jcy coupling constants in a protein, methyl groups can also form double
quantum coherence like 4 H;H,yCx with a probability of sin’ (tJcuA) cos (mlcuA). As
shown above, these terms can pass the filter and therefore signals of methyl groups are not
completely suppressed.

The effect of the 6 step phase cycle of the MUSIC-CHj selection on all three multiplicities

till point ¢ is shown in the following (factors are normalized to one scan):

90°, (‘H)
CH: 2H,C, > 0
o =30°, 90°, 150°, 210°, 270°, 330°
Orec = 0, 180°
90°, (‘H)
CHz: 4 H]tzny +4 HlyHZXCx » 0
o =30°, 90°, 150°, 210°, 270°, 330°
Oree = 0, 180°
90°, (‘H)
CHj3: - 8 H;,HH;,C, - 8 H;,H,,H;,C, — 8 H;H,,H;3,C, >
o =30°, 90°, 150°, 210°, 270°, 330°
Orec = 0, 180°
-6 HIZH2ZH3ZCy

+2.5 HyHy,H3,C, + 2.5 HyHy, H3, Cy+ 2.5 Hy,Hyp Hy, Cy
+ 3.5 Hy,H,yH3,C, + 3.5 HyyHy, H3, Cy+ 3.5 Hy, Hy Hs, Cy

=-6 HIZH2ZH3ZCy
+3 (Hle2x + HlyHZy)HSZCy +3 (Hle3x + HlyHSy)HZZCy +3 (H2xH3x + H2yH3y)leCy
- 1/2 (Hle2x = HlyHZy)H3sz - 1/2 (Hle3x - HlyHSy)HZZCy - 1/2 (H2xH3x - H2yH3y)leCy

All signals resulting from CH and CH, are suppressed by the 'H triple quantum filter. In
the case of CHj the desired antiphase magnetization 6 H;,H,,H3,Cy passes the filter together
with a variety of 'H two spin zero quantum terms. The latter will not lead to detectable
magnetization and are responsible for intensity losses. 75% of the magnetization is lost due
to losses during 'H triple quantum formation and due to the phase cycling. However, the sum
of the three terms resulting from each individual proton gives 75% intensity compared to a
signal of a CH group in an unselective refocused INEPT. The magnetization transfer between
points ¢ and d can be described by:

A
CH3: -6 H]ZH22H3ZCy —» ¥ Cx
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The MUSIC sequence was tested on a sample of menthol (natural abundance), spectra and
the spectra are shown in Fig. 3.5. The MUSIC-CHj selection based on the 'H triple quantum
filter, gives a clean spectrum with only CHj signals remaining. Lower multiplicities are
completely suppressed. The same is true in the spectrum of the MUSIC-CH, selection based
on the 'H double quantum filter, no CH groups are visible. However small signals of CH; are
present, because higher multiplicities are not completely suppressed due to the
aforementioned reasons. However, this is not a problem in the applications in chapter 4 since
MUSIC is used to suppress lower multiplicities together with other selections. The selection
of CH, groups adjacent to a carbonyl for example does not suffer from incomplete CH;

suppression since the topology CH3-CO is not present in proteins.

c)

b)

o4

100 9 80 70 60 50 0 3 20 10
8 "C [ppm]
Fig. 3.5: Broadband decoupled "C spectra of menthol. (a) conventional "*C spectrum, (b) MUSIC-CH,

selection with the following phase cycle: ¢, = 45°, 135°, 225°, 315°, O, = 0, 180°, (¢) MUSIC-CHj; selection
with the following phase cycle: ¢; = 30°, 90°, 150°, 210°, 270°, 330°, ¢, = 0, 180°.
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3.5 Shaped pulses

Shaped pulses are pulses which consist of sequences of short rectangular pulses with
different amplitudes and/or phases (Fig. 3.6). Modern spectrometers allow the
implementation of these as one pulse. The amplitude and phase information of each
individual rectangular pulse, the “shape”, is given in a separate file. Selective pulses have
been created to span certain bandwidths, others are designed for decoupling or for
homonuclear mixing, etc. The basic principles of shaped pulses are described in the literature

(Freeman, 1998) and will not be discussed here in detail.
RF Intensity

Ecr;)o)rmolized) LOSQ-O

0.3

0.24
0.14
00 S .ty

-0.14

-0.2 1

Fig. 3.6: A shaped pulse consists of a number of rectangular pulses with different amplitudes and/or different
phases. Here the L0S2-0 pulse, a selective excitation pulse, is shown. In this example, 64 points (rectangular
pulses) were used. Negative amplitudes are obtained combining positive values with a phase shift of 180°.
There are three categories of pulses: excitation pulses (M, — M), inversion pulses (M, —
- M,) and refocusing pulses (M — - My and My — - M,). The desirable characteristics of a

selective pulse in general are:

1. uniform excitation, inversion or refocusing profile over the desired frequency range
(Fig. 3.7)

2. no effect on resonances outside the desired frequency range
the phase of the transverse magnetization should be unaffected or should be at least a
linear function of the offset

4. small transition area in comparison to the bandwidth

invariance to small miscalibrations of the pulse flip angle and spatial inhomogenity
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Fig. 3.7: Schematic excitation, inversion or refocusing profile of a selective pulse. In the case of an excitation
pulse the ordinate shows transverse magnetization ranging from 0 to 1. In the profile of an inversion pulse the
ordinate shows z magnetization ranging from —1 to 1. In the case of an refocusing pulse the transverse
magnetization ranging from —1 to 1 is shown. For the sake of clarity the chemical shift evolution, which occurs
outside the affected frequency range, if transverse magnetization is present, is ignored.

A large variety of shaped pulses is available and criteria to classify them have been
proposed. The selectivity ¢ of a pulse is given by (Geen and Freeman, 1991; Lunati et al.,
1998):

1

c=——
BT, [3.1]

where BW is the effective bandwidth of the pulse in Hertz and T, the pulse length in
seconds. The effective bandwidth is the frequency range of the excitation/inversion plateau
shown in Fig. 3.7. Each pulse shape has its characteristic selectivity, some examples are
given in table 3.1. The pulse with a low selectivity ¢ effects a broad bandwidth and vice

versa for a given pulse length.

Pulse type (o) k reference
G4 excitation 0.166 * 0 Emsley and Bodenhausen, 1990
SNEEZE excitation 023 * 0 Nuzillard and Freeman, 1994
L0S2-0 excitation 0.25 0 Lunati et al., 1998
G3 inversion 0.333 * - Emsley and Bodenhausen, 1990
IBURP2 inversion 0.25 - Geen and Freeman, 1991
REBURP refocusing/inversion 0.25 - Geen and Freeman, 1991

Table 3.1: Common shaped pulses with their selectivity ¢ and the proportionality constant of the phase shift k.
(Lunati et al JMR 1998). (*) value estimated from simulation.

Some excitation pulses introduce an offset dependent phase shift, which is a linear
function of the offset (Lunati et al., 1998):

¢ = kAQ. [3.2]
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¢ is the phase shift, AQ the offset. The constant of proportionality £ may be positive, as for
ordinary pulses, negative, as for the “prefocused” pulses (Ngo and Morris, 1987), or zero, as
for self-refocusing pulses (Geen and Freeman, 1991; Nuzillard and Freeman, 1994; Kupce
and Freeman, 1995). The phase shift due to a positive £ can be refocused with a hard 180°
pulse. When k is negative maximum signal is achieved at a time after the end of the pulse.
When k = 0, all signal components are in-phase at the end of the pulse. Unless the pulse
shape is symmetrical the time-reversed pulse shape is used to flip transverse magnetization
back to z.

The excitation profiles of the G4, SNEEZE and the L0S2-0 pulses are given in Fig. 3.8.
G4 is a widely used pulse but the excitation profile is far from the ideal trapezoidal one. The
SNEEZE and the L0S2-0 pulse are improved pure phase pulses of the BURP family (band-
selective, uniform response, pure phase) developed from the EBURP-2 shape. The excitation
profiles of the SNEEZE and LO0S2-0 pulses are close to ideal, the L0OS2-0 pulse shows a
narrower bandwidth and transition band for a given pulse length, has a better out-of-band

performance and was therefore used in the experiments introduced in chapter 4.

G3 1ms

N : : : : E o6
X . . . .

Sneeze Tms Eos IBURP2 1ms

y -
X

L0S2-0 Tms E o8 REBURP 1ms

T T T T T T T T T r T T T T T T T T T
8000 6000 4000 2000 0 -2000  -4000  -6000  -8000 8000 6000 4000 2000 0 -2000  -4000  -6000  -8000
offset [Hz] offset [Hz]

Fig. 3.8: Excitation profiles of G4, Sneeze and L0S2-0 pulses on the left, inversion profiles of G3, IBURP2 and
REBURP pulses on the right. All excitation profiles were simulated for 1ms long pulses using the “Shape Tool”
of XWINNMR 2.6 (Bruker AG).
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The inversion profiles of the G3 and the IBURP2 pulses are also shown in Fig. 3.8. Both
pulses show an almost ideal inversion profile. G3 has the advantage over IBURP2 that
shorter pulses can be applied for a certain bandwidth due to its higher selectivity. G3 is used
to invert carbonyl carbon magnetization in most of the experiments in chapter 4.

In some cases it is desirable to refocus transverse magnetization and to invert z
magnetization at the same time. For such a purpose the REBURP pulse was created. The
inversion profile is shown in Fig. 3.8 as well. The REBURP pulse can also be used solely as
an inversion pulse and, because of its symmetric shape, it has some advantages over more
common inversion pulses like IBURP or G3.

Scalar coupling is usually only considered during free precession periods and ignored
during pulses, which are normally too short for J coupling to have an effect. However, if
pulses get longer (ms range) the question arises how much J coupling is active during the
pulses. Two cases are of interest for the applications in chapter 4: J coupling during a shaped
180° inversion pulse in an INEPT transfer (see also Zwahlen et al., 1998) and during a
shaped 90° pulse in an HMQC experiment. To analyze this experimentally two modified
HSQC experiments were used. In the first INEPT step either the 180° pulse or the 90° pulse

on the heteronucleus are performed by a selective pulse (Fig. 3.9).

a b

wlasfes] o owla a |
o L] e e
| \/

Fig. 3.9: Modified INEPT for the analysis of effective J coupling between 'H and "*C during (a) a centered
selective 180° and (b) a 90° selective pulse. As part of a *C-HSQC experiment the *C frequency of the

selective pulse is set on resonance. The signal of interest should be isolated in the 'H dimension. The isolated
signal is analyzed in a series of 1D experiments as a function of the delay A. The same is done in a reference
experiment with a hard pulse instead of the selective one. A °C labeled sample of methanol was used for the
analysis.

The signal intensity of a series of 1D spectra is analyzed as a function of the delay A with
the modified and unmodified HSQC. The transfer function in an INEPT just with hard pulses
(Fig. 3.1a) can be described by:

90°, (‘H) A 180°, (‘"H) A

I, —» I, ———» I, cos(nJs2A) — 2 LS, sin(1t)is2A)
180°, (**C)
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Jis 1s the coupling constant between the I and S spin. The pulse length of the hard pulses is
neglected as is potential coupling during this time. The implementation of a selective 180°
pulse (Fig. 3.9 a) allows an effective J coupling during the pulse, leading to the following
transfer function up to point a:

90°, ('"H) A 180° ('H) A

I, > -1, » 1, cos(m(Jis2A + I*"isP)) — 2 IS, sin(r(J;s2A + J*"sP))
180°, (*C)

MM is the effective coupling constant during the pulse length P. Only the 2 LS, term is
relevant since this is converted into 2 I,Sy magnetization which is selected by phase cycling
and frequency labeled during t;. The 2 IS, term vanishes if Jig2A + JefflsP =n (n=1,2,3...)
and the detected signal intensity is zero. The effective coupling during the pulse can be
determined by using two series of 1D spectra as a function of the delay A one with a hard

pulse, one with a shaped pulse:

Jeffls/JIS = (ZAO(H) - ZAO(S))/P [33]

Jeffls/Jls is the ratio of effective coupling, Aow) the zero point in the series with a hard
pulse, 2Aqs) the zero point with a selective pulse.

The effective coupling during centered REBURP and IBURP2 pulses was determined to
be 9012 % and 28%2 %, respectively. In the case of an IBURP2 pulse the delay of free
precession (2A + P) has to be increased considerably (Zwahlen et al., 1998). Therefore the
REBURP pulse should be preferred if Jis coupling is desired during the pulse in order to
minimize A and thus relaxation losses. Note that the effective coupling JMs in this
experiment depends on the position of the shaped pulse, a centered pulse is optimal for a
symmetrical pulse shape like REBURP, because the trajectory of the magnetization passes
the transversal plane in the middle of the pulse. Optimal effective coupling I during
asymmetrical pulses is achieved by positioning the pulse in a way that the moment of
inversion occurs simultaneously with the 180° proton pulse. However, the narrowest
bandwidth (best selectivity) in an INEPT step is achieved if the shaped pulse fills the whole
time between the 90° pulses and this is only possible if it is centered and a symmetrical shape
is used.

The implementation of a selective 90° pulse during the second delay A (Fig. 3.9 b) allows
the determination of J coupling during long 90° pulses which occur for example in an
HMQC with shaped heteronuclear pulses. The experiment can be described up to point a by
the following transfer function (irrelevant terms are omitted):

90°, (‘H) A 180°, (‘"H) A

I, > -1, > 2 LS, sin(n(Jis(2A - P) + JsP))
180°, ("*C) 90°, (°C)
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The determination of the effective coupling during the pulse is achieved by using two
series of 1D spectra as a function of the delay A, one with a hard pulse, one with a shaped

pulse:

JEffls/JIS = (2A0(H) - 2A0(s) + P)/P [34]

Ao 18 the zero point in the series with a hard pulse, 2Ays) the zero point with a selective
pulse, P the pulse length of the shaped 90° pulse. The effective coupling during a L0S2-0

pulse was determined to be 6312 %.

3.6 Selecting specific coupling patterns by tuning of delays

The use of carefully tuned delays allows the selection or suppression of particular side
chain topologies. The principle is similar to the spin topology filter described by Levitt and
Ernst (Levitt and Ernst, 1985) which was proposed for homonuclear 'H spin systems. A
disadvantage of 'H spin systems is the large variation in proton-proton coupling constants
and therefore the method was only rarely used.

13 labeled amino acid side chains offer a network of *C spins with almost uniform 1Jcc
coupling constants. This allows the exploitation of the number of coupling partners of a
particular *C nucleus in order to select a certain topology. For a magnetization transfer
between aliphatic °C nuclei, the refocused COSY-step (Fig. 3.10a) is used. Several
topologies are shown schematically in Fig. 3.11. The "°C nuclei are represented by @, @, @
and @,

a refocused COSY step

:A1|_|A1IA2|_|A2:

b two refocused COSY steps

EAll_IAIIAZHAzlA3|_|A3E

C three refocused COSY steps

EAIHAIIAZHA2IA3|_|A3IA4|_|A4E

Fig. 3.10: Pulse sequences to transfer magnetization in a linear chain of spin 2 nuclei coupled with uniform 'y

coupling constants. Particular spin systems can be suppressed by appropriate tuning of delays.
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In the applications in chapter 4 the magnetization transfers C* — C% CY — C* and C® —

C* are of interest. During these transfers undesired topologies can be suppressed by tuned

©
aoNe B@%»@ C
(4)
D E
O»2>3
4)

F
D200

Fig. 3.11: Different spin topologies with up to four spins of the same type. Lines and arrows represent scalar

delays.

couplings with an uniform 'J coupling constant. White spins are actively involved in magnetization transfer
while passive spins have a gray background. In case A-C magnetization should be transferred from @ to @, in
case D and E from @ to @ and in case F from @ to @ as indicated by the arrows.

It is important whether the magnetization transfer starts from in-phase or antiphase
magnetization. First the magnetization transfer from nucleus @ to @ in the three topologies

A, B and C (Fig.3.11) is discussed, starting with in-phase '>C magnetization:

20 90°
A: le —> 2 IlyIZZ sin nJCC2A1 —> -2 IlzIZy sin nJCC2A1
Jl2
2A, 90°,
B: le —p»2 Ilylzz sin nJCC2A1 Ccos nJCC2A1 —p 2 Ilzlzy sin TEJCCzAl Cos TEJCCzAl
J12a Jl3
20 90°,
C: le —p2 IlyIZZ sin TCJC(;ZAI COS2 TEJCCzAl —> -2 I]zlzy sin TCJC(;ZAl COS2 TEJCCzAl
Jl27 J13: J14

Coupling to one, two or three >C nuclei is evolving during the delay 2 A, (Fig. 3.10a).
The 'J coupling constant between spin @ and @ leads to a cosine term in case B, 'J coupling
between @, @ and @ causes the squared cosine term in case C, leading to similar
dependencies on the delay 2 A; as in the INEPT experiment for the different multiplicities
(Fig. 3.3). Beside the desired magnetization transfer from @ to @ undetectable multiple
quantum coherences can be formed with spins @ and @ or magnetization can be transferred

with equal probability to @ or @ which lead all to transfer losses. Optimal magnetization
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transfer takes place using 2A; values of 1/2J, 1/4J or 1/6] for case A, B or C, respectively.
Signals of topology B and C can be suppressed by setting 2A; = 1/2J: all cosine terms get
zero while the sine term and thus the transfer function of topology A has a maximum. An
application is given in chapter 4.4.16.

The magnetization transfer from @ to @ starting with in-phase magnetization is discussed
with the topologies D and E. To achieve this transfer two COSY steps (relayed COSY) are
necessary (Fig. 3.10b). At the beginning, a transfer from @ to @ takes place, which results in
antiphase magnetization 2 Iy,Iy. During the delay 2A,, coupling between @ and @ has to
evolve to refocus the antiphase term 2 Iy,Isy, and coupling between @ and @ evolves to

create the antiphase term 2 Iyl

2A, 90°, 2A,
D: le—> 2 IlyIZZ sin TCJCCZA1 —> 2 IlzIZy sin TCJCCzA14>
I J12, J23
90°%

2 Iy, Iy, sin W24, sin® mlec2A, — -2 Lylsy sin Tlec2A,; sin® Tec2A,

2A1 900x 2A2
E: le—> 2 Ilylzz sin nJCC2A1 —> 2 Ilzlzy sin nJCC2A1 e
Tz Ji2, T3, Tog
90°,

2 Iy, I, sin mlcc2A, sin’ Wec2A, cos lec2A, —»
-2 IzZI3y sin nJCC2A1 Sin2 nJCC2A2 Ccos nJCC2A2

Signals resulting from topology E can be suppressed by setting 2A;, = 1/2Jcc while
optimal transfer will occur in case D. An application with a similar topology is provided in
chapter 4.4.4.

Two refocused COSY steps (Fig. 3.10b) can also be used to enable the distinction
between the topologies A and D. Magnetization will be transferred from ® to @ in case D
while A is suppressed. In spin system A only magnetization on spin @ would lead to
detectable magnetization. Magnetization transfer starts with in-phase magnetization on @:

2A,

A: le e le Ccos TCJCC2A1 +2 IlyIZZ sin TEJCCZAl
J12

90°,
e le Ccos TCJcczAl -2 IIZIZy sin TEJCCzAl
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2A,
—> 2 IlyIZZ Ccos TEJCCzAl sin nJCC2A2 + sz sin nJCC2A1 sin TEJCCzAz
J12

90°,
—> 2 I]zlzy Ccos TEJCCzAl sin nJCC2A2 + sz sin nJCC2A1 sin TEJCCzAz

2A3
e sz CosS nJCC2A1 sin TEJCCzAz sin nJCC2A3
J12
+ sz sin TEJCCzAl sin TCJcczAz Ccos TCJcczAg
= sz sin TEJCCzAz (COS TCJcczAl sin TEJCCzA3 + sin TEJCCzAl Ccos TEJCCzA3)
= sz sin TEJcc2A2 sin TCJCC (2A1 + 2A3)
20 90°,
D: le —> 2 IlyIZZ sin nJCC2A1 —> -2 IlzIZy sin nJCC2A1
Jl2
2A, 90°
—> 2 IzyI3Z sin TEJCCzAl Sin2 TEJCCzAz —> 2 IzZI3y sin TEJCCzAl Sin2 TEJCCzAz
JlZs J23
24,
—— I, sin Tec2A, sin’ Wec2A, sin Tec2As
J23

Signals of spin system A are suppressed if 2A; + 2A; = 1/J. Using this condition the
transfer amplitude for spin system D can be optimized. An application is given in chapter
4.4.10.

A very similar distinction between spin system D and F can be applied using a
combination of three refocused COSY steps (Fig. 3.10c). Magnetization is transferred from
® to @ in spin system F while signals from spin system D can be suppressed. In an
application in chapter 4 only magnetization on @ in case D and on @ in case F are further

transferred to other nuclei and are therefore considered. The transfer starts with in-phase

magnetization:
2A

D: | O —> I, cos TEJCCzAl +2 Ilylzz sin nJCC2A1
J12
90°

— > I]x Ccos TEJCCzAl -2 IlzIZy sin nJCC2A1
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24,
—>
JlZa J23

90°%

20,

J12a J23

90°,

2A

2 IlyIZZ COS TCJCCZA1 sin TEJcc2A2
+ sz sin TEJCCzAl sin nJCC2A2 Ccos nJCC2A2

+2 IzyI3Z sin nJCC2A1 Sil’l2 nJCC2A2

-2 IIZIZy COS TCJCCZA1 sin TEJcc2A2
+ sz sin TEJCCzAl sin nJCC2A2 Ccos nJCC2A2

-2 IzZI3y sin TEJCCzAl Sin2 TEJCCzAz

2 IzyI3Z Ccos nJCC2A1 sin TEJCCzAz Sin2 TEJCCzA3
+2 IZyI3z sin nJCC2A1 sin TEJCCzAz Ccos TEJCCzAz Ccos TEJCCzA3 sin TCJcczAg

+ I3x sin TEJCCZAl sin2 TEJcc2A2 sin nJCC2A3

-2 IzZI3y Ccos nJCC2A1 sin TEJCCzAz Sin2 TEJCCzA3
-2 IZZI3y sin TEJCCzAl sin nJCC2A2 Ccos TCJcczAz Ccos TCJcczAg sin TEJCCzA3

+ I3x sin TEJCCZAl sin2 TEJcc2A2 sin nJCC2A3

L, cos TWec2A, sin Tec2A, sin® Tec2A; sin T ec2A,

+ I3X sin TEJCCzAl sin nJCC2A2 Ccos nJCC2A2 Ccos nJCC2A3 sin TEJCCzA3 X

sin nJCC2A4

+ I3X sin TEJCCzAl Sin2 TEJCCzAz sin nJCC2A3 Ccos nJCC2A4

90°

F: Iy ——p» 2 Ilylzz sin tJcc2A; ——p -2 IlzIZy sin Tt cc2A,;

J12

20,

90°

——» 21, sin W24, sin® mlec2A,  —— -2 Il sin w2, sin® Tec2A,

J127 J23

244

—p 2 I3yI4Z sin nJCC2A1 Sil’l2 nJCC2A2 Sil’l2 nJCC2A3

J23s J34
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i» Ly sin Tcc2A, sin” Tec2A, sin® mec2As sin Tec2A,
J34

Appropriate tuning of the delays A;, A,, As; and A4 leads to a cancellation of the three
transfer pathways in spin system D, while the transfer amplitude in spin system F (from @ to
@) is high. A numerical approach can be used to find a solution. An application is given in
chapter 4.4.14. However, an experimental optimization will be necessary to take relaxation
effects and the individual 'Jcc couplings into account.

The principles of selection of certain spin systems and suppression of others using tuned
delays in COSY and relayed COSY sequences were demonstrated for networks of °C spins.
However, the 'Jcc coupling constants in protein side chains are not absolutely uniform. It has
been shown that the 'JcacB coupling constants depend on the secondary structure and on the
amino acid type (Cornilescu et al., 2000). The 'Jcocp coupling constants measured in
ubiquitin ranged from 31.7 Hz to 41.2 Hz. It has to be assumed that other 'Joc coupling
constants are similarly dependent on the conformation and the type of the side chain.

The suppression of undesired signals based on the tuning of delays is therefore often
incomplete. The delays were optimized experimentally for each application in chapter 4 to
account for relaxation effects and individual 'J coupling constants. Small positive or negative
signals of undesired side chains can often not be avoided. The clean selection of MUSIC or
the use of shaped pulses should be preferred for suppressing unwanted signals. The tuning of

delays should only be used at a second stage, for further simplification of the spectra.
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Chapter

MUSIC in triple-resonance experiments:
4 Amino acid type-selective 'H-""N correlations
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4.1 Introduction

In this section the design of each of the amino acid type-selective experiments for
uniformly *C/"*N-labeled proteins is described and the results are discussed.

As was explained in chapter 2 the "H-""N correlation serves as a “fingerprint” of a protein.
Each individual residue is represented by its NH signal. A 'H/"°N frequency pair corresponds
to one amino acid in the chain (Fig. 4.1). The task of amino acid type-selective 'H-""N
correlations is the identification of the amino acid type corresponding to each 'H/°N
frequency pair. This is accomplished by the fact that only signals of a certain amino acid type
appear in each spectrum, e.g. just signals originating from Ala in an Ala selective spectrum.
The advantage is the dramatic simplification of spectra: 2D spectra are sufficient to deliver
the information about the amino acid type. A further goal is to use the spectra of these amino
acid type-selective experiments as additional input in an automated sequential assignment
procedure which deals with 3D triple-resonance spectra.

During the design of the pulse sequences emphasis was put on the clean selection of an
amino acid type or a small group of amino acid types because for using the experiments as
specific information for an automated assignment procedure the information should be 100%
correct. Missing signals mean less additional information, but wrong signals would give
wrong additional information which would then mislead the automated assignment program.

MUSIC guarantees a clean selection, while tuning of delays and the use of shaped pulses
give good but not completely clean selections. Thus MUSIC was applied whenever it was
possible. Further selections are accomplished by tuned delays and shaped pulses, but these
selections might not be completely clean which has to be considered in an automated

assignment procedure.
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Fig. 4.1: "N-HSQC of the o-spectrin SH3 domain (Musacchio et al., 1992; Blanco et al., 1997) at 300 K with
assignment. Each amide group corresponds to one signal. Additionally side chain signals of Trp, Asn, Gln and
Arg are present.

The general strategy for designing selective pulse sequences is given in chapter 4.3 after a
brief review of selective/semi-selective experiments developed by others in chapter 4.2. Each
amino acid type-selective "H-">N correlation is described in chapter 4.4.

Because Asn, Gln and Trp side chains are also present in a "H-""N correlation and they
appear in the same region as backbone NH groups, two additional experiments are presented
which select only these signals: the NH, of Asn/Gln and the NH of the indole ring of Trp.

The novel experiments are either applied to the chicken EphB2 SAM domain (Smalla et
al., 1999; PDB: 1SGG), a mostly helical protein of 83 amino acids (T¢ ca. 6.5 ns) or to the
EVHI1 domain from human VASP (Ball et al., 2000; PDB: 1EGX) a mostly [B-sheet protein

of 115 amino acids (tc ca. 7.7 ns).
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4.2 Previous work

Earlier attempts to develop amino acid type-selective experiments were based mainly on
the application of tuned delays or selective pulses. Because of their different backbone
topology two of the first selective experiments were created for Gly and Pro.

An out-and-back HN(CA)HA selective for Gly uses the CH, multiplicity as selection
criteria (Wittekind et al., 1993). The key element of the sequence is a cascade of two 45°
pulses. The filter is based on a proper phase cycling selecting 'H single quantum coherence
of methylene groups while rejecting zero and double quantum coherence of CH; and single
quantum coherence of CH. Note that no proton double quantum filter was used. The
experiment was further developed to record zero and double quantum coherence of CH; in
the indirect dimension (Bazzo et al. 1999). A Gly-edited HN(CO)(CA) was proposed which
selects signals of residues following Gly in a 'H-""N correlation (Gehring and Guittet, 1995).
The filter is based on the tuning of a delay. The suppression of resonances originating from
non-glycine is not perfect, since the aim was not zeroing this undesired signals but just to get
an edited 'H-""N correlation with different signs of Gly neighbors.

Proline residues hinder sequential assignment strategies based on a 'H-"N correlation
because proline lacks a NH group. A sequential assignment then has to rely either on the
observation of NOEs from proline to neighboring residues or on triple-resonance
experiments which do not involve an NH. For the identification of residues preceding
prolines, (i-1) residues, a proline selective HACA(CO)(N) triple-resonance experiment was
proposed earlier (Olejniczak and Fesik, 1994). The selection is based on the absence of an
amide proton in proline. Transverse '°N magnetization is allowed to couple to the H" during
a delay 1/2Jyug which lead to a dephasing and suppression of all non-proline residues. The
(i-1) residues are characterized by their 'H* and "*C* chemical shifts. Recently, a proline
selective 3D HDHA(NCO)CAHA (Bottomley et al., 1999) was proposed, which uses the
same selection mechanism. The chemical shifts of the proline *C* and BC? are correlated
with the 'H* and "C® chemical shifts of the preceding residue via scalar coupling. A
potential drawback of these experiments is that they rely on the "H* and '>C% chemical shifts.
The dispersion of the 'H”* and *C* chemical shifts is bad compared with that of the "H" and
>N chemical shifts. In addition, the signals appear in the same region of the spectrum as the
water signal and the experiments therefore require an excellent water suppression.

Several amino acid type selective 'H/"*C correlations of the side chains based on selective
pulses were proposed, including experiments for assigning aromatic side chains (Yamazaki
et al., 1993a; Grzesiek and Bax, 1993; Lohr and Riiterjans, 1996; Sudmeier et al. 1996;
Prompers et al., 1998). Special TOCSY pulse trains were designed for the mixing between
aromatic ring carbons and side chain CP, called AMNESIA and PLUSH TACSY (Grzesiek
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and Bax, 1995; Carlomagno et al., 1996). A 3D NOESY experiment was designed which
selects Val and Ile C¥ (Zwahlen et al., 1998).

Several selective experiments for the assignment of Arg side chains are based on "N
selective pulses affecting only the N® or N" of Arg (Yamazaki et al., 1993b, Yamazaki et al.,
1995; Farmer and Venters, 1996; Rao et al. 1996, Vis et al., 1994, Pellecchia et al., 1997a).
A NHy-filter based on the tuning of delays and proper phase settings was used to create a
variety of selective Asn and Gln side chain experiments for deuterated proteins (Farmer II
and Venters, 1996).

A selective experiment for Glu and Asp was proposed selecting CO, groups by proper
tuning of delays (Pellecchia et al., 1997b). Dotsch et al. proposed several amino acid type-
selective 'H-"’N correlations based on the tuning of delays. A CBCA(CO)NH based 2D
experiment selects sequential neighbors of a group of amino acids which lacks a BB By
coupling i. e., Gly, Ala, Cys, Ser (Dotsch at al., 1996a and b). Signals resulting from Asn,
Asp and aromatic residues can be selected additionally by refocusing their BB By coupling
using a shaped inversion pulse affecting just the C¥. A HN(CO)CACB based experiment
which use the same mechanism was proposed for deuterated proteins (Dotsch et al., 1996d).
Another CBCA(CO)NH based experiment uses the presence of a CH group in the ch
position and selects sequential neighbors of Thr/Val/lle or with an additional selective pulse
solely of Thr (Détsch et al., 1996¢). Since 'Jey and 'Jcc can vary, the suppression of
undesired signals is not completely clean.

