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ABSTRACT

Several methodological developments and applications of multidimensional solid-
state nuclear magnetic resonance to biomolecular structure determination are presented.
Studies are performed in uniformly “C, "N isotope labeled samples with magic-angle
spinning for optimal resolution and sensitivity.

Frequency selective rotational-echo double-resonance (FSR) and three-
dimensional transferred-echo double-resonance (3D TEDOR) methods for carbon-
nitrogen distance measurements in (U-"C,"’N)-labeled peptides and proteins are
described. FSR employs frequency selective Gaussian pulses in combination with
broadband REDOR recoupling to measure dipolar couplings based on the isotropic
chemical shifts of the selected "C-"N spin pairs. The experiment is demonstrated in
model peptides, N-acetyl-L-Val-L-Leu and N-formyl-L-Met-L-Leu-L-Phe, where
multiple distances in the 3-6 A range are determined with high precision, and in a
membrane protein, bacteriorhodopsin, where the distances between aspartic acids Asp-85
and Asp-212 and the retinal Schiff base nitrogen are measured in the active site. The 3D
TEDOR methods employ “C and “N chemical shift dimensions for site-specific
resolution and encode the distance information in the buildup of cross-peak intensities,
allowing multiple distances to be measured simultaneously. The methods are
demonstrated in N-acetyl-L-Val-L-Leu and N-formyl-L-Met-L-Leu-L-Phe, where 20 and
26 distances up to 6 A are determined, respectively.

The molecular conformation of peptide fragment 105-115 of transthyretin in an
amyloid fibril is investigated. Complete sequence-specific °C and "°N backbone and side-
chain resonance assignments are obtained using two-dimensional *C-"C and “N-"C-"C
chemical shift correlation experiments. Backbone torsion angles are measured directly
using three-dimensional dipolar-chemical shift correlation experiments, which report on
the relative orientations of "C-"N, "C-'H and ""N-'H dipolar tensors, and intramolecular
PC-"N distances in the 3-5 A range are determined using 3D TEDOR, resulting in about
60 constraints on the peptide structure. An atomic-resolution structure of the peptide
consistent with the NMR constraints is calculated using simulated annealing molecular



dynamics, and the results indicate that the peptide adopts an extended [-strand
conformation in the fibril.
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CHAPTER 1. INTRODUCTION TO SOLID STATE NMR

1.1 Preface

Atomic-level structural information about peptides, proteins and nucleic acids is
key to understanding the biological function of these molecules, their intermolecular
interactions, and to drug design. The primary approaches to determining three-
dimensional molecular structures are X-ray crystallography and solution-state nuclear
magnetic resonance (NMR) spectroscopy, and these techniques account for the majority
of structures deposited to date in the Protein Data Bank.' X-ray crystallography, which
relies on the availability of high-quality crystals, is the most successful technique for
complete structure determination in biological systems and it has, for example, recently
been used to determine the structure of the complete 70S ribosome at 5.5 A resolution.’
The application of solution-state NMR methods to proteins™ requires solubility at ~0.2-1
mM concentrations, and isotopically "C, "N and °H labeled samples. Structural
investigations of proteins with molecular weights up to ~30 kDa are becoming
increasingly routine, and new methodology®’ promises to extend the size of molecules
amenable to detailed NMR studies, as demonstrated by a number of recent examples.*"'

Despite the success of the aforementioned structural methods there are a number
of systems of importance in biophysical chemistry and structural biology to which these
techniques may not be directly applicable because the systems are non-crystalline,
insufficiently soluble or simply too large to tumble rapidly in solution. Important

examples of such systems include large peptide-protein complexes,'> enzyme-inhibitor

13-19 20-24

complexes, surface-associated biomaterials, intermediates of chemical and
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25-29

photochemical reactions, peptide and protein fibrils often associated with protein

4 and integral membrane proteins.”******3" Atomic-level

deposition diseases,
structural constraints have been obtained in all of the above systems using solid-state
NMR techniques, which do not require soluble or crystalline samples.

Solid-state NMR studies of peptides and proteins require the chemical or
biosynthetic incorporation of ?C and/or "N nuclei at the sites of interest. For each atomic
site that gives rise to a resolved resonance line in an NMR spectrum the information
about the nuclear spin interactions with electrons and other nuclei can be obtained via the
measurements of NMR observables such as the chemical shift and dipolar coupling, and
subsequently converted to a three-dimensional structural model. However, in static,
unoriented solids NMR lineshapes are severely broadened by the anisotropic chemical
shift and dipolar interactions, which depend on the orientation of the molecular fragment
with respect to the external magnetic field. As a result, NMR spectra of randomly
oriented solids containing more than a few isotopically labeled sites become increasingly
difficult to interpret. However, a number of fundamental advances made over the past
three decades in solid-state NMR methodology, most notably the development of magic-

52,53

angle spinning (MAS)™>” and cross-polarization (CP),** have enabled the acquisition of

high resolution and sensitivity NMR spectra of solids. Indeed, the CPMAS

55,56

experiment”™*® which involves the combination of cross-polarization™ with magic-angle

52,53 57-61

spinning’~” and broadband proton decoupling,”™" provides the basis for structural studies
of biological solids.
Magic-angle spinning involves the rotation of the sample about an axis inclined at

an angle of ~54.74° with respect to the external magnetic field.”>” During MAS the
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interactions described by second rank tensors and considered to be inhomogeneous
according to the treatment of Maricq and Waugh® (e.g., chemical shielding anisotropies
and heteronuclear dipolar couplings among low-yspins) are averaged to their isotropic
values. As a result, at external fields of ca. 10-20 Tesla (‘H Larmor frequencies of ca.
400-800 MHz) and spinning frequencies of 5-25 kHz the °C and "N MAS NMR spectra
of biological molecules consist primarily of relatively narrow resonances present at the
isotropic chemical shifts, and closely resemble solution-state NMR spectra. The isotropic
resonances are, in addition, flanked by series of rotational sidebands at integer multiples
of the spinning frequency.” The intensities of the rotational sidebands contain

information about the anisotropic interactions®’

and they become negligible when the
spinning frequency greatly exceeds the magnitude of the anisotropic interaction. Note
that MAS alone is not sufficient to provide high-resolution 'H spectra even at spinning
frequencies exceeding 30 kHz due to the fact that the dipole-dipole interactions among
the abundant proton spins are both large and homogeneous.” Although MAS greatly
enhances the resolution and sensitivity of NMR spectra, it concurrently attenuates the
dipole-dipole couplings, which are the primary source of structural information. Thus, it
is necessary to “recouple” these interactions during indirect dimensions of
multidimensional NMR experiments, using radiofrequency pulse sequences specifically

designed to interfere with the MAS averaging process.

The theoretical developments in coherent averaging (average Hamiltonian)

64,65 66,67

theory”™” and Floquet theory,””" which have led to the design of pulse sequences for

68-75

homonuclear®” and heteronuclear spin decoupling,””*""® have also inspired the

development of pulse sequences for the recoupling of anisotropic interactions under MAS
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895 these

conditions.””*” Within the framework of separated local field spectroscopy
recoupling pulse sequences have been used to measure very precise structural constraints
in molecules selectively labeled with pairs of spin-1/2 nuclei.*******® Such measurements
in selectively labeled systems will likely remain the method of choice for providing
answers to specific structural questions. However, despite the success of these
experiments, there is significant interest in performing analogous measurements in
multiply and/or uniformly “C and "N labeled samples, where multiple structural
constraints can be obtained. Techniques suitable for structural measurements in multiply
BC, PN labeled molecules have been the focus of research that was initiated in the second
half of the last decade and that continues today. Although still in relatively early stages of
development, these approaches have already been used to acquire spectra with tens to

41,44,99-114

hundreds of resolved atomic sites, to perform spectral assignments, to measure

51,115-121 122-133

internuclear distance and torsion angle constraints, and to determine the initial
molecular structures.””*'*> The work presented here has greatly benefited from these
recent developments, many of which were made in the Griffin laboratory at MIT.

This thesis addresses the methodology for measuring multiple structural
constraints in multiply and uniformly “C, "N labeled systems with applications to
biomolecular structure determination. The remainder of Chapter 1 introduces the nuclear
spin interactions, nuclear spin dynamics, and magic-angle spinning NMR. In Chapters 2-
6 several methods for measuring long-range (ca. 3-6 A) carbon-nitrogen distances in (U-
“C,”N)-labeled molecules are described. Applications of these methods to model

peptides and a membrane protein are demonstrated. In Chapters 7 and 8 the molecular

conformation of a peptide in an amyloid fibril is determined by using primarily three-

22



dimensional dipolar-chemical shift correlation experiments to measure internuclear
distances and torsion angles in (U-""C,"’N)-labeled samples. The specific topics addressed
are outlined below in more detail.

In Chapter 2 the rotor-synchronized rotational-echo double-resonance (REDOR)
dipolar recoupling pulse sequence is investigated theoretically and experimentally in the
rapid magic-angle spinning regime. The REDOR recoupling effect was originally derived
for isolated heteronuclear spin-1/2 pairs assuming a d-function pulse approximation. This
assumption is strictly valid only for relatively low MAS frequencies (ca. 2—-8 kHz), where
REDOR has indeed been employed to perform highly accurate and precise distance
measurements. However, the studies of (U-"C,""N)-labeled molecules typically require
the use of high MAS frequencies (ca. 10-30 kHz). Under these conditions the RF pulses
occupy a significant fraction of the rotor period and the d-function pulse approximation
breaks down. We demonstrate experimentally, in two model C-"N spin systems, [1-
“C,”N] and [2-"C,"”N]glycine, that REDOR dipolar dephasing curves acquired at high
MAS rates and using relatively long RF pulses are nearly identical to the curve expected
in the 8-pulse limit. The only noticeable effect of the finite pulse length on the recoupling
is a very minor scaling of the dipolar oscillation frequency. These experimental results
are explained using numerical simulations as well as average Hamiltonian theory, which
is used to derive analytical expressions for the spin evolution under REDOR recoupling
sequences with different pulse phasing schemes. For the relevant xy-4 phase cycling
scheme and extensions thereof, it is found that the finite pulses are expected to scale only
the dipolar oscillation frequency by a small, well-defined factor, which is in agreement

with our experimental observations.
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Chapters 3 and 4 address approaches to frequency selective heteronuclear
recoupling in uniformly "°C,"’N-labeled solids, which combine REDOR with the selective
irradiation of °C and "N spectra. In Chapter 3 a J-decoupled REDOR experiment is
described for distance measurements between a single "N nucleus and individual “C
nuclei within a tightly coupled cluster. The C-">C J-coupling interactions are suppressed
by applying a rotor-synchronized, frequency selective Gaussian m pulse on resonance
with a single C spin. The dipolar interaction between this “C and the "N spin is
recoupled, while the J-couplings to other C nuclei are refocused. Failure to refocus the
J-couplings among the "C spins compromises the accurate measurement of “C-"N
dipole interactions, which are often of similar magnitude (ca. 30-60 Hz). In Chapter 4 the
basic ideas presented in Chapter 3 are extended to describe a frequency selective REDOR
(FSR) experiment capable of selective measurements of weak *C—"°N dipolar couplings
in uniformly “C,"’N-labeled solids. In FSR, the application of simultaneous frequency
selective Gaussian pulses to a “C-"’N spin-pair of interest, recouples this dipolar
interaction, while concurrently suppressing the remaining “C—"N dipolar couplings and
all "C-"C scalar couplings to the selected "C. The "C-"N coupling of interest is
extracted by a least-squares fit of the experimentally observed modulation of the "*C spin-
echo intensity to the analytical expression describing the dipolar dephasing in an isolated
heteronuclear spin pair under conventional REDOR. The FSR experiment is
demonstrated in three uniformly-'">C,"’N-labeled model systems: asparagine, N-acetyl-L-
Val-L-Leu and N-formyl-L-Met-L-Leu-L-Phe; in N-formyl-[U-"C,"’N]L-Met-L-Leu-L-
Phe a total of 16 internuclear distances in the 2.5-6 A range have been determined. In

addition, Chapter 4 discusses several experimental challenges associated with the
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measurement of weak dipolar couplings, including the choice of proton decoupling
scheme during REDOR mixing and the choice of the appropriate xy-type error
compensation scheme in the presence of non-negligible "N chemical shift anisotropy.

In Chapter 5 frequency selective REDOR is used to measure two “C-"N
distances in the active site of a 248-residue uniformly "°C,"N labeled membrane protein,
light-adapted bacteriorhodopsin in its native purple membrane. The distances from the
retinal Schiff base nitrogen to the Asp85 and Asp212 sidechain carboxyl carbons were
found to be 4.7+0.3 A and 4.9+0.5 A, respectively. The Asp85 distance agrees with the
4.3-5.0 A distances in recent diffraction structures of light-adapted bacteriorhodopsin,
while the Asp212 distance appears to be somewhat longer in the NMR measurement than
the 4.0-4.4 A diffraction values.