Kay and co-workers created a HC(CO)NH-TOCSY experiment for fractionally deuterated
proteins which selects CH,D groups initially, to yield a "H-""N correlation of residues
immediately following a methyl-containing amino acid (Muhandiram et al., 1997).

Exchangeable OH protons are used to transfer magnetization to aromatic protons in order
to obtain a selective experiment for Tyr ring resonances (Whitehead et al., 1997; Dalvit,
1996). The experiment proposed by Dalvit makes use of a double quantum filter.

Only few pulse schemes are based on "H double or triple quantum filters. MUSIC was
used to create selective side chain experiments of Asn and Gln (Schmieder et al., 1998) and
(H)CCH;-TOCSY and H(C)CH3-TOCSY experiments for methyl containing amino acids
(Uhrin et al., 2000).

In summary, several selective 'H-""N correlations have been proposed to date. The
suppression of undesired signals is, however, often incomplete and the selection not very
specific, i. e. a group of several amino acids are selected. Some of the above mentioned
selection mechanisms proposed for "H-">C correlations were used in addition to MUSIC in

the present work.
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4.3 General strategy to design amino acid type-selective NMR
experiments

To create amino acid type-selective NMR experiments, the selection methods outlined in
chapter 3 such as MUSIC, selective pulses or tuned delays are introduced into common
triple-resonance experiments of the type discussed in chapter 2. The different amino acids are
selected based on their side chain topology and characteristic chemical shifts. MUSIC is the
most powerful selection filter because it guarantees a clean selection and is therefore
preferred.

The topologies of the 20 natural amino acids are shown schematically in Fig. 4.2,

including the groups which can in principle be selected by MUSIC.

all 20 amino acids
|

| 1
‘CH ‘CH,
[ I I ] Gly
*CH "CH, "CH,
| I T 1 | 1 1 Ala
'CH, no'C 'C™ '‘CO '‘CH 'CH,
Thr, lle, Cys, Phe, His, I_I_I | [ I T 1
Va Ser Ty *CONH, 'CO, °CH, ’CO no’C [°CH,
Asn Asp Leu ,—|—| Met Lys, Arg,
*CONH,| °’CO, o
|| selection with MUSIC possible cin Glu

Fig. 4.2: Characteristic side chain topologies of the 20 common amino acids. The groups which can potentially
be selected by MUSIC in order to design amino acid type-selective experiments are highlighted in gray. Note
that only one MUSIC selection per experiment is practical, either CH3, CH, or NH, can be selected. MUSIC is
able to suppress lower multiplicities completely, while higher multiplicities are not completely suppressed.
Additional selection can be achieved by the use of selective pulses affecting nuclei with characteristic chemical
shifts and by carefully tuned delays, both methods are not highlighted in the scheme for the sake of clarity. In
the case of Lys, Arg and Pro the selection is solely based on the application of selective pulses and tuned
delays, a selection with MUSIC is not necessary.

The proposed amino acid type-selective 'H-'"N correlations are based on the triple-
resonance experiments CBCA(CO)NH, CBCANH (both introduced in chapter 2.3),
CA(CO)NH (Boucher et al., 1992a) and CANH (Boucher et al., 1992b). In most of the
experiments the initial refocused INEPT step is replaced by MUSIC. For example a MUSIC-
CHj selection implemented in a CBCA(CO)NH lead to a selection of Ala side chains.
Further extensions like additional COSY or INEPT steps allow the magnetization transfer

from/to other side chain nuclei like C¥ and C°. This is discussed in detail together with the
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use of shaped pulses and tuned delays in the section of each particular experiment in chapter
4.4.

After selection of a specific side chain the magnetization is transferred via lJcc couplings
to the C* and further to the NH. There are two possibilities for the latter transfer. The
transverse C* magnetization can be transferred via e coupling to the carbonyl carbon,
further via 'Jon coupling to the sequential N1y and NHyp) 1s finally detected as in the
CA(CO)NH and CBCA(CO)NH. Because these 'H-">N correlations contain only signals of
the sequential neighbors (i+1) of the selected amino acid side chains, they are called the (i+1)
experiments. The Jeaer and e coupling constants are larger than the line widths of the
involved nuclei which makes the transfer very efficient.

In the other version the C* magnetization is transferred via 1JcocN and 2J con coupling to the
own and to the sequential nitrogens N and N+ as in the CANH and CBCANH
experiments. The resulting spectra contain two signals per selected side chain, a signal of
their own NHg) and one of the sequential N+ H+1). These experiments are called the
(1,i+1) experiments. Because of the relatively small coupling constants lJcocN and 2JcaN
compared to the C® linewidth, magnetization transfer is less efficient and the (i,i+1)
experiment is therefore less sensitive than the (i+1) experiment. Signals of sequential
neighbors (i+1) are usually weaker than signals of the selected amino acid types themselves

due to the smaller coupling constant “Jcax.

4.4 The individual amino acid type-selective '"H-""N correlations

4.4.1 Selecting Gly: The G-(i+1)- and G-(i,i+1)-HSQC

Glycine is the amino acid with the simplest topology, it lacks a CP and contains two H%
The methylene group in the C* position is thus unique among the naturally occuring amino
acids and implementation of a MUSIC-CH; selection into the CA(CO)NH (Boucher et al.,
1992a) and the CANH (Boucher et al., 1992b) results in the selection of the Gly-side chain.
The pulse sequences of the G-(i+1)-HSQC and the G-(i,i+1)-HSQC are given in Fig. 4.3 a
and 4.3 b, respectively. The corresponding two-dimensional spectra are shown in Fig. 4.4 a
and 4.4 b.
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Fig. 4.3: Pulse sequences of the two Gly selective experiments: (a) G-(i+1)-HSQC and (b) G-(i,i+1)-HSQC. 90°
and 180° pulses are represented by thin black filled and thick unfilled bars, respectively. The water-selective

90° 'H flip-back pulse is represented by a sine shape, a hatched thin bar stands for a 90° flip-back 'H pulse at

the end of the 'H-decoupling sequence. Pulsed field gradients (PFG) as well as shaped 180° *CO pulses are

represented by sine shapes. Unless indicated otherwise, pulses are applied with phase x. The following delays
were used: T, =3.5ms, T, =5.5ms, T =2.25ms, A;=7.0ms, &y =4.5ms, d; =6.9ms, &, = 11.4 ms, Ty=11

ms. More experimental details are given in the appendix.
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A similar geometry to that of Gly may also be found in the side chains of Asn and Gln and
are selected by the CA(CO)NH experiment. Similarly, Arg side chains are selected by the
CANH experiment. Since the delay for magnetization transfer from the nitrogen to the amino
proton is chosen to be 1/2J,,, the signals involving NH; groups of Asn and Gln should not
show up. However, the spectra are recorded in 90% H20O/ 10% DO and some signals from
the NHD groups in these side chains are visible. Since side chain amide groups are easily
distinguished or identified by a separate experiment, this does not complicate the information
in the Gly-selective spectra. The same is true for the Arg side chain signals that show up in
the (i,it+1) experiment. They can easily be identified in a conventional HSQC spectrum based

on their chemical shifts.

b ISN
d
G57, G33, G52 [ppm]
Asn/GIn-NH,
) 110
[y 9‘; &"u
H58 (G57) H58 (G57) 1120
V53 (G52) o V53 (G52) |
F34 (G33) @ F34 (G33) o
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Fig. 4.4: Glycine selective 'H-"*N-correlations of the SAM domain from EphB2. (a) The G-(i+1)-HSQC was
acquired in 25 min using 8 scans. The SAM domain contains three glycines which results in three strong signals
from sequential neighbors of Gly. Weak signals from the Asn and Gln are present, which are due to NDH-
groups (see text). (b) The G-(i,i+1)-HSQC was acquired in 50 min using 16 scans. In addition to the three
signals of the Gly residues the sequential neighbors are also present with weak intensity. Arg N€HE peaks also
appear in the spectrum (see text). These peaks are weaker and distorted since Arg €8 is not in the chemical shift
range covered by the semi-selective pulses.
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Fig. 4.5: Pulse sequences of the two Ala selective experiments: (a) A-(i+1)-HSQC and (b) A-(i,i+1)-HSQC.
The following delays were used: T, = 3.5 ms, T, = 5.5 ms, " = 2.25 ms, Ac = 9.3 ms, §; = 4.5 ms, d; = 6.9 ms, 5,

=11.4ms, Ty =11 ms, Tc = 4.5 ms. More experimental details are given in the appendix.

4.4.2 Selecting Ala: The A-(i+1)- and A-(i,i+1)-HSQC

Alanine is the only amino acid with a methyl group in the ch position. By implementing a
MUSIC-CH3; selection into the CBCA(CO)NH and the CBCANH (both introduced in
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chapter 2.3) alanine is the only amino acid whose coherences can pass through the
experiments. The pulse sequences of the A-(i+1)- and A-(i,i+1)-HSQC are shown in Figs.
4.5 a and b and the spectra in Figs. 4.6 a and b.

d G57 (A56 b N
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-110
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Fig. 4.6: Alanine selective 'H-"’N-correlations of the SAM domain from EphB2.The A-(i+1)-HSQC and the
A(1,i+1)-HSQC were acquired in 2 h 15 min each using 48 scans. The SAM domain contains five alanines. In
the (i+1) experiment (a) the expected five signals from sequential neighbors of Ala are present. In the (i,i+1)
experiment (b) all five Ala residues show strong signals while two weak signals result from amino acids in the
(i+1) position of the alanine residues.

4.4.3 Selecting Thr, Val, Ile and Ala: The TA-(i+1)- and TA-(i,i+1)-HSQC, the
VIA-(i+1)- and VIA-(i,i+1)-HSQC

Threonine, valine and isoleucine are the only amino acids with a methyl group in the C”
position. The implementation of a MUSIC-CHj selection into CBCA(CO)NH and CBCANH
experiments extended by a relay step in which magnetization from C, CP and C* is
transferred to the NH groups, results in the selection of Ala, Ile, Val and Thr side chains.
Note that magnetization from B CH; as well as from "CH; results in signals. The
magnetization transfer in the TAVI-(i+1)-HSQC can be described by:

HY ) — CY) (MUSIC) — PPy — %) — "Cly) > "N oy = 'H

Since the chemical shifts of the *CP nuclei of Ile/Val are sufficiently different from those

of Thr, selective pulses can be applied to suppress either Val/lle or Thr.
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Ile and Val can be suppressed by a band selective 180° REBURP pulse (Geen and
Freeman, 1991) with a band width of 26 ppm at 68.5 ppm (Fig. 4.7) during refocusing
2CP,C%, magnetization (delay 2T and 2A¢): only the C* but not the CP nuclei of Ile and Val
are affected. Therefore antiphase magnetization can not be refocused and this prevents the
creation of detectable magnetization. In the case of Thr, both nuclei, the CP and C* are
affected as in the experiment without the band selective pulse and 2CBZC°‘y is refocused to
C%. In Alanine the magnetization is already transferred to the C* and the coupling already
refocused at the beginning of that delay. The selective pulse will only prevent loss of
intensity due to the evolution of coupling to the CP. The pulse sequences of the TA-(i+1)-
HSQC and the TA-(i,i+1)-HSQC are shown in Fig. 4.8, the resulting spectra in Fig. 4.9.

RE-BURP
1024 usec at 68.5 ppm

RE-BURP
768 usec at 26.7 ppm

o B
Ala
B * v
Thr
I I I I T
Y1
o B ’s
Val
o B " Y2 &
Ile |||'||
T T —
60 40 20 8 °C [ppm]

Fig. 4.7: Statistical °C chemical shift data from the BMRB database (Seavey et al., 1991) are given at the
bottom for Leu, Ala, Thr, Val, and Ile. At the top the inversion profiles of the three applied REBURP pulses
used in the TA- and VIA-HSQC experiments S; and S, (pulse lengths are given for 600 MHz spectrometer).
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Fig. 4.8: Pulse sequences of the Thr/Ala and Val/lle/Ala selective experiments: (a) TA-(i+1)-HSQC with a
normal rectangular pulse S; and the selective pulse S, at 68.5 ppm or VIA-(i+1)-HSQC with the selective pulse
S, at 26.7 ppm and a normal rectangular pulse S,, (b) TA-(i,i+1)-HSQC with the selective pulse S, at 68.5 ppm
or VIA-(i,i+1)-HSQC with the selective pulse S; at 26.7 ppm. The following delays were used: T, = 3.5 ms, T, =
5.5ms, T =2.25ms,A;=4ms, Ac=93ms, §=4.5ms, 8, =69 ms, 6, =11.4ms, Ty=11 ms, Tc =4.5 ms.
The selective pulses S; and S, are carried out as REBURP pulses of 768 s and 1024 ps, respectively (pulse

lengths for 600 MHz spectrometer). More experimental details are given in the appendix.
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Fig. 4.9: Threonine/alanine selective 'H-"’N correlations of the SAM domain from EphB2. (a) The TA-(i+1)-
HSQC was acquired in 2 h 15 min using 48 scans. (b) The TA-(i,i+1)-HSQC was acquired in 4 h 30 min using
96 scans. The SAM domain contains 7 threonins. In the TA-(i+1)-HSQC (a) signals from sequential neighbors
of all 7 Thr and 5 Ala are present. In the TA-(i,i+1)-HSQC all expected signals of the 7 Thr and 5 Ala are
visible. Additionally small signals of sequential neighbors of Thr and Ala are present which can be identified by
comparison with the TA-(i+1)-HSQC. The (i+1) signals are marked with thin rectangles.

A Val/lle/Ala (VIA) selective experiment can be obtained by replacing the 180°-pulse S,
(Fig. 4.7) by a REBURP pulse of 768 psec (covering a range of 48 ppm) which is centered at
26.7 ppm. It will affect the magnetization of the C* and CP of both Val and Ile but not the C?
magnetization of Thr (Fig. 4.9). The transfer of magnetization from C to C? in Thr and thus
the transfer to the C* in the next COSY-step will not be effective anymore, hence Thr is
suppressed. The C* of Ala is not affected by the REBURP pulse at 26.7 ppm and the ch
magnetization stays in-phase during the first COSY-step. As in the Ala selective experiment
magnetization is then transferred to the C* by the consecutive COSY-step and subsequently
to the NH. The pulse sequences of the VIA-(i+1)-HSQC and the VIA-(i,i+1)-HSQC are
shown in Fig. 4.8, spectra in Fig. 4.10.

4.4.4 Selecting Leu and Ala: The LA-(i+1)- and LA-(i,i+1)-HSQC

Leucine is one of the six amino acids which contain methyl groups. It has two methyl
groups in the c? position. Leu has characteristic carbon chemical shifts and does not branch
in the CP position compared to Val, Ile and Thr. The implementation of a MUSIC-CH3
selection into the CBCA(CO)NH and the CBCANH that have been extended by two relay
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steps, results in a selection of Ala, Ile, Val, Thr and Leu side chains. In order to transfer the
magnetization of a selected Leu SCH; group to the C%, three COSY steps are necessary. To
suppress the signals of Ile, Val and Thr, a combination of several selective pulses and tuned
delays was used. The pulse sequences of the two Leu/Ala-selective experiments, the LA-
(i+1)- and the LA-(i,i+1)-HSQC, are shown in Fig 4.11.
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Fig. 4.10: Threonine/alanine selective 'H-"N correlations of the SAM domain from EphB2. (a) The VIA-(i+1)-
HSQC was acquired in 2 h 15 min using 48 scans. (b) The VIA-(i,i+1)-HSQC was acquired in 4 h 30 min using
96 scans. The SAM domain contains 6 Ile and 6 Val. In the VIA-(i+1)-HSQC (a) all expected signals from
sequential neighbors of Ile, Val and Ala are present (only five Ile (i+1) signals can appear since 14 has a Pro as
sequential neighbor). Ala neighbors are marked with thin rectangles. In the VIA-(i,i+1)-HSQC all expected
signals of the 6 Ile, 6 Val and 5 Ala are visible. Additionally small signals of sequential neighbors of Ile, Val
and Ala are present which can be identified by comparison with the VIA-(i+1)-HSQC. The (i+1) signals are
marked with thick rectangles, Ala signals with thin rectangles. Thr signals are well suppressed in both
experiments.

The magnetization transfer of Leu in the LA-(i+1)-HSQC can be described by:
lHa(i) - 13C5(i) (MUSIC) - 13CY(1) - 13CB(i) - 13Ca(i) - 13C’(i) - 15I\I i+ — 1H (+1)

Three selective REBURP pulses were implemented in the pulse sequence (S;, S; and S3 in
Fig. 4.11), their excitation profile is shown in Fig. 4.12 together with the statistical chemical

shifts of the amino acids involved.
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Fig. 4.11: Pulse sequences of the Leu/Ala selective experiments: (a) LA-(i+1)-HSQC and (b) LA-(i,i+1)-HSQC
with three selective REBURP pulses (striped thick bars): S; = 1024 us at 18.5 ppm, S, = 768 us at 35 ppm and
S; = 1024 us at 48 ppm (pulse lengths are given for a 600 MHz spectrometer). The following delays were used:
T,=4ms, T, =55ms, T =225ms,A; =3.6ms, A, =7.1ms, Ac=9ms, d=4.5ms, d =69 ms, 5, =114
ms, Ty =11 ms, Tc = 4.5 ms. More experimental details are given in the appendix.
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Fig. 4.12: Statistical 3C chemical shift data from the BMRB database (Seavey et al., 1991) are given at the
bottom for Leu, Ala, Thr, Val, and Ile. At the top the inversion profiles of the three applied REBURP pulses
used in the LA-HSQC experiments S;, S, and S; (pulse lengths are given for 600 MHz spectrometer).

The REBURP pulse S; had a length of 1024 us and was centered at 18.5 ppm. The pulse
affects both the C° and CY of Leu during 27;. Antiphase magnetization 2C8yCYZ is created and
converted by a 90° pulse to ZCSZCYy (point a). The second REBURP pulse S; at 35 ppm (with
a length of 768 us) affects the C® C" and CP of Leu. Antiphase magnetization 2C6ZCYy is
refocused with respect to the C® and evolves into antiphase magnetization 2CYyCBZ during
2A; (point b). During the same time the magnetization of interest stays in-phase with respect
to the other C°. This antiphase magnetization 2CYyCBZ 1s converted to 2CYZCBy and refocused
during 2A, while coupling to the o-carbon leads to 2CByC°‘Z (point ¢). This is converted into
2CBZC°‘y and refocused during 2T¢ (or 2A¢) because the third REBURP pulse S; at 48 ppm
(with a length of 1024 us) allows coupling between Leu C* and CP. Taken together, this

results in the following transfer functions for Leu:
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sin (TtJcc2T) sinz(nJ cc2Ay) cos (TtJcc2A)) sinz(nJCCZAz) sin(mtJcc2T¢) [4.1]
sin (TtJcc2T) sinz(nJ cc2Ay) cos (TtJcc2Ay) sinz(nJCCZAz) sin(mtJcc2Ac) [4.2]

The Thr-CP is not affected by any of the three selective pulses. The magnetization C’; can
therefore not evolve into antiphase magnetization with respect to the cP during 27; and 2A,.
During 2Tr the antiphase magnetization 2CYyCBZ is created and converted into 2CYZCBy by the
next 90° pulse. This antiphase magnetization is not refocused during Tc (or 2Ac¢). No
magnetization is therefore transferred to C* and signals of Thr are suppressed. From similar
consideration it is clear that signals from Ala will not be suppressed.

Starting from the y-CH3 of Val and Ile there are three possible magnetization pathways.
The pulse sequence contains three COSY steps in the beginning while it takes only two steps
to transfer the magnetization from the C to the C* Consequently the magnetization may stay
in-phase during any of the steps and still result in a detectable signal. Depending on the delay
during which no antiphase magnetization is created, this results in three possible transfer

functions for the (i+1) sequence:

COS(TEJCCz'Cl) sin(TEJCC2A1) Sil’lZ(TCJCCzAz) COS(TEJCCzAz) SiH(TEJCCzTc) [43]
sin(mlec21)) sin(mlec2A;) cos* (I ec2A;) sin(mlcc2As) cos* (Tl ec2As) sin(tlcc2Te) [4.4]
Sin(TCJC(;ZTl) sinz(TEJCC2A1) COS(TCJC(;ZAl) sin(nJCC2A2) COS(TEJCCzTc) [45]

The transfer functions for the (i,i+1) experiment are identical, except that T is replaced
by Ac. If no selective pulses are used, all three pathways lead to detectable magnetization.
The selective pulse S; refocuses the coupling between Ile-C? and C” and partially also
between Val- C? and C” during 27; so that the last two pathways [4.4] and [4.5] are
suppressed. Pathways [4.3] and [4.4] for Ile/Val are suppressed in analogy to case E and D
described in chapter 3.6, the delay 2A; is set to 1/2J¢c (14.2 ms) and cos(ntJcc2A;) becomes
zero. CP magnetization of Val and Ile evolves into antiphase magnetization with respect to
the second C" during 2A, and the next 90° pulse converts it into multiple quantum coherence
that is not converted back into detectable magnetization during the rest of the pulse

sequence.
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Fig. 4.13: Leu/Ala selective '"H-"N correlations of the SAM domain from EphB2. (a) The LA-(i+1)-HSQC was
acquired in 4 h 30 min using 96 scans. (b) The LA-(i,i+1)-HSQC was acquired in 6 h 30 min using 144 scans.
The SAM domain contains five Leu and five Ala. In the LA-(i+1)-HSQC (a) signals from sequential neighbors
of Leu and Ala are present. Ala neighbors are marked with thin rectangles. D18, the sequential neighbor of L17
is absent. Since the suppression of Val/lle/Thr is solely based on appropriate tuning the delay A, together with
selective pulses, the suppression is not perfect. Weak negative or positive signals of Val/lle/Thr could appear
(marked with *). In the LA-(i,i+1)-HSQC (b) four Leu signals are visible, L17 is absent. All signals Ala-
residues sequential (marked with thin rectangles) and their sequential neighbors are present. The (i+1) peaks are
marked with thick rectangles, they can be identified by comparison with the LA-(i+1)-HSQC. Again the
suppression of Thr/Ala/Val is not perfect and the signal of T3 is visible.

Starting from the 8-CH; of Ile magnetization can also be transferred to the C® This
pathway is suppressed in a similar manner described in chapter 3.6 by setting 2A, = 1/2])cc.
During this delay magnetization originating form the C?® of Ile has reached the CP. Antiphase
magnetization with respect to the C* and the second C" of Ile is created and subsequently
converted into undetectable multiple quantum coherence.

The suppression of Val, Ile and Thr signals is good but not perfect, because of small
variations of the coupling constants 'Jo¢ between the side chain carbons. The corresponding

spectra are shown in Fig. 4.13.
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4.4.5 Selecting Ser: The S-(i+1)- and S-(i,i+1)-HSQC

Serine, one of the 15 amino acids with a methylene group in the cP position, has a
characteristic CP chemical shift between 60 and 70 ppm which makes it unique among these
15 amino acid types. The implementation of a MUSIC-CH, selection into the
CBCA(CO)NH and the CBCANH experiments, together with selective pulses exploiting the
characteristic C? chemical shift, results in two serine-selective experiments: the S-(i+1)- and
the S-(1,i+1)-HSQC (Fig. 4.15).

15
N
a b [ppm]
8 S41 110
@ $23
S65¢
S3le ° s
® Q42 (S41) S28
Q24 (S23) A32 (s31)0° F10(59) O 120
166 (S65) ©° F29 (S28) o
-130
1S (i+1)
9 8 7 9 8 7
'H [ppm] 'H [ppm]

Fig. 4.14: Ser selective '"H-"N-correlations of the SAM domain from EphB2. (a) The S-(i+1)-HSQC was
acquired in 1 h 30 min using 32 scans. The SAM domain contains six serines which results in six strong signals
from sequential neighbors of Ser. (b) The S-(i,i+1)-HSQC was acquired in 1h 30 min using 32 scans. In
addition to the six signals of the Ser residues five of the sequential neighbors are also present with weak
intensity. They are marked with small rectangles.

Both carbon 180° pulses at the beginning of the sequence are replaced by REBURP pulses
centered at 60.5 ppm with a bandwidth of 18 ppm (pulse length of 2048 usec at 600 MHz)
which affect both the serine C* and CP nuclei. The CP magnetization of the other amino acids
selected by MUSIC remains, however, unperturbed by these REBURP-pulses while their C*
magnetization is inverted. Since no coupling between CP and C* will thus evolve, no
magnetization can be transferred to the C* and hence to the NH in non-serine amino acids.

The corresponding spectra are shown in Fig. 4.14.
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Fig. 4.15: Pulse sequences of the Ser selective experiments: (a) S-(i+1)-HSQC and (b) S-(i,i+1)-HSQC with
two selective REBURP pulses (S;, indicated by the striped thick bars) with a pulse length of 2048 us at 60.5
ppm (the pulse length is given for a 600 MHz spectrometer). The following delays were used: T, = 3.5 ms, T, =
55ms, T =225ms, Ac =9 ms, § =4.5ms, &, = 6.9 ms, &, = 11.4 ms, Ty = 11 ms, Tc = 4.5 ms. More

experimental details are given in the appendix.
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4.4.6 Selecting aromatic residues: The W-(i+1)- and W-(i,i+1)-HSQC,
the FYH-(i+1)- and FYH-(i,i+1)-HSQC

The four amino acids containing an aromatic ring: His, Phe, Trp and Tyr have a
methylene group in the cP position adjacent to a C¥ which is part of the aromatic system.
Aromatic carbons have characteristic chemical shifts which are clearly separated from the
regions of aliphatic or carbonyl carbons. This criterion is exploited by using selective pulses
which affect only aromatic carbons.

The experiments are based on the CBCA(CO)NH and the CBCANH experiments in
which the initial refocused INEPT element is replaced by MUSIC selective for CH,. To
select only the desired methylene carbons, the MUSIC element is combined with an HMQC
like sequence (Miiller, 1979; Bax et al., 1983) with shaped 90° pulses. During the HMQC-
like sequence ZCBYCYy double-quantum coherence is selected by phase cycling. Subsequently,
the magnetization is transferred from the CB to the C as in the original experiments. The two
pulse sequences are shown in Fig. 4.16.

Self-refocusing L0S2-0 pulses as described in chapter 3.5 are used which affect only
aromatic C' carbons. This selection requires relatively long selective pulses. Since the JcBca
and JcBcy coupling is active during the selective pulse, the delay A; has to be adjusted to
compensate for this. The effective coupling between the CB and C' carbon during the pulse is
reduced and was determined experimentally to be 60% of the coupling during a free
precession period as outlined in chapter 3.5. The resulting transfer functions for the selected

amino acids in the experiments in Figs. 4.16a and b are therefore:

Sinz(TEJcﬁc'Y(A1+0.6P)) SiIl(TEJcOC cB (2A1+2P)) SiH(TEJcOC CB2A2) SiIl(TEJc(X C'2A2) [46]
Sinz(TEJcﬁc'Y(A1+0.6P)) SiIl(TEJcOC cB (2A1+2P)) SiH(TEJcOC CB2A3) sin(nJCocN2A3) [47]

P is the pulse length of the L0OS2-0 pulses. Note that the value for the JcBcy coupling
constants depends on the type of aromatic amino acid (Lohr et al., 2000).

The statistical chemical shift regions of the CY of the aromatic amino acids are shown in
Fig. 4.17. A self-refocusing L0S2-0 pulse with a duration of 640 us centered at 120 ppm
covers the full range of all aromatic C" carbons. A more detailed view shows that the area of
the *C chemical shift of the CY of Tyr, Phe and His is well separated from the C' of Trp.
Therefore, selective pulses with a narrower bandwidth were chosen to select either Phe, Tyr

and His or Trp.
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Fig. 4.16: Pulse sequences for the aromatic amino acid-selective "H-""N correlations. The pulse sequences yield
spectra selective for Phe/Tyr/His or solely Trp, depending on the choice of the offset for the two selective
L0S2-0 pulses effecting the C". (a) FYH-(i+1)- or W-(i+1)-HSQC and (b) FYH-(i,i+1)- or FYH-(i,i+1)-HSQC.
The following delays were used: 1, = 3.5 ms, T, = 5.5 ms, T3 = 2.25 ms, 8y = 4.5 ms, 8; = 6.9 ms, &, = 11.4 ms,
Ty =11 ms, A; = 6.7 ms for FYH and 6.5 ms for W, A, = 4.5 ms, A; = 9 ms. The pulse lengths of the two
L0S2-0 pulses (filled sine shapes) were set to 1024 us, offsets to 135 ppm for the FYH-(i+1)- and FYH-(i,i+1)-
HSQC, but to 105 ppm for the W-(i+1)- and W-(i,i+1)-HSQC. The rectangular 180° pulse (marked with *) had
a pulse length of 72 us and was applied at 45 ppm in the FYH-(i+1)- and FYH-(i,i+1)-HSQC, but at 30 ppm in
the W-(i+1)- and W-(i,i+1)-HSQC. All pulse lengths are given for a 600 MHz spectrometer. More experimental
details are given in the appendix.
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To excite and select only the C* of His, Phe and Tyr but not of Trp, a selective pulse
covering a range of 33 ppm (5000 Hz at 600 MHz) centered 135 ppm was necessary. Self-
refocusing LOS2-0 pulses with a duration of 1024 ps were applied. The rectangular 180°
pulse (72 ps) in between the L0OS2-0 pulses was executed at 45 ppm and was adjusted to
have a null in the excitation profile at 125 ppm. Assuming a JcBcy = 44 Hz (20) and
neglecting relaxation effects, nominal values for A;, A; and A; are 8.15 ms, 5.3 ms and 9 ms,
respectively. However, after experimental optimization, values for A;, A, and A3 were chosen
to be 6.7 ms, 4.5 ms and 9 ms, respectively. The resulting spectra of the FYH-(i+1)- and
FYH-(1,i+1)-HSQC are shown in Fig. 4.18. They contain only signals originating from His,
Phe and Tyr.

His
Tyr =
Phe m

= Tro

180 160 140 120 100 80 60

Fig. 4.17: °C chemical shift distribution for the CY of the aromatic amino acids taken from the BioMagRes
database (Seavey et al., 1991) and the excitation profiles of the L0OS2-0 pulses: (a) with a length of 640 us to
select all aromatic amino acids at 120 ppm and (b) with a length of 1024 us at either 135 ppm or 105 ppm to
select Phe, Tyr and His or solely Trp.

In order to select Trp residues, but not Tyr, His and Phe, the same L0S2-0 pulses as in the
FYH experiments but centered at 105 ppm were used (Fig. 4.17). The rectangular 180° pulse
in between the L0S2-0 pulses has the same length as in the FYH experiments, but the offset
is now set to 30 ppm and adjusted to exhibit a null in the excitation profile at 110 ppm.
Using a JcBcy = 46.6 Hz (Lohr et al., 2000) and neglecting relaxation effects, the nominal
value for A; is 7.95 ms. The best signal to noise ratio was found with a value of 6.5 ms for

A;. The values for the delays A, and Aj are identical to those in the FYH experiments. The
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spectra of the W-(i+1)- and W-(i,i+1)-HSQC contain only signals originating from Trp and
are shown in Fig. 4.18.

The quality of the suppression in both types of experiments is determined by the
excitation profile of the two selective 90° pulses. Small mis-calibrations of the pulse power

level, can lead to breakthrough peaks from Asn/Asp and Ser.
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Fig. 4.18: Aromatic amino acid-selective 'H-'""N-correlations of the EVH1 domain from VASP. The EVHI
domain contains 5 Phe, 3 Tyr, 2 His and 3 Trp. (a) The FYH-(i+1)-HSQC was acquired in 3 h using 64 scans.
All expected signals are present. (b) The FYH-(i,i+1)-HSQC was acquired in 6 h using 128 scans. Signals from
all His, Phe and Tyr residues occur and of most of their sequential neighbors (marked with rectangles). (c) The
W-(i+1)-HSQC was acquired in 3 h using 64 scans. All three expected signals are visible. (d) The W-(i,i+1)-
HSQC was acquired in 6 h using 128 scans. The signals of all three Trp residues and two of their sequential
neighbors (marked with rectangles) are present.
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4.4.7 Selecting Asn, Asp and Gly: The DNG-(i+1)- and DNG-(i,i+1)-HSQC

Asparagine and aspartate, two of the 15 amino acids with a methylene group in the ch
position, offer a carbonyl adjacent to the CP as additional selection criteria. The chemical
shifts of carbonyls are well separated from all other carbons in a protein. Similar to the
selection of aromatic residues, selective pulses are used to affect the C” nuclei independently.
Note that the C? of Asn and Asp are not the only CH, groups that show a coupling to an
adjacent carbonyl, the same motive is found in Gly (C%) and in Gln/Glu (C").

R__o

O

a 0 ¥ 0 Iil
J'H )k CH
/U\N NG 1}1 BN
oo n

b, o,
1H Irﬂ T1" Tl| WALTZ-16 [ETz ﬂlgmr}w’w
, ¢
13C wp I1 A, EH A, ’ A, |_| A3I |_| |_|t1/2
|
|

Tl d%s b 4)4

/I \ m m I & 9§, |_|82 I ¢ |;|
- ' |_| ISTN -4/2 |_TTN I |_| GARP
PFG

[l [\

G G G

1 2 3 3

9, % O
'H |rl|_|11" 7| WALTZ-16 l. T3mt3w~“
¢, .
i|‘| A, ’ A ] A I |_|

13C wp I A
e /‘_‘ m t,2
1N a ¢4 4)5
[ Jr.-oof]n | [1 [care]

1

- -
©
[

PFG

Fig. 4.19: Pulse sequences of the DNG-(i+1)- and DNG-(i,i+1)-HSQC. The following delays were used: T,
=35ms, T, =55ms, T3 =225 ms, & =4.5ms, 8, = 6.9 ms, &, = 11.4 ms, Ty = 11 ms, A; = 8 ms (not
including the pulse length of the L0S2-0 pulse), A; = 4.5 ms, A, = 9 ms. Two L0S2-0 pulses (filled sine shapes)
with a duration of 512 ps (at 600 MHz) centered at 185 ppm are used. More experimental details are given in
the appendix.
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The MUSIC-CHj selection combined with an HMQC like sequence (Miiller, 1979; Bax et
al., 1983) with shaped pulses is implemented into the CBCA(CO)NH and the CBCANH
experiments. The resulting pulse sequences are shown in Figure 4.19. During A; antiphase
magnetization 2CP ,C', 1s created (point a). A selective 90° pulse affecting only the carbonyl
region converts it into multiple quantum coherence 2CByC'y which is selected by alternating
the phase of the consecutive, selective 90° carbonyl pulse. This pulse converts the multiple
quantum coherence back to ZCByC'Z magnetization which is refocused during the second A,
delay. Self-refocusing L0S2-0 pulses with a bandwidth of 72 ppm, centered at 185 ppm were
used (duration of 512 ps at 600 MHz). During 2A; the coupling between CP and C* can
evolve and antiphase magnetization 2CP ,C?%, is created (point b). The next 90° carbon pulse
converts it into 2CP, %, which is refocused during 2A; (or 2A4). The magnetization is then

transferred from the C* to the amide proton.
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Fig. 4.20: Asp/Asn/Gly selective '"H-"*N-correlations of the SAM domain from EphB2. The SAM domain
contains 6 Asp, 3 Asn and 3 Gly. (a) The DNG-(i+1)-HSQC was acquired in 1 h 30 min using 32 scans. All
expected signals (three N (i+1), six D (i+1)) are visible. The glycine neighbors (marked with thin rectangles)
can be identified using the G-(i+1)-HSQC, the asparagine neighbors using the N-(i+1)-HSQC. Some weak and
negative peaks from side chain NDH-groups show up. (b) The DNG-(i,i+1)-HSQC was acquired in 3 h using 64
scans and contains all expected Asp, Asn and Gly signals. D1 is not visible as in the normal "N-HSQC. The
(it1) peaks are marked with rectangles and can be verified by the DNG-(i+1)-HSQC.

Since the JcBca and JcBey coupling is active during the selective pulses, the delay A; has to
be adjusted to compensate for this. The effective coupling between the CB and C' carbon
during the pulse is reduced and was determined to be 60% of the coupling during a free

precession period (see chapter 3.5). The resulting transfer functions for the experiments in
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Figure 4.19 a and b are:

Sinz(nJcco(A1+0.6P)) Sin(nJcc(2A1+2P) sin(TEJCC2A3) Sin(TEJCCVZAg) [48]
Sinz(nJcco(A1+0.6P)) Sin(nJcc(2A1+2P) sin(TEJCC2A4) sin(TEJCNZA4) [49]

P is the pulse length of the LOS2-0 pulses. Neglecting relaxation effects, the nominal
values for A;, A; and A4 are 7.8 ms, 5.3 ms and 9 ms, respectively. An experimental
optimization resulted in values of 8.0 ms, 4.5 ms and 9 ms respectively. Gln and Glu are
suppressed because there is only one COSY transfer step and magnetization from the C” can
not be transferred to the C* and thus to the amino proton. Magnetization from the C* of Gly
is not affected by the 90° pulse after point b. Coupling between the C* and C' (or N) will
evolve during 2A; (or 2A4) and magnetization is transferred to the amide proton. The DNG-
(i+1)- and DNG-(1,i+1)-HSQC experiments are quite sensitive, the resulting spectra contain

signals originating from Asp, Asn and Gly and are shown in Figure 4.20.

4.4.8 Selecting Asp: The D-(i+1)- and D-(i,i+1)-HSQC

To select solely aspartate but not asparagine and glycine, the DNG experiments were
modified using the fact that a CO, carbon lacks a 'Jo-n coupling. The selection mechanism
was described earlier by Pellecchia et al. to create the H(C)CO, experiment, selective for Asp
and Glu side chains (Pellecchia et al., 1997b).

The MUSIC-CH; selection is merged with an HSQC like magnetization transfer to the
carbonyl carbon instead of an HMQC like transfer in order to obtain single quantum
coherence on C'. The pulse sequences are shown in Fig. 4.21. The magnetization transfer in
the D-(i+1)-HSQC can be described by:

1HB i — 13CB(i) (MUSIC) —> 13C’(Y)(i) (selection) —> 13CB(i) —> 13Ca(i) —> 13C’(i) —>

PN (i+1) = 'H (i+1)

After the magnetization transfer from the selected CH, group, single quantum coherence
2C’YCBZ is created (point a). During this transfer a selective 180° pulse effecting only ch
refocuses coupling to C*. A REBURP pulse with a bandwidth of 13 ppm (duration of 2048
us at 600 MHz) at 42 ppm is used. During the delay 2A; coupling to a coupled >N is allowed
to evolve. Setting 2A; to 1/2J¢'n lead to the formation of antiphase magnetization 4C’XCBZNZ
in the case of Asn and Gly (point b). The next 90° "N pulse converts it into multiple
quantum coherence 4C’XCBZNy which is dephased by the consecutive gradient and will not be
refocused during the rest of the sequence. Since Asp lacks a coupled "N nucleus the 2C’YCBZ

magnetization stays as it is during 2A, and is converted after point b into 2C°,CP,. Only
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magnetization generated in CH,-CO; motives can pass the filter. Note that a C-terminal Gly
would also lead to a signal in the D-(i,i+1)-HSQC. Spectra of the D-(i+1)- and D-(i,i+1)-
HSQC are shown in Fig. 4.22. The two experiments are less sensitive than the DNG-(i+1)-
and DNG-(i,i+1)-HSQC due to relaxation during the additional delay 2A; of 32 ms and the

two in-phase magnetization transfers to and from the C'.
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Fig. 4.21: Pulse sequences of the aspartate selective experiments D-(i+1)- and D-(i,i+1)-HSQC. The following
delays were used: T, =3.5ms, T, = 5.5 ms, T3 =2.25ms, 8y =4.5ms, 8, = 6.9 ms, &, = 11.4 ms, Ty = 11 ms, A,
=16 ms, A, = 4.5 ms, A; = 4.5 ms, Ay =9 ms. The REBURP pulse S; with a duration of 2048 us is applied at
42.5 ppm, the REBURP pulse S, with a duration of 409.6 Us is applied at 175 ppm. Pulse lengths are given for
a 600 MHz spectrometer. More experimental details are given in the appendix.

To aid sequential assignment is not the only application of the D-(i+1)-HSQC.

Degradation of *C/"°C labeled proteins due to deamination can also be easily monitored. If
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an Asn residue is deaminated to Asp, an additional signal appears in the spectrum. An
introduction of a chemical shift evolution period on the side chain carbonyl carbon would

allow to measure pK, values of the CO, groups using a pH titration (Pellecchia et al., 1997b).
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Fig. 4.22: Aspartate selective '"H-"*N-correlations of the SAM domain from EphB2. The SAM domain contains
5 Asp. (a) The D-(i+1)-HSQC was acquired in 1 % h using 32 scans. All expected signals are visible. Three
small signals originating from a different conformation of the protein are marked with an asterisk (in the
conventional ""N-HSQC only very weak signals are present at these positions). (b) The D-(i,i+1)-HSQC was
acquired in 3 h using 64 scans and contains signals of all five Asp residues. Peaks marked with rectangles are
signals of sequential neighbors and can be verified by the D-(i+1)-HSQC.

4.4.9 Selecting Asn: The N-(i+1)- and N-(i,i+1)-HSQC

Asparagine and glutamine are the only amino acids containing a CONH; group.
Schmieder et al. showed previously that a MUSIC-NH,; selection in combination with a
magnetization transfer to the carbonyl carbon yields a selection of Asn and GIn (Schmieder
et al., 1998). In order to achieve a 'H-'"N correlation of the backbone the selected
magnetization has to be transferred through the whole side chain from the NH, to the C* and
then further either via the carbonyl carbon or directly to the NH resulting in the (i+1) and
(1,i+1) spectra, respectively. The magnetization transfer in the N-(i+1)-HSQC can be
described by:

1Hs(i) —> ISNB(i) (MUSIC) —> 13C’(Y)(i) —> 13CB(i) —> 13Ca(i) —> 13C’(i) —> 15I\I i+ — 1H (i+1)
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The pulse sequences for the Asn selective experiments, the N-(i+1)- and N-(i,i+1)-HSQC
are shown in Fig. 4.23. The selected magnetization is transferred by an refocused INEPT
from the N° to the carbonyl C’” and by another refocused INEPT to the CP. From the CP
magnetization is transferred to the NH of the sequential neighbor of Asn or to the NH of
Asn. Since the magnetization has to be transferred via the whole side chain, loss of
magnetization due to the transfers and due to relaxation lead to relatively low sensitivity of

the experiments. Again the (i+1) version is more sensitive than the (i,i+1) version. The

spectra are shown in Fig. 4.24.
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Fig. 4.23: Pulse sequences of the asparagine selective experiments N-(i+1)- and N-(i,i+1)-HSQC. The
following delays were used: T, = 5.5 ms, T, = 5.5 ms, T3 =2.25 ms, 8y =4.5ms, 8, = 6.9 ms, &, = 11.4 ms, Ty =
11 ms, A; =8 ms, Ay =4.5 ms, Ay =4.5 ms, As = 9.3 ms. More experimental details are given in the appendix.
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Fig. 4.24: Asparagine selective '"H-"N-correlations of the SAM domain from EphB2. The SAM domain
contains 3 Asn. (a) The N-(i+1)-HSQC was acquired in 3 h using 64 scans. All three expected signals are
visible. (b) The N-(i,i+1)-HSQC was acquired in 6 h using 128 scans and contains all three Asn residues and a
sequential peak. Q75 is a the sequential neighbor of N74.

4.4.10 Selecting GlIn, Glu and Gly: The EQG-(i+1)- and EQG-(i,i+1)-HSQC

Gln, Glu, Asn, Asp and Gly have a CH,-CO element in common. As already mentioned a
combination of the MUSIC-CH,; selection and an out and back transfer to the carbonyl
carbon selects the C* of Gly, the CPof Asn/Asp and the C" of GIn/Glu. An implementation
of these techniques into CBCA(CO)NH and CBCANH experiments extended by a relay step,
achieves a magnetization transfer of the selected CY of GIn/Glu to their C* and further to NH.
The resulting experiments are almost identical to the DNG-(i+1)- and DNG-(i,i+1)-HSQC
but have been extended by an additional COSY step. They select GIn and Glu in addition to
Asp, Asn and Gly. As was outlined in chapter 3.6 (case A and D) the signals of Asp and Asn
can be suppressed by carefully tuning of delays to yield the EQG-(i+1)- and EQG-(i,i+1)-
HSQC which are just selective for Gln, Glu and Gly.
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Fig. 4.25: Pulse sequences of the amino acid-type selective experiments EQG-(i+1)- and EQG-(i,i+1)-HSQC.
The following delays were used: 1, = 3.5 ms, T, = 5.5 ms, T3 = 2.25 ms, 8y = 4.5 ms, 8; = 6.9 ms, &, = 11.4 ms,
Ty =11 ms, A; = 8.5 ms in the EQG-(i+1)-HSQC and 7.2 ms in the EQG-(i,i+1)-HSQC, A, = 4.5 ms, A; = 5.5
ms, Ay = 7.1 ms. Two L0S2-0 pulses (filled sine shapes) with a duration of 512 us (at 600 MHz) centered at 185
ppm are used. More experimental details are given in the appendix.

In analogy to the DNG experiments antiphase magnetization 2C",C', is created, selected
and refocused during 2A;, while coupling between the C” and C? is active and antiphase
magnetization 2CYyCBZ is created (point b). It is converted into 2CYZCBy by the next 90°
carbon pulse. During 2A, antiphase magnetization 2C7,CP, is refocused and coupling to C*

leads to antiphase magnetization 2CByC°‘Z (point c). The next 90° carbon pulse creates
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antiphase magnetization 2¢P any which is refocused during 2A; (or 2A4). From the C” the
magnetization is transferred to the amino proton in the usual manner. The resulting transfer

functions for the experiment EQG-(i+1) in Fig. 4.25 a is:

Sinz(nJcco(A1+0.6P)) Sin(nJcc(2A1+2P) sinZ(TCJCC2A2) Sin(TCJCCzAg) Sin(TCJCC’ZAg) [4 10]

P is the pulse length of the selective L0S2-0 pulses. In addition, there are two possible
magnetization pathways for Asn and Asp in this experiment: CP, remains in-phase with
respect to C* during 2A, and is converted into C%, magnetization during 2A, and 2A; or C%
is already formed at the end of 2A, and remains in-phase with respect to the cP during 2A;.

The resulting transfer functions are:

Sinz(nJcco(A1+0.6P)) COS(njcc(2A1+2P) Sin(TCJCCzAz) Sin(TCJCCzAg) Sin(TCJCCva3) [41 1]
Sinz(TEJcco(A1+0.6P)) Sil’l(TEJcc(zA1+2P) sin(nJCC2A2) COS(TCJC(;ZAg) Sin(TCJCCva3) [412]

Analyzing transfer function [4.10], using a pulse length P of 512 s and assuming Jcco to
be 55 Hz (Bystrov, 1976) nominal delays for A;, A, and A; are 7.8 ms, 7.1 ms and 5.3 ms,
respectively, to obtain optimal signal to noise for Glu and Gln. With these delays the signals
of Gly, Glu and GIn have opposite sign to those of Asn and Asp. This can result in
cancellation of signals if peaks from both types of amino acids overlap. To avoid this, the
delays A; and Az can be tuned such that signals from Asp and Asn are suppressed. The two
pathways [4.11] and [4.12] cancel if A} + A; + P = 1/2]Jcc = 14.3 ms (see also chapter 3.6).
Neglecting relaxation effects, optimal delays for Glu and Gln are then A; = 8.2 ms, A3 = 5.6
ms. Experimental optimization with the EVH] domain showed that the suppression of
signals form Asp and Asn worked best with A; = 8.5 ms, Ay =4.5 ms and A; = 5.5 ms.

The transfer functions for the EQG-(i,i+1) pulse sequence in Fig. 4.25 b are similar to
[4.10], [4.11] and [4.12], only A; and Jcc are replaced by A4 and Jen, leading to the nominal
values for Aj, Ay and A4 of 7.8 ms, 7.1 ms and 9 ms, respectively. As in the (i+1) sequence
these delays will lead to opposite sign for signals from Gly, Glu and Gln relative to those
from Asn and Asp. Cancellation will occur not only if peaks from both types of amino acids
overlap but also if amino acids of both types are adjacent in the sequence. Using the
condition A; + A4 + P = 1/2Jcc = 14.3 ms for the suppression of signals from Asn and Asp,
optimal delays are A; = 6.7 ms, A4 = 7.1 ms. The result of an experimental optimization was
A1=72ms, Ay =4.5ms and Ay, =7.1 ms.

Asp and Asn can not always be totally suppressed, however, since Jcc can vary
(Cornilescu et al., 2000) and some small negative signals appear in the spectra. These can be

seen in Fig. 4.26 a and b.
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Fig. 4.26: Glu/Gln/Gly selective '"H-""N-correlations of the SAM domain from EphB2. The SAM domain
contains 4 Glu, 6 Gln and 3 Gly. (a) The EQG-(i+1)-HSQC was acquired in 3 h using 64 scans. It contains all
four E-(i+1) and six Q-(i+1) signals. The suppression of D/N-(i+1) peaks is achieved by appropriate tuning of
A; and A;. However, some negative breakthrough peaks of Asn/Asp (marked with *) and weak signals from side
chain NDH-groups show up. (b) The EQG-(i,i+1)-HSQC was acquired in 3 h using 64 scans and contains all
expected signals. Signals from Asp/Asn are suppressed except N74 which appears as a negative signal. Peaks
marked with rectangles are signals of sequential neighbors and can be verified by the EQG-(i+1)-HSQC. A
breakthrough peak from the His-tag is marked with an asterisk.

4.4.11 Selecting Glu: The E-(i+1)-, ED-(i+1)- and E-(i,i+1)-HSQC

Glutamate and aspartate are the only residues which contain a CH,-CO, element. Just a C-
terminal Gly would have the same motive. The only difference between Glu and Asp is the
extension of the side chain by a CH,. The magnetization transfer in the E-(i+1)-HSQC can be
described by:

1Hy(i) —> 13CY(i) (MUSIC) —> 13C08(i) (selection) —> 13CY(i) —> 13CB(i) —> 13Ca(i) —>

13C’(i) — PN (i+1) = 'H (i+1)

The pulse sequences are similar to those of the D-(i+1)- and D-(i,i+1)-HSQC and are
shown in Fig. 4.27. A relay step was added, the selective REBURP pulse within MUSIC was
omitted and carefully tuned delays are used. The CH,-CO, groups of Asp and Glu are
selected as described in part 4.4.9. The °C chemical shifts of the C” and C? Glu are not
clearly separated and the use of a selective pulse effecting only one of the nuclei is not

possible. Therefore transverse magnetization on C* can couple to the cP during the MUSIC
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element which makes the magnetization transfer to the C’™ less efficient. The transfer

function till point a can be described by:

sin*(mJey27)) sin(mlce27)) cos(mlec27T)) [4.13]
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Fig. 4.27: Pulse sequences of the glutamate selective experiments: (a) E-(i+1)-, ED-(i+1)-HSQC and (b) E-
(1,i+1)-HSQC. The following delays were used: T, = 3.5 ms, T, = 5.5 ms, T3 = 2.25 ms, 8, = 4.5 ms, §; = 6.9 ms,

6, =11.4ms, Ty=11ms, A, =16 ms, A, =4.2 ms, A; = 4.5 ms, Ay =9 ms (4.5 ms for the ED-(i+1)-HSQC), As
= 4.5 ms (0 ms for the ED-(i+1)-HSQC), A¢ = 4.5 ms, A; = 9 ms. The REBURP pulse S; with a duration of
409.6 us (at 600 MHz) is applied at 175 ppm. More experimental details are given in the appendix.
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Setting of T; to 3.5 ms leads to a sensitivity loss of 28% due to the cosine term. Antiphase
magnetization 2C",C", of Glu and 2C'yCBZ of Asp is created at point a. During the CO,
selection, all carbonyl carbons which can couple to a "’N are suppressed. After point b
magnetization 2C",C?, of Glu and 2C",CP, of Asp is converted by the consecutive two 90°
pulses to 2C",CYy and 2C'ZCBy, respectively. The following two COSY steps enable the
magnetization transfer to the C*. The transfer functions for Glu in the (i+1) and the (i,i+1)-
HSQC are described by:

Sin(TCJCC’ZAz) Sin(TCJCCzAz) sin2 (TEJcc2A3) sin(TEJCC2A4) SiH(TEJCC’zAé) [4 1 4]

Sin(TCJCC’ZAz) Sin(TCJCCzAz) sin2 (TEJcc2A3) sin(TEJCC2A7) sin(TEJCNZA7) [4 1 5]

Signals of Asp can be suppressed using tuned delays as described in chapter 3.6. Two
magnetization transfer pathways exist for Asp: either cPy magnetization stays in-phase
during the first COSY step (2A;) and is evolving to 2CByC°‘Z during the second COSY step
(2A3) or 2CByC°‘Z has already been formed during 2A,, is converted to 2CP ,C% and stays after
refocusing in-phase on C% For the sake of clarity, only the two transfer functions for the
(i+1)-HSQC are given:

sin(mtJcc:2A,) cos(tIcc2Ay) sin(mlcc2As) sin(mt)cc2A4) sin(mtlcc2Aq) [4.16]

Sin(TCJCC’ZAz) Sin(TCJCCzAz) Sin(TCJCCzAg) cos(nJCC2A4) SiH(TEJCC’zAé) [4 1 7]

Asp signals are suppressed if equations [4.16] and [4.17] cancel [ﬁach other out resulting
in the E-(i+1)-HSQC. This is the case if A; + Ay = 1/2]c is fulfilled *. The transfer functions
for the E-(i,i+1)-HSQC are identical, except that A4 and A¢ are replaced by A; and Jcc by
Jen. Nominal values for Ay, Az, A4, As and Ag in the E-(i+1)-HSQC are 5.7, 7.1, 8.6, 4.1 and
4.5 ms, values for A,, A3, A7 in the E-(1,i+1)-HSQC are 5.3, 7.1 and 9.0 ms.

An experimental optimization lead to values of A; = 4.5 ms, A; =4.5 ms, Ay =9 ms, As =
4.5 ms and Ag = 4.5 ms for the E-(i+1)-HSQC and A, = 4.5 ms , A; = 4.5 ms and A; =9 ms
for the E-(i,i+1)-HSQC (the delays include the lengths of the G3 pulses). Signals resulting
from Asp are largely but not completely suppressed however. In the case of the (i+1)
experiment it is therefore recommended to sacrifice the Asp suppression and increase
sensitivity by setting the delays A,, A, A4, As and Ag to values of 4.5 ms, 4.5 ms, 4.5 ms, 0
ms and 4.5 ms, respectively, to obtain the ED-(i+1)-HSQC. Spectra of the E-(i+1)-HSQC,
ED-(i+1)-HSQC and E-(i,i+1)-HSQC are shown in Fig. 4.28. Note that the ED-(i+1)-HSQC
gives reasonable signal to noise ratios with 4 of the measurement time as compared to the
E-(i+1)-HSQC.

* To help the reader: the correlation sin (0-+f) = sin o cos B + cos o sin P was used to derive this condition.
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4.4.12 Selecting GIn: The Q-(i+1)-, QN-(i+1)- and Q-(i,i+1)-HSQC

Glutamine and asparagine are the only amino acids containing a CONH, group. The only
difference between Gln and Asn is the extension of the side chain by a CH,. The experiments
are almost identical to the N-(i+1)- and N-(i,i+1)-HSQC but have been extended by an
additional COSY step. The selected magnetization is transferred by a refocused INEPT from
the N¥ to the carbonyl c®, by another refocused INEPT to the C, followed by a COSY step
which transfers it to the CP. The last part of the sequences are identical to the CBCA(CO)NH
and the CBCANH sequences which then transfer the magnetization from the CP to the NH to
yield the (i+1) and (i,i+1) version of a GIn and Asn selective experiment. The magnetization

transfer of Gln in version (i+1) can be described by:
le(i) —> 15N£(i) (MUSIC) —> 13C06(i) —> 13CY(1) —> 13CB(i) —> 13Ca(i) —> 13C’(i) —>
PN (i+1) = 'H (i+1)

Asn can be suppressed to yield the Q-(i+1)- and Q-(i,i+1)-HSQC which are solely
selective for GIn as was discussed in chapter 3.5 (case A and D). However, in the case of the
Q-(i+1)-HSQC this suppression makes the experiment less sensitive so that a suppression of
Asn does not always make sense. The transfer function for GIn between point a and b in the

(i+1)-pulse sequence depicted in Fig. 4.29 a is:

sin(nJCCQAz) sin(nJCC2A2) sinz(nJCC2A3) sin(nJCC2A4) Sin(nJCC-2A6) [4 1 8]

For Asn, two magnetization pathways lead to detectable signals. After the magnetization
was transferred to the C? two COSY steps follow while it takes only one step to transfer the
magnetization to the C*. Either the magnetization stays in-phase on the cP during 2A; and is
not transferred to the C* by the following 90° pulse, or magnetization is transferred to the C*
after 2A; and stays in-phase during 2A;, which is described by the following two transfer
functions for the case of the QN-(i+1)-HSQC:

sin(nJCCQAz) cos(nJCC2A2) sin(nJCC2A3) sin(nJCC2A4) Sin(nJCC-2A6) [4 1 9]

sin(nJCCQAz) sin(nJCC2A2) sin(nJCC2A3) cos(nJCC2A4) Sin(nJCC-2A6) [420]

Asn signals are suppressed if equations [4.19] and [4.20] cancel each other out resulting
in the Q-(i+1)-HSQC. This is the case if A; + Ay = 1/2Jcc. Note that the second part of the
pulse sequences and the transfer functions [4.18-20] are identical to those of the E-(i+1)- and
E-(1,i+1)-HSQC. With this condition nominal values of A;, A3, A4 and Ag are 5.7, 7.1, 8.6 and
4.5 ms, respectively. In the experiment best results were obtained with A, = 3.7 ms, A3 = 4.5
ms, Ay = 9.3 ms, and Ag = 4.5 ms for the Q-(i+1)-HSQC. However, the suppression of Asn is

not perfect and leads to a reduction of signal intensity. Because of the relatively low overall
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sensitivity of the experiment it is recommended to sacrifice the Asn suppression. The QN-

(i+1)-experiment works best with A; = 4.5 ms, A; = 4.5 ms, Ay = A¢ = 4.5 ms and As = 0 ms.
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Fig. 4.29: Pulse sequences of the glutamine selective experiments Q-(i+1)-, QN-(i+1)- and Q-(i,i+1)-HSQC.
The following delays were used: T, = 5.5 ms, T, = 5.5 ms, T3 = 2.25 ms, 8, = 4.5 ms, 8; = 6.9 ms, &, = 11.4 ms,
Ty =11 ms, A; =8 ms, A, = 3.7 ms (4.5 ms for the QN-(i+1)-HSCQ), A; = 4.5 ms, A, = 9.3 ms (4.5 ms for the
QN-(i+1)-HSCQ), As = 4.8 ms (0 ms for the QN-(i+1)-HSCQ), Ag = 4.5 ms, A; = 9.3 ms. More experimental
details are given in the appendix.

The transfer functions for the Q-(i,i+1) pulse are similar to [4.18], [4.19] and [4.20], only
A4, Ag and Jcc are replaced by A7 (both) and Jcy, leading to the nominal values for A;, A3 and
A7 of 5.3 ms, 7.1 ms and 9.0 ms, respectively. The values must be close to fulfilling the
condition A, + Ay = 1/2Jcc = 14.2 ms for the suppression of signals from Asn and Asp. The

result of an experimental optimization was A, = 3.7 ms, A3 = 4.5 ms and A7 = 9.3 ms.
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Fig. 4.30: Gln/Asn selective 'H-""N-correlations of the SAM domain from EphB2. The SAM domain contains 3
Asn and 6 Gln. (a) The QN-(i+1)-HSQC was acquired in 6 h using 128 scans. All expected signals are visible.
The signal of K60 (following Q59) is weak. (b) The Q-(i,i+1)-HSQC was acquired in 12 h using 256 scans and
contains signals of all six Gln residues. The signal of Q59 is very weak, in addition signals of Q72 and Q59
overlap. Peaks marked with rectangles are signals of sequential neighbors and can be verified by the QN-(i+1)-
HSQC. All Asn signals are suppressed.

Spectra of the QN-(i+1)- and Q-(i,i+1)-HSQC are shown in Fig. 4.30. Because of the
higher sensitivity the QN-(i+1)-HSQC was recorded. The Q-(i+1)-HSQC is as insensitive as
the Q-(i,i+1)-HSQC. For proteins larger than 10 kDa the EQG-HSQC experiments are

recommended instead.

4.4.13 Selecting Arg: The R-(i+1)- and R-(i,i+1)-HSQC

The side chain of arginine offers a CH,-N element for selection, but because of the small
coupling constant 'Jcy, the application of a CH,-N filter would be too inefficient. A more
elegant method is to exploit the characteristic chemical shifts of C' and C® The sufficiently
distinct chemical shifts of these carbons allows the nuclei to be treated independently with
selective pulses. The selectivity is based on the characteristic CY/C® carbon pair with
chemical shifts of 27.3 + 1.4 ppm and 43.1 = 1 ppm, respectively (from the BMRB database:
Seavey et al., 1991). Carbon pairs with similar chemical shifts are only found in Lys cd/ce
(28.8+ 1.4 ppm and 41.7 £ 0.9 ppm) and Leu cPcy (42.3 £ 1.8 ppm and 26.8 = 1.3 ppm).
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Fig. 4.31: Pulse sequences of the Arg selective 'H-""N correlations (a) R-(i+1)-HSQC and (b) R-(i,i+1)-HSQC.
The following delays were used: T; = 2.05 ms (determined by pulse length S,), T, = 2.1 ms, T3 = 5.5 ms, 74, =
2.25ms, 8y =4.5ms, 0, =69ms, 5 =11.4ms, d;=9ms, Ty=11ms, A; =3.5ms, A, =5.5 ms, A; =4.5 ms.
The striped thick bar (S;) stands for a band-selective 180° REBURP pulse (4096 us) centered at 45 ppm.. Self-
refocusing selective L0S2-0 excitation pulses are represented by filled half-sine shapes (S, - S4). The pulse
lengths of S, — S, are 3072 us, the offsets 45 ppm, 45 ppm and 29 ppm, respectively. The second L0S2-0 pulse
(S;) has a time inverted shape. Pulse lengths are given for a 600 MHz spectrometer. More experimental details
are given in the appendix.