In Chapter 6 we present three-dimensional magic-angle-spinning NMR
experiments for the simultaneous measurement of multiple carbon-nitrogen distances in
uniformly "“C,"”N labeled solids. The approaches employ transferred echo double
resonance (TEDOR) for C-"’N coherence transfer and N and "C frequency labeling for
site-specific resolution, and build on several previous 3D TEDOR techniques. The novel
feature of the 3D TEDOR pulse sequences presented here is that they are specifically
designed to circumvent the detrimental effects of homonuclear *C-"C J-couplings on the
measurement of weak "C-"N dipolar couplings. In particular, homonuclear J-couplings
lead to two undesirable effects: (i) they generate anti-phase and multiple-quantum (MQ)
spin coherences, which lead to spurious cross-peaks and phase-twisted lines in the 2D
“N-"C correlation spectra, and thus degrade the spectral resolution and prohibit the

extraction of reliable cross-peak intensities, and (ii) they significantly reduce cross-peak
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intensities for strongly J-coupled "C sites (e.g., CO and C%). The first experiment
employs z-filter periods to suppress the anti-phase and MQ coherences and generates 2D
spectra with purely absorptive peaks for all TEDOR mixing times. The second approach
uses band-selective C pulses to refocus J-couplings between "C spins within the
selective pulse bandwidth and "C spins outside the bandwidth. The internuclear distances
are extracted using a simple analytical model, which accounts explicitly for multiple
spin-spin couplings contributing to cross-peak buildup. The experiments are
demonstrated in two U-"C,"”N labeled peptides, N-acetyl-L-Val-L-Leu (N-ac-VL) and
N-formyl-L-Met-L-Leu-L-Phe (N-f-MLF), where 20 and 26 “C-"N distances up to ~5-6
A were measured, respectively. Of the measured distances, 10 in N-ac-VL and 13 in N-f-
MLF are greater than 3 A and provide valuable structural constraints.

In Chapters 7 and 8 we describe the structural studies of a peptide in an amyloid
fibril. Amyloid fibrils are self-assembled aggregates formed by peptides and proteins
with a wide variety of structures and functions, and their formation is associated with a
number of protein deposition diseases including Alzheimer’s disease and the
transmissible spongiform encephalopathies. Atomic resolution structural information is
inaccessible for most fibrillar systems using traditional methods due to the noncrystalline
and insoluble nature of these materials. Hence these materials are ideally suited for solid-
state NMR investigations. In Chapter 7 we use MAS solid-state NMR to investigate the
molecular conformation of an 11-residue peptide fragment of transthyretin (TTR)
corresponding to residues 105-115 and previously shown to form amyloid fibrils in vitro.
Complete sequence specific backbone and side-chain C and "N resonance assignments

were obtained using two-dimensional *C-"C and "“N-"C-"C correlation experiments.
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The resonance assignments indicate that the peptide adopts an extended [(3-strand
conformation in the fibril. Chapter 8 describes the direct NMR measurements of site-
specific structural constraints in TTR(105-115) fibrils. The backbone torsion angles are
determined using three-dimensional dipolar-chemical shift correlation experiments,
which report on the relative orientations of “C-"N, "C-'H and “N-'H dipolar tensors,
and intramolecular “C-"N distances in the 3-5 A range are determined using the 3D
TEDOR methods described in Chapter 6, resulting in a total of about 60 constraints on
the peptide structure. An atomic-resolution structure of the peptide in the fibril is
calculated using simulated annealing molecular dynamics. The supramolecular
organization of the B-strands in the fibril is investigated using experiments, which probe

intermolecular dipolar couplings.

1.2 Nuclear Spin Interactions and Spin Dynamics

This section provides an introduction to the nuclear spin interactions and nuclear
spin dynamics. Magic-angle spinning NMR is discussed in section 1.3. The reader is
encouraged to consult one of the many excellent texts for a thorough introduction to the
fundamentals of magnetic resonance and multidimensional NMR experiments.**>**'** In

addition, the review articles highlighted in the preceding section provide a suitable

introduction to some recent research topics.

1.2.1 The Nuclear Spin Hamiltonian

Solid-state NMR spectra are determined by the Hamiltonian:
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H=H,+H,, +Hy (D
which consists of the nuclear spin Zeeman interaction with the static magnetic field H,,

the internal nuclear spin interactions H,,, and the interaction with the applied

int>

radiofrequency (RF) fields Hg. The various Hamiltonian terms are discussed in detail

below.

1.2.1.1 Zeeman Interaction

The Zeeman Hamiltonian is given by

H, =-ynl-B, = -yhB I, (2)
where y is the gyromagnetic ratio, B, is the flux density of the static magnetic field,

h=h/2w where h is Planck’s constant, and I, is the z-component of the nuclear spin

angular momentum operator I. In the final form of eq 2 we have assumed that the static
magnetic field B, corresponds to the z-axis of the laboratory frame of reference.
Furthermore, for convenience and consistency with the NMR literature all following
Hamiltonian terms will given in frequency units (i.e., H = H/h).

For a nuclear spin with non-zero spin angular momentum /, the Zeeman
interaction generates 2/ + 1 equally spaced energy levels with eigenvalues:

E=-yhBpm m=1LI1-1,...,-1 3)
The energy difference between two adjacent energy levels is

AE = hao, @)
where the nuclear Larmor frequency, w,, is equal to the precession frequency of the
magnetization around the static field. The B, fields generated by modern superconducting

magnets range from ca. 2.35 to 21.2 Tesla and correspond to 'H Larmor frequencies of
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ca. 100-900 MHz. Most applications of NMR to biomolecular structure determination
have greatly benefited from the use of the highest possible B, fields, due to the associated
increases in sensitivity and spectral resolution.

Note that with the exception of the quadrupolar interaction, the Zeeman
interaction is typically three to six orders of magnitude larger than all other nuclear spin
interactions discussed below. Therefore, the local field Hamiltonians can be treated as

perturbations on the Zeeman interaction. In an interaction frame defined by H, = w I, the

Hamiltonian terms, which do not commute with the Zeeman interaction become time-
dependent. To first-order these non-secular terms are effectively averaged to zero, and

only the secular components of H,

mnt>

i.e., those which commute with H,, contribute to the

internal Hamiltonian.

1.2.1.2 Internal Interactions

The internal Hamiltonian

H, =Y H, A=CS,D,1,Q (5)
A

describes the nuclear spin interactions with the local fields present at each atomic site.
The interactions with local fields are crucial in the applications of NMR to the
determination of molecular structure. They include the shielding of the static B, field by
the electrons represented by the chemical shielding (or chemical shift) Hamiltonian H g,
the direct through-space magnetic dipole-dipole interactions Hy, the indirect electron-
mediated J-coupling interactions H,, and the interactions of nuclear electric quadrupole

moments with electric field gradients represented by H,,.
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All internal interactions relevant to NMR of diamagnetic solids can in general be
expressed as a coupling of two vectors V and U by a Cartesian tensor 3t of rank two:'*

H,xV-R-U 6)
where V is a spin angular momentum operator, and U may be a vector describing the the

static magnetic field or another spin operator. The expressions for the internal

Hamiltonians are given below:"**'*

H g =Ehlk'0k ‘B, -
p

HD:EI/«'DM'II -

kel

H =2z YL 3,1, o
ket

HQ:Eﬁlk'VﬁIk (10)

~21,(21, -1)h
Here o, D,;, J,, and V, are the chemical shielding, direct dipolar coupling, indirect spin-
spin coupling, and electric field gradient tensors, respectively, e is the elementary charge
and Q is the quadrupole moment. The interaction tensors are defined in the laboratory
frame, where the NMR experiment is performed. In the context of NMR studies of (U-
C,”N)-labeled biomolecules discussed in this thesis the anisotropic J-coupling terms are
negligible and the quadrupolar interactions, which occur only for nuclei with 7 > 1/2, are

absent. Therefore, these interactions will not be considered further.
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Figure 1-1. Definition of the Euler angles (a, S, ).

The Euler angles (a, B3, y), defined in the convention of Rose,'**'* rotate the (X, Y, Z)
coordinate system into the (x, y, z) system. The rotations of the (X, Y, Z) system proceed
as follows. The first rotation is about the Z axis by the angle «, until the Y axis coincides
with the node line (indicated by the dashed line). The second rotation is about the node
line by the angle 8 until the Z axis coincides with the z axis. The final rotation is about
the z axis by the angle y until the Y axis coincides with the y axis.

The derivation of the high-field truncated Hamiltonians for the chemical shift and
dipole-dipole interactions given below requires the rotation of the interaction tensors o,
and D, (denoted as N below) from their principal axis systems (denoted as PAS or P in
the following), where the tensors are diagonal, into the laboratory frame (denoted as LAB
or L in the following), where the NMR experiment is performed. These transformations
are in general achieved by using Euler rotation matrices R, which specify rotations of
coordinate systems by triplets of angles Q ={a, B, y} as follows (Figure 1-1):'*'#

Rip=R-Rpps R (11)

31



with

cosacosffcosy —sinasiny  sinacosficosy+cosasiny —sinffcosy
R =|-cosacosfsiny —sinacosy -sinacosfsiny+cosccosy sinfsiny (12)

cosasinf3 sinasinf3 cosf

Chemical Shielding Interaction
The high-field truncated Hamiltonian for the chemical shielding interaction is

obtained using equations 7, 11 and 12 with Q= {¢, 0, O}:

Heg = E VB0 I,
(13)

k
) 2 /) : .2 k 2
=Eka0(oxx sin” 6, cos” ¢, + 0, sin” 6, sin” ¢, + 0, cos 6?,6)1,(z
k

k,LAB
2z

where o is the relevant component of the chemical shielding tensor in the laboratory

k k
Oy

frame, and o and sz are the principal values of the chemical shielding tensor o,

in the PAS. The polar and azimuthal angles, 6, and ¢,, respectively, describe the
orientation of B, in the PAS of the chemical shielding tensor.

The chemical shielding Hamiltonian in eq 13 is often reformulated to separate the
isotropic and anisotropic contributions to the chemical shielding interaction. This is

accomplished by introducing the isotropic chemical shift o, , the anisotropy J, and the

iso?

asymmetry 1 parameters as follows:'**

1
o, = g(oﬁ +0,, + GZZ) (14)
6=0_-0, (15)
_ 9y 0y (16)
=
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The convention typically used'” is |o_ -0, |= |O'xx -0,,|= ‘ny -0,,| and the resulting
expression is:
H = E {kaoofm +7,.B, %6’([3(:052 6, —1-n"sin’ 0, cos(2¢):|}lkz (17)

k

In this thesis the chemical shift interaction will be used primarily to provide the spectral
resolution in multidimensional experiments. Therefore, only the isotropic chemical shift

will be of significant interest.

Dipole-Dipole Interaction
The direct through-space dipole-dipole interaction has no isotropic component

(i.e., the dipolar tensor is traceless) and the high-field truncated Hamiltonian is given by:

Hy = ¥ by 4(3c0s 6, -1)[31.1, -1, 1] (18)

k<l

with the dipolar coupling constant b,, in angular units:

Uy Y.yl
b, = -0 TklIT 19
iy (19)

Here r,, is the internuclear distance and 6,, is the orientation of the I,-I, vector relative to
B,. The dependence of the dipolar coupling constant on the inverse cube of the
internuclear distance makes the dipolar interaction an exquisite probe of three-
dimensional molecular structure. A major part of this thesis is devoted to the
development of methods for the accurate measurement of dipolar coupling constants.
Note that for heteronuclear (e.g., "C-""N) spin-pairs the operator product I, -1, in

eq 18 can be further truncated because the large difference in the resonance frequencies
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of the two spin species renders the terms proportional to [;'1; + I, I; (the flip-flop terms)
non-secular. The resulting Hamiltonian for the heteronuclear dipole-dipole interaction is:

Hy, = Y by 4(3c0s 6, -1)21,.1, (20)

k<l

Indirect Spin-Spin Interaction

As noted above, in the context of NMR studies of (U-"C,"”N)-labeled
biomolecules the indirect spin-spin (J-coupling) interactions are typically considered to
be isotropic:

Hy =2 I, -1, (21)

k<l
where J,, the scalar J-coupling constant in hertz. In analogy to the dipole-dipole
interaction, the J-coupling Hamiltonian for heteronuclear spin pairs is truncated to the

secular term:

Hy = Y2, 11, (22)

k<l

Equation 22 is also valid for homonuclear spin pairs in the “weak-coupling limit”,"** i.e.,
when the chemical shift difference between the coupled spins greatly exceeds the
magnitude of the J-coupling constant. This is often the case for homonuclear *C-"C J-
couplings in (U-""C,"”N)-biomolecules, where the chemical shift differences are typically
one or two orders of magnitude larger than the J-coupling constants. A truncation process
of this type is often referred to as second averaging.'*

It should be pointed out that in the context of most solid-state NMR experiments

PC-"C and "“C-"N J-couplings do not significantly influence the spin dynamics and can

therefore be neglected. It is important to note, however, that C-"C J-couplings
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complicate the accurate measurements of weak *C-""N dipolar couplings (as discussed in
Chapters 3 and 4 of this thesis), and in combination with residual dipolar and chemical

shift interactions they can lead to significant line broadening in °C MAS spectra.