The novel experiments are derived from the CBCA(CO)NH and the CBCANH. Two relay
steps are implemented in the original sequences to obtain the R(i+1)- and R(i,i+1)-HSQC.
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The desired selectivity for Arg is achieved via the implementation of soft pulses at the
beginning of the sequence as described below. Despite an inevitable loss of magnetization
due to relaxation during the additional delays, the intensity is reduced only slightly relative to
the original sequences since the side chains of Arg are linear chains of carbon atoms with
almost identical carbon-carbon one-bond couplings (lJcc). The pulse sequences are shown in
Figure 4.31. The magnetization transfer in the R-(i+1)-HSQC can be described by:

1H6(i) —> 13C5(i) (sel. pulses) —> 13CY(i) (sel. pulse) —> 13CB(1) —> 13Ca(i) — 13C’(i) —

15 1
N g+ — H g

In the initial INEPT-step both carbon pulses are replaced by pulses selective for the C®.
The 180° pulse (S)) is performed as a REBURP pulse with a bandwidth of 8 ppm (length of
4096 us at 600 MHz) centered at 45 ppm. Note that this selective pulse extends throughout
the complete delay 2t;. Only an effective J-coupling is therefore active between the proton
and carbon spins. It was determined experimentally to be 90% of the true J-coupling (chapter
3.5) and the delay of 4096 usec therefore has the proper length. Normally a IBURP pulse is
used in such a case, because it has been designed for the inversion of z-magnetization.
However during an IBURP pulse the effective coupling is smaller compared to a REBURP
pulse due to its asymmetrical shape (chapter 3.5). It would thus have required a longer delay
to evolve the coupling and a REBURP shape was used instead.

A self-refocusing L0S2-0 pulse (see chapter 3.5) with a bandwidth of 11 ppm (length of
3072 us at 600 MHz) applied at 45 ppm is used as the 90° pulse (S;). In the following delay
2A, the chemical shift evolution of the C® is refocused while the coupling between the C®and
the C" evolves. This is accomplished using a non-selective rectangular 180° pulse in the
center of the delay. The transfer of magnetization from the C® to the C7 is then achieved by
two subsequent selective 90° pulses (S; and Sy4), one selective for the CS, the other for the C”.
Both are performed as LOS2-0 pulses: S; has a time inverted shape and is centered at 45
ppm, S4 is applied at 29 ppm. These two selective pulses which are phase cycled
independently are of central importance for the new experiments. They transfer
magnetization only between carbon spins that are connected via a one-bond coupling and
have chemical shifts in the correct ranges. This is true for Arg (C8 and C") and Lys (C* and
CS). Signals from the latter will not appear in the Arg spectra, since two relay steps are not
sufficient to transfer magnetization from the C® to the C% In the case of leucine (C[3 and C")
magnetization transfer is forced from the CP to the C7, away from the backbone. Analyses of
the transfer function result in a very low transfer amplitude for the transfer to C* using the
proposed delays. The resulting spectra in Figure 4.32 a and b demonstrate the clean selection

achieved with the selective pulses, only signals from Arg are present.
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Fig. 4.32: Arg selective 'H-""N-correlations of the chicken EphB2 receptor SAM domain, which contains 3
Arg. (a) The R-(i+1)-HSQC was acquired in 3 h using 64 scans. All expected signals are visible. (b) The R-
(1,i+1)-HSQC was acquired in 4% h using 96 scans. The spectrum contains signals of all Arg residues and
smaller signals from the sequential neighbors.

4.4.14 Selecting Lys: The K-(i+1)-, KR-(i+1)- and K-(i,i+1)-HSQC

Lysine has the longest side chain of all natural amino acids. The linear carbon chain
consists of 4 methylene groups and ends with a NH;" group. Although the chemical shift of
this "N nucleus is with 33.6 + 0.6 ppm very characteristic, magnetization between C* and N°
would be very inefficient due to the small coupling constant 'Jey. A much more sensitive
method to select Lys (together with Arg) makes use of the characteristic chemical shifts of
the C® and C* nuclei of 28.8 + 1.4 ppm and 41.7 £ 0.9 ppm, respectively. The chemical shifts
of these carbons are sufficiently distinct that the nuclei can be treated independently with
selective pulses. Carbon pairs with similar chemical shifts are only found in Arg cd/ce (27.3
+ 1.4 ppm and 43.1 = 1 ppm) and Leu cv/cP (26.8 £ 1.3 ppm and 42.3 £+ 1.8 ppm).

To record spectra selective for Lys the same pulse sequences as in the Arg experiments
(chapter 4.14) are used but are extended by an additional relay step to allow magnetization
transfer from the C* to the C* The selective pulses are of the same type and of the same
length but are applied at slightly different frequency positions: S; is centered at 44 ppm, S,
and S at 45 ppm and S4 at 29 ppm.
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Fig. 4.33: Pulse sequences of the Lys selective "H-"’N correlations (a) K-(i+1)-, KR-(i+1)-HSQC and (b) K-
(1,i+1)-HSQC. The following delays were used: T; = 2.05 ms (determined by pulse length S;), T, = 2.1 ms, T; =
5.5ms, T4 =2.25ms, 8, =4.5ms, 8; =6.9ms, 6, =11.4ms, d3=9 ms, Ty=11ms, A, =3.5ms, A, = 5.5 ms,
A; = 8.8 ms (4.5 ms for the KR-(i+1)-HSQC), A, = 4.3 ms (0 ms for the KR-(i+1)-HSQC), As = 4.5 ms. The
striped thick bar (S;) stands for a band-selective 180° REBURP pulse (4096 us) centered at 44 ppm. Self-
refocusing selective L0S2-0 excitation pulses are represented by filled half-sine shapes (S, - S;). The pulse

lengths of S, — S, are 3072 us, the offsets 45 ppm, 45 ppm and 29 ppm, respectively. The second L0S2-0 pulse

(S3) has a time inverted shape. Pulse lengths are given for a 600 MHz spectrometer. More experimental details

are given in the appendix.

The magnetization transfer in the K-(i+1)-HSQC (Fig. 4.33 a) can be described by:

ng(i) — 13C8(i) (sel. pulses) —> 13C6(i) (sel. pulse) —> 13CY i — 13CB(1) —> 13Ca(i) —> 13C’(i) —>

15 1
N g+ — H
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Signals from Arg can potentially appear in the Lys spectra. It is, however, desirable to
obtain spectra that contain only signals from Lys. This can be achieved by tuning the delays
in the relay steps to appropriate values as described in chapter 3.6 (three refocused COSY
steps: case D and F). However, the transfer functions are slightly different since an additional
passive spin (C® in Lys, C?in Arg) is present. The transfer function for Lys between point a

and b in the (i,i+1)-pulse sequence depicted in Fig. 4.33 b is:

sin® (I cc2A) sin(ml¢e285) sin(mIn28;) [4.21]

Jcc stands for all one-bond carbon-carbon couplings which are assumed to be uniform.
During each of the three delays 2A, one carbon-carbon coupling is refocused and one is
evolving and each of the three 90° pulses following the delay accomplishes a transfer of
magnetization to the next carbon in the side chain.

For Arg three magnetization pathways are possible. There are three relay steps after the
selective pulse S4 while it takes only two steps to transfer the magnetization from the C" to
the C* Consequently detectable signal only results if during one of the delays 2A, coupling
to the previous carbon in the side chain is refocused while coupling to the next carbon in the
chain does not evolve. No magnetization will then be transferred by the subsequent 90°
pulse. Equations [4.22], [4.23] and [4.24] represent the situation if no transfer takes place
after the first, second or third of the three delays 2A,, respectively.

sin(nJCCZAg) COS(TEJCC2A2) X COS(TEJCCzAz) Sil’l(TEJCC2A2) X sinz(nJCCZAz) X Sil’l(TCJCC263) Sil’l(TCJCN283) [422]
Sinz(TEJCCzAz) X sin(nJCCZAg) COS(TEJCCzAz) X COS(TEJCCzAz) Sil’l(TEJCC2A2) X Sil’l(TCJCC263) Sil’l(TCJCN283) [423]
Sinz(TEJCCzAz) X sinz(nJCCZAz) X Sil’l(TCJCCZA2) X cos(nJCC253) Sil’l(TCJCN283) [424]

Note that the transfer functions [4.22] and [4.23] are identical. The delays A, and d; can
be tuned in a way that the signals from transfer functions [4.22], [4.23] and [4.24] cancel
each other while the signal from transfer function [4.21] is optimal. After experimental
optimization the best results were obtained with A; = 5.5 ms and &;= 9 ms.

The same type of suppression can be used in the (i+1)-sequence. The delays A;, A4 and As
are adjusted to 8.8, 4.3 and 4.5 ms, respectively, which is simultaneously optimal for the
evolution of coupling between the C* and the carbonyl and the cancellation of signals from
Arg. Spectra of the K-(i+1)- and K-(i,i+1)-HSQC are shown in Fig. 4.34 a and b. All
expected resonances are present while Arg signals are suppressed. If the delays Az, A4 and As
are adjusted to 4.5, 0 and 4.5 ms, respectively, the sensitivity is higher but signals from Arg
are not suppressed any more. The use of this version, the KR-(i+1)-HSQC should be

preferred in the case of proteins >10 kDa.
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Fig. 4.34: Lys selective 'H-""N-correlations of the chicken EphB2 receptor SAM domain (Smalla et al., 1999,
PDB: 1SGG), which contains 4 Lys. (a) The K-(i+1)-HSQC was acquired in 6 h using 128 scans. It contains
three out of four K-(i+1) signals. E27 the sequential neighbor of K26 is missing. (b) The K-(i,i+1)-HSQC was
acquired in 6 h using 128 scans and contains three out of four Lys residues. K26 is missing.

4.4.15 Selecting neighbors of Pro: The P-(i-1)- and P-(i+1)-HSQC

Proline is different — it is the only amino acid which lacks a NH group and the nitrogen is
connected to the C® to form a 5 membered ring. Proline residues hinder sequential
assignment strategies based on a 'H-""N correlation because the common NH-detected triple-
resonance experiments do not show proline signals.

Therefore two proline selective experiments were designed which transfer the
magnetization to the neighboring NH groups (i-1) and (i+1). The selection is based on the
lack of a NH group analogous to the proline selective experiments described earlier
(Olejniczak and Fesik, 1994; Bottomley, et al. 1999). Two >N nuclei are involved in the
magnetization transfer, the one of Pro and one of the neighboring residue (i+1) or (i-1).
Therefore either the "°N of Pro or the '°N of the NH group is recorded in a 2D experiment,
leading to four experiments: the Pro-(N.), HN(i_l))-HSQC, the Pro-(N;, HN(i_l))-HSQC, Pro-
(Ngis1y, HNi+17)-HSQC and the Pro-(N; H'+1))-HSQC.

The transfer of magnetization selected by the pulse sequences for the Pro-(Ni.p), HN(i_l))-
HSQC and the Pro-(N;, HN(i_l))-HSQC can be described as:

1 13 13 15 . 13 13 15 11N
Ha(i_l) - Ca(i_l) — 7Cli.iy = "Np (selection) — Clin— Ca(i_l) — "Ng.np— H
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Fig. 4.35: Pulse sequences of the new proline neighbor selective 'H-""N-correlations. The pulse sequences yield
signals for residues preceding prolines (a) and residues following prolines (b). (a) Pro(Nj.), HN(H))—HSQC (tp 18
incremented) and Pro(N;, HN(i,l))-experiment (t1a is incremented), (b) Pro(N, HN(M))—HSQC (tp 18
incremented) and Pro(N;, HN(iH))—experiment (t1 1s incremented). The following delays were used: T, = 1.5 ms,
7, =2.1ms,T3=55ms, T, =5.5ms, Ts=2.25ms, A; =3.5ms, A, =5.5ms, A;=14.2 ms, Ay, =7 ms, 80 =45
ms, 81 =6.9 ms, 52 =11.4 ms, Ty = 11 ms. The black and white striped thick bars stand for band-selective 180°
REBURP pulses at 56 ppm with a duration of 1024 us (at 600 MHz). More experimental details are given in the
appendix.

The pulse sequence is depicted in Figure 4.35 a. The magnetization originates from the
"H" of the (i-1) residue and is then transferred via the °C* and the *C' to the "°N of proline
(point a). During a delay 13 tuned to 1/2Jyn anti-phase magnetization is created for all
residues where an amide proton is present (point b). This magnetization is destroyed by the

subsequent composite pulse decoupling on the proton channel. Only proline magnetization,
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where no anti-phase magnetization is created, is left. The magnetization is then transferred
back to the °C' and the *C® Up to this point, the pulse sequence is identical with that of
Olejniczak and Fesik. But instead of returning to the "H* in an out-and-back manner, the
magnetization is transferred to the nitrogen (point d) and the amide proton in the new
sequence. To accomplish the transfer from " C%i.1) to 1SN(H) a delay of 28 ms (1/J¢¢) is used
(As in Fig. 4.35 a). If the (i-1) residue turns out to be a glycine, the resulting peaks will have
opposite sign compared to all other types of amino acid, since the coupling between *C* and
13CP is active during the delay for non-glycine amino acids. Two nitrogen nuclei are involved
in the flow of magnetization. Depending on the nucleus that is allowed to evolve chemical
shift, the resulting spectrum will show a correlation to the prolines own "N or to the N of
the (i-1) residue. To optimize the spectral window and the excitation of the nitrogen spins the
position of the nitrogen carrier is changed from 135 ppm to 120 ppm during the experiment
(point ¢) and switched back at the end of the sequence.

The transfer of magnetization that is selected by the pulse sequences for the Pro(N1),
H"i:1))-HSQC and the Pro(N;), H'+1))-HSQC can be described as:

'H%;) — PC% 5 — PNy (selection) — *C* i) — PClyy = PNy = 'HN iy

The pulse sequence is depicted in Fig. 4.35 b. The magnetization originates from the 'H*
of proline and is then transferred via the proline *C* to the proline '°N (point a). During the
delay 2A4 the carbon magnetization is in the transverse plane and a selective REBURP pulse
is applied to the *C® region of the prolines to refocus the coupling between *C* and the
13CP. The length of the delay A4 can then be optimized independently of the 'JcacB coupling.
The selection of the proline '°N is accomplished in the same way as with the sequence
described above (point b). Then the magnetization is transferred back to the"*C* and from
there via the '°C' and the nitrogen of the following residue (point d) to the amino proton.
Again two nitrogen nuclei are involved in the magnetization transfer pathway and
consequently two types of spectra can be recorded depending on which nitrogen chemical
shift is allowed to evolve. The same nitrogen carrier frequency jumps as in the other
experiments are employed.

It should be noted that there is a potential drawback of the selection mechanism. The
spectra are recorded in H,O to allow for the suppression of amino acids other than proline.
There is, however, an amount of 5 — 10 % of D,O in the sample used for the internal lock.
Consequently, 5 — 10 % of the amino acids have a deuteron bound to the nitrogen instead of

a proton, irrespective of amino acid type. These residues can lead to low intensity break-
through peaks (Fig. 4.36 b).
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Fig. 4.36: Spectra from the proline-selective experiments of the EVH1 domain from VASP. The Pro(N),
HN(H))—HSQC spectrum is given in (a) the Pro(N ), HN(M))—HSQC spectrum in (b). Spectra of Pro(Ng;, HN(H))
and Pro(N;, HN(M)) are shown in (c) and (d). The EVHI domain contains five prolines. (a) The Pro(N.,
HN(H))—HSQC was acquired in 6 h using 128 scans. All expected signals are visible. The signal of the glycine
preceding Pro 30 is negative (see text). (b) The Pro(Ni.), HN(M))-HSQC was acquired in 6 h using 128 scans.
All five expected signals of residues following prolines are present. A peak from the C-terminal Gly 115, which
shows a very intense peak in the 'H-""N-HSQC, is visible as a breakthrough peak (marked with *). (c) The
Pro(Ng, HN(H)) spectrum was acquired in 6 h using 256 scans. The spectrum shows correlations between the
chemical shifts of HN(i_l) and proline >N chemical sifts. All five ""Ny/ IH(i_l) correlations are present and the BN
chemical shift of the prolines can be assigned to the corresponding peak in the P-(i-1)-HSQC. (d) The Pro(N,
HN(H)) spectrum was acquired in 6 h using 256 scans. All five 1SNi/lH(M) correlations are visible and the "N
chemical shift of the prolines can be assigned to the corresponding peak in the Pro(N ), HN(M))—HSQC. Via the
proline "N chemical shifts in spectra (c) and (d) a connection between residues directly preceding and
following Pro can be established.
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Spectra of the EVH1 domain are shown in Fig. 4.36. The protein contains 5 prolines
(residues 25, 30, 42, 56 and 77). The sequential neighbors of proline are identified from the
Pro(Ni.1y, H'.1)-HSQC (Fig. 4.36a) and Pro(N;:1) H':1))-HSQC (Fig. 4.36b). The cross
peaks of spectra (a) and (b) can be connected via the "N chemical shift of the proline
common to both sets of experiments (a, b and ¢, d). This provides a method of linking the
(i-1) and (i+1) residues either side of the proline. In the Pro(N.y), HN(i_l))-HSQC only one
peak with opposite sign appears. This identifies the residue immediately as Gly 29, since this
is the only glycine in (i-1) position to a proline.

Note that the amino protons of the residues next to proline are required in these novel

experiments. They are therefore not applicable to poly-proline sequences.

4.4.16 Selecting Cys and Ser: The CS-(i+1)- and CS-(i,i+1)-HSQC

Cysteine, alanine and serine are the only amino acids which contain a CP but lack a C7
carbon. Cys does not offer a unique topology or characteristic chemical shifts which could be
used for a selection. It shares the CH-CH, motif with 14 other amino acids hence this is not
sufficiently specific to have practical value. The chemical shift of the CP carbon can vary
between 22 and 57 ppm (D. Sharma and K. Rajarathnam, 2000) depending on the oxidation
state (Fig. 2.10). Only the lack of a C carbon might be used as selection criterion. To
suppress signals of undesired amino acids, magnetization is generated on the CP and then
coupling to the C is allowed to form undetectable double quantum coherence as described in
the literature (Dotsch et al, 1996a and b). The design of such an experiment is rather difficult
since the CY carbons can be aliphatic, aromatic or a carbonyl carbon and additionally the
coupling constants 'Jcpey vary from 30 to 55 Hz (Lohr et al, 2000). The delay during which
the 'Jcpey coupling can evolve has to be 1/2] in order to achieve a complete suppression of
undesired signals. Since this is hardly possible with such a broad range of coupling constants
the elimination of undesired signals will not be complete.

If the aliphatic, aromatic and carbonyl C carbons are treated independently with selective
pulses, the time of effective coupling between the CP and C" can be adjusted independently
for Asn/Asp, the aromatic amino acids His/Phe/Trp/Tyr and the remaining residues.
However, variations of the 'Jcpcy coupling constants allow only a rough selection of Ser and
Cys with a lot of breakthrough peaks. The pulse sequences for the CS-(i+1)- and CS-(i,i+1)-
HSQC are shown in Fig. 4.37. Best results were obtained with effective 1y cBey coupling times
of 9.49 ms for Asp/Asn, 9.96 ms for His/Phe/Trp/Tyr and 15.0 ms for the remaining amino
acids, corresponding to theoretical coupling constants of 52.7, 50.2 and 33.3 Hz. The

effective coupling between aliphatic carbons can evolve during the time A} + A, + Az + Aq +
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S;. Aromatic and aliphatic carbons effectively couple during A; - A, + A3 + Ay - S, and
carbonyl carbons and aliphatic carbons during A; + A, - A3 + A4 - Ss.
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Fig. 4.37: Pulse sequence of the CS-(i+1)-HSQC. The selective pulses (black and white striped sine shapes) S,
S, and S; were performed as REBURP pulses with lengths of 409.6 us, 640 us and 1024 ps, and offsets of 45
ppm, 120 ppm and 175 ppm respectively (for a 600 MHz spectrometer). The corresponding bandwidths are 65
ppm, 41 ppm and 26 ppm. The delays A, A,, A; and A, were set to 5.62 ms, 1.68 ms, 1.53 ms and 5.77 ms,
respectively. The remaining delays are set to the following values T, = 3.5 ms, T, = 5.5 ms, T3 = 2.25 ms, &, =
4.5ms, 8, =69 ms, 5, =11.4ms, Ty=11 ms, Tc = 3.7 ms, Ac = 9 ms. More experimental details are given in
the appendix.
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The resulting spectra are shown in Fig. 4.38. Among positive and negative breakthrough
peaks the desired Cys and Ser signals are present with strong intensity. Because of variations
of lJcﬁcy coupling constants, signals originating from undesired amino acid types like Met
and Gln break through. Gly is, in principle, suppressed like Asn and Asp with its 'Jcoc
coupling but suppression is again not perfect. Ala residues are suppressed because the
MUSIC-CHj; selection suppresses the major part of CH; and additionally the selective pulse
S) effects only partially the cP.
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Fig. 4.38: Cys/Ser selective 'H-""N correlations of the EVH1 domain from VASP. The EVHI domain contains
2 Cys and 7 Ser. (a) The CS-(i+1)-HSQC was acquired in 1 72 h using 32 scans. All expected signals of Cys and
Ser neighbors are present. Four undesired signals (following Gly, Met and Gln) are not completely suppressed
but they can be identified by their negative sign. A signal from a minor conformation is marked with an asterisk.
(b) The CS-(1,i+1)-HSQC was acquired in 1 % h using 32 scans. All expected Cys and Ser signals are visible. A
negative signal of the undesired G115 is present. A signal from a minor conformation is marked with an
asterisk.

4.4.17 Attempts to select Met

Methionine contains two CH; groups, but this is not unique enough to select solely Met or
Met among a small group of amino acid types. In principle, Met offers a methyl group which
can be selected by MUSIC, but the “CHj; group is separated from the carbon chain by a sulfur
atom. The coupling constants across the sulfur are very small (Bax et al., 1994) and a
magnetization transfer from a selected C® to the C and further to the backbone would be

very inefficient. The chemical shifts of the ">C nuclei of Met do not allow a filter based on
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selective pulses. The chemical shifts of the CP and C" are almost identical and strong
coupling can occur which complicates magnetization transfer. An experiment with a
MUSIC-CHj; selection implemented at the beginning of a CBCA(CO)NH sequence extended
by a rely step, lead to signals of almost all amino acids including Met. Attempts to make the

experiment more specific for Met by suppressing undesired signals were not successful.

4.4.18 Selecting the indole NH of Trp: The H*'N®'-HSQC

Signals of the H*'-N®' group of Trp appear in the "N-HSQC in the same region as
backbone NH groups which leads sometimes to overlap. An unambiguous assignment of the
H®'-N®' is important since NOE signals involving these nuclei provide often key distance

restraints for structure calculations.
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Fig. 4.39: Pulse sequence of the Trp H”NSLHSQC correlation. The delays are set to T, = 5.5 ms, T3 = 2.25 ms,
Tx = 11 ms. The carrier frequency for °C was centered at 125 ppm. 180° REBURP pulses (black and white
striped thick bars) with a duration of 1024 ps and 90° L0S2-0 pulses (filled sine shapes) with a duration of 512
us were used. More experimental details are given in the appendix.

The N* is scalar coupled to the adjacent aromatic carbons C® and C®. This coupling is
used to transfer magnetization from the N*' to the aromatic carbons. Because of their
characteristic '>C chemical shift they can be selected using shaped pulses. The pulse
sequence is a 2D version of an HNCA-like experiment, however the '*C offset is changed to
125 ppm (Fig. 4.39). The selectivity is achieved by using LOS2-0 pulses with a length of 512
us as 90° pulses and REBURP pulses with length of 1024 us as 180° pulses on the carbon
channel. The experiment is quite sensitive and can be recorded in a very short time, a
comparison between the conventional HSQC and the H*'N*'-HSQC of the EVHI domain is
shown in Fig. 4.40. The signal intensity is 50% compared to a conventional "N-HSQC.
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Fig. 4.40: Trp H*'N*'-HSQC in comparison to a normal "N-HSQC of the EVH1 domain from VASP. (a)
Region from the "N-HSQC. The spectrum was acquired in 12 min using 4 scans. (b) The Trp H'N*'-HSQC
was acquired in 24 min using 8 scans. The three expected signals are present.

4.5 Conclusion and outlook

In total, 39 novel amino acid type-selective experiments were designed, which allow the
identification of the amino acid types of signals in 'H-""N correlation spectra. For 19 amino
acid types (all except Met) selective experiments were developed, either for selecting a
residue type alone or for selecting a group of amino acid types. An overview is given in table
4.1. Pairs of experiments for Gly, Ala, Thr/Ala, Val/lle/Ala, Leu/Ala, Ser, Trp, Phe/Tyr/His,
Asp/Asn/Gly, Asn, Asp, Glu/GIn/Gly, Gln, Glu, Arg, Lys, Cys/Ser which select either the
NHg;+1) or NH;/NH;+1) amide signals were presented. Four Pro selective experiments were
introduced allowing the linking of signals of the two neighbors (i-1) and (i+1) via the proline
'>N chemical shift. Finally, an experiment which selects Trp H*'N®' groups was developed.

The significance of the presented experiments in terms of an automated assignment is

discussed in the next chapter.
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experiments selection criteria typical number
of scans
G (i+1) G (i,i+1) MUSIC-CH, 8/16
A (i+1) A (i,i+1) MUSIC-CH3 48 /48
TA (i+1) TA (1,i+1) MUSIC-CH3, selective pulse 48 /96
VIA (i+1) VIA (1,i+1) MUSIC-CH3, selective pulse 48 /96
LA (i+1) LA (i,i+1) MUSIC-CH3, selective pulses, tuned delays 96/ 144
S (i+1) S (1,i+1) MUSIC-CHj,, selective pulses 32/32
DNG (i+1) DNG (ii,+1)  MUSIC-CH,, selective pulses 32/ 64
N (i+1) N (1,i+1) MUSIC-NH,, 64 /128
D (i+1) D (1,i+1) MUSIC-CHj,, tuned delay to select CO, 32/ 64
EQG (i+1) EQG (i1,+1)  MUSIC-CHy,, selective pulses, tuned delays 64 /96
ON (i+1)or  Q (1,i+1) NH; selection, tuned delays 128 /256
Q (i+1) 256
ED (i+1)or  E (1,i+1) MUSIC-CHj,, tuned delay to select CO,, 64 /128
E (i+1) tuned delays 128
R (i+1) R (1,i+1) selecting C pair with selective pulses 64 /96
KR (itl)or K (i,i+1) selecting C pair with selective pulses, 64 /128
K (i+1) tuned delays 128
P (i+1) P (i-1) tuned delay to select N which lacks H, 128 /128
FYH (i+1) FYH (i,i+1)  MUSIC-CHj; selection, selective pulses 64 /128
W (i+1) W (1,i+1) MUSIC-CHj selection, selective pulses 64 /128
CS (i+1) CS (1,i+1) MUSIC-CHj selection, tuned delays 32/32
W-H'N! selective pulses 8

Table 4.1: Overview of the 37 novel amino acid type-selective 'H-""N correlations with a short description of
the selection mechanism and typical number of scans (on the left for the (i+1), on the right for the (i,i+1)
versions). Note that P-(i+1)- is identical to the Pro-(N1, H";1))-HSQC, the P(i-1)- to the Pro-(Ng.;y H.1y)-
HSQC, respectively. The Pro-(N;, HN(i, 1y)-HSQC and the Pro-(N;, HN(H 1y)-HSQC are not listed here.

All the experiments are open for further modifications, e. g. chemical shift evolution of

any of the involved side chain nuclei or sensitivity enhancement can be implemented. Even

the TROSY technique can be implemented, but this makes more sense in deuterated proteins

in which specific protons essential for the experiments are not exchanged by deuterium, e. g.
in 3 C1H3/2H/13C/ 5N labeled samples.
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Chapter

Amino acid type-selective experiments

5 open up new strategies in
automated assignment

Parts of this chapter are included in an application for a patent.

5.1 Introduction

The task of an automated assignment procedure is to extract a list of the chemical shift
assignments of all °C, N and "H nuclei from processed NMR spectra. The initial step is the
sequential backbone assignment which delivers the chemical shift assignments of all
backbone and "*CP nuclei. The state of the art in automated backbone assignment is reviewed
in chapter 5.2.

In general, automated techniques should be as reliable as possible and manual interference
should be minimized or not necessary at all. Novel technologies for automated resonance
assignment require additional, more specific data in order to generate reliable results. Amino
acid type-selective experiments provide such specific data and thus increase the reliability of
the assignment output. A method to obtain 'H-'"N chemical shift assignments for unique
sequential dipeptides in the protein sequence based solely on amino acid type-selective 2D
experiments is introduced in chapter 5.3. This approach offers an additional independent
route to 'H-">N chemical shift assignment. Four potential concepts for the implementation of
amino acid type-selective 'H-"N correlations in automated assignment procedures are

provided in chapter 5.4.

5.2 Automated backbone resonance assignment of *C/"°N labeled proteins
- an overview

Sequential backbone resonance assignment is an essential requirement for protein
structure determination by NMR which is outlined in Fig. 5.1. Efforts are ongoing to
automate each of the steps (Moseley and Montelione, 1999). To automate the whole process
all steps have to be linked and individual in- and output data have to be compatible. The
sequential backbone assignment follows the processing of the spectra and delivers the input
for the automated side chain and NOESY assignment. Automated procedures for backbone

resonance assignment use, in general, the same analysis scheme which is shown in Fig. 5.2.
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Fig. 5.1: Flow chart of the structure determination of *C/"°N labeled proteins by NMR. Dashed arrows
represent the use of optional data.
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The procedure starts with peak picking. In the next step peaks are filtered (filtering) and
resonances from different spectra are related (referencing). Subsequently, resonances are
grouped into generic spin systems (grouping, see chapter 2.3). Afterwards sequential generic
spin systems are linked into segments (linking) and then the amino acid types of the spin
systems within the segment are identified (typing). An alternative is to identify the amino
acid types of each generic spin system before linking them into segments. Then the segments
with the amino acid type information (usually probabilities) are mapped onto the protein
sequence (mapping). To complete the backbone assignment the assigned segments have to be
linked and extended until the entire sequence is assigned. Finally the assignment should be
evaluated to ensure a reliable assignment table. However, the overall performance is dictated
by the performance of the weakest step.

Various software packages already exist for automated/semiautomated backbone
assignment which include several steps of the scheme in Fig. 5.2. They are reviewed in the
literature (Moseley and Montelione, 1999). A program which contains all steps is not
available so far.

Most of the programs use peak lists as input. Although several automated peak picking
programs exist, the generation of reliable peak lists always requires some degree of manual
interference (Moseley et al., 2001). Automated peak picking tools provided in Sparky
(Goddard and Kneller, 1999), Felix (Molecular Simulation Inc.), NMRCompass (Molecular
Simulation Inc.) or PIPP (Garett et al., 1991) can be used. Another approach is restricted
peak picking (e.g. with Sparky) which searches for peaks only in certain areas in
multidimensional spectra. These areas can, for example, be defined by the peak list of an
'>N-HSQC such that only peaks from certain strips are picked. The procedure is described in
the literature (Moseley et al., 2001). Although the different automated assignment procedures
can tolerate a certain percentage of artifacts, it is recommended to check the peak lists
manually.