1.2.1.3 Interaction with Radiofrequency Fields
The final term in the NMR Hamiltonian (c.f. eq 1) is due to the nuclear spin
interaction with applied radiofrequency fields. The interaction has the same general form

as the Zeeman interaction, namely:
Hyy = _E Vil " Bre(1) (23)
k

136-138,142

In the usual treatment, the linearly oscillatory RF field generated in the NMR coil

is decomposed into two components rotating at @, and -w,. Only the component
rotating with the angular frequency w,, close to the Larmor frequency w, has an

appreciable effect on the nuclear magnetization and is retained. Following the

transformation of the spin Hamiltonian to a frame rotating at ,, the RF term becomes

time-independent:

Hy = Ea)l"[l,a cos@+ 1, sin(p] (24)
k

where | =—y,B, and ¢ are the amplitude and phase of the RF field, respectively. The
rotating frame transformation does not change the form of the high-field Hamiltonian

with the exception of an overall shift of the Larmor frequencies by -, . In practice

NMR experiments are carried out in a rotating detection frame, where the interactions are
observed as offsets from the RF carrier frequency. Finally, we note that the applied RF

fields will typically dominate the internal interactions in coupled spin-1/2 systems,
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providing a great deal of control over the internal nuclear spin interactions. Multiple
pulse sequences with variable amplitudes and phases are routinely used in modern
multidimensional NMR experiments to manipulate the internal Hamiltonian by
selectively decoupling or reintroducing various interaction terms at different periods of

the experiment.

1.2.2 Nuclear Spin Dynamics
1.2.2.1 Time Evolution of the Density Operator
The time-evolution of the density operator p(z), which represents the state of a

system of nuclear spins at all times, is described by the Liouville-von Neumann equation:
d .
EP(I) =—i[H(1),p(1)] (25)

The formal solution is:

p(1) =U@®)pO)U@)" (26)

with the propagator U(?) defined according to
U(t) = Texp{—i ) O’H(z')dt’} 27)

where T is the Dyson time-ordering operator, which describes the ordering of the
exponential functions for a Hamiltonian that does not commute with itself at different
times. The expectation value of an observable operator A at time ¢ is calculated as
follows:

(A)=Tr{Ap(1)} (28)
It is readily seen from eq 25 that no time evolution occurs if the density matrix and the

Hamiltonian commute. Furthermore, in the case of a self-commuting Hamiltonian the
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time evolution can be described exactly in a straightforward fashion. However, in the
context of most NMR experiments we will encounter situations where the time-
dependent Hamiltonian does not commute with itself at different times. In such cases the
time evolution can be evaluated numerically in very short time steps (during which the
Hamiltonian is considered to be constant), or using average Hamiltonian theory (AHT)

discussed in the next section.

1.2.2.2 Average Hamiltonian Theory
Magnus Expansion of the Propagator

Average Hamiltonian theory, initially introduced into NMR by Haeberlen and
Waugh to describe the effects of multiple-pulse sequences for homonuclear spin
decoupling,* attempts to describe the effective evolution of the spin system under a time-
dependent Hamiltonian H(¢) over a given time interval 7., by a time-independent average

Hamiltonian H :
U(t,) = Texp{—i N H(t)dt} = exp{-iH1,} (29)

Provided that the Hamiltonian H(z) is periodic with the period ¢., and the observation of
the spin system is stroboscopic and synchronized with the period of the Hamiltonian, the

average Hamiltonian also describes the time evolution over longer time periods:

U(nt,)=U(t,)" =exp{~iHnt,} (30)
The time-independent effective Hamiltonian is given by the Magnus expansion:**'*
H=H"+H”+HY + ... €2))

with
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e

HO = fo dtH(t,) (32)
—2 —i 1, t,

il >=Z [ e, [ dt[H(,)H()] (33)

7O _ 6‘_: [ dr [ e, [ dr {[H () [H (). H() ]+ [H (). H ) L Hs) | (34)

In the context of pulse sequences involving low-y nuclei, such as those discussed in this
thesis, the first few terms (or even the first-order term alone) are usually sufficient to
provide a reasonable approximation for the effective Hamiltonian. Methods for the
convenient calculation of higher order terms were presented recently by Hohwy and

Nielsen, #6147

Interaction Frames and AHT

In this section we present the essential result of average Hamiltonian theory using
as an example a problem commonly encountered in multiple-pulse NMR experiments,
namely the modification of the internal Hamiltonian (i.e., H,, H o, etc.) by the
introduction of time-dependent perturbations in the form of RF pulses. The propagator is

expressed as (c.f. eq 27):
U@t = TeXp{_ifotdtl(Hmt + HRF(tl))} (35)

When the effects of Hy and H,

nt

are separated as follows:**
U(t) = Uy (DU, (1) (36)

the individual propagators take the forms

Ue (1) = Texp{-i [ty 1)} (37)

38



and
U, ()= Texp~i [ d L, 1)} (38)

H., which is now time-dependent, is the Hamiltonian H,, in the interaction

int int

representation defined with respect to Hyy:

H,, (1) = Uge (0 H, U e (1) (39)
The most interesting situation arises for cyclic sequences of RF pulses, i.e.,:

Upre(2,) =1 (40)
In this case the pulses have no direct effect on the time evolution during the full cycle and
the entire propagator (c.f. eq 35) is described entirely by the internal Hamiltonian in the

RF interaction representation:
U(t)=U, (t)= Texp{—i I8 dtﬁm,(tl)} - exp{—iﬁimtc} (41)
where the Magnus expansion (c.f. eq 31) can be used to evaluate the effective internal

Hamiltonian H,, to the desired order. In this thesis average Hamiltonian theory is used in

Chapter 2 to describe the effects of finite RF pulses on the recoupled dipolar interaction

in rotational-echo double resonance (REDOR) experiments.

1.3 Magic-Angle Spinning NMR

1.3.1 Powder Spectra

In the preceding section we have shown that the nuclear spin Hamiltonians

corresponding to the chemical shielding and dipole-dipole interactions depend on the
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orientation of the interaction tensors with respect to B,. For polycrystalline (i.e., powder)
samples, all possible orientations of the relevant molecular fragment are assumed to be
present with equal probabilities. Therefore, a powder-average must be performed when
evaluating the free-induction decay (FID) resulting from the evolution of the transverse
magnetization (created from the equilibrium density operator p(0) ~ I, by an initial 90° y-
pulse) under the internal Hamiltonian. For example for the chemical shielding interaction
the FID is given by:

(@) ["dg [ dosin6- Tr{I* exp(~iH 1)1, exp(iHost)exp(-T1)  (42)
where I' describes the nuclear spin relaxation (e.g., due to insufficient proton
decoupling). Figure 1-2 shows the simulated NMR spectra for the chemical shielding and
heteronuclear dipolar interactions in a polycrystalline solid. The spectra display a strong
orientational dependence and hence contain a great deal of information about molecular
structure. However, due to this orientational dependence they cover a wide range of
frequencies, which leads to severe overlap in systems containing more than a few
isotopically labeled sites such as uniformly labeled biomolecules. For example, a single
amide "N chemical shielding tensor spans approximately 150 ppm (see Figure 1-4),
which corresponds to the entire range of "N chemical shifts encountered in typical

peptides and proteins.
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Figure 1-2. Simulated NMR spectra for the chemical shielding and heteronuclear
dipolar interactions in a polycrystalline solid.

For the chemical shielding interaction (left) and the heteronuclear dipolar interaction
(right) the NMR frequencies, displayed in the units of d or b, depend on the orientation
of the molecular segment with respect to B,. The dipolar interaction is axially symmetric
(n = 0) with the unique z-axis of the PAS along the internuclear vector. Hence, the
singularities observed in the spectra can be directly related to the orientation of the
internuclear (e.g., "N-'H) vector with respect to B,. Furthermore, for the heteronuclear
dipolar coupling, the symmetric Pake pattern'*® is the result of the superposition of the
two transitions in the coupled two-spin system. For the chemical shielding interaction, the
singularities in the spectrum correspond to the alignment of the three principal
components of the tensor parallel to B, and can be related to the orientation of the
molecular segment in the field provided that the orientation of the chemical shielding
tensor in the molecular frame (i.e., with respect to the various bond vectors) is known.

1.3.2 Internal Hamiltonians as Products of Spherical Tensors

The internal Hamiltonians which depend on the orientation of the molecular
fragment with respect to the static field can be made time-dependent by the macroscopic

rotation of the sample about an axis inclined at an angle 6, with respect to B,.”>” Such

spatial manipulations will in general lead to some averaging of the anisotropic
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interaction. Below we will demonstrate that when the rotation axis is oriented at the
“magic angle” 6,, with respect to B:

6, =cos”'(1/4/3) ~54.74° (43)
the anisotropic interactions that can be described by second rank tensors and are
inhomogeneous in the sense of Maricq and Waugh® (e.g., chemical shielding
anisotropies and heteronuclear dipolar couplings among low-y spins) are averaged to their
isotropic values, provided that the rotation frequency exceeds the magnitude of the

anisotropic interaction.

2 R \.\t %R Bo 7
Qpc Qe 4//2\/; Qq (1) 1
<o > ~<------ > (/ / ~<----- >
X /
R N/ Yo
\y: X

Figure 1-3. Reference frames for the description of NMR experiments in rotating
solids.

The principal axis system (P") for the interaction A (e.g., chemical shielding anisotropy or
dipolar coupling) is related to an arbitrarily chosen crystallite-fixed frame (C) through a
set of Euler angles Q.. A polycrystalline (i.e., powder) sample contains a large number
of crystallites with random orientations ., with respect to a rotor-fixed frame (R).

Finally, the rotor-fixed frame can be transformed into the laboratory frame (L) using the
set of angles Q, , which is time-dependent for a rotating sample. The Euler angles are

Q= {a Ap> Bags ¥ AB}. For the dipolar interaction the z-axis of P* is parallel to the
internuclear vector. Furthermore, the z-axis of R is defined to be the rotation axis, and the

static magnetic field B, lies along the z-axis of L.

The discussion of magic-angle spinning involves multiple rotations of second
rank tensors between the various reference frames shown in Figure 1-3. To derive the
internal Hamiltonians under MAS it is convenient to reformulate the bilinear

Hamiltonians (c.f. eqs 7-10) in terms of spherical tensor operators as follows:'*'*
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2 1
H,=V-R,-U=Y Y (-1)"R.,T}, (44)

=0 m=-1
where R,,, and T, describe the interactions in ordinary and spin space, respectively. The
spatial and spin terms can be affected independently by the reorientation of molecular
segments (e.g., due to macroscopic sample rotation) and by radiofrequency pulses,

respectively. The detailed derivation of the spin operators 7,,, was summarized by

Lm
Spiess."” Below we give the expressions for the T, and T,,, operators, which result from

the coupling of two nuclear spin operators I and S and are particularly relevant for the

analysis of NMR experiments in rotating solids:

T,,=1-S 45)

T, = L6(3zzsz “1-5) (46)
- 1 + +

T,. = +5(1 S. +1.57) (47)

T, = %I*S* (48)

=1, il (49)

Under the rotation from one coordinate system to a new coordinate system each spherical

!

tensor element in the new system, (T ) , can be expressed in terms of the elements in the

l,m

old system, 7, ., with the transformation involving only tensors of equal rank, i.e.,:

ET DY ( (50)

m'=-1
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The Wigner rotation matrices D'’ (Q) 1% which specify the coordinate transformation

m.,m

according to the Euler angles €2 = {a, B, y} (see Figure 1-3) can be expressed as:

D(l? (Q) — —im ad(l) (ﬁ)e—im}/ (51)

m .,m

The following relation between the Wigner matrices

DY ( EDf,f) )DL (Q4c) (52)

m"=-1

is used to describe successive rotations. Within this framework for each interaction A, the

general expression for the coefficients R,,, (c.f. eq 44) in the laboratory frame is:

Im

R E E Eplm t(nl)m ) irf'?' nz”(QCR)Diri'?,m(QRL) (53)

m'=—Im"==Im"=-1

where pfm, are the tensor elements in the principal axis system. In most applications of
NMR only the p,, and p,, elements are relevant. For the chemical shielding interaction

the tensor elements are given by:'®

pOO yazso (54)
cs _ 3

Pro =+/7Y0 (55)
2

P2y =0 (56)

cs 1 S 57

P22 ——5}’ n (57)

while for the dipolar coupling only the p,, element is non-zero:

Py =6 (58)

where o;

1S0°

0, m are the isotropic component, anisotropy, and asymmetry of the chemical
shielding tensor, b, is the dipolar coupling constant, and y is the gyromagnetic ratio. In

the Zeeman interaction frame only the Hamiltonian terms proportional to 7', (i.e., those
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which commute with the I, operator) are retained. Furthermore, only the 7,, and T,

components, which describe the isotropic contributions and the angular dependence of

NMR frequencies, respectively, are relevant in the context of most experiments,'**'* and
the resulting expressions for the chemical shielding and dipolar interactions are:

H = {yBoom +vB, %6[30052 By —1-nsin’ B, cos(2aPL)]}Iz (59)

Hy, = by 4(3cos® By —1)[3L.S. -1-8] (60)
The reduced Wigner matrix elements used in the derivation of eqs 59 and 60 are:'**'*

1
dyy(B) =5 (Bcos B-1) 61)
(2) 3 .2
diZ,O(ﬁ) = gsm B (62)

Note that the expressions in eqs 59 and 60 are equivalent to the Hamiltonians in the

Cartesian tensor notation (c.f., eqs 17 and 18), with S, = 8 and o = ¢.

1.3.3 Internal Hamiltonians under MAS

For rotating samples the Hamiltonians for the chemical shielding and dipolar

interactions are given by:

Hes = Y wfs(D],, (63)

Hy = Y oy (031, -1, 1) (64)

k<l

k.l
A

The orientation dependent coefficients w;™ () (where A= CS, D) can be expressed as a

Fourier series:*
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Wi (1) = Ea);’”’exp im, 1) (65)
with
W =l 8+ {Dg?zm(szgR) %[Df?,,,(szﬁR)+D;?zm(eﬁR)]}d£2,0</sRL> (66)

where A = CS,, D,, w, /27 is the rotor frequency,

m,

o 1s the Kronecker delta, and w’

iso?
6" and 1" are the isotropic value, anisotropy and asymmetry parameter of interaction A.
In eq 66 we have assumed for simplicity that the principal axis frame coincides with the

crystallite-fixed frame. For the dipolar interaction between spins k and /:

Wit =0 (67)
8% =b, (68)
n° =0 (69)

and the expression in eq 66 becomes:
) =buD;2,, (e ) o B ) (70)
For macroscopic sample rotation exactly at the magic angle, B =0, =cos™'(1/ \3), the

Fourier coefficients are given by:

o _p (30032 Bhr = 1) (3cos2 0, - 1) _

a)Dk/ k 2 2 (7 1)
N 1

W(D_:) _ _mbkl s1n(2[3’PR)exp{+l)/pR} (72)
=+ 1 ]

W7 = by sin’ B exp{zi2yiy ) "

Analogous, albeit somewhat more complicated, expressions can be written for the

chemical shielding interaction. The above equations clearly demonstrate that the
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macroscopic rotation of the sample at the magic-angle averages anisotropic interactions
described by second rank tensors to their isotropic values.”>”>** The time-independent
coefficient @ vanishes during MAS, and the coefficients oscillating at w, and 2w, are

averaged to zero with the period of one and one-half rotor cycle, respectively. When the

rotation frequency greatly exceeds the anisotropy of the interaction, i.e., @, >> ‘5'1

, the

resulting NMR spectra are characterized primarily by resonances occurring at the
isotropic chemical shifts and resemble solution-state NMR spectra. For relatively slow
spinning frequencies (or very large anisotropies) rotational sidebands are observed,”>”®
which carry information about the magnitudes and relative orientations of the various
interaction tensors.”>* Magic-angle spinning is illustrated in Figure 1-4 with the "N
NMR spectrum of polycrystalline N labeled N-acetyl-L-valine.

In conclusion we note that averaging by MAS is limited to nuclear spin
interactions for which the Hamiltonian commutes with itself at all times, defined as
inhomogeneous by Maricq and Waugh.”® These interactions include the chemical
shielding anisotropy and heteronuclear dipolar couplings. In addition, in most cases the
PC-PC dipolar interactions can also be considered inhomogeneous due to second
averaging (see Section 1.2.1.2), provided that rotational resonance conditions are
avoided."*"* On the other hand the homogeneous dipolar interactions between abundant
protons in rigid solids cannot be fully averaged by MAS, even when the rotation
frequency exceeds the magnitudes of the pairwise couplings. Finally, the high resolution
and sensitivity afforded by MAS comes at the expense of structural information
contained in the anisotropic interactions averaged by the sample rotation. Thus, it is

necessary to “recouple” these interactions during indirect dimensions of
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multidimensional NMR experiments, using radiofrequency pulse sequences specifically
designed to interfere with the MAS averaging process. The design and applications of

such pulse sequences are the main topic of this thesis.
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Figure 1-4. "N NMR spectra of polycrystalline °N labeled N-acetyl-L-valine.

In the static spectrum (a) the chemical shift anisotropy powder pattern characteristic of
amide groups spans the region between approximately 50-200 ppm. Magic-angle
spinning spectra obtained at spinning frequencies of w/2m = 1.0, 2.5 and 5.0 kHz are
shown in (b)-(d), respectively. The MAS spectra are characterized by the centerband at
the isotropic chemical shift regardless of the spinning frequency, and rotational sidebands
at integer multiples of w, from the centerband. Spectra were acquired at 50.7 MHz "N
frequency with using cross-polarization with proton decoupling. The static and MAS
spectra are an average of 512 and 64 transients, respectively. Note that the spectral
intensities are scaled to approximately the same height and the signal-to-noise ratio is
highest in (d).
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CHAPTER 2. REDOR NMR AT HIGH MAS FREQUENCIES

Note: Reproduced with permission from C. P. Jaroniec, B. A. Tounge, C. M. Rienstra, J.
Herzfeld and R. G. Griffin, “Recoupling of heteronuclear dipolar interactions with
rotational-echo double-resonance at high magic-angle spinning frequencies,” J. Magn.
Reson. 146 (2000) 132-139. Copyright 2000 Academic Press.

ABSTRACT

Heteronuclear dipolar recoupling with rotational-echo double-resonance
(REDOR) is investigated in the rapid magic-angle spinning regime, where
radiofrequency irradiation occupies a significant fraction of the rotor period (10-60%).
We demonstrate, in two model “C-"N spin systems, [1-"°C,"”N] and [2-"C,"”N]glycine,
that REDOR AS/S, curves acquired at high MAS rates and relatively low recoupling
fields are nearly identical to the AS/S, curve expected for REDOR with ideal d-function
pulses. The only noticeable effect of the finite & pulse length on the recoupling is a minor
scaling of the dipolar oscillation frequency. Experimental results are explained using both
numerical calculations and average Hamiltonian theory, which is used to derive analytical
expressions for evolution under REDOR recoupling sequences with different & pulse
phasing schemes. For xy-4 and extensions thereof, finite pulses scale only the dipolar
oscillation frequency by a well-defined factor. For other phasing schemes (e.g., xx-4 and

xx -4) both the frequency and amplitude of the oscillation are expected to change.
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2.1 Introduction

Distance and dihedral angle constraints are powerful means for characterizing the
three-dimensional structure of biomolecules. In solution-state NMR, the use of the
nuclear Overhauser effect to establish through-space connectivities between 'H nuclei is
the foundation of structural studies of proteins and nucleic acids.' In addition, recently
developed experiments™ can be used to correlate anisotropic interactions and provide
direct information about dihedral angles. In magic-angle spinning (MAS) solid-state
NMR, homo- and heteronuclear dipolar recoupling techniques*® are employed to measure
internuclear distances and relative orientations of dipolar tensors.

The rotational-echo double resonance (REDOR) pulse sequence”' is frequently
used to recouple heteronuclear dipolar interactions in isolated pairs of spin-1/2 nuclei,
usually at relatively low magic-angle spinning frequencies (w,/2r ~ 2—-8 kHz). REDOR 1is
well-compensated for pulse imperfections and resonance offsets'' when recoupling m
pulses are phased according to schemes based on xy-4," and the technique has been

successfully applied to many systems of biological interest."*"’

REDOR experiments in spin systems involving multiple low-y nuclei'®*' and/or
strong 'H couplings™ can potentially benefit from spinning frequencies in the regime
/2t ~ 10-30 kHz. However, a concern about the performance of REDOR at high MAS
frequencies is the effect of the finite m pulse length on the recoupling.”** The major aim

of the work presented here is to investigate the REDOR recoupling dynamics under

conditions where a significant fraction of the rotor period is occupied by rf pulses.
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2.2 Theory

The effect of finite pulses on the REDOR (Figure 2-1) dipolar dephasing curve

has been considered previously using Floquet theory*°

and average Hamiltonian theory
(AHT).” Here we derive analytical expressions for the first-order average Hamiltonians™
for REDOR sequences with finite pulse lengths and different & pulse phasing schemes.
Calculations were performed for the following phasing schemes: (i) xyxy (REDOR xy-
4), (i) xxxx (REDOR xx-4), and (iii) xxxx (REDOR xx-4). Considering only the
heteronuclear dipolar coupling and finite pulse lengths (i.e., neglecting resonance offsets,
CSAs and pulse imperfections such as rf inhomogeneity and phase transients), all phasing
schemes derived from the xy-4 scheme'” have the same first-order average Hamiltonian
(in our experiments we have used the xy-16 scheme). REDOR xx -4 and REDOR xx -4
simulations are included for comparison, although we have not performed experiments
with these phasing schemes. In addition, for comparison with the analytical AHT results,
we have carried out simulations for the different REDOR sequences by the stepwise
numerical propagation of the density operator for a two-spin system.

The high-field truncated Hamiltonian for the heteronuclear dipolar coupling

between spins I and S under magic-angle spinning can be expressed as*®
1 . 9 .
Hi (1) = —Eb,s{sm (B)cos[2(y + w,1)] - \/Esm(2[3’)cos(y + w,t)}ZIZSZ, (D)

where

by = —(ﬁ)m )

3
4m) 1y

is the dipolar coupling constant, which depends on the I-S distance, r,, and gyromagnetic

ratios characteristic of the I and S spins, y, and y,, respectively. The Euler angles,  and y,
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relate the I-S dipole vector to the rotor-fixed reference frame.
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Figure 2-1. REDOR pulse sequence.

Following ramped 'H-""C cross-polarization,*” the C signal is observed as a spin-echo.
The intensity of the echo is modulated due to the “C-"N dipole interactions, recoupled
by applying rotor-synchronized s pulses to N spins. Timing of “N pulses within the
rotor period is shown in the inset and the basic xy-4 phase cycle is indicated. The
experiments shown used the xy-16 scheme.'> Reference (S,) experiments were performed
in the absence of N pulses.

In the interaction representation defined by the rf field, the Hamiltonian for the

I-S dipolar coupling acquires an additional time-dependence according to
ﬁ[s(t)=U,Tfl(hto)H[s(t)Urf(t’to)’ (3)
where the propagator due to the rf pulse on the S spin along the x axis of the rotating

frame is defined as
U, (t,,1) =exp{-iw,S (1, - 1)}. 4)
For the different REDOR sequences considered here, the rf pulses applied to the S spin
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impart a time-dependence to the S, operator and the interaction frame Hamiltonian can be

written®2°

H (1) = o, (O{f(D2LS, + g(O2LS, + h(D)21S,}, 5)
where w;q(?) is the crystallite-dependent dipolar oscillation frequency (c.f. eq 1), and the
coefficients f(r), g(¢) and h(t) are as shown in Figure 2-2. f(¢) is identical for all &t pulse
phasing schemes and toggles between +1 during subsequent delays between pulses. g(7)
and h(r) are a direct consequence of the finite pulses: they can be non-zero only during
the pulses and are different for the various phasing schemes.*

The first-order average Hamiltonian is calculated as the average of the interaction

frame Hamiltonian over the cycle time, ,, of the pulse sequence:*’

= 1 pro+t. ~
H;;>=t_ . H(t)dt. (6)

Explicit calculation of the first-order average Hamiltonian for the I-S dipolar coupling

for REDOR xy-4 with finite pulses yields

av- -ﬂb,s M sin(2)sin(y)2LS.. )
JT

where

L (8)

r

is the fraction of the rotor period occupied by rf pulses, defined in the range 0 < g < 1.
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Figure 2-2. Coefficients in the interaction frame Hamiltonian for REDOR.