One of the few programs which use NMR spectra as direct input is Chatch23 (Croft et al.,
1997). This program searches simultaneously in a variety of spectra for characteristic spin
patterns (pattern search) and delivers a list of generic spin systems. The following steps
(amino acid typing, linking and mapping) are not included.

Once peak lists of all necessary spectra are available, several programs like AutoAssign
(Zimmerman et al., 1997), PASTA (Leutner et al., 1998), TATAPRO (Atreya et al., 2000) or
the program from Lukin et al. (Lukin et al., 1997) deliver quite complete assignment lists
with low error rates. However, the resulting peak lists have to be evaluated manually as long
as the error rate (false assignment) is not zero. Note that missing assignments for certain
residues cause only a minor problem. This is often not due to bad performance of the

automation program, but is rather a direct consequence of missing signals.
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Although the available programs show a good performance starting from peak lists, the

overall robustness can still be increased and false assignment should be excluded.

5.3 Problematic steps in automated assignment

Most problems occur during peak picking, grouping and amino acid typing. If peaks are
not picked due to overlapped resonances or missing signals, problems appear during the
grouping of signals into generic spin systems. Problems which may occur in spectra of the
CBCA(CO)NH and CBCANH experiments (see chapter 2.3) are discussed as examples. The
C* and CP frequencies are usually assigned using these experiments. If the chemical shifts of
the C* and C® nuclei of a residue can not be unambiguously assigned, the amino acid type
identification will be unreliable.

Typical peak patterns in the BC dimension of the CBCA(CO)NH and the CBCANH
spectra are shown in Fig. 5.3. If no overlap of frequencies occur, the presence of Gly residues
(G) and non-Gly residues (Z) lead to four possible patterns for sequential pairs of ZZ, ZG,
GZ and GG (Fig. 5.2 a-d). In case (a), (c¢) and (d) an unambiguous assignment of the
frequencies to C%, C%.i, CP. and CP | is straight forward. Overlapped signals in the *C
dimension like overlapped frequencies of C%, C%.1, CBi and CBi_l in the CBCANH (Fig. 5.3
e-g, j, k) or cancellation of signals (Fig. 5.32 h and i) hinders the assignment of the C* and
CP chemical shifts which are crucial for the amino acid typing. The chemical shifts of Ser cP
tend to fall in the range of C” chemical shifts and cancellation may occur (Fig. 5.3 h).
Typical C* chemical shifts of Gly are similar to CP chemical shifts of amino acids like Asp
and Leu (Fig. 5.3 j). In case (b) and (e)-(1) the assignment of the '*C chemical shifts of the
generic spin systems will be ambiguous. Pattern (b) and (e) as well as (g) and (j) look the
same and can not be easily distinguished without additional information although they result
from different sequential pairs ZG and ZZ. Long repeats of the same kind of amino acids like
LLL do often lead to case (g). Overlapped 'H/"°N frequencies are even more severe because
they lead to an additional set of C%, C%_, CBi and CP i1 frequencies. It is difficult to assign
the signals to the two spin systems unambiguously and the chances of overlap are more
likely. Usually all possible combinations of shifts are used and amino acid typing gets very
ambiguous.

Overlap of C* and cP frequencies is an intrinsic problem of the CBCA(CO)NH and
CBCANH spectra, whereas degeneracy in 'H and "°N chemical shifts or in frequencies of
sequential and non-sequential signals can potentially occur in most triple resonance

experiments.
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Fig. 5.3: Typical signal patterns occurring in strips of CBCA(CO)NH (left) and CBCANH (right) spectra. (a)
most common pattern of two non-Gly residues with two signals in the CBCA(CO)NH originating from C%_; and
cP i.1 and four signals in the CBCANH originating from C%_;, C%, CBH and CP i. The two cP signals are negative.
(b) common pattern if residue i is a Gly. The C% signal of Gly is negative. (c) typical pattern if the preceding
neighbor (i-1) is a Gly. (d) pattern for two neighbored Gly residues (i and i-1). (e) pattern of two non-Gly
residues with overlapped frequencies of C%_; and C%. Note that this pattern is identical to pattern (b). (f) pattern
of two non-Gly residues with overlapped frequencies of C®., and CP,. (g) pattern of two non-Gly residues with
overlapped frequencies of C%.; and C% as well as of CP., and CP,. (h) pattern of a Ser residue i and a non-Gly
residues (i-1) with a overlapped frequencies of C%.; and CP. The positive C%_; signal and the negative ch, signal
are canceling each other in the CBCANH. (i) pattern of a non-Gly residues i and a Ser residue (i-1) with a
overlapped frequencies of C%.; and C®;.;. In the CBCANH experiment the positive C%., signal and the negative
ch, signal are canceling each other. (j) pattern of a Gly residues i and a non-Gly residues (i-1) with overlapped
frequencies of C% and CP.,. This pattern is similar to pattern (g). (k) pattern of a non-Gly residues i and a Gly
residues (i-1) with overlapped frequencies of C%.; and ch. (1) pattern with the doubled number of signals
resulting from 'H/"°N overlapped frequencies. The assignment of the signals to residue i and j as well as (i-1)
and (j-1) is ambiguous. The probability of overlapped frequencies in the *C dimension is high and a variety of
scenarios is possible.
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In addition, signals in the *C dimension are sometimes missing and incomplete pattern
occur which further complicate unambiguous assignment. Proton exchange or unfavorable
dynamics may lead to the absence of several generic spin systems. Usually these signals are
absent in the ’N-HSQC too and can not be assigned.

Nevertheless, many of the automated assignment programs can handle several of the
difficult cases mentioned above by matching the problematic spin systems to previously
unambiguously assigned generic spin systems during the generation of segments or by using
additional data. For example data from the HNCA and HN(CO)CA spectra can be used to
assign overlapped frequencies of C* and CP. However, overlap and missing peaks are a
problem for automated assignment procedures and with an increasing number of such critical
spin systems they will fail. Especially an increasing number of overlapped 'H/'°N chemical
shift pairs and missing signals will result in failure at a certain point.

Another problematic step is the amino acid typing. As already outlined in chapter 2.3 the
typical typing method involves statistical analysis of chemical shifts, specifically the C* and
CP resonance shifts (Grzesiek and Bax, 1993). Bayesian statistical methods combined with
BMRB database (Seavey et al., 1991) statistics are used in AutoAssign and the program of
Lukin et al. to classify spin-system types. TATAPRO (Atreya et al., 2000) classifies the 20
amino acids into eight different categories, with each category having a characteristic C* and
CP chemical shift range. TATAPRO is based on a deterministic rather than probabilistic
approach.

Another method, the phase labeling of C-H and C-C spin system topologies in common
3D triple resonance experiments, also gives information about the amino acid type by
different sign patterns (Tashiro et al., 1995; Feng et al., 1996; Rios et al., 1996; Gschwind et
al., 1998). Modified 3D triple resonance experiments deliver patterns of positive and
negative signals characteristic of groups of amino acid types. These data can be implemented
in the program AutoAssign. However, only groups of amino acid types are identified,
additional 3D experiments have to be recorded and the complex 3D spectra with all the
difficulties described in Fig. 5.3 are not simplified.

During manual assignment, additional data are used for the identification of several amino
acid types namely the chemical shifts of aliphatic y, & and € carbons obtained from
experiments like the (H)C(CO)NH-TOCSY (Grzesiek et al., 1993; Logan et al., 1993) and
the identification of cross peaks between aliphatic and side-chain amide resonances of Asn
and Gln in common 3D triple resonance experiments (Montelione et al., 1992; Lyons et al.,
1993; Wittekind and Mueller, 1993). However, these data are usually not used for automated
backbone assignment.

Amino acid type selective experiments like those described in chapter 4 can greatly

facilitate the amino acid typing. Only 'H/"°N frequency pairs of certain amino acid types (in
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position i or i-1) occur in those 2D spectra. These data allow the amino acid typing of each
'H/"N frequency pair. The advantage over the other methods is the unambiguity of the
amino acid typing.

Poly-Pro sequences can not be assigned with the state-of-the-art automated assignment
procedures and an unambiguous assignment has to rely on manual assignment and on
experiments especially designed for such cases. However, the protein sequence is known

before the analysis and poly-Pro sequences are very rare in small globular protein domains.

5.4 Amino acid type identification of sequential pairs using the amino acid
type-selective experiments

Amino acid type-selective ’N-HSQCs do not only offer the amino acid type identification
of a certain residue i but the amino acid identification of two sequential residues 1 and i-1 and
thus a sequential pair of amino acid types. With the 20 common amino acids 400 different
sequential pairs can occur in proteins. However, only a fraction of these pairs will be present
in a particular protein.

The protein sequence has to be analyzed to see how frequently each sequential pair is
present. The best way of doing this is a matrix with all 400 potential pairs with their number
of occurrence as shown in Fig. 5.4. Such a matrix can be generated automatically by the
program SELMA developed by R. Winter (Oschkinat group, unpublished results). Ile and
Val as well as Phe, Tyr and His are grouped together (because they can not be distinguished
using the amino acid type-selective experiments) which leads to 289 different types of pairs.

In order to determine the type of sequential pairs of each 'H/'°N signal, several amino
acid type-selective HSQCs have to be compared. For example the 'H/"°N frequency pair of
the Asn in a SN pair is present in a S-(i+1)- as well as in the N-(i,i+1)-HSQC (Fig. 5.5). The
NH signal of Thr in a GT pair is present in the G-(i+1)- and TA-(i,i+1)-HSQC but not in the
A-(1,i+1)-HSQC. All experiments which have to be compared for each of the 289 potential
pairs are summarized in table 5.1. Note that only the most selective experiments are included
in the table, for example the N and D experiments instead of the DNG experiments.

Pro residues can not be detected on NH. However, an experiment for the identification of
the amino acid type of the residues preceding Pro was introduced in chapter 4.4.15, i. e.
residues i with Pro in the (i+1) position can be identified. The NH signal of Ser in a SP pair
is present in the S-(i,i+1)- and P-(i-1)-HSQC (Fig. 5.6). Residues preceding Pro can follow
any other amino acid type. In this particular case, not only sequential pairs, but triplets can be
identified (X-Y-Pro).
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SEIFTLLVEK VWNFDDLIMA INSKISNTHN NNISPITKIK YQDEDGDFVV
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D 1 [ 211 1 1 1 7
E 2 1 1 1|7
G 1 1 2
K 1 3 2 6
L 1 1 1] 1 2 1 7
N 1 3 1] 1 3 1 10
Q 1 1
R 1 1
S C10 1 1 1 1 5
T | 1] 1 1 3
W | 2 2
P | 1 1
|1 \[ 1 L[ 1] L2111 1 1 1|13

F/Y/H 1 1 1 1 1 1 6
C -
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Fig. 5.4: Sequence analysis of the protein OPR (Ponting, 1996), on top the protein sequence is shown. The
columns in the matrix represent the amino acid type of residue i (exccept Pro) and the rows the type of residue
(i-1). Since Pro residues can not be detected on NH the "P" in the column represents Pro in (i+1) position.
Within the matrix the number of occurrence of each pair is given. D54 the only Asp following a Ser is
highlighted. The sequence contains 45 unique pairs out of 77 residues.
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Fig. 5.5: An Asn 'H/"N frequency pair with a preceding Ser is present in the S-(i+1)- as well as in the N-
(1,i+1)-HSQC.
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A D E G K L N Q R S
A AGi1) AGi+1) A(i1) AGi+1) A(i+1), LA(ii+1) AGi+1) A(i+1) A(i+1) AGi+1)
D(ii+1) E(ii+1) G(ii+1) K(ii+1) Intens. N(i+1) Q(ii+1) R(iit+1) S(ii+1)
D D(it+1) D(i+1) D(i+1) D(i+1) D(i+1), LA(ii+1) D(i+1) D(i+1) D(i+1) D(i+1)
A(iit1) E(ii+1) G(ii+1) K(ii+1) not N(ii+1) Q(ii+1) R(iit+1) S(ii+1)
A(ii+1), VIA(ii+1)
E ED(it+1) ED(i+1) ED(it+1) ED(i+1) ED(it+1), LAGii+1) ED(i+1) ED(it+1) ED(it+1) ED(i+1)
A(ii+1) D(ii+1) G(ii+1) K(i+1) not N(ii+1) Q(ii+1) R(ii+1) S(ii+1)
not not not not D(i+1), A(ii+1), not not not not
D(i+1) D(i+1) D(i+1) D(i+1) VIA(i+1 D(i+1) D(i+1) D(i+1) D(i+1)
G G(i+1) G(i+1) G(i+1) G(i+1) G(it+1), LAGit+1) G(i+1) G(i+1) G(i+1) G(i+1)
A(ii+1) D(ii+1) E(ii+1) K(ii+1) not N(ii+1) Q(ii+1) R(iit+1) S(ii+1)
A(iit1), VIA(iit1)
KR(i+1) | KR@+1) | KR(+1) | KR(i+l) KR(i+1), LAGi+1) | KR(i+1) | KR@+1) | KR@+l) | KR(+1)
A(iit1) D(iit+1) E(ii+1) G(ii+1) not N(ii+1) Q(ii+1) R(iit+1) S(ii+1)
not not not not R(i+1), A(ii+1), not not not not
R(i+1) R(i+1) R(i+1) R(i+1) VIA(it+1) R(i+1) R(i+1) R(i+1) R(i+1)
L LAG+]) | LAGHD) | LAG+) | LAGHD) | LAG+H) LAG+1) | LAGHD) | LAG+l) | LAG+D)
A(iit1) D(iit+1) E(ii+1) G(ii+1) K(ii+1) N(ii+1) Q(ii+1) R(iit+1) S(ii+1)
not not not not not not not not not
A(i+1), A(i+1), A(i+1), A(i+1), A(i+1), A(i+1), A(i+1), A(i+1), A(i+1),
VIAG+D) | VIAGHD | VIAG+HD) | VIAGHD | VIAGHD) VIAG+]) | VIAGHD | VIAGHD) | VIAG+D)
N(i+1) N(i+1) N(i+1) N(i+1) N(i+1) N(i+1), LA(iit+1) N(i+1) N(i+1) N(i+1)
A(ii+1) D(ii+1) E(ii+1) G(ii+1) K(ii+1) not Q(ii+1) R(iit+1) S(ii+1)
A(ii+1), VIA(iit1)
Q QNG+l) | ONG+1) | QNG+l) | ONG+D) | QNG+l) | QN(i+l), LAGi+1) | QN(i+l) QN(Gi+1) | QN(+1)
A(iit1) D(iit+1) E(ii+1) G(ii+1) K(ii+1) not N(ii+1) R(iit+1) S(ii+1)
not not not not not N(+1), A(ii+1), not not not
N(i+1) N(i+1) N(i+1) N(i+1) N(i+1) VIA(it+1) N(i+1) N(i+1) N(i+1)
R R(i+1) R(i+1) R(i+1) R(i+1) R(i+1) R(i+1), LA(ii+1) R(i+1) R(i+1) R(i+1)
A(iit1) D(iit+1) E(ii+1) G(ii+1) K(ii+1) not N(ii+1) Q(ii+1) S(ii+1)
A(ii+1), VIA(ii+1)
S S(i+1) S(i+1) S(i+1) S(i+1) S(i+1) S(i+1), LA(ii+1) S(i+1) S(i+1) S(i+1)
A(ii+1) D(ii+1) E(ii+1) G(ii+1) K(i+1) not N(ii+1) Q(ii+1) R(iit+1)
A(ii+1), VIA(iit1)
T TAGH) | TAGHD) | TAG+1) | TAGHD) | TAG+) | TAG+D), LAGi+D), | TAG+1) | TAG+l) | TAG+l) | TAG+)
A(ii+1), D(ii+1), E(iit+1), G(ii+1), K(ii+1), not N(ii+1), Q(ii+1), R(ii+1), S(ii+1),
not not not not not A(i+1), A(ii+1), not not not not
A(it+1) A(Gi+1) A(i+1) A(i+1) A(i+1) VIA(it+1) A(i+1) A(i+1) A(i+1) A(i+1)
W W(itl) W(it1) W(it1) W(itl) W(it1) W(itl), LA(ii+1) W(i+1) W(itl) W(itl) W(itl)
A(iit1) D(iit+1) E(ii+1) G(ii+1) K(ii+1) not N(i+1) Q(ii+1) R(iit+1) S(ii+1)
A(ii+1), VIA(ii+1)
P P(i+1) P(it+1) P(it+1) P(i+1) P(it+1) P(i+1),LA(ii+1) P(it+1) P(i+1) P(i+1) P(it1)
A(ii+1) D(ii+1) E(ii+1) G(ii+1) K(i+1) not N(ii+1) Q(ii+1) R(ii+1) S(ii+1)
A(ii+1), VIA(iit1)
IV VIAG+]) | VIAG+D) | VIAG+HD) | VIAGHD) | VIAG+HD) | VIAG+D), LAGi+l), | VIAG+D) | VIAG+H]) | VIAGHD) | VIAG+])
A(ii+1), D(ii+1), E(iit+1), G(ii+1), K(ii+1), not N(ii+1), Q(ii+1), R(ii+1), S(ii+1),
not not not not not A(i+1), A(ii+1), not not not not
A(it+1) AGi+1) A(i+1) A(i+1) A(i+1) VIA(it+1) A(i+1) A(i+1) A(i+1) A(i+1)
F/Y/H | FYHGD [ FYHGD [FYHGD | FYHGD | FYHGAD | FYHGD, LAGD) [ FYHG+D) [ FYHG+D) | FYHG+D) | FYH(G+D)
A(iit1) D(iit+1) E(ii+1) G(ii+1) K(ii+1) not N(ii+1) Q(ii+1) R(iit+1) S(ii+1)
A(ii+1), VIA(ii+1)
C CS(it+1) CS(it+1) CS(it+1) CS(i+1) CS(it+1) CS(i+1), LA(it+1) CS(it+1) CS(i+1) CS(i+1) CS(it+1)
A(ii+1) D(ii+1) E(ii+1) G(ii+1) K(i+1) not N(ii+1) Q(ii+1) R(ii+1) S(ii+1)
not not not not not S(i+1),A(ii+1), not not not not
S(i+1) S(i+1) S(i+1) S(i+1) S(i+1) VIA(ii+1) S@i+1) S@i+1) S@+1) S(i+1)
M

Table 5.1: The matrix shows which experiments have to be compared in order to identify a certain type of

sequential pairs in the protein sequence. The columns in the matrix represent the amino acid type of residue i

(exccept Pro) and the rows the type of residue (i-1). Since Pro residues can not be detected on NH the "P" in the

column represents Pro in (i+1) position. As an example, the identification of a ("H/'*N) frequency pair of a Asp
which succeeds Glu a signal has to be present in the ED-(i+1)- as well as in the D-(i,i+1)-HSQC, but not in the
D-(i+1)-HSQC. Note that the suppression of undesired signals in the CS and P experiments is not ideal.
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T W | P(i-1) 1I/V F/Y/H C
A(i+]), TA(ii+1) A(i+1) A(Lit+1) A(i+]), VIA(ii+1) A(i+1) A(it+]), CS(iit+1)
Intens. W(i+1) P(i-1) Intens. FYH(i+1) not S(i,i+1)
D(i+1), TA(iit+1) D(i+1) D(,i+1) D(i+1), VIA(ii+1) D(i+1) D(i+1), CS(iit+1)
not W(iit1) P(i-1) not FYH(i+1) not
A(ii+1) A(ii+1) S(@i,i+1)
ED(it+1), TA(ii+1) ED(it+1) E(i,i+1) ED(it+1), VIA(iit+1) ED(i+1) ED(it+1), CS(ii+1)
not W(i+1) P(i-1) not FYH(ii+1) not
D(i+1), A(ii+1) not D(i+1), A(ii+1) not D(i+1), S(i,it+1)
D(i+1) D(i+1)

G(i+1), TA(ii+1) G(i+1) G(i,it+1) G(i+1), VIA(ii+1) G(i+1) G(it+1), CS(ii+1)
not W(i+1) P(i-1) not FYH(ii+1) not
A(iit+1) A(ii+1) S(@,i+1)
KR(i+1), TAGi+1) | KR(i+]) K@,itl) | KR@i+1), VIAGitl) | KR(@i+1) KR(i+1), CS(ii+1)
not W(iit1) P(i-1) not FYH(it+1) not
R(it+1), A(ii+1) not R(i+1), A(ii+1) not R(i+1), S(i,i+1)
R(i+1) R(i+1)

LA(i+1), TA(ii+1) LA(i+1) LA(,i+1) LA(i+1), VIA(ii+1) LA(i+1) LA(i+1), CS(ii+1)
not W(iit1) P(i-1), not FYH(it+1) not
A(i+]), A(iit+1), not not A(i+1), A(ii+1), not A(i+]), VIA(i+1),
VIA(i+1) A(i+1), A(ii+1) VIA(i+1) A(i+1), S(i,i+1)
VIA(i+1) VIA(i+1)

N(i+1), TA(ii+1) N(i+1) N@,i+1) N(i+1), VIA(ii+1) N(i+1) N(i+1), CS(iit+1)
not W(i+1) P(i-1) not FYH(ii+1) not
A(iit+1) A(ii+1) S(@,i+1)
QN(itl), TAGi+1) | QONG+1) | ONGi+1) | QN(Gi+1), VIAGi+1) | QN(G+l) | QN(i+1), CSGitl)
not W(iit1) P(i-1) not FYH(iit+1) not
N(i+1), A(ii+1) not not N(i+1), A(ii+1) not N(i+1), S(i,i+1)
N(i+1) N(i+1) N(i+1)

R(it+1), TA(ii+1) R(i+1) R(1,i+1) R(i+1), VIA(ii+1) R(i+1) R(i+1), CS(ii+1)
not W(iit1) P(i-1) not FYH(ii+1) not
A(ii+1) A(ii+1) S(@i,i+1)
S(it+1), TA(ii+1) S(i+1) S(i,i+1) S(it+1), VIA(iit+1) S(i+1) S(i+1), CS(iit+1)
not W(i+1) P(i-1) not FYH(ii+1) not
A(iit+1) A(ii+1) S(@,i+1)
TA(i+1) TA(1,i+1) TA(i+1), VIA(ii+1) TA(i+1) TA(i+1), CS(ii+1)

W(ii+1), P(i-1), not FYH(ii+1) not
not not A(i+1), A(ii+1) not A(i+1), S(i,i+1)
A(it+1) A(ii+1) Ai+1)

W(i+1), TA(iit+1) W(,it1) W(i+1), VIA(ii+1) W(i+1) W(i+1), CS(ii+1)
not P3-1) not FYH(i+1) not
A(ii+1) A(ii+1) S(@i,i+1)
P(i+1), TA(iit+1) P(i+1) P(i+1), VIA(iit1) P(it+1) P(i+1), CS(ii+1)
not W(i+1) not FYH(ii+1) not
A(iit+1) A(ii+1) S(@,i+1)
VIA(i+1), TAGi+1) | VIAG+]D) | VIA®L,i+]) VIA(i+1) VIA(i+1), CS(ii+1)
not W(ii+1), P(i-1), FYH(iit+1) not
A(i+1), A(ii+1) not not not A(it+1), S(i,i+1)
A(it+1) A(ii+1) A(i+1)

FYH(i+1), TAGi+1) | FYH(i+1) | FYH(,itl) | FYH(i+1), VIAGitl) FYH(i+1), CS(ii+1)
not W(i+1) P3-1) not not
A(ii+1) A(ii+1) S(@i,i+1)
CS(i+1), TA(ii+1) CS(i+1) CS(i,i+1) CS(i+1), VIA(i+1) CS(it+1)

not W(ii+1) P(i-1) not FYH(ii+1)
S(i+1), A(iit+1) not not S(i+1), A(ii+1) not
S(i+1) S(i+1) S(i+1)
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Some types of sequential pairs (dipeptides) can not be identified unambiguously: i.e. all
dipeptides with the same amino acid type like AA, pairs of AL, AT, AL, AV, SC and all
dipeptides including Met. For example the "H/"°N frequency pair of Thr in AT is present in
the A-(i+1)-HSQC and TA-(i,i+1)-HSQC. In order to identify unambiguously Thr as residue
i the presence of Ala in position i has to be excluded. This is usually done by comparing the
TA-(1,i+1)-HSQC with the A-(i,i+1)-HSQC and if no signal is present in the latter the
residue is a Thr. However, since it is a sequential signal of Ala (Ala in position i-1) a small
signal usually appears in the A-(i,i+1)-HSQC. The absence of an Ala in position i can not be
excluded since sequential signals (resulting from Ala in position i-1) and signals of Ala (i)
can not be distinguished in a straightforward manner. Usually the intensities of both types of
signals are different, however, a variety of factors may influence the signal intensities and

hence these are not reliable for the use in automated assignment procedures.

‘eak Windows Extensions Help

Sii+1_010119

Fig. 5.6: A Ser 'H/"N frequency pair with a succeeding Pro is present in the P-(i-1)- as well as in the S-(i,i+1)-
HSQC.

If a particular dipeptide (sequential pair) has been identified and occurs only once in the
protein sequence (number of occurrence in Fig. 5.4 is "1"), the 'H/"°N frequency pair can
already be assigned unambiguously. The signal forms an unambiguous reference point and
acts as an anchor point for further assignments. All unique pairs in the sequence which can
be assigned unambiguously (white area in Fig. 5.4) are, in principle, potential reference

points. Their number depends on the sequence. Usually a large part of the residues can be
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unambiguously assigned using solely 2D amino acid type-selective '"N-HSQC experiments.
If the number of appearance is “2” the pair can be assigned to two different sites and will be
an ambiguous reference point.

'"H-""N chemical shift degeneracies can hinder this strategy but this is not necessarily the
case. The 'H-""N frequencies of an Ala in a SA dipeptide, for example, can nevertheless be
identified if a Trp in a DW dipeptide has the same frequencies because the two spectra of
interest, the S-(i+1)- and the A-(i,i+1)-HSQC do not contain the Trp signal with the same 'H-
N frequencies.

In other cases false results might be generated. This is illustrated with the following
example. In a search for a Thr of a ST dipeptide a false positive result (additional to the
correct one) is generated, if for example a Thr signal in a NT dipeptide has identical "H-""N
chemical shifts as a Trp in a SW dipeptide. This is because the spectrum of the S-(i+1)-
HSQC as well as the spectrum of the TA-(i,i+1)-HSQC contains a signal at these particular
'H-N frequencies. However, this is only a problem if this particular peptide (in this
example ST) occurs in the sequence and if it is searched for it (here for a Thr signal in the S-
(i+1)- and TA-(1,i+1)-HSQC spectra). Nevertheless, if two results are obtained for a unique
dipeptide sequence, the result will be considered ambiguous and will not contribute to the
unambiguous reference points.

Only a few unambiguous reference points, however, will already enhance the performance

of automated assignment procedures drastically.

5.5 Potential strategies for implementing the amino acid type-selective
experiments into automated assignment procedures

Several strategy to implement the amino acid type-selective experiments into automated
assignment procedures are feasible.

The determination of unambiguous reference points gives a novel independent
information and offers a parallel (independent) route additional to the flow chart in Fig. 5.2,
leading directly to reliable "H/"°N frequency assignments of a large part of the sequence (Fig.
5.7). In the conventional procedure generic spin systems are generated as described in
chapter 5.2. The residues which have been already assigned and the remaining generic spin
systems are linked to form segments. The segments are then mapped onto the sequence with
the help of the unambiguous reference points. The statistical analysis of the C* and cP
frequencies can be used additionally and a mapping onto the sequence should independently
confirm the results. For this strategy the complete set of amino acid type-selective 'H-""N
correlations is desirable but not necessary. An incomplete set just delivers less unambiguous

reference points.
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sequence analysis set of amino acid type-selective
¢ 'H-"N correlations

v

number of occurrence

for each sequential \ pattern search for each dipeptide
peptide in the sequence in the corresponding 2D spectra
(table 5.1)

v

unambiguously assigned
reference points +
('H-"N frequency pairs for

unique sequential dipeptides)

grouping of resonances
into generic spin systems

¥ X

amino acid typing ‘

linking into segments

v v

linking into segments

amino acid typing

bl ¥

—

mapping to the sequence

Fig. 5.7: First strategy of implementing the amino acid type-selective experiments into an automated
assignment procedure. The generation of unambiguous reference points is an additional pathway for the
assignment of '"H-"N frequency pairs which is independent from the conventional pathway in Fig. 5.2.

sequence analysis CBCA(CO)NH and set of amino acid type-selective
¢ CBCANH spectra 'H-"N correlations

number of occurrence ¢ ¢

for each sequential N A | Pattem picking for each kind of dipeptide simultaneously | (includes peak picking, amino acid typing,

peptide in the sequence in the two 3D and the corresponding 2D spectra mapping of unique sequential pairs to the

(table 5.1) sequence and assignment of them)

unambiguously assigned generic spin systems with
residues ('H,"N, “C frequencies known amino acid types of
of unique sequential dipeptides) ior/and i-1

v

linking to and extension
of the segments

v

assignment table
(probably not complete)

Fig. 5.8: Second strategy of implementing the amino acid type-selective experiments into an automated
assignment procedure. A more or less complete assignment table is generated independently from the
conventional route shown in Fig. 5.2. Missing signals in the selective 2D spectra lead to assignment gaps.
Agreement between the results obtained from this strategy and results of another independent route gives the
assignment a high reliability.
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In an alternative strategy amino acid type-selective 'H-"’N correlations can be used
together with 3D triple resonance experiments for restricted peak picking or for pattern
search algorithms (like Chatch23) introducing the amino acid type information already
before peaks are grouped (Fig.5.8).

The grouping of frequencies into generic spin systems is then facilitated because the
assignment program can search in characteristic chemical shift areas for resonances of
certain amino acid types. Ambiguities like those discussed in chapter 5.3 are thus reduced.
The amino acid types of the generic spin systems (including residue i and i-1) are already
unambiguously identified and the statistical analysis of the C* and cP frequencies can be
omitted or used only to confirm the correct typing. Generic spin systems of dipeptides which
are unique in the sequence can already be unambiguously assigned. The unambiguous
reference points are linked with remaining unassigned generic spin systems. The assigned
segments are extended until no unassigned generic spin systems remain. For this strategy, the
complete set of amino acid type-selective 'H-""N correlations is necessary. However, missing
signals in the amino acid type-selective 2D experiments lead to missing generic spin systems.
Therefore this strategy may lead to incomplete assignment tables. However, in conjunction
with another independent route especially for generating generic spin systems this strategy is

the most promising one.

set of amino acid type-selective
"H-"N correlations

v

peak picking or pattern search in the
corresponding 2D spectra

¢ ........

list of 'H-"N frequency pairs ¢

with the amino acid type

information of i or/and i-1 grouping of resonances
into generic spin systems

amino acid typing linking into segments

linking into segments

P ;
|

amino acid typing

~A

mapping to the sequence

Fig. 5.9: Third strategy of implementing the amino acid type-selective experiments into an automated
assignment procedure. The residue type information of the selective 'H-""N correlations is used for the amino
acid typing in the conventional scheme shown in Fig. 5.2.
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A third potential strategy of implementing the amino acid type-selective 'H-""N
correlations into the automated assignment strategy is their use just for the amino acid typing
(Fig. 5.9). Only a subset of experiments is necessary, e. g. only the more sensitive (i+1)-
HSQC experiments which deliver the amino acid type of residue (i-1). The overall strategy
described in chapter 5.2 remains. The statistical analysis of the C* and cP frequencies is
either used for the non-sequential frequencies, for not yet identified residues or just used to

confirm the correct typing.

set of amino acid type-selective
'H-"N correlations

strategy of Fig. 5.2

v }

peak picking complete assignment table
list of 'H-"N frequency pairs generation of artificial peak
for each selective 2D lists for each selective 2D
\ / in the case of
COMPATISON | m o mmmmm- C_OIl_tI‘E_ldiCt_lOil - > manual interference
necessary

in the case of
identity

highly reliable
assignment table

Fig. 5.10: Potential strategy for the evaluation of assignment results using the amino acid type-selective 'H-""N
correlations as additional information independent of the assignment pathway.