Details of the REDOR pulse sequence (a). f(1), g(¢) and h(?) coefficients in the interaction
frame Hamiltonian (c.f. eq 5) for REDOR sequences with different phasing schemes (b)-
(e). The f(r) coefficient (b) is identical for all phasing schemes and the g(¢) and A(z)
coefficients shown for: (c) REDOR xy-4, (d) REDOR xx-4, (¢) and REDOR xx -4, are
different for the various phasing schemes.

76



With the initial density operator p(0) = I, the evolution under the average
Hamiltonian in eq 7 results in the observable signal for individual crystallites:

S(1) = cos(wr), )
with

V2, cos(3g)

w=—-——n>b S-sin(2f)sin(y). (10)
1 I-¢@

We note that the effective dipolar coupling constant, blegc , for REDOR xy-4 with
finite pulses, differs from the dipolar coupling constant for the sequence with ideal 0-

function pulses (i.e., @ = 0) only by the factor:

_ bl _ cos(7 @)

K 2
by l-g¢

(11

In the limit of windowless rf irradiation we obtain limk = 7. However, for relatively
@p—l1

large values of @ which are of practical interest, k remains close to unity. For ¢ = 0.6
(e.g., w/2m = 30 kHz and w,/27 = 50 kHz) the effective dipolar coupling is expected to
be only ~ 8% lower than the coupling in the ¢ = 0 limit.

Similar derivations of the first-order average Hamiltonian for REDOR xx -4 and

REDOR x¥ -4 yield

V2, cos(3g)

H}Y = ="y = 2 sinp)[sin()21.S, + peos(r)2LS, ] (12)
and

—y 1 cos(Z ) . .

Hig =__bIS \/5 1 2 s1n(2/)’)51n()/)2lzsz

T -
(13)
+ 905D G2 By cosy)2LS, |
1-4¢ o

respectively.
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For both sequences the observable signal for individual crystallites is given by
S(t) = cos(\/Q2 + (I)zr), (14)

with

V2, cos(3g)

Q =Q_=——>b S—=sin(2)sin(y), (15a)
1 I-¢@
o Y2y &(g(p)sin(z/s)cos(y), (15b)
1 -
1, @cos(mp) . ,
D . =——b———-sin"(B)cos(2y). (15¢)
1 1-4¢

Note that for REDOR xx-4, in the special case of windowless rf irradiation of constant
phase (¢ = 1 in eq 15a—15b), the observable signal reduces to the expression independent

of the Euler angle 7, expected for n = +1 rotary resonance recoupling:*

S(t) = cos(@r), (16)
with

- 1 )

= _ﬁb’s sin(2p3). (17)

In Figure 2-3 we compare the analytical finite pulse AHT expressions (c.f. eq 9-
10 and 14-15) with numerical simulations. The REDOR (S, — S)/S, = AS/S, curves (S,
and S represent the reference and dipolar dephasing experiments, respectively) were
calculated for b,J/27w = 190 Hz (corresponding to a C-N distance of 2.53 A) and ¢ =
0.1-0.66. Excellent agreement is obtained between the first-order average Hamiltonian
analysis and the numerical simulations for all phasing schemes considered. For REDOR
xy-4 (Figure 2-3a), the dipolar coupling is scaled from that expected for the ideal 0-

function pulse sequence by a well-defined factor (c.f. eq 11). However, the amplitude of
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the oscillation remains unchanged. The effect of finite pulses on the dipolar coupling for
REDOR xx -4 (Figure 2-3b) and REDOR xx -4 (Figure 2-3c) is more complicated; for
these sequences both the dipolar oscillation frequency and amplitude are expected to
change under conditions where the recoupling pulses occupy a significant fraction of the

rotor period.

2.3 Experimental

NMR experiments were performed on custom-designed spectrometers (courtesy
of Dr. D. J. Ruben) operating at 'H Larmor frequencies of 500.1 and 750.0 MHz.
Custom-designed quadruple- (500.1 MHz) and triple-resonance (750.0 MHz)
transmission line MAS probes were used, equipped with Chemagnetics (Fort Collins,
CO) spinner modules (4 and 3.2 mm for the 500.1 and 750.0 MHz probes, respectively).
Samples were centerpacked in rotors and the spinning frequencies in the range w,/2w ~
5-17 kHz (see text for details) were controlled to + 5 Hz using spin rate controllers from
Doty Scientific (Columbia, SC) and Bruker (Karlsruhe, Germany). This spinning
frequency stability was adequate for performing all experiments described, and active
synchronization of rf pulses within the rotor cycle was not required.

The REDOR pulse sequence employed in the experiments is shown in Figure 2-1.
Ramped cross-polarization® was used to create the initial °C transverse magnetization. In
the experiments carried out on the 500.1 MHz spectrometer, the "*C refocusing pulse was
10 us, and "N pulses were 10-20 us and phased according to the xy-16 scheme.” We

have investigated the performance of xy-4, xy-8 and xy-16 on [1-"C,"”"N]glycine (data not
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(b)
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Figure 2-3. Comparison of average Hamiltonian and numerical simulations for
REDOR.

REDOR AS/S, curves were calculated numerically and using the average Hamiltonian
expressions (see text) for b,¢/2m = 190 Hz and different values of ¢ for: (a) REDOR xy-4,
(b) REDOR xx-4, and (c) REDOR xx -4. Average Hamiltonian calculations are shown as
discrete points for ¢ = 0.1 (O), 0.33 (@), 0.5 (A), and 0.66 (A). Numerical simulations
for the corresponding combination of ¢ and phasing scheme are shown as solid lines
(—). For reference we also show the AS/S, curve calculated for the ideal 6-function pulse
sequence (---).
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shown) and observed identical dipolar dephasing curves for all phasing schemes. CW 'H
decoupling (w,/2rt = 83-100 kHz) was applied during the REDOR period and 83 kHz
TPPM 'H decoupling™ (phase difference ¢ = 12°, T = 5.3 us) was used during the
acquisition of the FID. The experiments on the 750.0 MHz spectrometer (c.f. Figure 2-6)
were carried out with 125 kHz CW or TPPM 'H decoupling during the indirect
dimension and 125 kHz TPPM 'H decoupling (phase difference ¢ = 10-18°, T = 3.6-3.7
us) during signal acquisition. In all experiments the recycle delay was 3.0 s and 16
transients were acquired per time point. The experiments were repeated at least three

times (with good reproducibility) and subsequently averaged.

2.4 Results and Discussion

In Figures 4a and 4b we show experimental REDOR AS/S, curves and
simulations for [1-"°C,"N]glycine (b,/2m ~ 200 Hz) and [2-"°C,"’N]glycine (b,/2m ~ 900
Hz), respectively, recorded at spinning frequencies w,/2m = 5-15 kHz and recoupling rf
fields w, /27w = 25-50 kHz (i.e., 0.1 < ¢ < 0.606). The lower fields were used to create
experimental conditions, where rf pulses occupy a significant fraction of the rotor period.
For clarity, only a few representative AS/S, curves are shown in Figure 2-4. According to
the simulations for REDOR xy-4 (c.f. Figure 2-3a), the finite & pulses are expected to
scale the dipolar coupling by the factor k given in eq 11. As already noted, for most
experimental conditions of practical interest we anticipate only a minor (i.e., < 10%)

decrease in b, The scaling of the dipolar coupling can be observed experimentally in
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both model compounds considered here. In Figure 2-4 we show that an increase in ¢

from 0.1 to 0.6 results in a relatively small decrease in the dipolar oscillation frequency.

®

AS/S,

N
O
N

AS/S,

0 1 2 3 4 5 6
Mixing Time (ms)

Figure 2-4. Experimental REDOR AS/S, curves for [1-"C,”N]glycine and [2-
BC,"N]glycine.

AS/S, curves for [1-"°C,"N]glycine (a) are shown for ¢ = 0.1 (O), 0.455 (®), and 0.606
(2), and AS/S, curves for [2-"C,"”N]glycine (b) are shown for ¢ = 0.2 (O) and 0.606 (®).
AS/S, curves simulated according to eq 18 (see text) are also shown (—). All experiments

were performed at 500.1 MHz 'H frequency, w/2x = 5-15 kHz, and a)rl;N/Zrc = 25-50
kHz. During REDOR, CW 'H decoupling was applied at 100 kHz (a) and 83 kHz (b). In
all experiments 83 kHz TPPM 'H decoupling™ (phase difference ¢ = 12°, T = 5.3 usec)
was used during detection. For [1-"C,"’N]glycine, the REDOR period was incremented in
steps of 0.4 ms (¢ = 0.1, 0.2), and 0.396 ms (¢ = 0.303, 0.455, 0.606). For [2-
C,”N]glycine, the increments were 0.4 ms (¢ = 0.1), 0.2 ms (¢ = 0.2), and 0.132 ms (¢
=0.303, 0.455, 0.600).
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For a more quantitative comparison of the average Hamiltonian result of eq 11
and experimental measurements of blegc , we fit the REDOR AS/S, curves with the

analytical expression:

(AS1S,)(T) = M1- }d/s sin(B) f dycos{—%b;g‘ sin(zﬁ)sin(y)r} : (18)

Here, the scaling factor A accounts for the contribution to the S, curve from "“C spins
without a neighboring "N (a result of dilution in natural abundance material and/or
imperfect isotopic labeling). The incorporation of C and "N labels in [1-"°C,"”N] and [2-
“C,”N]glycine (Cambridge Isotope Laboratories, Andover, MA) was ~98-99%. The [2-
“C,”N]glycine sample was not diluted in natural abundance glycine and experimental
data were best fit with A = 1.0. [1-"C,"”N]glycine was diluted in the ratio of ~1:10 in
natural abundance glycine. With +1% uncertainties in the dilution and "C and “N
labeling we expect A ~ 0.85-0.90. For the REDOR experiment with ¢ = 0.1 the best fit
was obtained for A = 0.865, which was fixed at this value for all subsequent simulations.
For each experiment the effective dipolar coupling, blegc , was determined by

minimizing the reduced *:*

1 N i i
Xi =;E#[sexp_ssim]2’ (19)
i=1

i i
where s.,, and sgp,

are the intensities of the ith experimental and simulated points,
respectively, aiz is the variance of the ith experimental point, and v is the number of

degrees of freedom defined as the difference between the number of experimental points

in the AS/S, curve, n, and the number of adjustable parameters used in the fit. In our

simulations blegc was the only adjustable parameter (i.e., v=n — 1), and for each ¢, aiz
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were obtained according to

o7 - %li{[s;;p]j ) (20)

Here, N is the number of independently recorded AS/S, curves (N = 3-9 in our

experiments), [séxp ] is the intensity of the ith experimental point, séxp, in the jth AS/S,
J

i
curve, and .,

i

is the average of N determinations of sy,

Table 2-1. Experimental C'-N and C*-N Dipolar Couplings in Glycine

7, (us) 7, (us) ¢ bl 2nHz) b 12w (Hz)
10 200 0.100 189 = 2° 869 = 35°
10 100 0.200 188 =2 886 + 10
10 66 0.303 178 + 5 875 = 11
15 66 0.455 179 =2 854 + 12
20 66 0.606 173 =2 826 + 20

“Uncertainties in blegc (reported at 95% confidence level) were obtained following
standard procedures described in ref 30.

The resulting values of the effective dipolar coupling constants for [1-°C,"’N] and
[2-°C,*N]glycine are listed in Table 2-1. The b/ values were fit with the analytical

AHT expression, describing the scaling of the dipolar coupling due to the finite pulses:

cos(%(p) .

b =b
IS IS 1—(p2

21)

The fitting was performed by minimizing X\z/ (c.f. eq 19), where the single fit parameter
was by, the dipolar coupling in the limit of ideal 8-function pulses. For both model
compounds all experimentally determined effective dipolar couplings are within 10% of
the coupling in the ¢= 0 limit, and the agreement between AHT calculations and

experimental results shown in Figure 2-5 is good. Therefore, for REDOR experiments
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where rf pulses occupy a significant fraction of the rotor period, the dipolar coupling

constant, b, can be calculated from the experimentally determined effective coupling as

by = bfg(l - (pz)/cos(% ®).
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Figure 2-5. Comparison of experimental and predicted dipolar couplings in glycine.
Experimentally determined effective dipolar couplings (O) and the best-fit theoretical

bl vs. @ curves (—) calculated using eq 21 are shown for: [1-"°C,"*N]glycine with

b,J/2m = 188 Hz (a) and [2-"°C,"’N]glycine with b,y/2rt = 894 Hz (b).

For the strong “C-"N coupling in [2-"°C,"’N]glycine only the ¢ = 0.1 experiment

(w/27 = 5.0 kHz, w,/25t = 50 kHz) deviates slightly from theory. However, for w,/2m <

5.0 kHz we expect the accuracy and precision of the fit for the strong dipolar coupling to

be somewhat compromised, due to the limitation in the number of points that can be
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acquired on the AS/S, curve. In our experiments, the minimum increment for the REDOR
period is 27, (i.e., only 18 data points could be acquired for 6.8 ms of dipolar evolution at
/27 = 5.0 kHz).

For the weaker "C-"N coupling in [1-"C,"’N]glycine all experimental points,

except @ = 0.303, agree well with theory. The effective C'-N dipolar coupling for ¢ =

[4

0.303 was determined to be b,§7 /2w =178 = 5 Hz (note that the uncertainty in the value

of blegc /27 for this ¢ is significantly higher than uncertainties for other ¢ given in Table
1). Careful inspection of the experimental data (not shown), revealed that points between
~ 7-9 ms of the ¢ = 0.303 AS/S, curve, reproducibly had ~2-3% lower intensity than
expected for the simple model of C—N dipolar evolution described by eq 18, resulting in a

worse fit (9 AS/S, curves were recorded for these experimental conditions and all

1
exhibited the same feature). We also note that for identical w,/2m and a),fl /27, but

15
different a)rfN/2n (i.e., @ =0.455 and 0.606 experiments), AS/S, curves could be fit very

well to eq 18. Therefore, the somewhat anomalous appearance of the ¢ = 0.303 AS/S,
curve, may be related to a particularly unfavorable mismatch between the "’N recoupling
and 'H decoupling rf fields under these experimental conditions.’"’

As an example of the potential impact of higher spinning frequencies on REDOR
experiments, in Figure 2-6 we compare REDOR reference (S;) curves for the C*
resonance in [1,2-"C,”N]glycine recorded at w/2m = 7.576-16.667 kHz, where the
coherent evolution under the C'—C* J coupling was removed as described previously.*' It

is clear that for the CH, group in glycine the combination of fast MAS and two-pulse

phase modulated (TPPM) 'H decoupling™ significantly attenuates the dephasing of the
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C spin-echo; the echo intensity at 20 ms of evolution increases from approximately 0.25
to 0.6 as the spinning frequency is increased from 7.576 to 16.667 kHz. In principle, the
AS/S, analysis should account for the rapid dephasing of the spin-echo. However, points
on the AS/S, curve will be defined with a higher signal-to-noise ratio when the echo-
decay is attenuated, and this is of particular importance for REDOR data acquired for
long evolution times (20-30 ms). In systems for which no complications are introduced
by rapid spinning, there do not appear to be any fundamental disadvantages to performing
REDOR experiments at w,/2w ~ 10-30 kHz. The spin-echo intensity can be significantly
higher under these conditions, while the recoupling performance is not appreciably
affected (c.f. Figures 2-4 and 2-5).

The “C spin-echo intensity observed in the rapid spinning regime depends
strongly on decoupling conditions, due to the 'H reservoir becoming partially
inhomogeneous.” Specifically, at w,/2x = ~10 kHz CW 'H decoupling deteriorates, while
high power TPPM decoupling effectively restores the echo intensity. In analogy to the

line broadening observed in spectra of well-isolated spin pairs,’*’

the signal loss
associated with CW decoupling can be described by the magnitude of the second-order
cross-term between the 'H chemical shielding and "C-'H dipolar coupling tensors
relative to the 'H-"H spin diffusion rate constant.® A particularly unfavorable situation
for CW-decoupled spin systems can arise from the combination of high static magnetic
fields, where the '"H CSA magnitude increases, and very high MAS frequencies, for
which the proton spin diffusion rate decreases and the tightly coupled spin system

approaches an ensemble of isolated spin pairs.” Under TPPM 'H decoupling

(T 42T, 40) the magnitude of the second-order cross-term can be scaled down significantly
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by a proper choice of the phase difference, ¢, leading to a decrease in the residual dipolar
line width.”® In addition, Ernst et al. have recently shown that the performance of high
power TPPM 'H decoupling does not deteriorate at high static magnetic fields for
spinning frequencies up to 30 kHz.” Similar indications that the 'H reservoir displays
partially inhomogeneous behavior in CH, groups for spinning frequencies in the w,/2x ~

15 kHz regime have been observed recently in rotating frame experiments.*

1.0 = B
o
'%:"D.DDDD
0.8 %o a %0,
g .o.A'l HOpg
= M OéééA ", Ll =
30.6— - AL o, "mmy DDDD
M ®0e A A A Epgp
2 v (%9 A, NN
5— o) A 4, N
[72] v ([ 1o) A ,
c 0.4 - = .%9.0 A,
L v .o°%90
E "v ..OOOP
0.2 1 Vv'v'
VVVVvv'v
OIO_I | | ] ]
0 5 10 15 20
Time (ms)

Figure 2-6. Experimental REDOR S, curves for the C® resonance in [U-
BC,"N]glycine.

S, curves were recorded at 750.0 MHz 'H frequency by replacing the non-selective *C
refocusing s pulse with a rotor-synchronized frequency-selective Gaussian st pulse, to
remove coherent evolution under C'—~C* J coupling.”’ The Gaussian pulses were ~
200-300 us (the exact pulse length was adjusted to occupy an even number of rotor
periods) and 125 kHz CW 'H decoupling was applied for the duration of the Gaussian
pulse. During the indirect dimension and signal acquisition, 125 kHz TPPM 'H
decoupling (phase difference ¢ = 10-18°, 7 = 3.6-3.7 us) was used at spinning
frequencies of 7.576 (@), 10.0 (O), 11.905 (A), 13.889 (»A), 15.152 (M), and 16.667 kHz
(O). TPPM decoupling was optimized for each spinning frequency by minimizing the C*
line width in the direct dimension. For comparison we also show the S, curve at 15.152
kHz MAS and 125 kHz CW 'H decoupling (V).
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The use of higher MAS frequencies for REDOR experiments on multiply "“C
labeled systems at high magnetic fields also offers some advantages. First, rapid spinning
effectively attenuates residual “C-"C dipolar couplings, which also contribute to the
dephasing of the spin-echo.” In addition, high rotation frequencies are required to avoid
rotational resonance conditions,” which can lead to severe line broadening in uniformly
C labeled samples. Finally, for “C spins with large CSA (e.g., carbonyl groups), fast
spinning will result in an increased signal-to-noise ratio in the direct dimension, as the

intensity of rotational sidebands is reduced.”*

2.5 Conclusions

We have investigated the performance of the REDOR recoupling sequence in
model C-"N spin systems under conditions where a significant fraction of the rotor
period (10-60%) is occupied by rf pulses. Experimental results were explained using
numerical simulations and average Hamiltonian calculations. For xy-4 and related
phasing schemes, the finite pulses were shown to have a minor effect on the dipolar
scaling factor expected for REDOR with ideal d-function pulses. Under most
experimental conditions of practical interest, the dipolar scaling factor is reduced by only
1-5%; at relatively high spinning frequencies and weak 1f fields the effect may be slightly
larger (~5-10%). The changes in the dipolar scaling factor can be quantitatively described
using the analytical expressions presented here, allowing for the accurate determination
of the dipolar coupling. Therefore, we conclude that there appear to be no fundamental
disadvantages to using REDOR recoupling at spinning frequencies in the w,/2wt ~ 10-30

kHz regime. However, we would also like to note that since the primary aim of this work
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was to investigate the effect of finite rf pulses on the heteronuclear dipolar coupling, the
model compounds selected represent favorable spin systems, with relatively weak “"N-'H
dipolar couplings and negligible °N chemical-shielding anisotropy. In general, these
interactions will be non-negligible and can potentially influence REDOR dipolar

dephasing curves.
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CHAPTER 3. J-DECOUPLED REDOR: CARBON-NITROGEN
DISTANCE MEASUREMENTS IN U-*C LABELED SOLIDS

Note: Reproduced with permission from C. P. Jaroniec, B. A. Tounge, C. M. Rienstra, J.
Herzfeld and R. G. Griffin, “Measurement of “C-"’N distances in uniformly “C labeled
biomolecules: J-decoupled REDOR,” J. Am. Chem. Soc. 121 (1999) 10237-10238.

Copyright 1999 American Chemical Society.

ABSTRACT

We describe a solid-state MAS NMR experiment (J-decoupled REDOR) for
distance measurements between a single ’N nucleus and individual C nuclei within a
tightly coupled cluster. The experiment builds upon the REDOR pulse sequence, which
uses rotor-synchronized s pulses to recouple heteronuclear dipolar interactions. The
coherent evolution under "C-"C dipolar couplings is attenuated using relatively fast
MAS. Scalar “C-"C (J-coupling) interactions are refocused by applying a rotor-
synchronized, frequency selective Gaussian 7 pulse on resonance with a single "°C spin.
The dipolar interaction between this °C and the "N spin is recoupled, while the J-
couplings to other C nuclei are refocused. Failure to refocus the J-couplings among the
“C spins compromises the accurate measurement of *C-"N dipole interactions, which
are often of similar magnitude (ca. 30-60 Hz). AS/S, curves obtained in multiply "“C
labeled systems with J-decoupled REDOR match those obtained with conventional
REDOR for isolated “C-'"°N spin pairs. We demonstrate the technique in uniformly "C,

"N labeled amino acids glycine and L-threonine.
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3.1 Introduction

Measurement of distances between pairs of heteronuclei (e.g., "C-"N, “C-"'P and
“C-"F) is important for constraining the conformation of biomolecules in the solid-state.
In particular, rotational-echo double-resonance (REDOR),'* which recouples
heteronuclear dipolar interactions during magic angle spinning (MAS), has been
extensively applied to problems of biological interest.”” Most of these experiments have
been performed on isolated spin pairs, where the interpretation of experimental results is
relatively straightforward. Nevertheless, it is of considerable interest to perform such
measurements in multiple spin systems, because of the possibility of measuring several
distances in a single sample. However, in REDOR experiments on multiply C labeled
samples the dephasing profiles are complicated by additional interactions. While placing
all REDOR dephasing pulses on the "N channel avoids the recoupling of °C spins by the
n-pulse train,® the homonuclear "C-"C dipolar and scalar (J-coupling) interactions can
still contribute to the dephasing of C coherences. Here we discuss an approach to "°C
observe REDOR, which relies on the selective excitation of the “C spectrum that
removes the coherent evolution of the spin system under homonuclear “C-"C J-
couplings.

Several recently proposed techniques address the problem of heteronuclear
distance measurements in spin systems consisting of multiple °C and "N nuclei.”"" In
particular, the multiple pulse decoupled REDOR sequence'' was designed to attenuate the
effects of residual homonuclear “C-">C dipolar couplings on the dephasing of "“C
coherences. However, this experiment does not explicitly account for *C-""C J-couplings,

which compromise the accurate measurement of weak heteronuclear dipolar couplings. In
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peptides, J-couplings between directly bonded “C nuclei are ca. 30-60 Hz, and the most
informative *C-"N dipolar couplings are often of similar magnitude (e.g., 25 Hz for a 5.0

A distance).

3.2 Results and Discussion

For a spin system consisting of n °C nuclei and a single "N spin, the effective
Hamiltonian for the REDOR pulse sequence (Figure 3-1a) in the rapid spinning regime is
given by the sum of Hamiltonians H, and H, describing the “C-"’N dipolar and “C-"C

scalar interactions, respectively:”

H=H,+H,=Y02C.N,+»2C,C,, (1)
i=1 i<j
with
= —ﬂKb,S sin(28)sin(y). ()
7T

In eq 1 J; is the C-C; scalar coupling constant (in hertz) and w is the effective C:-N
dipolar coupling (defined in detail in Chapter 2). The dipolar coupling constant, b, is
proportional to the inverse cube of the internuclear distance, r;, and the Euler angles S
and y relate the principal axis system of the interaction to the rotor-fixed reference
frame. Equation 1 assumes that: (i) J couplings can be treated in the weak coupling
limit," and (ii) coherent evolution of °C signals under ~2 kHz dipolar couplings between
directly bonded "C nuclei is refocused by rapid spinning (w/2m ~ 10 kHz) for integer

multiples of the rotor period.
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Figure 3-1. REDOR and J-decoupled REDOR pulse sequences.