Since the information of the amino acid type-selective 'H-">N correlations is achieved
independently it can be used for the confirmation of assignments determined with
conventional triple-resonance experiments. This can be accomplished for example by
generating artificial peak lists for each selective "H-""N correlation from the final assignment
table and by comparing those to the real peak lists (Fig. 5.10). Alternatively, pattern search

algorithms deliver the information if an expected peak is there or not.

5.6 Conclusion and outlook

A set of 32 selective "H-""N correlations was proposed to give sufficient information
about the amino acid type of almost every residue and of its preceding neighbor to be useful

in automated assignment procedures. With spectra of appropriate quality, 14 amino acid
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types can be identified unambiguously: Gly, Ala, Thr, Leu, Asn, Gln, Ser, Asp, Glu, Arg,
Lys, Pro, Trp and Cys. Five amino acid types can be assigned into two groups: Ile/Val and
Phe/Tyr/His. Only Met residues cannot be identified with the selective 2D spectra. However,
where two successive Met residues (...MM...) occur in the sequence, no information about
the amino acid type can be obtained. In any other case at least the amino acid type of either
the residue itself (i) or of the preceding neighbor (i-1) can be obtained.

If the amino acid type of residue (i) and (i-1) can be determined an assignment can already
be proposed. If the particular amino acid pair (i-1)/(i) is unique in the sequence it can be
immediately assigned unambiguously. The protein sequence will determine how many such
unambiguous reference points can be found.

Four different strategies to implement spectra of the amino acid type-selective 'H-""N
correlations into automated assignment procedures were proposed. They allow, together with
the approaches discussed in chapter 5.2, at least two independent pathways to assign the
resonances and thus increase the reliability of the output. The application of the proposed
strategies has still to be tested extensively in conjunction with the development of a complete

software package for automated resonance assignment.
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Ch apter Bacteriorhodopsin in micelles: A model system for
exploring the use of NMR on the structural
6 investigation of membrane proteins

6.1 NMR of membrane proteins

Membrane proteins have a variety of functions in living cells, such as intracellular and
transmembranal signal transduction, transport of ions and small molecules, electron transport
and catalysis. Therefore it is not surprising that approximately 30% of all protein sequences
decoded in eukaryotic genomes are membrane proteins (Wallin and van Heijne, 1998). In
contrast to the vast amount of sequence and genetic information available for membrane
proteins, little is known about their structures and mechanisms at the molecular level.
Presently, fewer than 30 independent integral membrane protein structures have been solved
which stands in contrast to more than 15,000 structures of soluble proteins determined by X-
ray crystallography and NMR spectroscopy.

The few three-dimensional structures of membrane proteins known today were solved by
X-ray crystallography, electron microscopy and very recently NMR spectroscopy. However,
although X-ray crystallography has been relatively successful, many obstacles have to be
overcome. It is very difficult to crystallize membrane proteins from detergent solutions and
the search space for appropriate crystallization conditions is much larger than for soluble
proteins. Electron microscopy of two-dimensional crystals of membrane proteins has
progressed dramatically and some structures have already been solved to atomic resolution
(Kuhlbrandt and Williams, 1999; Stahlberg et al., 2001). However, many two-dimensional
crystals are not ordered well enough to give resolutions beyond 4 A.

Recent progress in NMR spectroscopy allowed for the first time to solve complete
structures of integral membrane proteins (reviewed by Arora and Tamm, 2001; Opella et al.,
2001). In principle three NMR techniques have been used to investigate transmembrane
proteins (Fig. 6.1). Some detergents which form micelles can solubilize membrane proteins
in their native structure and liquid state NMR can be applied. Alternatively organic solvent
mixtures are used for the solubilization of membrane proteins together with liquid state
NMR. Membrane proteins which are integrated in lipid bilayers, an environment close to

their natural one, can be studied by solid-state NMR.
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Fig. 6.1: Environments under which membrane proteins are investigated by NMR. (a) Solubilization with

detergent micelles. (b) Membrane proteins in lipid bilayers between glass plates offer an environment close to
natural membranes and a uniform global orientation. (¢) Some membrane proteins are soluble in organic solvent
mixtures without denaturation. Note that these conditions are far away from the natural membrane environment.
In case (a) and (c) the proteins are solubilized and liquid state NMR methods can be applied. Because of the
large particle size in case (a) resulting from of the protein and the detergent, methods like TROSY and
sophisticated labeling techniques have to be used. Solid state NMR is used to investigate immobilized
membrane proteins in lipid bilayers (b).

The first two approaches allow in principle the application of the conventional liquid state
NMR strategies for structure determination as described in chapters 2.3, 2.4 and Fig. 5.1.
However, protein containing micelles have a relatively slow tumbling time due to its large
molecular mass (>50 kDa depending on the detergent and the protein). As outlined in chapter
2.4 novel methods such as TROSY and perdeuteration allow to extend conventional NMR
techniques to such large particles. The study of membrane proteins solubilized in micelles
seems to have a high potential, two three-dimensional structures of integral membrane
proteins, namely of the outer membrane proteins OmpA (177 residues, 19 kDa) and OmpX
(148 residues, 16 kDa), have been determined recently (Arora et al., 2001; Fernandez et al.,
2001). The detergents dodecylphosphocholine (DPC) and dihexanoylphosphatidylcholine
(DHPC) which have been used are shown in Fig. 6.2. Some relevant properties of these

detergents are given in table 6.1.

detergent |cmc * aggregation | aggregation | Reference
number molecular
weight
DPC 1.5 mM 70-80 25-28 kDa | Arora and Tamm, 2001
DHPC 15.2 mM ca. 35 16 kDa Arora and Tamm, 2001;
Tausk et al., 1974a and b
DM 0.1-0.6 mM | 130% 66-70 kDa | Timmins et al., 1988;
Bhairi, 1997

Table 6.1: Properties of the detergents dodecylphosphocholine (DPC), dihexanoylphosphatidylcholine (DHPC)
and dodecylmaltoside (DM). } the aggregation number given by Bhairi is 98 (seems not to fit to the aggregation
molecular weight).
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dodecylphosphocholine (DPC)

0
OHs |
3 G O)J\/\/\
0 dihexanoylphosphatidylcholine (DHPC)
HOCH,
OH CH,OH
0
OH
dodecylmaltoside (DM)

Fig. 6.2: Structures of the detergents dodecylphosphocholine, dihexanoylphosphatidylcholine and
dodecylmaltoside.

The use of organic solvent mixtures for the solubilization of membrane proteins has the
advantage that the molecular mass is not increased and the viscosity of the solvent is smaller
which leads to a correlation time small compared to that of proteins solubilized in micelles.
However, it has been questioned whether the observed protein structures are identical to their
native structures and whether organic solvents are an appropriate environment for membrane
proteins (reviewed by Arora and Tamm, 2001). The structures of subunits ¢ and b of the E.
coli FoF; ATP synthase have been determined by NMR using organic solvent-water mixtures
(Girvin et al., 1998; Dmitriev et al. 1999; Rastogi and Girvin, 1999). The NMR structure of
subunit ¢ fits quite well into the 3.9 A electron density map calculated from X-ray diffraction
data of the FoF; ATP synthase (Stock et al., 1999). In the case of the multidrug transporter
EmrE (110 residues, 12 kDa), however, the native tertiary structure seems to be disturbed by
organic solvent molecules (Schwaiger et al., 1998) and the observation of long-range NOEs
was difficult. Probably some solvent molecules penetrate the structure and thereby diminish
tertiary contacts or induce slow conformational exchange.

Solid-state NMR spectroscopy is a rapidly developing field and recent progress is
reviewed in the literature (Opella et al., 2001; de Groot, 2000; Fu and Cross et al., 1999).

Despite few peptide structures determined so far, no complete protein structure determined
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by solid state NMR has been published. However, novel technologies have recently allowed
the first determination of a (globular) protein structure (Oschkinat group unpublished
results). The spectra obtained with a 150 kDa membrane protein (LH2 light-harvesting

nonameric complex) look promising (Egorova-Zatchernyuk et al., 2001).

6.2 Bacteriorhodopsin

Rhodopsins are a family of integral membrane proteins which consist of seven
transmembrane helices, and a retinal covalently attached to a Schiff base located in a pocket
formed by the helix bundle. They are found throughout the three domains of live: archaea
(Oesterhelt, 1998), eubacteria (Béja et al., 2000), and eukariota (Spudich et al., 2000). Their
function - ion transport or photosensory signaling is based on a light-induced
photoisomerization of the retinal. The visual rhodopsins are G-protein coupled receptors
(GPCRs) which act as photoreceptors in the retina. The rhodopsins of haloarchaea have been
extensively studied as model systems: Bacteriorhodopsin (BR) and halorhodopsin (HR) are
light-driven ion pumps, transporting protons and chloride ions, respectively. Sensory
rhodopsins I and II (SRI and SRII) are phototaxis receptors (Oesterhelt, 1998).

Bacteriorhodopsin is the best characterized system among the archaeal rhodopsins (for
reviews see Lanyi, 2000a and b; Haupts et al., 1999). BR has been for a long time the only
protein consisting of seven transmembrane helices whose structure was known at high
resolution, and was therefore used as model system for GPCRs (Wess, 1997; Dohlman et al.,
1991). The most recent crystal structures were determined at a resolution of 1.55 A (Luecke
et al., 1999) and 1.9 A (Belrhali et al, 1999). The three-dimensional structures of
halorhodopsin and sensory rhodopsin II have been determined recently by X-ray
crystallography at resolutions of 1.8 A (Kolbe et al., 2000) and 2.1 A (Royant et al., 2001),
respectively. Even the structure of bovine rhodopsin could be determined at a resolution of
2.8 A (Palczewski et al., 2000).

Bacteriorhodopsin has been chosen as a model system for the present NMR investigation.
The crystal structure of BR solved by Luecke et al. is shown in Fig. 6.3. It consists of seven
well defined transmembrane helices and a short 3-sheet. The loops are less well defined as
indicated by higher B-factors. The structure of the EF-loop could not be determined, since
the electron density was too diffuse. The reason for this might be local flexibility or multiple
conformations.

The aim of the NMR study was to find out whether heteronuclear NMR techniques could
deliver structural insights into the loop regions and thus provide complementary information

to the X-ray crystallography data.
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Fig. 6.3: The 1C3W crystal structure at resolution 1.55 A (Luecke et al., 1999). Note that the residues 157-161
are missing because of low electron density. This figure was prepared with the program MOLMOL (Koradi et
al., 1996).

6.3 Samples and NMR experiments

Two labeling pattern have been used for the NMR studies: a uniformly “H/'°N-labeled
and a “H/"C/"’N-labeled sample solubilized in dodecylmaltoside micelles. Spin diffusion is
reduced due to the high level of deuteration as explained in chapter 2.4. Dodecylmaltoside is
an established detergent for the solubilization of bacteriorhodopsin, the stability of the
samples and the quality of the spectra were demonstrated (Seigneuret et al., 1991; Seigneuret
and Kainosho, 1993; Patzelt et al., 1997). Water is used as solvent and exchangeable
deuterons are replaced by protons. Only amide groups and the retinal contain protons.
However, the deuteron/proton exchange of the amide groups might not be complete
especially in the rigid helical parts of the protein which might lead to missing NH signals in
the spectra.

Almost all the experiments which were applied use the TROSY effect (chapter 2.4).
Figure 6.4 shows a ""N-HSQC and a "N-TROSY spectrum of “H/"°N labeled
bacteriorhodopsin in DM micelles. The superior dispersion in the TROSY experiment due to
narrower line widths which was discussed in chapter 2.4 is clear. However, chemical shift
degeneracy in the center of the spectrum remains which hindered to some extend the

sequential resonance assignment.
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Fig. 6.4: Comparison between a PN-HSQC (a) and a "N-TROSY spectrum (b) of *H/"N labeled
bacteriorhodopsin. Both spectra are acquired in 15 h using 48 scans and are processed equally.

TROSY versions of the following 3D triple-resonance experiments were recorded using
the “H/"*C/"N labeled sample: HNCA, HN(CO)CA, HNCO, HN(CA)CO, HNCACB and
HN(CO)CACB (for references see chapter 2.4). Only the signal intensities in the HNCA and
HNCO experiments were satisfactory. However, very distinct signal intensities are present.
The HNCACB was clearly less sensitive and some signals were missing (judged from a 'H-
>N projection compared to a projection of the HNCA). The HN(CA)CO spectrum contained
only a fraction of the expected signals mainly from flexible parts like the termini. The
HN(CO)CA and the HN(CO)CACB experiments were very insensitive and the spectra
contained almost exclusively signals from the flexible termini.

It turned out that the magnetization transfer via the carbonyl carbon such as in the
HN(CO)CA experiment is very inefficient within such large molecules (at high fields, e. g.
750 MHz magnet) due to fast relaxation caused by the large carbonyl chemical shift
anisotropy (CSA). This has also been observed by others (Loria et al., 1999; Permi and
Annila, 2001). Measuring at lower magnetic fields (500 or 600 MHz spectrometer) can
reduce the CSA contribution to the relaxation, but the gain of sensitivity due to the TROSY
effect as well as the higher resolution at 750 MHz would then be lost. An HN(CO)CA
experiment recorded at 600 MHz using comparable parameters to that recorded at 750 MHz
gave significantly worse spectra. The novel sequential HNCA experiment (Meissner and
Serensen, 2001) which provides spectra containing solely C%_; should solve the problem, but

this was not yet available at the time of these investigations. Unfortunately amino acid type-
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selective experiments can not be applied because of the uniform deuteration (no CH, and
CHj3; groups are available for selection).

The H/"N labeled sample was used to record ('H, °N, 'H)-NOESY-TROSY (Zhu et al.,
1999), (‘H, PN, "H)-NOESY-HSQC (Clore and Gronenborn, 1993) and (°N, "N, 'H)-
HMQC-NOESY-HSQC spectra.

6.4 Sequential assignment

The sequential backbone assignment was done semi-automatically with the program
Sparky (Goddard and Kneller, 1999). Some of the peaks were picked automatically but
others had to be picked manually due to the large variations in signal intensity and severe
overlap of cross-peaks. Figure 6.5 illustrates the signal to noise ratios found in the HNCO
spectrum which are representative for all other triple resonance spectra which have been
recorded. The signal to noise ratios of the flexible termini are sometimes two orders of
magnitude higher than those of well defined areas.

Generic spin systems (including resonances of IHN, ISN, Cc%, C%., C'i_l and if available,
also of CP, C, CBH) were generated manually and temporary names were given.
Unfortunately, the resonances of CBi, CBi_l and C'i are often missing due to the low intrinsic
intensity of the experiments TROSY-HNCACB and TROSY-HN(CA)CO. It was almost
impossible to generate generic spin systems in the center of the '’N TROSY spectrum (Fig.

6.4), because of the severe degeneracy of the 'H-"N frequency pairs.
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Fig. 6.5: Signal to noise ratios of the assigned signals in the TROSY-HNCO experiment.

Generic spin systems have been matched mainly using the TROSY-HNCA (Fig. 6.6). If
the signals of interest were present in the TROSY-HN(CO)CA, this spectrum was used for

the distinction between C* and C%.;, otherwise this was determined from the relative signal
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intensities in the HNCA. Sequential peaks are normally less intense compared to intraresidue
signals (see chapter 2.3).

Although the TROSY-HNCO is highly sensitive, it provides only one C'i; frequency per
residue and therefore does not allow the establishment of connectivities between generic spin
systems. The TROSY-HN(CA)CO contains sequential as well as intraresidue carbonyl
chemical shifts (C';.,; and C'j) but is not very sensitive. However, in some cases it allowed
sequential connectivities to be established as shown in Fig. 6.7.

Generic spin systems which could be unambiguously matched, using the automated
matching tool in Sparky, were manually connected leading to chains of various lengths. All
3D NOESY spectra were of immense value for the evaluation of the correct linking of
generic spin systems, the sequential 'HN-"HY NOEs are seen in most cases. The obtained
peptide segments were mapped to the protein sequence with the *C* and (if available) " cP
chemical shifts using the program "seq prob" (Grzesiek and Bax, 1993). The program
proposes five positions for the peptide segments along the protein sequence and calculates
their probabilities. Only unambiguous assignments were taken into account and are presented
in table 6.2.
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Fig. 6.6: Strip plot of the spectra (a) TROSY-HN(CO)CA and (b) TROSY-HNCA showing the region K30-
D36. The sequential walk is indicated by dashed lines. Due to the intrinsic low sensitivity of the TROSY-
HN(CO)CA experiment the C%_; signals are sometimes missing. Their presence allows the distinction between
the intraresidue and the sequential signals in the TROSY-HNCA:
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Fig. 6.7: Strip plot of the spectra (a) TROSY-HNCO and (b) TROSY-HN(CA)CO showing the region K30-
D36. The low signal intensities in the HN(CA)CO only allowed to detect few sequential connectivities (marked
with dashed lines).

The sequential backbone assignment was not possible for the entire sequence, because of
missing signals and the severe degeneracy of the 'H-""N frequencies. However, 33% of the
sequence was assigned as shown schematically in Fig. 6.8. The complete EF-loop which is
not defined in the 1C3W crystal structure was assigned. Two different sets of signals were
found for F154-K 159 which is illustrated in Fig. 6.9.
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Fig. 6.8: Schematic presentation of the unambiguously assigned residues. 33% of the residues (81 out of 248)
could be assigned, mostly loop regions.



126 Chapter 6

Table 6.2: Chemical shift list of “H/"?C/"°N labeled bacteriorhodopsin at 323.5 K referenced to H,O according
to Cavanagh et al., 1996 (p.175). The "°N and 'H" chemical shifts are taken from the TROSY spectra.

residue | & °N 5 'HN s Bco 5 °ce 5 °cP
[Ppm] [ppm] [Ppm] [Ppm] [ppm]
E1 125.3 7.61 177.5 59.1 27.0
A2 124.1 8.12 177.5 52.1 18.4
Q3 119.7 8.29 176.4 55.6 28.7
14 121.7 8.04 176.3 61.9 37.7
T5 113.5 7.65 174.8 61.7 68.4
G6 110.2 7.88 173.9 45.0 -
R7 120.7 7.72 175.0 53.3 30.0
V29 - - - 65.8 -
K30 120.4 8.31 179.6 57.8 -
G31 106.7 8.10 176.0 46.0 -
M32 119.8 7.54 177.2 57.7 -
G33 105.5 7.58 174.2 44.7 -
V34 121.7 6.97 175.3 62.3 31.9
S35 120.5 8.63 174.5 57.8 -
D36 126.1 7.24 - 52.0 43.2
F71 - - 176.4 57.3 39.1
G72 112.9 8.48 175.0 45.8 -
G73 109.5 8.27 173.9 45.0 -
E74 119.8 7.66 175.5 54.7 30.6
Q75 120.1 8.26 175.0 55.1 29.0
N76 121.5 8.27 172.6 50.5 40.2
A103 - - 176.2 51.7 18.8
D104 117.0 7.82 176.3 52.8 41.9
Q105 119.6 8.55 177.6 59.4 28.7
G106 107.3 8.45 - 47.3 -
F153a - - 177.6 61.3 -
F154a 117.5 8.59 1771 59.7 37.7
G155a 110.9 7.83 176.8 471 -
F156a 121.1 8.73 178.0 57.4 34.3?
T157a 115.5 6.73 175.2 67.2 67.9
S158a 115.1 7.42 176.9 61.0 62.0
K159a 121.2 7.03 - 57.8 -
F153b - - 1771 61.4 -
F154b 117.6 8.51 1771 59.4 375
G155b 110.8 7.83 176.7 47.2 -
F156b 120.7 8.88 178.0 57.2 36.4?
T157b 115.7 6.72 175.2 67.2 68.0
S158b 115.3 7.53 177.0 61.0 -
K159b 121.3 7.11 - 57.9 -
A160 122.0 8.04 179.1 54.6 -
E161 113.2 7.72 177.3 57.9 -
S162 113.1 7.36 174.2 58.1 63.8
M163 122.3 7.29 174.8 54.8 334
R164 118.7 7.96 175.6 54.8? 28.5?
P165 - - 178.8 65.7 -
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Table 6.2: Chemical shift list of “H/"?C/"°N labeled bacteriorhodopsin at 323.5 K referenced to H,O according
to Cavanagh et al., 1996 (p.175). The "°N and 'H" chemical shifts are taken from the TROSY spectra.

residue | & N 5 'HN s Bco 5 °ce 5 °cP
[Ppm] [Ppm] [Ppm] [Ppm] [ppm]
E166 116.9 9.60 179.6 59.1 28.0
V167 121.2 7.47 176.9 65.8 -
A168 122.3 7.66 179.9 55.9 18.1
S169 111.3 8.43 177 1 61.0 62.1
T170 119.0 7.32 175.5 66.6 -
F171 120.1 8.91 175.6 62.5 -
K172 117.6 7.83 177.8 61.0 -
V173 116.8 7.07 177.6 66.2 30.7?
L174 118.9 7.57 180.0 57.1 -
R175 123.4 9.02 - 58.6 -
P200 - - 177.7 61.5 -
L201 122.9 8.72 180.0 57.8 41.0
N202 118.8 9.33 175.6 57.8 -
1203 119.7 6.85 177.2 61.3 35.7
E204 122.8 8.45 - 59.3 -
G218 - - 174.6 48.3 -
F219 119.6 7.05 176.2 60.7 -
G220 104.5 7.85 174.2 475 -
L221 122.0 8.54 178.6 57.8 -
1222 116.9 7.31 178.2 64.1 -
L223 118.0 7.58 178.6 57.8 -
L224 113.2 8.43 177.9 55.9 -
R225 116.2 7.02 176.0 55.4 -
S226 116.4 7.34 175.0 57.7 64.3
R227 120.6 8.55 178.0 55.8 28.6
A228 120.3 8.01 176.3 53.5 -
1229 104.6 6.09 173.8 61.3 -
F230 116.7 6.86 - 57.5
G231
E232 - - 176.0 55.9 29.4
A233 125.1 8.17 177.5 52.0 18.5
E234 120.4 8.09 175.7 55.6 29.1
A235 126.8 8.08 175.5 49.9 -
P236 - - 176.8 62.3 31.3
E237 122.1 8.13 174.9 53.6 28.8
P238 - - 1771 62.9 31.3
S239 115.9 8.12 174.5 57.8 63.3
A240 126.2 8.10 178.1 52.1 18.5
G241 108.5 8.06 174.1 44.9 -
D242 121.1 7.91 177.0 53.2 40.5
G243 109.7 8.18 174.2 451 -
A244 123.9 7.90 177.5 52.0 18.4
A245 124.1 - 177.5 51.9 18.3
A246 123.4 7.97 177.9 51.9 18.4
T247 113.1 7.87 174.0 61.1 69.5
S248 123.3 7.73 178.5 59.3 63.8
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Fig. 6.9: "N-TROSY spectrum with the assignment of residues F154-R175. Two different sets of signals have
been found for the residues 154-159. The signal set in green was named "a", the set in yellow was named "b" in
table 6.2.

6.5 Secondary structure and obtained angle and distance restraints of the
assigned regions

PC chemical shift and NOE data provide important information on the secondary
structure of a protein. The deviations of the observed °C’, *C* and 13CP chemical shifts from
their residue dependent random coil values can be used for secondary structure prediction
(Wishart et al., 1995) and thus ¢ and y angle predictions. The method was developed for
'"H/"C/"N labeled proteins and the observed "*C values of *H/">C/"°N labeled proteins have
to be corrected for the deuterium effect (Farmer and Venters, 1999). The deviations in the
B3¢, BC* and "*CP chemical shifts are shown in Fig. 6.10.

Due to the lack of many CP chemical shifts, only C” chemical shifts were used to derive @
and y angle constraints according to a method described in the literature (Luginbiihl et al.,
1995). This approach provides two categories of angle restraints. For >C® chemical shift
deviations from the random coil values larger than + 2 ppm, the ¢ and y angles are restricted
to values between -120° and -20°, and -100° and -0°, respectively. If the deviation is 1.5 ppm
< A§("*C*) < 2 ppm @ angles in between -120° and 80° and  angles in between -100° and
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60° are allowed. Corrected random coil values of residues preceding prolines were used

(Wishart et al., 1995). The obtained angle restraints are shown schematically given in Fig.
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Fig. 6.10: Histogram showing the observed secondary shifts, defined here as the observed "*C chemical shift
(isotope effect of deuterium already corrected) minus the random coil 13C chemical shift, for (a) C*, (b) c? and
(c) C' chemical shifts. The *C chemical shifts of the two signal sets for residues 153-159 are very similar and
signal set "a" was used. C* chemical shifts (a) above the dotted lines allowed to derive angle restraints as
explained in the text.
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Fig. 6.11: Schematic presentation of the obtained angle and distance restraints (NOEs). Angle restraints,
indicated by 2xo. restrict the angles to -120° < @ < -20° and -100° < y < -0°, whereas those indicated by o
restrict the angles to -120° < ¢ < 60° and -100° < y < 80°. In total 80 distance and 70 angle restraints were
obtained. No NOEs or sufficient *C* chemical shift deviations were observed for residues 232-248.

The distance restraints which were observed are shown schematically in Fig. 6.11. 80
NOEs were unambiguously assigned using the 3D HNH-NOESY-TROSY, the 3D HNH-
NOESY-HSQC and the 3D NNH-HMQC-NOESY-HSQC spectra. The appearance of 'H"-
'"HY NOEs between two residues i and i+2 (dan(i,i+2)) are typical for o-helical
conformations. Strips of the residues from 154 to 175 in the HNH-NOESY-TROSY are
shown in Fig. 6.12.
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Fig. 6.12: Strips of residues 154-175 from the 3D NOESY-TROSY spectrum. Signal set "a" was used for
residues 154-159. The NOE pattern for the other signal set was identical. The NOE connectivities are indicated
by dashed lines. NOEs/exchange peaks from water are visible on top, they indicate water accessibility.

The secondary structure predicted by the C® chemical shifts and dan(i,i+2) NOEs
corresponds widely with the X-ray structure 1C3W. However, the EF-loop is not defined in
the 1C3W structure. The chemical shift and NOE data indicate that helix E is disrupted
around F156, T157 by a kink / m-bulge, and another small helix is formed by the succeeding
residues up to E161 or S162. The dnn(i,i+3) NOEs between R164 and V167 clearly indicates
a turn. The data show that P165-R175 forms a helix which is consistent with X-ray data. The
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NMR data indicate that residues V29-D36 represent the end of a helix in conjunction with a
turn. The secondary structure prediction for G218-F230 is consistent with the X-ray
structure, NOEs suggest that helix G is interrupted around S226 and a small helix fragment
R227-F230 follows. The chemical shift data indicate an o-helix from 218 to L223. The
structure of the succeeding residues, 224-230, may not be very stable and could be partially
unfolded. Data for the short stretches A2-R7, G72-N76, D104-T107 and P200-E204 were

too limited to allow conclusions about the secondary structure.

6.6 Structure calculations of the intracellular loops AB, EF and the C-
terminal part of helix G

The angle and distance restraints allowed structure calculations of the loop AB and EF as
well as the end of helix G. Note that these data define only the protein backbone and because
of uniform deuteration no NOEs are observed to or from the side chains. Because the number
of restraints per residue (1 to 4) were so limited, the AMBER force field (Case et al., 1997)
was applied in addition.

The NOE intensities were classified into five categories corresponding to distance
renstraints of 0-2.3, 0-2.8, 0-3.2, 0- 4.5 and 0-5.2 A. Based on the NMR data, structures were
calculated using the program AMBER 5.0 (Case et al., 1997), and the 1.55 A crystal
structure 1C3W (Luecke et al., 1999) as template. The missing loop, T157-E161, was
constructed using the homology modeling facility of the SYBYL molecular modeling system
(Tripos Inc.). All calculations were carried out in collaboration with Dr. Ronald Kiihne.

A simulated annealing protocol was applied in which only the loop regions (see table 6.5)
were allowed to move (elevating temperature to 1500 K at 0-10 ps, cooling down to 0 K at
10-20 ps with slowly increasing van der Waals repulsion terms from 0.001 to 1.0 between 0
and 10 ps in analogy to Cornell et al.,, 1995). Four hydrogen bonded water molecules
observed in the crystal structure 1C3W were included in the calculations. All structures were
minimized until an rmsd gradient lower than 0.05 was reached. Forces representing distance
and torsion angle restraints were applied using a square-well function (rk = 50.0 kcal mol™
A? and rk = 50.0 kcal mol™ deg™). Ensembles of 10 structures with the lowest energy were
selected from 120 simulated annealing runs for further analysis.

Structure calculations of the AB loop, EF loop and the end of helix G were carried out.
Structures of each region were calculated independently (calculations 1-3 in table 6.3) and in
combination with each other (calculations 4-6 in table 6.3). The RMSD values of the
ensembles (10 structures with the lowest energy) are given in table 6.3.

The result of calculation 6 (AB + EF + G) is shown in Fig. 6.13. The structure of the EF

loop obtained with calculation 2 is presented in Fig. 6.14.
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loop regions residues which  |number of |number of | RMSD of the
which were were allowed to |angle distance calculated loop
allowed to move |move restraints restraints structures I
1 AB K30-S35 6 8 0.229
2 EF F153-R175 38 33 0.740
3 G F219-G231 14 18 0.853
4 AB+EF K30-S35, 44 41 0.466
F153-R175
5 EF+G F153-R175, 52 51 1.129
F219-G231
6 AB+EF+G K30-S35, 58 59 1.341
F153-R175,
F219-G231

Table 6.3: Overview of the different simulated annealing calculations with the regions which were allowed to
move, the number of constraints and the RMSD of the resulting structures. § the RMSD to the average structure
of the C* atom:s is given.

Fig. 6.13: Ensemble of the ten best structures with lowest energy of the structure calculation number 6 (table
6.3). This figure was prepared with the program MOLMOL (Koradi et al., 1996).
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Fig. 6. 14: The structure of the EF-loop obtained from the calculation number 2 (table 6.3). An ensemble of the
ten best structures with the lowest energy is shown on the left. Ribbon presentation of the structure (out of these
ten) which is closest to the average. This figure was prepared with the program MOLMOL (Koradi et al., 1996).

6.7 Mobility

The mobility of the protein was studied using '°N relaxation data. T, and T, relaxation
measurements have been recorded using standard techniques (Farrow et al., 1994). The data
were analyzed using the facility for relaxation analysis in the Sparky program (Goddard and
Kneller, 1999). Due to the severe 'H/"’N chemical shift degeneracies and the low signal
intensities, the relaxation times T;/T, of only few residues could be extracted. The T,/T,
ratios are shown in Fig. 6.13.