Pulse sequences for conventional REDOR (a) and J-decoupled REDOR (b). The "N &
pulse length was 10 us and the pulses were phased according to the xy-16 scheme." For
the sequence in (a) the “C m pulse length was 10 us, and for experiments on uniformly
C labeled samples, the coherence filter: (m/2) — z-filter — (;t/2) was inserted prior to
signal acquisition. For J-decoupled REDOR (b) the Gaussian i pulse parameters were:
Towss = 0.6 ms, 64 increments, and 5% truncation. CW 'H decoupling at 100 kHz was
applied during the evolution period, and 83 kHz TPPM" was used during acquisition.
The phase cycle used: ¢g,e = XYV, Py = XXXX, ensures that the only “C spins

contributing to the observable signal are those inverted by the selective pulse.
For a coupled three-spin system (C,-C,-N) the initial density operator following
cross-polarization is given by:
p(0)=C,, +C,,. 3)
The evolution under the effective Hamiltonian in eq 1 generates both in-phase (~C,, and

C,,) and anti-phase (~C,,C,, and C,,C,)) coherences as follows:

p(t) = exp{-iH7}p(0)exp{iHT}
=Ccc,+C,c.c, + 2C,yCZZc,s, + 2C,ZC2yc2s, 4
+2C\ N s¢; +2C, N s,¢, -4C,,C, N 55, - 4C, .C, N _s,s,

2z° "z 2x" 'z

with
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¢, = cos(w,T)
s, = sin(w;7)
c, = COS(J‘L’JIZT)
s, = sin(7/,7)

(&)

The antiphase coherences ~C, C,, and C,.C,, can evolve into observable magnetization
under J,, during the detection period, leading to phase-twisted spectra (Figure 3-2a). This
problem can be overcome by filtering the coherence prior to detection (see Figure 3-1
caption). Figure 3-2a shows slices from spin-echo experiments for [U-"C,"’N]glycine for
8.4 ms of evolution under the *C-"C J-coupling acquired with and without the coherence
filter. The spectrum obtained with a simple spin-echo experiment displays phase-twisted
lineshapes. In contrast, the spin-echo experiment followed by the coherence filter results
in purely absorptive signals.

The problem of coherent evolution under “C-"C J-couplings during dipolar
dephasing (S) and reference (S,) experiments is addressed by replacing the hard & pulse
with a rotor-synchronized, frequency selective Gaussian s pulse applied to one “C spin
(Figure 3-1b). For all evolution times the dipole interaction between this °C and the "N
spin is retained as in conventional REDOR, while the J-couplings to the remaining "°C

nuclei are refocused (the signs of all spin terms having the form 2C,.C i j=L12,...,n i,

are reversed following the selective inversion of the C, spin). This type of homonuclear J-
decoupling was used previously to enhance resolution in two-dimensional solution" and
solid-state'® spectra. With the assumption that the selective pulse on C; can be treated as
an ideal pulse, the effective Hamiltonian for the pulse sequence in Figure 3-1b is given by
the two-spin REDOR Hamiltonian

H=w2C.N, (©6)
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Figure 3-2. REDOR and J-decoupled REDOR experiments in glycine.

Comparison of conventional and J-decoupled REDOR for glycine samples with one and
two "C labels. (a) slices through S, curves acquired for [U-"C,"’N]glycine (only C'
resonance is shown) with the following pulse sequences on “C: (i) CP - t/2 - — /2 —
acquire; (i1) CP — t/2 —  — t/2 — coherence filter — acquire; (iii) CP — t/2 — t (Gauss) —
T/2 — acquire; T = 8.4 ms; (b) S, curves for the C' resonance in [U—13C,15N]glycine (N =
conventional REDOR; [ = J-decoupled REDOR) and the C' resonance in [U-
C,"N]threonine (@ = conventional REDOR; O = J-decoupled REDOR). Also shown is
the S, curve for [1-"C,”N]glycine (A); (c) AS/S, curves obtained with conventional
REDOR for C' resonance in [1-"C,"”N]glycine (O) and J-decoupled REDOR in [U-
“C,"N]glycine (®). Experimental data were scaled to account for the 10 and 20%
dilution of singly and doubly “C labeled glycine samples, respectively, in natural
abundance glycine. All experiments were performed at 500 MHz 'H frequency and w/2x
=10.0 kHz (= 5 Hz). Other experimental parameters are given in the Figure 3-1 caption.

and the observable signal averaged over the crystallite ensemble is”

S(r) = [[ dBsin(B)dycos(w;T). (7)
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Since the selective pulse removes all “C-"C J-couplings to the spin of interest, the
coherence filter is not necessary to obtain in-phase spectra (Figure 3-2a). Although the
experimental Gaussian pulse is not ideal, it is a constant-time element present in all S and
S, experiments and any effects due to the pulse can be taken into account by calculating
(S,-S)/S, = AS/S, curves.” For [1-"°C,"”N]glycine at w/2r = 10.0 kHz and 500 MHz 'H
frequency (data not shown), S and S, curves experience only an overall scaling (~25%
loss in signal intensity) for a 0.6 ms Gaussian 7 pulse relative to a hard & pulse.

Figure 3-2b compares S, curves for [U-"C,"’N]glycine and [U-"°C,"’N]threonine
obtained with conventional and J-decoupled REDOR. The selective pulse applied to the
C' and C' spins in glycine and threonine, respectively, removes the coherent evolution
due to ~50 Hz C'-C%, and ~30 Hz C"-C' J couplings, resulting in S, curves of positive
intensity for all evolution times. For comparison with a spin-pair sample, the S, curve for
[1-°C,"”N]glycine is also included. Although the selective pulse refocuses the *C-"C J-
couplings, residual "C-"C dipole interactions may still be present at 10 kHz spinning,
and the 100 kHz 'H CW decoupling used here is not sufficient to provide identical
dephasing profiles for the isolated C' spin and the C' with residual dipole coupling to the
C“ spin."” Besides using a higher amplitude CW field, the dephasing problem can be
alleviated by employing higher MAS frequencies to attenuate residual “C-"C dipole
couplings,'' and implementing two-pulse phase-modulated (TPPM) decoupling' instead
of CW in the S and S, experiments. Figure 3-2c shows that nearly identical AS/S, curves
are obtained for the C'-N coupling in [1-"C,"N] and [U-"C,"N]glycine with

conventional and J-decoupled REDOR sequences, respectively.
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Figure 3-3. REDOR and J-decoupled REDOR experiments in [U-"C," N]threonine.
(a) Neutron diffraction structure of threonine'® and (b) AS/S, curves for the C" resonance
in [U-"C,"”N]threonine obtained with conventional REDOR (O) and J-decoupled
REDOR (@). AS/S, curve (—) simulated according to eq 7 for the C'-N coupling of 54
Hz obtained from the neutron diffraction structure and curves (- —) for 44 and 64 Hz
couplings are shown for comparison. Experimental parameters are given in the captions
of Figures 3-1 and 3-2.

In principle, the AS/S, analysis for conventional REDOR accounts for the evolution
under “C-"C J-couplings. However, for multiply "C labeled systems the quality of

experimental data is compromised due to multiple zero-crossings and low signal
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intensities in S and S, curves. This is demonstrated in Figure 3-3 for the case of ~50 Hz
C'-N dipole coupling in [U-"C,"”N]threonine, where AS/S, curves obtained with
conventional and J-decoupled REDOR are compared. Accurate determination of weak
couplings requires evolution times on the order of 30 ms.'' However in the presence of
homonuclear J-couplings, conventional REDOR AS/S, curves can account for J-coupling
effects only up to ~10 ms (depending on the exact value of J). On the other hand, J-
decoupled REDOR has the ability to provide useful experimental data for the entire
evolution period because the S, curve has a simple exponential decay profile. As the
result, the quality of the data appears to be mainly limited by residual C-"C dipole
couplings, insufficient 'H decoupling and "N pulse imperfections. The simulated AS/S,
curve for the neutron diffraction'® C'-N coupling of 54 Hz and curves for 44 and 64 Hz
dipole couplings are included for comparison. Reasonably good agreement between the
54 Hz simulation and experiment is obtained up to ~20 ms, and it is evident that
experimental data in the 10-20 ms range are important for the accurate determination of
weak dipole couplings. For longer evolution times the observed dipolar dephasing is less
than that predicted by the simulation, possibly due to the problems noted above. We note
here that dipolar couplings involving “CO, *C* and "C" in [U-"C,"’N]threonine were
also measured using J-decoupled REDOR. The individual AS/S, curves are not shown,
however Figure 3-4 illustrates the feasibility of selectively inverting all ’C resonances in

[U-"C,"N]threonine using frequency selective Gaussian pulses.
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Figure 3-4. Selective inversion of C resonances in [U-"C,"”N]threonine.

The "C signals were inverted using the pulse sequence: CP — (1/2) — z-filter — m(Gauss) —
z-filter — (7w/2) — acquire. Frequency selective Gaussian pulses of 0.6-3.0 ms were used.
Spectra were recorded at 500 MHz 'H Larmor frequency and w,/2t = 10 kHz.

3.3 Conclusions

We have described a REDOR experiment, which refocuses *C-"C J-couplings
and enables accurate distance measurements in spin systems consisting of a
heteronucleus interacting with a tightly coupled cluster of °C spins. The technique is
expected to be particularly useful for measurements of weak “C-"’N dipolar couplings,

because in the presence of “C-"°C J-couplings the REDOR experiment designed for spin
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pairs does not provide reliable data for evolution times greater than ~10 ms. Extensions
of the technique to selective carbon-nitrogen distance measurements in uniformly “C and

N labeled systems are currently being pursued in our laboratory.

Acknowledgments

Stimulating discussions with M. Hohwy, B. Reif, D.J. Ruben, and C.J. Turner and
the careful reading of the manuscript by M. Hohwy and B. Reif are gratefully
acknowledged. C.P.J. would like to thank NSF for a Predoctoral Fellowship, B.A.T. is an
American Cancer Society Postdoctoral Fellow (PF-99-260-01-GMC), and C.M.R. was a
Howard Hughes Medical Institute Predoctoral Fellow. This research was supported by

the NIH grants GM-23289, GM-36810 and RR-00995.

107



References

ey

2)

3)

“4)

&)

(6)

(7

T. Gullion and J. Schaefer, "Rotational-echo double-resonance NMR," J. Magn.
Reson. 81, 196-200 (1989).

T. Gullion and J. Schaefer, "Detection of weak heteronuclear dipolar coupling by
rotational-echo double-resonance nuclear magnetic resonance," Adv. Magn. Reson.
13, 57-83 (1989).

L. M. McDowell and J. Schaefer, "High resolution NMR of biological solids," Curr.
Opin. Struct. Biol. 6, 624-629 (1996).

A. M. Christensen and J. Schaefer, "Solid-state NMR determination of
intramolecular and intermolecular *'P-"°C distances for shikimate-3-phosphate and
[1-"C]lglyphosate bound to enolpyruvylshikimate-3-phosphate synthase,"
Biochemistry 32, 2868-2873 (1993).

Y. Li, R. J. Appleyard, W. A. Shuttleworth and J. N. S. Evans, "Time-resolved
solid-state REDOR NMR measurements on 5-enolpyruvylshikimate-3-phosphate
synthase," J. Am. Chem. Soc. 116, 10799-10800 (1994).

C. A. Michal and L. W. Jelinski, "Rotational-echo double-resonance in complex
biopolymers: a study of Nephila clavipes dragline silk," J. Biomol. NMR 12, 231-
241 (1998).

K. Nishimura, A. Naito, S. Tuzi, H. Saito, C. Hashimoto and M. Aida,
"Determination of the three-dimensional structure of crystalline Leu-enkephalin
based on six sets of accurately determined interatomic distances from "C-REDOR
NMR and the conformation-dependent PC chemical shifts," J. Phys. Chem. B 102,

7476-7483 (1998).

108



(8) T. Gullion and S. Vega, "A simple magic angle spinning NMR experiment for the
dephasing of rotational echoes of dipolar coupled homonuclear spin pairs," Chem.
Phys. Lett. 194, 423-428 (1992).

(9) C. A. Michal and L. W. Jelinski, "REDOR 3D: Heteronuclear distance
measurements in uniformly labeled and natural abundance solids," J. Am. Chem.
Soc. 119, 9059-9060 (1997).

(10) T. Gullion and C. H. Pennington, "0-REDOR: an MAS NMR method to simplify
multiple coupled heteronuclear spin systems," Chem. Phys. Lett. 290, 88-93 (1998).

(11) J. Schaefer, "REDOR-determined distances from heterospins to clusters of "C
labels," J. Magn. Reson. 137, 272-275 (1999).

(12) R. R. Ernst, G. Bodenhausen and A. Wokaun, "Principles of Nuclear Magnetic
Resonance in One and Two Dimensions," Clarendon Press, Oxford (1991).

(13) T. Gullion, D. B. Baker and M. S. Conradi, "New, compensated Carr-Purcell
sequences," J. Magn. Reson. 89, 479-484 (1990).

(14) A. E. Bennett, C. M. Rienstra, M. Auger, K. V. Lakshmi and R. G. Griffin,
"Heteronuclear decoupling in rotating solids," J. Chem. Phys. 103, 6951-6957
(1995).

(15) R. Briaschweiler, C. Griesinger, O. W. Sgrensen and R. R. Ernst, "Combined use of
hard and soft pulses for w, decoupling in two-dimensional NMR spectroscopy," J.
Magn. Reson. 78, 178-185 (1988).

(16) S. K. Straus, T. Bremi and R. R. Ernst, "Resolution enhancement by homonuclear J

decoupling in solid-state MAS NMR," Chem. Phys. Lett. 262, 709-715 (1996).