The residues shown in Fig. 6.14 can be grouped into three categories with different T,/T>-
ratios: the flexible termini with ratios of 0.5-4.7, residues in relatively rigid helices with
ratios of 100-135 and resides of relatively flexible loops with T;/T,-ratios in between 5-100.
The residues G106, L201 and N202 show the highest T /T,-ratios which could be determined
and are considered to represent the rigid parts of the protein. From the T,/T,-ratios a value
for the correlation time Tc can be estimated (Fushman et al., 1994; Gryk et al., 1998)

The T,/T,-ratio of the rigid part of the protein (ca. 120 £ 40) corresponds to an estimated
correlation time Tc = 35 £ 5 ns. However, contributions of local dynamics to the T,/T,-ratio
may lead in this estimation to a correlation time Tc lower than the real one. Seigneuret et al.
determined a correlation time T, of the BR containing micelle at 50°C of 33 ns based on

viscosity measurements which corresponds to the result from NMR.
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Fig. 6.15: T /T, ratios obtained from relaxation measurements at 600 MHz and 323.5 K.

The two different sets of signals for F154-K159 which have been already mentioned
indicate two conformations at the end of helix E. The data do not allow any quantitative

conclusions.

6.8 Discussion

The results of the structure calculations for the AB loop in calculations 1, 4 and 6 (Fig.
6.13) are fully consistent with the 1C3W crystal structure. However, only six residues were
allowed to move and the flexibility was quite restricted by the two fixed ends of helix A and
B during the simulated annealing protocol, so that the 14 NMR restraints contributed only
partially to the structure which has been obtained.

The ensemble of structures obtained for the end of helix G (Fig. 6.13) agrees with the
crystal structure. Residues 219-225 form a well defined helix. Around R225/S226 the helix
is disturbed as in the 1C3W crystal structure. NMR data indicate that residues S226-F230
form a small helix fragment consistent with the X-ray structure. However, the global
orientation of residues S226-F230 is not well defined.

Before discussing the structures of the EF-loop obtained from the simulated annealing
calculations, the distance and angle restraints were compared to recent X-ray crystal
structures. Violations between NMR restraints and the crystal structures are given in table
6.4.

The crystal structure 1C3W (Luecke et al., 1999), in which T157-E161 is not defined,
shows only two significant violations to the NMR restraints around S162-R164, residues

which are characterized by high B-factors in the crystal structure. No violations were
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observed for residues 153-156 and 165-175, the NMR data for these residues are consistent
with the X-ray structure at 1.55 A resolution. This shows the reliability of the NMR data.

violated distance or | restraints from | distances/angles | distances/angles | distances/angles
angle restraints NMR data in 1C3W in 1QHJ in IBRR
(T157-E161
missing)
F154NH-G155NH 0-23A 3.33A
S158NH-K159NH 0-32 A 413 A
K159NH-A160NH 0-23A 238A 250 A
A160NH-E161NH 0-2.3 A 2.68 A 237A
E161NH-S162NH 0-2.8 A 3.17A
S162NH-M163NH 0-2.3 A 335A
M163NH-R164NH 0-32A 4.81 A 4.41 A 3.43A
V167NH-A168NH 0-28 A 3.00 A
A168NH-S169NH 0-2.8 A 2.84 A 2.90 A
K172NH-V173NH 0-2.8 A 2.84 A 2.83A 2.83A
G155phi -120° to -20° -130° -170°

Table 6.4: Comparison of distance and angle restraints obtained from NMR data with the X-ray crystal
structures 1C3W, 1QHJ and 1BRR. Only distances which violate the NMR restraints are shown.

The comparison of the crystal structure 1QHJ (Belrhali et al., 1999) and the NMR data
reveal several small and two significant differences around residues 160/161 and 163/164.
The crystal structure of a trimer 1BRR at 2.9 A resolution (Essen et al., 1998) stays in
contrast to several NMR restraints, the most severe differences are observed around
F144/G155 and S158/K159. Larger differences are found by the comparison of the NMR
data with the crystal structures 1AP9, 1QM8, 1AT9 and 2AT9.

A top view of the structure closest to the mean structure of an ensemble of the best 10
structures obtained from calculation number 2 is presented in Fig. 6.16. The side chain
orientations are indicated by the C*CP bonds. Note that no experimental data define the
conformations of side chains during the calculations and atoms beyond C” are therefore not
shown.

The results are consistent with recent EPR studies (Pfeiffer et al., 1999). However, one
discrepancy between the model of the EF-loop proposed by Pfeiffer et al. exists. This model
includes an extended helix E till S158 which does not agree with the NMR data.

The EPR data indicate that the side chains of residues F154, G155 and F156 face the
protein interior and are less accessible to O, and chromium oxalate (CROX), while T157 and
S158 are oriented towards the lipid phase (accessible to O, but not to CROX). This results
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are consistent with the structure shown in Fig. 6.16. EPR data show two spectral components
for residue F156 exactly in the same area where two different sets of signals are found by
NMR. This is a striking finding. It may indicate two conformations of the Phe side chain as
proposed by Pfeiffer et al. K159 is the first residue that faces the aqueous phase (accessible
to CROX) which is consistent with the NMR structure.

R164 K159

Fig. 6.16: Ribbon presentation of the EF-loop (the structure closest to the average of the ensemble of 10 best
structures was selected) obtained from the simulated annealing calculation number 2 (table 6.3) with the
orientations of the side chains indicated by the C*CP bonds in green. This figure was prepared with the
program MOLMOL (Koradi et al., 1996).

Positions 159, 161, 162, 164, 165 and 166 show a high degree of mobility in the EPR
study; all side chains are found in the NMR structure either on the hydrophilic surface to the
water or close to it. A160 and M163 are oriented towards the protein interior or towards the
lipids and exhibit therefore less mobility and a reduced accessibility to CROX. A160 and
E161 are accessible to Oy, i. e. are facing the lipid phase which is consistent with the NMR
structure. The side chains of P165 and E166 point into the water which is also indicated by
the EPR study. Position 168 is still accessible for CROX whereas residues 167 and 169-171
are not accessible, as these point towards hydrophobic regions.

In addition to F156, residues S158, K159, A160, M163, P165 and A168 show two
spectral components in the EPR spectra. NMR data present two different sets of signals for
residues 154-159 with the largest deviations for F156, S158 and K159 which is strikingly
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consistent with the EPR results. However, for the residues A160, M163 and A168, only one
set of signals was found in the NMR spectra. This discrepancy might be caused by the
different time scale of NMR observations (ms range versus ns/|s range) and by the different
temperatures applied during the studies (323.5 K versus 293 K). Another difference between
EPR and NMR studies which should be mentioned here is that the exchange of native amino

acids by spin label side chains might influence the native structure.

6.9 Conclusion and Outlook

It was demonstrated that NMR techniques developed for larger globular proteins can be
extended to membrane proteins solubilized in detergent micelles. 33% of the protein
sequence of native bacteriorhodopsin was assigned. NOESY spectra and the *C chemical
shifts allowed the derivation of 80 distance and 70 angle restraints. Two distinct sets of
signals for F154-K159 indicate two conformations in the EF loop, however, the distance and
angle restraints derived from both sets were very similar.

Structure calculations of the loops AB and EF as well as the end of helix G were carried
out based on the NMR data together with the AMBER force field. A structure of the EF-loop
which is poorly or not defined in X-ray crystal structures was determined. The results are in
accordance with recent EPR studies. NMR data show that helix E is interrupted around
F156/T157 by a kink or mt-bulge which is a novel finding. The structures of the AB-loop and
the end of helix G correspond to the X-ray structure 1C3W.

The use of additional techniques for further investigation such as selective '°N labeling as
described for the membrane protein OmpA (Arora et al., 2001) would greatly facilitate the
backbone assignment and almost complete backbone assignments should be feasible. A
partially deuterated sample will allow the assignment of 'H frequencies of H* and side chain
protons. With the H* chemical shifts (in conjunction with BC chemical shifts) the angle
restraint prediction will get much more precise and reliable (Cornilescu et al., 1999). NOEs
observed between H* and H" or other H* protons will define the protein backbone more

accurately.
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Summary

This thesis describes the development and application of modern triple-resonance
techniques in the context of protein structure determination by NMR. Novel heteronuclear
NMR techniques for proteins up to 15 kDa which are selective for certain amino acid types
have been developed. The application of state-of-the-art pulse sequences to the membrane
protein bacteriorhodopsin solubilized in detergent micelles is demonstrated. Structures of the
loop regions AB and EF as well as the end of helix G have been calculated on the basis of
NMR data.

In Chapter 2 a brief introduction into protein NMR spectroscopy is given. The sequential
backbone resonance assignment, which is the basis for any structural investigation with
NMR, is described in detail for *C/**N and *H/"*C/"°N labeled proteins.

Basic NMR techniques used for the development of heteronuclear NMR pulse sequences
are introduced in Chapter 3. The novel MUSIC (MUltiplicity Selective In-phase Coherence
transfer) technique which is able to select CH,, CH; or NH, groups is analyzed in detail. An
introduction into shaped radio frequency pulses and the use of tuned delays for the selection
of certain spin system topologies is provided.

The development of 39 novel amino acid type-selective 'H-">N correlations based on
MUSIC, selective pulses and tuned delays is described in Chapter 4. These two-dimensional
experiments deliver spectra containing only signals resulting from selected amino acid types.
Experiments for Gly, Ala, Thr/Ala, Val/lle/Ala, Leu/Ala, Ser, Trp, Phe/Tyr/His,
Asp/Asn/Gly, Asn, Asp, Glu/GIn/Gly, Gln, Glu, Arg, Lys, Cys/Ser which select either the
NHg+1) or NH;/NH+) amide signals are presented. Four Pro selective experiments are
introduced allow the signals of the two neighbors (i-1) and (i+1) to be linked via the proline
>N chemical shift. This set of experiments allows the identification of 16 amino acid types,
namely Gly, Ala, Thr, Val/lle, Leu, Ser, Trp, Phe/Tyr/His, Asp, Asn, Glu, Gln, Arg, Lys, Cys
and Pro (all amino acids except Met). Val/lle as well as Phe/Tyr/His are grouped together
and can not be distinguished. Finally, an experiment which selects Trp H*'N®' moieties is
described.

Chapter 5 provides an introduction into automated assignment procedures. Strategies are
discussed as to how the amino acid type-selective 'H-""N correlations can be used to improve
the performance of those procedures and the reliability of the results. An algorithm to derive

'H-""N resonance assignments solely on the basis of selective 2D experiments has been
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developed. The amino acid type-selective experiments either alone or together with three-
dimensional triple resonance experiments allow an additional independent pathway for the
resonance assignment.

It is demonstrated in Chapter 6 that NMR techniques developed for larger globular
proteins can be extended to membrane proteins solubilized in detergent micelles. Native
bacteriorhodopsin was used as a model system. During the sequential backbone assignment,
severe difficulties resulting from low sensitivity, missing signals and frequency degeneracies
had to be overcome. Nevertheless, 33% of the sequence was assigned, including the EF-loop
which is not resolved in the crystal structure at 1.55 A resolution. NOESY spectra and the
assigned "°C chemical shifts allowed to derive distance and angle restraints. Two distinct sets
of signals for F154-K159 indicate two conformations in the EF loop, however, the distance
and angle restraints derived from both sets are very similar.

Structure calculations of the loops AB and EF as well as the end of helix G were carried
out based on the NMR data. A structure of the EF-loop, which is poorly or not defined in
X-ray crystal structures, could be determined. The NMR data show that helix E is interrupted
around F156/T157 by a kink or m-bulge which is a novel finding. The structures of the AB-

loop and the end of helix G correspond to the X-ray structure at 1.55 A resolution.



Zusammenfassung

Die vorliegende Arbeit beschreibt die Entwicklung und Anwendung von modernen
Triple-Resonanz Techniken im Rahmen der Strukturbestimmung von Proteinen mittels
NMR-Spektroskopie. Neue heteronucleare NMR Experimente, welche selektiv fiir
bestimmte Aminosduretypen sind, wurden fiir Proteine bis 15 kDa entwickelt. Die
Anwendung von kiirzlich entwickelten Pulssequenzen auf das Membranprotein
Bacteriorhodopsin, solubilisiert in Mizellen, wurde gezeigt. Strukturen der Loop-Regionen
AB und EF sowie des Endes von Helix G wurden auf der Basis der erhaltenen NMR Daten
bestimmt.

Kapitel 2 gibt eine kurze Einleitung in die NMR Spektroskopie von Proteinen. Die
sequentielle Zuordnung, die Grundlage fiir alle strukturellen Untersuchungen mittels NMR
Spektroskopie, wird ausfiihrlich fiir *C/**N und H/"*C/"°N markierte Proteine beschrieben.

NMR Techniken, die fiir die Entwicklung der heteronuklearen NMR Pulssequenzen
verwendet wurden, werden in Kapitel 3 vorgestellt. Die neu entwickelte MUSIC
(MUltiplicity Selective In-phase Coherence transfer) Technik welche CH,-, CH3- oder NH,-
Gruppen selektieren kann, wird im Detail analysiert. Die Nutzung von selektiven
Radiofrequenzpulsen und speziell eingestellten Wartezeiten fiir die Selektion von
Spinsystem-Topologien wird ausfiihrlich dargelegt.

Die Entwicklung von 39 neuen Aminosdure-selektiven 'H-">N Korrelationen basierend
auf MUSIC, selektiven Pulsen und speziell eingestellte Wartezeiten wird in Kapitel 4
beschrieben. Die zwei-dimensionalen Experimente liefern Spektren, die lediglich Signale
eines bestimmten Aminosduretyps enthalten. Experimente fiir Gly, Ala, Thr/Ala, Val/lle/Ala,
Leu/Ala, Ser, Trp, Phe/Tyr/His, Asp/Asn/Gly, Asn, Asp, Glu/Gln/Gly, Gln, Glu, Arg, Lys,
Cys/Ser welche entweder die NH(;1y oder NH;/NH;:+1) Amid Signale selektieren werden
vorgestellt. Dariiber hinaus wurden vier Prolin-selektive Experimente entwickelt, welche die
Verkniipfung der zwei benachbarten Residien (i-1) und (i+1) unter Verwendung der °N
chemischen Verschiebung des Prolins ermoglichen. Das gesamte Paket von Experimenten
erlaubt die Bestimmung von 16 Aminosduretypen: nidmlich von Gly, Ala, Thr, Val/lle, Leu,
Ser, Trp, Phe/Tyr/His, Asp, Asn, Glu, Gln, Arg, Lys, Cys and Pro (alle Aminosiuren aul3er
Met). Sowohl Val/lle als auch Phe/Tyr/His werden zusammen in einer Gruppe idendifiziert.

Val kann nicht von Ile unterschieden werden. Dasselbe gilt fiir Phe, Tyr und His.
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Kapitel 5 gibt einen Uberblick iiber den derzeitigen Stand von automatischen
Zuordnungsprozeduren. Strategien fiir die Implementierung der Aminosédure-selektiven 'H-
>N Korrelationen zur Verbesserung der Leistungsfahigkeit und Zuverlissigkeit solcher
Prozeduren werden diskutiert. Ein Algorithmus fiir eine 'H-"’N Zuordnung, lediglich
basierend auf selektiven 2D Experimenten, wurde entwickelt. Die Aminosdure-selektiven
Experimente ermdglichen entweder allein oder zusammen mit 3D Triple-Resonaz
Experimenten eine zusétzliche Route zu einer Signalzuordnung und erhéhen dadurch die
Zuverlassigkeit von automatischen Routinen.

In Kapitel 6 wird gezeigt, daB NMR Techniken, die fiir groe globuldre Proteine
entwickelt wurden, auch erfolgreich auf Membranproteine, solubilisiert in Mizellen,
angewandt werden konnen. Dafiir wurde natives Bacteriorhodopsin als Modellsystem
verwendet. Wihrend der sequentiellen Zuordnung der Signale muBten verschiedene
Schwierigkeiten wie geringe Empfindlichkeit, fehlende Signale und Signaliiberlagerungen
tiberwunden werden. Trotz dieser Probleme konnten 33% der Proteinsequenz zugeordnet
werden, einschlieBlich des EF-Loops, der in der Kristallstruktur mit einer Auflésung von
1.55 A fehlt. Aus NOESY Spektren und den zugeordneten *C chemischen Verschiebungen
wurden Abstands- und Winkel-Information gewonnen. Zwei unterschiedliche Signalsitze
wurden fiir die Residuen F154-K159 gefunden, was auf zwei Konformationen des EF-Loops
hindeutet. Sowohl die Winkel als auch Abstandsinformation unterscheiden sich kaum
zwischen beiden Signalsdtzen.

Strukturrechnungen der Loop-Bereiche AB und EF als auch des Endes der Helix G
wurden basierend auf den NMR Daten durchgefiihrt. Eine Struktur des EF-Loops, welche in
den verschiedenen Kristallstrukturen schlecht oder gar nicht definiert ist, konnte bestimmt
werden. Die NMR Daten zeigen, daB Helix E bei F156/T157 durch einen Knick
unterbrochen wird, was eine neue Erkenntnis ist. Die Strukturen des AB-Loops und des

Endes von Helix G stimmen mit der Kristallstruktur mit einer Auflosung von 1.55 A iiberein.
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Legend for the pulse sequences in chapter 3 and 4

90° pulse with

'H | WALTZ-16 : i
phase 0, H decoupling

180° pulse "N | GARP “N decoupling

2
13y shaped 180° pulse o
« _0_ (G3) at 175 ppm H I 'H 90° flip back pulse

B shaged 180° Pulse S, " A or ﬂ '"H water selective
2 for °C at a given offset : 90° flip back pulse
1
B shaped 90° pulse S, - ' .
' for °C at a oi ffset H 3—‘9—19 composit pulse
S of T ata glven ofise within WATERGATE

PFG { l pulse field gradient G, 'H ml 'H acquisition
Gl

Experimental part for chapter 4

General

All spectra were recorded on a 600 MHz spectrometer (Bruker-DRX600) in standard
configuration using an inverse triple resonance probe equipped with three-axis self shielded gradient
coils. Experiments were either recorded with a 1.35 mM sample of the EVH1 domain from VASP
uniformly labeled with "N and "°C or a 1.5 mM sample of the SAM domain from EphB2 uniformly
labeled with °N and "°C. The data were collected at 300 K. For both samples 5 mm ultra-precision
sample tubes were used.

Proton hard pulses were applied with 25 kHz field strength; WALTZ-16 decoupling (Shaka et al.,
1983) of 1H spins was achieved using a field strength of 3.1 kHz. The same field strength was used
for the subsequent 90° flip back Iy pulses. The water-selective 90° square pulses had a duration of 1
ms. GARP-1 decoupling (Shaka et al., 1985) of I5N was achieved using a field strength of 830 Hz.
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Water suppression was obtained using WATERGATE implemented with a 3-9-19 pulse (Sklenar et
al., 1993). Pulses applied at the °C?, BC*P or BCO resonance frequencies were adjusted to provide a
null at the corresponding *CO or C* frequencies. Unless indicated otherwise, the rectangular 3P
90° and 180° pulses were set to 49 us and 44 ps, respectively. The rectangular °C* 90° and 180°
pulses were set to 54 us and 48 us, respectively. The rectangular >CO 90° and 180° pulses were set
to 54 us and 108 s, respectively. Shaped 180° *CO pulses were applied as G3 Gaussian cascade
(Emsley and Bodenhausen, 1990) with a duration of 256 Us. The gradients were applied as a
sinusoidal function from 0 to 7. Unless indicated otherwise, the carrier frequencies were centered at
'H=4.8 ppm, "N = 120 ppm, BeeP =45 ppm, *C*= 55 ppm and C' = 175 ppm.

All spectra were recorded in an identical way with 64 (t;) x 512 (t,) complex points and a spectral
width of 3012 (*°N) x 10000 Hz (‘H). To achieve quadrature detection in the indirect dimension the
States-TPPI-States protocol (Marion et al., 1989) was used in all experiments. XWINNMR (Bruker
AG) was used for processing. The data were processed using a squared sinebell shifted by 90° as a
window function in both dimensions. The °N t, interferograms were quadrupled in length by linear
prediction using XWINNMR. The final spectra had a size of 512 (t;) x 1024 (t,) real points.

All pulse programs, pulse shapes, gradient programs and datasets are available under:
http://'www.fmp-berlin.de/~schubert/pulseprograms.html!
a mirror is installed under

http://userpage.chemie.fu-berlin.de/~mschub/pulseprograms.html
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=.i Netscape: Pulse Programs I a iD
File Edit “iew Go Communicator Help
1 €« = A S a & & O 4
Back  Fomward  Reload Home  Search Metscape Print  Security  Shop Stop
Ev‘ «$” Bookmarks 4 Location; Ihttp: Jfwww. fmp-berlin.de/~schubert /pulseprograms. html f| &1 What's Related
v‘ # Internet 4 Lookup 4 News.Cool
/]
Pulse Programs
|Experiment |Name |Gradient Program |datasets |se1ective for |reference
|G(i+1) |B g i+l |ma50rushwtg |B g i+l |Gly |JMR1999
|G (1.i+1) |B g ii+] | maderushurtg |Bgitl |[Gly |IMR 1999
|A(i+1) |B a i+l |ma,4crushmg |B a i+l |A1a |JMR1999
|A(1.i+1) |B_a i+l | maderushwrig B aii+] |Ala |IMR 1999
|TA(i+1) |B ta i+1 |ma,4crusnwtg |B ta i+1 |Thr and Ala |JMR 1999
|TA_(i,i+1) |B ta {i+] |maélcrushw‘tg |B ta fi+l |Thr and Ala |JMR 1999
|N (i+1) |B n i+1 [FFommEs ] |ma¢1crush_wtg_ |B n i+l |Asn |JMR 1999 B
|N (Li+1) B n i+l |ma,4crushmg B n ii+l |A5n |JMR 1999
|QN (+1) |B an i1 [PmmEs] |ma¢1erush_\xrtg_ |MM |G1n and Asn |JMR1999
| QN (Li+1) |B_an fi+1 | maderushurty |B_an ii+1 [Glnand Asn |IMR 1999
IP(i+l) IB p i+l ImaScrushwtg IB p i+l IPro IJBioNMR 2000
|P(i—1) |B pil |ma3cru5hwtg |B p -1 |Pro |JBioNMR 2000
‘p 150 ¢y 1 ci+1) ‘b p i+lnp ‘maScrushwtg ‘B n i+lnp ‘Pro ‘JBioNMR 2000
‘p 150 ¢y 1H(-1) ‘b pniinp ‘maScrush\xrtg ‘B n i-1np ‘Pro ‘JBioNMR 2000
| | | | | |
|S(i+1) |M |Mg_ |M |Ser |JMR 20018
|8 (Li+1) B 5 i+l | madorushurty Bsii+] |Ser |IMR 20018
|DNG (i+1) |mgﬂ |mg_ |mgﬁ |A5p, Asn and Gly |JMR 20018
|DNG (Li+1) |Mgﬁ |ma2crushwtg1 |B dng i+1 |Asp, Asn and Gly |JMR 2001a
[Focrien [R ano is [ azerishurte IR ane ix1 [ Ginand G g 20014 ¥
=] | )
chapter 4.4.1

G-(i+1)-HSQC. The following delays were used: T, = 3.5 ms, T, = 5.5 ms, T° = 2.25 ms, &, = 4.5
ms, 8; = 6.9 ms, 8, = 11.4 ms, Ty = 11 ms. The phase cycling was: ¢; = 16 (x), 16 (-x); 0, = 2 (45°),
2(135°),2(225°), 2 (315°); b3 = X, -X; 04 = 50% s = X; 6 = 8 (), 8 (y), 8 (X), 8 (-y); &7 =-y; ¢s = -
X; Oree = 2 (X, 2 (-X), X), 4 (X, 2 X, X), 2 (X, 2 (-X), X). States-TPPI phase cycling was applied to ¢s.
Gradients had the following duration and strength: G; = 800 Us (7 G/cm), G, = 900 Us (28 G/cm), G;
=1ms (21 G/cm).

G-(i,i+1)-HSQC. The following delays were used: T; = 3.5 ms, T, = 5.5 ms, T° = 2.25 ms, A =
7.0 ms, Ty = 11 ms. The phase cycling was: 0; = x, -X; ¢, = 2 (45°), 2 (135°), 2 (225°), 2 (315°); o3

8 (x), 8 (X); 4 =4 (X), 4 (¥), 4 (-x), 4 (-y); s =4 (-¥), 4 (¥); P6 = (X); Dree =X, 2 (), X, 2 (X, 2 (%),
-X), X, 2 (-x), X. States-TPPI phase cycling was applied to phase ¢;. The gradients had the following
duration and strength: G; = 1 ms (7 G/cm), G, = 800 Us (28 G/cm), G; =1 ms (21 G/cm).
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chapter 4.4.2

A-(i+1)-HSQC. The following delays were used: T, = 3.5 ms, T, = 5.5 ms, 7" = 2.25 ms, 0, =
ms, 8; = 6.9 ms, &, = 11.4 ms, Ty = 11 ms, Tc = 4.5 ms. The phase cycling was: ¢; = 24 (x), 24 (-x);
0 =2 (30°), 2 (90°), 2 (150°), 2 (210°), 2 (270°), 2 (330°); O3 = X, -X; Os = 50°; Os = X; O = 12 (%),
12 (y), 12 (x), 12 (-y); &7 = -y; dg = -X; Orec = 3 (X, 2 (-X), X), 6 (-X, 2 (X), X), 3 (X, 2 (-X), X). States-
TPPI phase cycling was applied to phase ¢s. The gradients had the following duration and strength:
G, = 800 us (7 G/cm), G, =800 Us (28 G/cm), G; =1 ms (21 G/cm).

A-(i,i+1)-HSQC. The following delays were used: T; = 3.5 ms, T, = 5.5 ms, T’ = 2.25 ms, Ac =
9.3 ms, Ty = 11 ms. The phase cycling was: ¢; = 24 (x), 24 (-x); ¢, =2 (30°), 2 (90°), 2 (150°), 2
(210%), 2 (270°), 2 (330°); 03 = X, -%; 0 = 12 (x), 12 (¥), 12 (%), 12 (-9); s = -; 0 = -X; Orec = 3 (%,
2 (x), x), 6 (-X, 2 (x), -X), 3 (X, 2 (-x), x). States-TPPI phase cycling was applied to phase ¢;. The
gradients had the following duration and strength: G; = 800 Us (7 G/cm), G, = 800 Us (28 G/cm), G;
=1 ms (21 G/cm).

chapter 4.4.3

TAVI-(i+1)-HSQC (using normal rectangular BceP 180° pulses for S; and S,), VIA-(i,i+1)-
HSQC (using a selective 180° REBURP pulse at 26.7 ppm for S;) and TA-(i+1)-HSQC (using a
selective 180° REBURP pulse at 68.5 ppm for S,). The following delays were used: T; = 3.5 ms, T, =
55ms, T =2.25ms,A;=4ms, 8 =45ms, 0, =69ms,d =11.4ms, Ty=11ms, Tc =4.5 ms. The
phase cycling was: ¢; = 24 (x), 24 (-Xx); ¢, =2 (30°), 2 (90°), 2 (150°), 2 (210°), 2 (270°), 2 (330°); ¢;
= X, %5 04 = 50°% 05 = X; 0 = 12 (), 12 (), 12 (), 12 (-y); ¢ = -¥; G5 = -X; O = 3 (x, 2 (%), X), 6 (-
X, 2 (x), -X), 3 (X, 2 (-x), x). States-TPPI phase cycling was applied to phase ¢s. The gradients had the
following duration and strength: G; = 800 Us (7 G/cm), G, = 800 Us (28 G/cm), G; = 1 ms (21
G/cm).

TAVI-(i,i+1)-HSQC (using normal rectangular *C*? 180° pulses for S; and S,), VIA-(i,i+1)-
HSQC (using a selective 180° REBURP pulse at 26.7 ppm for S;) and TA-(i,i+1)-HSQC (using a
selective 180° REBURP pulse at 68.5 ppm for S,). The following delays were used: T; = 3.5 ms, T, =
5.5ms, T =2.25ms, A; =4 ms, Ac = 9.3 ms, Ty = 11 ms. The phase cycling was: ¢, = 24 (x), 24 (-
X); 02 =2 (30°), 2 (90°), 2 (150°), 2 (210°), 2 (270°), 2 (330°); 3 =X, -x; g = 12 (x), 12 (y), 12 (-X),
12 (-y); 05 = -y; O = X5 Orec = 3 (X, 2 (%), X), 6 (X, 2 (X), X), 3 (X, 2 (-X), x). States-TPPI phase
cycling was applied to phase ¢;. The gradients had the following duration and strength: G; = 800 Us
(7 G/em), G, = 800 s (28 G/ecm), G; =1 ms (21 G/cm).

chapter 4.4.4

LA-(i+1)-HSQC. The following delays were used: T; =4 ms, T, = 5.5 ms, T = 2.25 ms, A; = 3.6
ms, Ay =7.1 ms, 8 =4.5ms, d; =69 ms, =114 ms, Ty=11 ms, Tc = 4.5 ms. The phase cycling
was: ¢; = 24 (x), 24 (X); &, =2 (30°), 2 (90°), 2 (150°), 2 (210°), 2 (270°), 2 (330°); d; = X, -X; O4 =
50° 05 = x; 0 = 12 (x), 12 (), 12 (-%), 12 (-9); &7 = =35 G = -X; e = 3 (%, 2 (%), %), 6 (-X, 2 (x), -X),
3 (%, 2 (-x), x). States-TPPI phase cycling was applied to phase ¢s. The gradients had the following
duration and strength: G, = 800 s (7 G/cm), G, = 800 ps (28 G/cm), G; = 1 ms (21 G/cm).

LA-(i,i+1)-HSQC. The following delays were used: T, =4 ms, T, =5.5 ms, T° =2.25 ms, A; = 3.6
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ms, A, = 7.1 ms, Ac =9 ms, Ty = 11 ms. The phase cycling was: ¢; = 24 (x), 24 (-x); ¢, =2 (30°), 2
(90°), 2 (150°), 2 (210°), 2 (270°), 2 (330°); 03 = X, X; §s = 12 (x), 12 (¥), 12 (-x), 12 (-y); ds5 = -y; 06
= -X; Oree = 3 (X, 2 (-X), X), 6 (X, 2 (X), -X), 3 (X, 2 (-X), X). States-TPPI phase cycling was applied to
phase ¢5. The gradients had the following duration and strength: G; = 800 Us (7 G/cm), G, = 800 Ls
(28 G/cm), G; =1 ms (21 G/cm).

chapter 4.4.5

S-(i+1)-HSQC. The following delays were used: T; = 3.5 ms, T, = 5.5 ms, 7" = 2.25 ms, §, = 4.5
ms, 8; = 6.9 ms, &, = 11.4 ms, Ty = 11 ms, Tc = 4.5 ms. The phase cycling was: ¢; = 16 (x), 16 (-x);
02 = 2 (45°), 2 (1359), 2 (2259), 2 (315%); 05 = X, -X; 0 = 50°% s = X; 05 = 8 (X), 8 (), 8 (=), 8 (-y);
07 =4 (-y), 4 (¥); 03 = -X; Orec = 2 (X, 2 (X), X), 4 (X, 2 X, X), 2 (X, 2 (-X), X). States-TPPI phase
cycling was applied to ¢s. Gradients had the following duration and strength: G, = 800 s (7 G/cm),
G, =800 s (28 G/cm), G; =1 ms (21 G/cm).

S-(i,i+1)-HSQC. The following delays were used: T; = 3.5 ms, T, = 5.5 ms, T° =2.25 ms, Ac =9
ms, Ty = 11 ms. The phase cycling was: ¢; = 16 (x), 16 (-x); ¢, = 2 (45°), 2 (135°), 2 (225°), 2
(315°); 03 = X, X; 04 = 8 (x), 8 (¥), 8 (%), 8 (-y); s = 4 (-y), 4 (¥); 06 = (-X); Orec = 2 (X, 2 (-X), X), 4 (-
X, 2 X, -X), 2 (X, 2 (-x), X). States-TPPI phase cycling was applied to phase ¢;. The gradients had the
following duration and strength: G, = 800 us (7 G/cm), G, = 800 Us (28 G/cm), G; = 1 ms (21
G/cm).

chapter 4.4.6

FYH-(i+1)-HSQC (carrier frequency “CY = 120 ppm) and W-(i+1)-HSQC (carrier frequency
CY= 120 ppm). The following delays were used: T, = 3.5 ms, T, = 5.5 ms, T; = 2.25 ms, &, = 4.5 ms,
0, =69ms,d,=114ms, Ty =11 ms, A, = 6.7 ms for FYH and 6.5 ms for W, A, = 4.5 ms. The
phase cycling was as follows: ¢; = 16 (x), 16 (-x); &, = 2 (45°), 2 (135°), 2 (225°), 2 (315°); ¢3 = 32
(%), 32 (-x); 04 = X, -X; 05 = 50° 06 = X; @7 = 8 (x), 8 (¥), 8 (-x), 8 (-y); Ps =4 (-y), 4 (¥); Po = -X; Prec =
2 (%, 2 (-x), X), 4 (X, 2 (X), -x), 2 (X, 2 (-x), x). States-TPPI phase cycling was applied to phase ¢.
The L0S2-0 pulses had a duration of 1024 ps and were applied at 135 ppm (FYH), 105 ppm (W),
respectively. The rectangular 180° pulse marked with an asterisk was applied at 45 ppm in the FYH-
(i+1)-HSQC and at 30 ppm in the W-(i+1)-HSQC. The gradients had the following duration and
strength: G; = 1 ms (7 G/cm), G, = 800 Us (28 G/cm), G3 = 1 ms (21 G/cm).

FYH-(i,i+1)-HSQC (carrier frequency C" = 120 ppm) and W-(i,i+1)-HSQC (carrier frequency
CY= 120 ppm). The following delays were used: T, = 3.5 ms, T, = 5.5 ms, T3 = 2.25 ms, Ty = 11 ms,
A;=6.7 ms for FYH and 6.5 ms for W, A; =9 ms. The phase cycling was: ¢; = 16 (x), 16 (-x); 0, =2
(45°), 2 (135°), 2 (225°), 2 (315°); 03 = 32 (x), 32 (-x); O4 = X, -X; Os = 64 (X), 64 (-x); O = 8 (X), 8
(¥), 8 (-x), 8 (-y); §7=4 (-y), 4 (¥); 05 = -X; Prec = 2 (X, 2 (X), X), 4 (X, 2 (x), X), 4 (x, 2 (X), x), 4 (-
X, 2 (X), X), 2 (X, 2 (x), X), 2 (-x, 2 (X), X), 4 (X, 2 (-x), X), 4 (X, 2 (), X), 4 (X, 2 (-X), X), 2 (=X, 2
(x), -x). States-TPPI phase cycling was applied to phase ¢s. The same selective pulses as in the
FYW-(i+1) and W-(i+1) experiment were used. The gradients had the following duration and
strength: G; = 1 ms (7 G/cm), G, = 800 Us (28 G/cm), G3 = 1 ms (21 G/cm).
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chapter 4.4.7

DNG-(i+1)-HSQC. The following delays were used: T, = 3.5 ms, T, = 5.5 ms, T3 = 2.25 ms, &) =
4.5ms, 8, =6.9ms,d=11.4ms, Ty= 11 ms, A; =8 ms (not including the pulse length of the L0OS2-
0 pulse), A; = 4.5 ms. The phase cycling was as follows: ¢; = 16 (x), 16 (-x); ¢, = 2 (45°), 2 (1350)
2(225%), 2(315%); 03 = X, =X, 03 = 50°% 05 = X, 06 = 8 (), 8 (¥), 8 (=), 8 (=y); b7 =4 (), 4 (¥); P =
Oree = 2 (X, 2 (-X), X), 4 (-X, 2 (X), -X), 2 (X, 2 (-x), X). States-TPPI phase cycling was applied to phase
0s. The gradients had the following duration and strength: G; = 1 ms (7 G/cm), G, = 800 Us (28
G/cm), G3 =1 ms (21 G/cm).

DNG-(i,i+1)-HSQC. The following delays were used: T; = 3.5 ms, T, = 5.5 ms, 13 = 2.25 ms, Ty
=11 ms, A; = 8 ms (not including the pulse length of the L0S2-0 pulse), Ay = 9 ms. The phase
cycling was: 0; = 16 (x), 16 (-Xx); ¢, = 2 (45°), 2 (135°), 2 (225°), 2 (315°); &3 = x, -X; 04 = 32 (X), 32
(x); §s = 8 (x), 8 (¥), 8 (-x), 8 (-¥); §6 = 4 (-¥), 4 (¥); 07 = X; Orec = 2 (X, 2 (), X), 4 (X, 2 (X), X), 2
(X, 2 (-x), X), 2 (-x, 2 (X), -X), 4 (X, 2 (-X), X), 2 (-x, 2 (X), -x). States-TPPI phase cycling was applied
to phase ¢4. The gradients had the following duration and strength: G; = 1 ms (7 G/cm), G, = 800 Us
(28 G/cm), G; =1 ms (21 G/cm).

chapter 4.4.8

D-(i+1)-HSQC. The following delays were used: T, = 3.5 ms, T, = 5.5 ms, T3 = 2.25 ms, 0, = 4.5
ms, 8; =6.9ms, &, =11.4ms, Ty =11 ms, A; = 16 ms, A, = 4.5 ms, A; = 4.5 ms. The phase cycling
was as follows: ¢; = 16 (x), 16 (-x); ¢, = 2 (45°), 2 (135°), 2(225°), 2(315°); &5 = X, -X, g = 50°; ¢5 =
X, §6 =8 (x), 8 (¥), 8 (x), 8 (-y); o7 =4 (-y), 4 (¥); §s = -X; Prec = 2 (X, 2 (-X), X), 4 (X, 2 (x), X), 2 (X,
2 (-x), x). States-TPPI phase cycling was applied to phase ¢s. The gradients had the following
duration and strength: G; = 1 ms (7 G/cm), G, =300 Us (17.5 G/cm), G5 = 500 us (24.5 G/cm), G4 =
600 ps (31.5 G/ecm), Gs =1 ms (21 G/cm).

D-(i,i+1)-HSQC. The following delays were used: T, = 3.5 ms, T, = 5.5 ms, T3 =2.25 ms, Ty =11
ms, A; = 16 ms, A, = 4.5 ms, Ay = 9 ms. The phase cycling was: 0; = 16 (x), 16 (-x); ¢, =2 (45°), 2
(135°), 2(225°), 2 (315°); 3 = X, -X; 04 = 32 (x), 32 (-x); §s = 8 (x), 8 (y), 8 (x), 8 (-y); Pps =4 (-y), 4
¥); &7 = X; Orec = 2 (X, 2 (X), X), 4 (-X, 2 (X), X), 2 (X, 2 (-X), X), 2 (X, 2 (X), X), 4 (X, 2 (X), X), 2 (-
X, 2 (x), -x). States-TPPI phase cycling was applied to phase ¢,. The gradients had the following
duration and strength: G; = 1 ms (7 G/cm), G, =300 Us (17.5 G/ecm), G5 = 500 us (24.5 G/cm), G4 =
600 ps (31.5 G/ecm), Gs =1 ms (21 G/cm).

chapter 4.4.9

N-(i+1)-HSQC. The following delays were used: T, = 5.5 ms, T, = 5.5 ms, T3 = 2.25 ms, 0, =
ms, 0, =69ms,0,=114ms, Ty=11ms, A; =8 ms, A, =4.5 ms, Ay = 4.5 ms. Thephasecycllng
was as follows: ¢; = 16 (x) 16 (-x); ¢, =2 (45°), 2 (135°), 2(225°), 2(315°); b3 = 310°, b4 = 32 (x),
32 (); s = 50% d6 = X, -x; 07 = 8 (x), 8 (¥), 8 (=), 8 (-); O = 4 (=y), 4 (¥); 09 = -X; rec =2 (x, 2 (-
X), X), 4 (X, 2 (x), -X), 2 (%, 2 (x), X), 2 (X, 2 (X), X), 4 (%, 2 (-X), X), 2 (-x, 2 (x), -x). States-TPPI
phase cycling was applied to phase ¢s. The gradients had the following duration and strength: G, =
800 us (7 G/em), G, = 800 ps (28 G/ecm), G; =1 ms (21 G/cm).

N-(i,i+1)-HSQC. The following delays were used: T, = 5.5 ms, T, = 5.5 ms, T3 =2.25 ms, Ty =11



150 Appendix

ms, A; = 8 ms, Ay = 4.5 ms, As = 9.3 ms. The phase cycling was: ¢; = 16 (x), 16 (-x); ¢, = 2 (45°), 2
(135%),2(225°), 2 (315°); 03 = 310°, ¢4 = 32 (x), 32 (-x); §5 = X, -X; @ = 8 (x), 8 (¥), 8 (-x), 8 (-y); 07
=4 (-y), 4 (¥); §s = -X; Orec = 2 (%, 2 (-x), X), 4 (-X, 2 (%), X), 2 (X, 2 (%), X), 2 (X, 2 (), X), 4 (x, 2 (-
X), X), 2 (X, 2 (x), -x). States-TPPI phase cycling was applied to phase ¢s. The gradients had the
following duration and strength: G, = 800 Us (7 G/cm), G, = 800 Us (28 G/cm), G; = 1 ms (21
G/cm).

chapter 4.4.10

EQG-(i+1)-HSQC. The following delays were used: T, = 3.5 ms, T, = 5.5 ms, T3 = 2.25 ms, &) =
45ms, 0, =69 ms, d =11.4ms, Ty =11 ms, A, = 8.5 ms, Ay = 4.5 ms, A; = 5.5 ms. The phase
cycling was as follows: ¢; = 16 (x), 16 (-x); 0, = 2 (45°), 2 (135°), 2(225°), 2(315°); O3 =X, -X, Oy =
50° 05 = X, 06 = 8 (x), 8 (), 8 (%), 8 (-); b7 = 4 (=y), 4 (¥); 0 = % Orec = 2 (x, 2 (%), X), 4 (%, 2 (),
-X), 2 (X, 2 (x), x). States-TPPI phase cycling was applied to phase ¢s. The gradients had the
following duration and strength: G, = 1 ms (7 G/cm), G, = 800 Us (28 G/cm), G; =1 ms (21 G/cm).

EQG-(i,i+1)-HSQC. The following delays were used: T; = 3.5 ms, T, = 5.5 ms, T3 = 2.25 ms, Ty
=11ms, Ay =8 7.2 ms, Ay =4.5 ms, Ay =7.1 ms. The phase cycling was: ¢; = 16 (x), 16 (-x); ¢, =2
(45°), 2 (135°), 2 (225°), 2 (315°); ¢3 = X, -X; ¢4 = 32 (), 32 (-x); §s = 8 (x), 8 (¥), 8 (-x), 8 (-y); P6 =
4 (-y), 4 (¥); 07 = X5 Orec = 2 (X, 2 (), X), 4 (X, 2 (X), X), 2 (X, 2 (-x), X), 2 (X, 2 (), -X), 4 (X, 2 (-x),
X), 2 (X, 2 (x), -x). States-TPPI phase cycling was applied to phase ¢,. The gradients had the
following duration and strength: G, = 1 ms (7 G/cm), G, = 800 Us (28 G/cm), G; =1 ms (21 G/cm).

chapter 4.4.11

E-(i+1)-HSQC and ED-(i+1)-HSQC. The following delays were used: T; = 3.5 ms, T, = 5.5 ms,

=225ms,0,=4.5ms, 0, =69ms, 5 =11.4ms, Ty=11ms, A, =16 ms, A, =42 ms, A; =4.5

ms, Ay =9 ms for the E-(i+1)-HSQC and 4.5 ms for the ED-(i+1)-HSQC, A5 = 4.5 ms for the E-(i+1)-
HSQC and 0 ms for the ED-(i+1)-HSQC, As = 4.5 ms. The phase cycling was as follows: ¢; = 16 (x),
16 (-X); 42 =2 (45°), 2 (1359), 2(225%), 2(315°); 43 = X, X, s = 50% 65 =X, &6 = 8 (), 8 (¥), 8 (-X), 8
(v); 07 =4 (-y), 4 (y); O0s = -X; Orec = 2 (X, 2 (-X), X), 4 (-X, 2 (X), X), 2 (X, 2 (-X), X). States-TPPI
phase cycling was applied to phase ¢s. The gradients had the following duration and strength: G, = 1
ms (7 G/ecm), G, =300 ps (17.5 G/ecm), G5 = 500 ps (24.5 G/ecm), G, = 600 pus (31.5 G/cm), Gs =
ms (21 G/cm).

E-(i,i+1)-HSQC. The following delays were used: T, = 3.5 ms, T, = 5.5 ms, T3 =2.25 ms, Ty =11
ms, A} = 16 ms, A, = 4.2 ms, A; =9 ms. The phase cycling was: 0; = 16 (x), 16 (-x); ¢, =2 (45°), 2
(135%),2(225°), 2 (315°); 03 = X, X; ¢4 = 32 (x), 32 (-x); s = 8 (x), 8 (¥), 8 (x), 8 (-y); s =4 (-y), 4
(¥); 7= X5 Prec =2 (%, 2 (%), X) 4 (x, 2 (x), X), 2 (x, 2 (-x), X), 2 (X, 2 (), -x), 4 (x, 2 (%), X), 2 (-
X, 2 (x), -x). States-TPPI phase cycling was applied to phase ¢,. The gradients had the following
duration and strength: G; = 1 ms (7 G/cm), G, =300 Us (17.5 G/cm), G5 = 500 us (24.5 G/cm), G4 =
600 ps (31.5 G/ecm), Gs =1 ms (21 G/cm).
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chapter 4.4.12

QN-(i+1)- and Q-(i+1)-HSQC. The following delays were used: T; = 5.5 ms, T, = 5.5 ms, T3 =
2.25ms, 8y =4.5ms, 8, =69 ms, d,=11.4ms, Ty=11 ms, A, =8 ms, A, = 3.7 ms for the Q-(i+1)-
HSCQ and 4.5 ms for the QN-(i+1)-HSCQ, A; = 4.5 ms, Ay = 9.3 ms for the Q-(i+1)-HSCQ and 4.5
ms for the QN-(i+1)-HSCQ, As = 4.8 ms for the Q-(i+1)-HSCQ and 0 ms for the QN-(i+1)-HSCQ, A¢
=4.5 ms, A; = 9.3 ms. The phase cycling was as follows: ¢; = 16 (x), 16 (-x); ¢, = 2 (45°), 2 (135°),
2(225°), 2(315%); 63 = 310°, ¢4 = 32 (x), 32 (-x); 95 = 50°% ¢ = X, -X; §7 = 8 (x), 8 (y), 8 (-x), 8 (-y);
Os =4 (-y), 4 (¥); P = X; §ree = 2 (X, 2 (X), X), 4 (X, 2 (%), %), 2 (X, 2 (-x), X), 2 (X, 2 (x), -X), 4 (X, 2
(x), x), 2 (-x, 2 (x), -x). States-TPPI phase cycling was applied to phase ¢s. The gradients had the
following duration and strength: G; = 800 us (7 G/cm), G, = 800 us (28 G/cm), G; = 1 ms (21
G/cm).

Q-(i,i+1)-HSQC. The following delays were used: T; = 5.5 ms, T, = 5.5 ms, T3 =2.25 ms, Ty =11
ms, A; =8 ms, A, = 3.7 ms, A; = 4.5 ms, A; = 9.3 ms. The phase cycling was: ¢; = 16 (x), 16 (-x); O,
=2 (45°),2 (135°), 2 (225°), 2 (315°); 03 = 310°, o4 = 32 (X), 32 (-x); 05 = X, -X; O = 8 (X), 8 (¥), 8 (-
X), 8 (-y); 07 =4 (-y), 4 (¥); P = -X; Orec = 2 (X, 2 (%), X), 4 (X, 2 (X), X), 2 (X, 2 (-x), X), 2 (=X, 2 (x),
-x), 4 (X, 2 (-X), X), 2 (-X, 2 (x), -x). States-TPPI phase cycling was applied to phase ¢s. The gradients
had the following duration and strength: G, = 800 Us (7 G/cm), G, = 800 Us (28 G/cm), G; = 1 ms
(21 G/cm).

chapter 4.4.13

R-(i+1)-HSQC. The following delays were used: T; = 2.05 ms (determined by pulse length S;), T,
=21ms,T3=55ms, T4=2.25ms, 8 =4.5ms, 5, =69ms, d =11.4ms, Ty=11 ms, A, = 3.5 ms,
Ay = 5.5 ms, A; = 4.5 ms. The phase cycling was as follows: ¢; =y; 0, = X, -x; 03 = 8 (x), 8 (y), 8 (-
X), 8 (-9); 0y = 2 (x), 2 (-X); b5 = 4 (x), 4 (X); s = 50% &7 = 4 (x), 4 (-X); ¢8 8 (), 8 (X); Orec =
(x), x, 2 (X, 2 (%), -X), X, 2 (-x), X. States-TPPI phase cycling was applied to phase ¢,. The gradlents
had the following duration and strength: G; = 2 ms (28 G/cm), G, = 1 ms (21 G/cm).

R-(i,i+1)-HSQC. The following delays were used: T; = 2.05 ms (determined by pulse length S;),
T,=2.1ms, T3=55ms, T, =225ms, 0; =9 ms, Ty =11 ms, A, =3.5 ms, Ay = 5.5 ms. The phase
cycling was: 1 = y; 02 = X, -X; 03 = 8 (x), 8 (¥), 8 (), 8 (-y); b4 =2 (x), 2 (-X); &5 = 4 (x), 4 (X); 0 =
4 (x), 4 (x); 07 = 8 (X), 8 (X); Prec= X, 2 (X), X, 2 (=X, 2 (X), X), X, 2 (-X), X. States-TPPI phase
cycling was applied to phase ¢. The gradients had the following duration and strength: G; = 2 ms
(28 G/cm), G, =1 ms (21 G/cm).

chapter 4.4.14

K-(it+1)- and KR-(i+1)-HSQC. The following delays were used: T; = 2.05 ms (determined by
pulse length S), T, =2.1 ms, T3 = 5.5 ms, T4 =2.25ms, 8, =4.5ms, §; = 6.9 ms, &, = 11.4 ms, Ty =
11 ms, A; = 3.5 ms, A, = 5.5 ms, A; = 8.8 ms for the K-(i+1)-HSQC and 4.5 ms for the KR-(i+1)-
HSQC, A, = 4.3 ms for the K-(i+1)-HSQC and 0 ms for the KR-(i+1)-HSQC, As = 4.5 ms. The phase
cycling was as follows: ¢; =y; 0, =X, -X; ;3 = 8 (X), 8 (), 8 (-X), 8 (-y); 01 = 2 (X), 2 (-X); O5 = 4 (X),
4 (-x); 06 = 50°% &7 =4 (x), 4 (x); dg = 8 (X), 8 (X); Orec = X, 2 (-X), X, 2 (-X, 2 (X), X), X, 2 (-X), X.
States-TPPI phase cycling was applied to phase ¢;. The gradients had the following duration and
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strength: G; =2 ms (28 G/cm), G, =1 ms (21 G/cm).

K-(i,i+1)-HSQC. The following delays were used: T; = 2.05 ms (determined by pulse length S;),
T,=2.1ms,T3=55ms, T, =225ms, 0;=9 ms, Ty =11 ms, A, =3.5 ms, Ay = 5.5 ms. The phase
cycling was: 1 = y; 02 = X, -X; 03 = 8 (x), 8 (¥), 8 (), 8 (-y); b4 =2 (x), 2 (-X); &5 = 4 (x), 4 (X); 0 =
4 (x), 4 (x); 07 = 8 (X), 8 (X); Prec= X, 2 (X), X, 2 (=X, 2 (X), X), X, 2 (-X), X. States-TPPI phase
cycling was applied to phase ¢. The gradients had the following duration and strength: G; = 2 ms
(28 G/cm), G, =1 ms (21 G/cm).

chapter 4.4.15

Pro(Ng.1), HN(i 1n)-HSQC (t, is incremented) and Pro(N, N(i p)-experiment (t;, is incremented).
The following delays were used: T; = 1.5 ms, T, = 2.1 ms, T3 = 5.5 ms, T4 =5.5 ms, Ts = 2.25 ms, A; =
3.5ms, A, =5.5ms, A; = 142 ms, Oy = 4.5 ms, &, = 6.9 ms, &, = 11.4 ms, Ty = 11 ms. The phase
cycling was: o1 =y; ¢ =2 (y), 2 (-y); 03 =y; 04 = X; ¢s = 32 (x), 32 (y), 32 (-x), 32 (-y); s =X, -X; O7
=16 (x), 16 (x); 05 =4 (x), 4 (-x); P9 = 8 (x), 8 (¥), 8 (-x), 8 (-¥); P10 = -¥; P11 = X} Prec = (X, 2 (-X),
x), 2 (X, 2 X, -X), (X, 2 (-X), X), (X, 2 X, -X), 2 (X, 2 (X), X), 2 (X, 2 X, -X), 2 (X, 2 (-X), X), (=X, 2 X, -X),
(%, 2 (x), x), 2 (X, 2 X, -X), (X, 2 (-x), x). States-TPPI phase cycling was applied to ¢4 and ¢ in the
Pro(N(i.;, HYi1)-HSQC and the Pro(Ng H'p)-experiment, respectively. Gradients had the
following duration and strength: G; = 1 ms (y: 20 G/cm; z: 28 G/cm), G, = 1 ms (x: 25 G/cm; z: 35
G/em), G; =(z: 31.5 G/em), G4 =900 Us (z: 21 G/cm).

Pro(Ng:1), H (iﬂ))-HSQC (ti, is incremented) and Pro(Ng, HN(i+1))-experiment (tia 18
incremented). The following delays were used: T, = 1.5 ms, 7, =2.1 ms, T3 =5.5ms, T4 =5.5 ms, Ts =
225ms, Ay =3.5ms, A, =55ms, As=7ms, O =4.5ms, & =69 ms, & =11.4 ms, Ty = 11 ms.
The phase cycling was: 01 =y; 0 = 2 (¥), 2 (-); 03 = ¥; 4 = X; 05 = 32 (x), 32 (¥), 32 (-x), 32 (-y); s

= X, X3 07 = 16 (x), 16 (-X); &g = 4 (x), 4 (-X); d9 = 8 (x), 8 (¥), 8 (%), 8 (=y); b10 = -¥; 011 = X; Oy =
(x, 2 (x), X), 2 (-x, 2 X, -X), (X, 2 (-x), X), (-X, 2 X, -X), 2 (X, 2 (-X), X), 2 (-X, 2 X, -X), 2 (X, 2 (-X), X), (-
X, 2 X, -X), (X, 2 (-X), X), 2 (-X, 2 X, -X), (X, 2 (-X), X). States-TPPI phase cycling was applied to ¢, and
05 in the Pro(N1), HN(M))-HSQC and the Pro(Nj;, HN(M))-experiment, respectively. Gradients had
the following duration and strength: G; = 1 ms (y: 20 G/cm; z: 28 G/cm), G, = 1 ms (x: 25 G/cm; z:
35 G/em), G; = (z: 31.5 G/em), G4 =900 Us (z: 21 G/cm).

chapter 4.4.16

CS-(i+1)-HSQC. The following delays were used: T, = 3.5 ms, T, = 5.5 ms, T3 = 2.25 ms, &, = 4.5
ms, 0, =69ms,d =11.4ms, Ty=11ms, A; =5.62ms, A, = 1.68 ms, A; = 1.53 ms, A, = 5.77 ms,
Tc = 3.7 ms. The phase cycling was: ¢; = 16 (x), 16 (-x); ¢, = 2 (45°), 2 (135°), 2 (225°), 2 (315°); O3
= X, X; 0y = 50° s = X; 0 = 8 (X), 8 (), 8 (%), 8 (-y); b7 = 4 (-¥), 4 (¥); O = -X; Orec = 2 (x, 2 (%),
X), 4 (X, 2 X, -X), 2 (X, 2 (-x), x). States-TPPI phase cycling was applied to ¢s. Gradients had the
following duration and strength: G, = 800 Us (28 G/cm), G, =1 ms (21 G/cm).

CS-(i,i+1)-HSQC. The following delays were used: T, = 3.5 ms, T, = 5.5 ms, 73 = 2.25 ms, Ty =
11 ms, A; =5.62 ms, A, = 1.68 ms, A; = 1.53 ms, Ay =5.77 ms, Ac = 9 ms. The phase cycling was: ¢,
=16 (x), 16 (x); 0 =2 (45°), 2 (135°), 2 (225°), 2 (315°); ¢3 =X, -X; ¢4 = 8 (x), 8 (y), 8 (-x), 8 (-y);
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05 =4 (-y), 4 (¥); O = (-X); Orec = 2 (X, 2 (-X), X), 4 (X, 2 X, -X), 2 (X, 2 (-X), x). States-TPPI phase
cycling was applied to phase ¢;. The gradients had the following duration and strength: G, = 800 us
(28 G/cm), G, =1 ms (21 G/cm).

chapter 4.4.18

Trp HElNgl—HSQC correlation. The delays are set to T, = 5.5 ms, T3 = 2.25 ms, Ty = 11 ms.The
phase cycling was: ¢ = y; 62 = 8 (x), 8 (); s = y; 04 = X, -x; 05 = 4 (x), 4 (x); 06 = 2 (x), 2 (-X); O
=-y; Og = X; Orec = X, 2 (-X), X, 2 (=X, 2 (X), -X), X, 2 (-X), x. States-TPPI phase cycling was applied to
phase ¢s. The carrier frequency for °C was centered at 125 ppm. The gradients had the following
duration and strength: G, = 800 Us (28 G/cm), G, =1 ms (21 G/cm).

Experimental part for chapter 6

Sample preparation

The expression and purification of all samples were carried out in the group of Prof. Oesterhelt at
the Max Planck Institut of Biochemistry in Martinsried. Two labeling patterns have been used -
uniform “H/"°N- and uniform *H/“C/"*N-labeling. The *H/"°N labeled sample was prepared as
described by Patzelt et al., 1997. For the preparation of the *H/"*C/"’N-labeled sample the method
was modified slightly and is described by Kolbe, 2001. 100% D,0O, SNH,CI and "*CO, were used as
solely sources of hydrogen, carbon and nitrogen to produce the *H/°C/"’N-labeled peptone with
Scenedesmus obliquus. The peptone was the basis of the medium on which halobacterium salinarum
was grown. The retinal negative strain JW5 was used. Unlabeled retinal ('H and '>C) was
biosynthetically incorporated. The protein was solubilized with dodecylmaltoside (with a deuterated
dodecyl moiety). The final samples contained 12-15 mg/ml bacteriorhodopsin, 1% partially
deuterated DM, 95 % H,0 and 5 % D,0. The pH was adjusted to 5.6 using a phosphate buffer (25
mM Na/KP;). Exchangeable deuterons are replaced by protons. Only amide groups and the retinal
contain protons. However, the deuteron/proton exchange of the amide groups might not be complete

especially in the rigid helical parts of the protein which leads to missing signals.

NMR data acquisition
The spectra were recorded on a 750 MHz spectrometer (Bruker-DMX750) in standard

configuration using an inverse triple resonance probe equipped with three-axis self shielded gradient
coils. The data were collected at 323.5 K. For both samples 5 mm ultra-precision sample tubes were
used.

Proton hard pulses were applied with 25 kHz field strength. Pulses applied at the *C%, *C*? or
BCO resonance frequencies were adjusted to provide a null at the corresponding *CO or *C”
frequencies. The rectangular *C* 90° and 180° pulses were set to 43 us and 86 s, respectively. The
rectangular *C*® 90° and 180° pulses were set to 40 ps and 35 ps, respectively. The rectangular

CO 90° and 180° pulses were set to 43 s and 86 s, respectively. The gradients were applied as a
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sinusoidal function from 0 to 7. Unless indicated otherwise, the carrier frequencies were centered at
'H=4.5 ppm, "N = 120 ppm, BCwP =45 ppm, *C*= 55 ppm and C' = 175 ppm.

The uniformly *H/"C/"’N-labeled sample was used to record triple-resonance experiments with
the parameters given in table Al1. A measurement time of approximately 7 days was used for all

spectra, except HNCO.

NMR triple-resonance data size * spectral width ns *
experiments [pts] [Hz]
tixtoxts XWX 03

HNCA (TROSY) 50%62x1024 6250%3788x12500 24
HNCO (TROSY) 64x64x1024 3012x3788x12500 16
HNCACB (TROSY) 50%60x1024 12500%3788x12500 24
HN(CA)CO (TROSY) 50%60x1024 3012x3788x12500 24
HN(CO)CA (TROSY) 50%62x1024 6250%3788x12500 24
HN(CO)CACB (TROSY) 56x62x1024 12500%3788x12500 24

Table Al: Acquisition parameters of the triple-resonance experiments applied to the *H/"*C/*°N labeled sample.
All experiments were recorded at 750 MHz and 323.5 K. " The number of complex points of each dimension is
given. * The number of scans for one increment is given.

The uniformly “H/'°N-labeled sample was used to record three 3D-NOESY experiments

with the parameters given in table A2.

NOESY experiments data size " spectral width ns ¥ mixing
[pts] [Hz] time
£ Xt ¥t3 @ XM X 03 [ms]
HNH-NOESY-TROSY 128%80%1024 | 10000%3788x%12500 | 8 80
HNH-NOESY-HSQC 80x128x1024 | 10000x3788x12500 | 8 80
NNH-HMQC-NOESY-HSQC | 64x64x1024 3788x3788x12500 | 24 50

TableA2: Acquisition parameters of the triple-resonance experiments applied to the *H/"°N labeled sample. All
experiments were recorded at 750 MHz and 323.5 K. ~ The number of complex points of each dimension is
given. * The number of scans for one increment is given.

A series of experiments have been recorded for T, and T, measurement (without
TROSY). The spectra were recorded at 600 MHz (Bruker-DRX600). A series of experiments
using relaxation delays of 5, 25, 50, 75, 100, 150, 200, 300, 400, 1000, 2500 ms were
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recorded for the T; determination. Relaxation delays of 5, 10, 20, 30, 40, 50, 100, 150, 200,

250, 300 ms were used for the T, determination.
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