109



(17) D. L. VanderHart and G. C. Campbell, "Off-resonance proton decoupling on-
resonance and near-resonance," J. Magn. Reson. 134, 88-112 (1998).
(18) M. Ramanadham, S. K. Sikka and R. Chidambaram, "Structure determination of Ls-

threonine by neutron diffraction," Pramana 1, 247-259 (1973).

110



CHAPTER 4. FREQUENCY SELECTIVE REDOR: ACCURATE
CARBON-NITROGEN DISTANCE MEASUREMENTS IN U-"C,"”N-
LABELED PEPTIDES

Note: Reproduced with permission from C. P. Jaroniec, B. A. Tounge, J. Herzfeld and R.
G. Griffin, “Frequency selective heteronuclear dipolar recoupling in rotating solids:
Accurate "C-"N distance measurements in uniformly "C,”N-labeled peptides,”
J. Am. Chem. Soc. 123 (2001) 3507-3519. Copyright 2001 American Chemical Society.

ABSTRACT

We describe a magic-angle spinning NMR experiment for selective “C—"N
distance measurements in uniformly “C,"N-labeled solids, where multiple "C—""N and
PC-"C interactions complicate the accurate measurement of structurally-interesting,
weak "C-"N dipolar couplings. The new experiment, termed FSR (frequency selective
REDOR), combines the REDOR pulse sequence with a frequency selective spin-echo to
recouple a single "C—"N dipolar interaction in a multiple spin system. Concurrently the
remaining "C—"N dipolar couplings and all "C-"C scalar couplings to the selected “C
are suppressed. The "C—"N coupling of interest is extracted by a least-squares fit of the
experimentally observed modulation of the C spin-echo intensity to the analytical
expression describing the dipolar dephasing in an isolated heteronuclear spin pair under
conventional REDOR. The experiment is demonstrated in three uniformly-"C,"”N-
labeled model systems: asparagine, N-acetyl-L-Val-L-Leu and N-formyl-L-Met-L-Leu-
L-Phe; in N-formyl-[U-"C,”N]L-Met-L-Leu-L-Phe we have determined a total of 16

internuclear distances in the 2.5-6 A range.
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4.1 Introduction

Solid-state nuclear magnetic resonance (SSNMR) experiments designed to
measure dipolar couplings are very important in structural investigations of biological
systems,'” which are not amenable to X-ray diffraction or solution-state NMR methods.**

Such systems include membrane proteins,"””"" large enzyme-inhibitor complexes,'>"

#1114 peptide-protein complexes,'” and

chemical and photochemical reaction intermediates,
peptide aggregates.'®? In particular, the accurate measurement of "C—"°C and “C-"N
dipolar couplings corresponding to internuclear distances in the 3—6 A range can provide
detailed information about the three-dimensional structure of biological solids.

The resolution and sensitivity of SSNMR experiments are optimized by the

combination of high static magnetic fields (B, = ~ 11.7 T) with (i) macroscopic

orientation of the sample with respect to the external field® or (ii) rapid rotation of the

sample about an axis tilted away from B, by the *magic-angle,” 6 =tan™' /2. In the case

23,24

of magic-angle spinning (MAS),” the high resolution is achieved at the expense of
structural information, as MAS effectively attenuates the dipolar couplings between low-
y nuclei, such as “C and “N. However, the fact that spin components of the dipolar
Hamiltonian can be manipulated using radiofrequency (rf) pulses allows dipolar
couplings to be reintroduced into the spin dynamics using pulse sequences designed to
interfere in a controlled fashion with the spatial modulation of the dipolar interaction due

to MAS.

Various homonuclear and heteronuclear dipolar recoupling techniques have been

developed and applied to distance measurements in pairs of spin—% nuclei, determination

of relative orientations of dipole vectors, and polarization transfer in chemical shift
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correlation experiments. Most of the existing recoupling experiments including a number
of applications have been reviewed in detail."*** Here we focus our attention on accurate
PC-"N distance measurements in uniformly-"C,"°N-labeled biomolecules.

The recoupling of isolated low-y heteronuclear spin pairs can be accomplished
using windowless techniques such as cross-polarization (CP)”’ or rotary resonance

)*** and related experiments,” as well as pulsed methods based on

recoupling (R’
rotational-echo double-resonance (REDOR).*'** Typically, REDOR experiments employ
phase-alternated & pulse schemes (e.g., xy-4, xy-8, etc.)” to compensate for pulse
imperfections and resonance offsets, and can provide "C-"N distances up to ~ 6 A.>*
Furthermore, for sequences based on xy-4, finite pulse effects are relatively minor”
making REDOR compatible with the high MAS frequencies (w/2n = 10-20 kHz)
required for high field studies of U-">C,"’N-labeled systems with strong "H couplings.
Although experiments which probe heteronuclear distances in isolated spin pairs
continue to provide valuable structural information, there is a compelling motivation for
developing SSNMR techniques for distance measurements in larger spin systems, where
multiple internuclear distances can be determined. In particular, such techniques provide
a means to circumvent time-consuming and laborious preparation of multiple specifically
labeled samples. Instead, a single multiply labeled sample will suffice. However, the
application of methods developed for spin pairs to distance measurements in U-"C,"’N-
labeled systems is generally not straightforward, due to the presence of multiple
homonuclear and heteronuclear spin-spin interactions. This is particularly exacerbated for

weak heteronuclear couplings, which provide the most useful information about the

three-dimensional arrangement of nuclei in the system. For example, it is well-known
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that REDOR dipolar dephasing of a single S spin by multiple I spins in an I,S spin system
depends on the magnitudes and relative orientations of all dipolar couplings.*** (The
situation is analogous for heteronuclear I-S correlation experiments**' based on
transferred-echo double-resonance (TEDOR),*” where cross-peak intensities depend on
multiple couplings.) In the simplest multispin system of this type (I1,S), the dephasing
profile is most sensitive to changes in spin topology when the two I-S interactions have
similar magnitude and the I1,—S—I, angle, 0,,, is close to 0° or 180°.*° (Similar observations
have also been made in a number of dipole vector correlation experiments designed to

measure bond and dihedral angles.”**

) However, in general, when the size and
approximate geometry of the spin system are completely unknown, the accurate
measurement of weak couplings in the presence of stronger ones becomes problematic.*
Several modified versions of REDOR have been developed to overcome the
dependence of dipolar dephasing curves in coupled spin clusters on multiple couplings
and their relative orientations. B-REDOR* encodes the information about all 1-S
couplings into the observable S spin signal in an IS system, while eliminating the
dependence on the relative orientation of the interactions. Although 6-REDOR is very
useful for reporting simultaneously on all dipolar couplings present in the multiple spin
system, the extension of this method to the accurate measurement of weak couplings in
uniformly-"°C,"’N-labeled peptides is not straightforward. For this particular task,
frequency selective methods appear to be more generally applicable. An example of this

approach is frequency selective dipolar recoupling (FDR),*"

where rotor-synchronized
pulses (one per rotor period) are applied to the observed S (°C) nuclei, and 7t/2 pulses®

or a combination of mt/2 and & pulses™ are applied to the I ("N) spins. The FDR pulse
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sequence generates a dipolar Hamiltonian similar to REDOR, but with an important
modification: the I-spin resonance offset, §,, is explicitly encoded into the spin dynamics.
For on-resonance I nuclei (6, = 0) the Hamiltonian is purely dipolar, and when 6§, >> b,
(where b, is the I-S dipolar coupling constant), the dipolar dephasing is quenched. The
FDR method was demonstrated in several model multispin systems including [1,4-°C,
1,2-"N]Gly-Gly-HCL™ where the four "C-"N dipolar couplings were measured (in
particular the 20 Hz C,—N, coupling corresponding to ~ 5.4 A distance could be observed
in the presence of the ~ 200 Hz C,~N, coupling).

Complications can arise when applying FDR (and other REDOR experiments) to
U-"C,”N-labeled systems. The mt-pulse train on the "C channel would recouple the “C

nuclei,”*

create unwanted coherences and therefore fail to simply and cleanly recouple
BC-"N pairs. The irradiation of the N nuclei, however, does not suffer from such an
effect since in peptides the dipolar coupling strengths go in the order "C-"C (2 kHz) >>
“N-"N (50 Hz), and amide "N resonances exhibit a relatively small chemical dispersion.
The accurate measurement of weak “C—"N couplings (b, = 20—100 Hz) corresponding
to distances in the 3—6 A range is further complicated by *C-"°C scalar couplings since
the dipolar evolution time is limited to approximately (2J.-)" (~ 1015 ms in peptides,
where one-bond "C-"C J couplings are in the 30-60 Hz range™).

We have recently described a J-decoupled REDOR experiment,”* which
suppresses C—"C scalar couplings and enables the measurement of weak dipolar
couplings between a single "N nucleus and individual “C nuclei within a coupled cluster.

In that experiment the homonuclear J couplings, assumed to be in the weak-coupling

limit (H, = 271J,,5,.5,.),” are refocused by a frequency selective spin-echo,” realized in
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practice by applying a frequency selective i pulse to a single °C spin. (Homonuclear J-
decoupling of this type has also been used for resolution enhancement in two-

dimensional correlation spectroscopy.”

) The basic principle of using frequency
selective spin-echoes to retain certain interactions while refocusing others can be
extended to include heteronuclear dipolar couplings. Here we describe a selective
recoupling experiment based on this idea and termed FSR (frequency selective REDOR),
which combines REDOR with a frequency selective spin-echo generated by a pair of

frequency selective m pulses applied to a "C—""N spin pair in the multispin system. We

note that although in our implementation we use REDOR (H, «xIS ) to achieve

broadband recoupling, in principle, other sequences, which generate an analogous
effective dipolar Hamiltonian (e.g., SPI-R’)* could also be used. For multiple C,"”N
spin systems with sufficient °C and N chemical shift dispersion, the application of the
FSR pulse sequence generates an observable C signal, which depends on a single
“C-"N dipolar coupling; the remaining "C-"N interactions and all "C-"C scalar
couplings involving the selected °C are suppressed. The dipolar coupling of interest is
extracted by fitting the modulation of the “C spin-echo to the analytical expression
describing dipolar dephasing in an isolated heteronuclear spin pair under conventional
REDOR.” We demonstrate the utility of the FSR experiment by measuring a number of
structurally-interesting internuclear distances in U-""C,"”N-labeled peptides, N-acetyl-L-
Val-L-Leu and N-formyl-L-Met-L-Leu-L-Phe; for the latter peptide a total of 16

distances in the 2.5-6 A regime were determined, with a precision in the range 0.1-0.3 A.
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4.2 Experimental

4.2.1 NMR Experiments

NMR spectra were recorded at 11.7 T (500.1 MHz 'H, 125.8 MHz "°C, 50.7 MHz
“N) using a custom-designed spectrometer (courtesy of Dr. David J. Ruben) with a
custom-designed quadruple-resonance MAS probe and a Chemagnetics (Fort Collins,
CO) triple-resonance MAS probe. The probes were equipped with 4.0 mm Chemagnetics
spinning modules. Spinning frequencies of 10.0 or 12.5 kHz were used in all experiments
and regulated to +5 Hz with a Doty Scientific (Columbia, SC) spinning frequency
controller. Samples were centerpacked in the rotors to minimize the effects of rf
inhomogeneity (measured to be ~ 5-10% FWHM using the standard nutation method™).

The FSR pulse sequence is presented in Figure 1. Ramped cross-polarization®”*

from '"H creates the initial "C magnetization. Subsequently, a REDOR pulse sequence’'*
is initiated for time 7/2 = nt, to recouple the "C—"N dipolar interactions in a non-

selective fashion. All rotor-synchronized it pulses (timing shown in inset) are applied on

51,52

the “N channel to avoid the recoupling of "°C spins,”"* and phased according to the xy-4

scheme™ to compensate for pulse imperfections and resonance offsets.
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Figure 4-1. Frequency selective REDOR (FSR) pulse sequence.

Following ramped cross-polarization””® from 'H to "°C the "C-"N dipolar couplings are
reintroduced via a REDOR?** sequence. The frequency selective recoupling of “C-"N
spin pairs is achieved by the generation of a C spin-echo using a pair of rotor-
synchronized frequency selective & pulses applied simultaneously on the *C and "N
channels (the frequency of the "N selective pulse is independent of the REDOR
pulses). Couplings to protons during the "C-"N dipolar recoupling period are attenuated
using a combination of CW and TPPM®' decoupling, represented by filled and hollow
rectangles, respectively. To account for the relaxation of spin coherences, a reference (S,)
experiment is recorded for each dipolar dephasing (S) experiment, by acquiring the *C
spin-echo in the absence of the selective '’N pulse, which results in the refocusing of all
N dipolar couplings to the selected "°C.

The frequency selective spin-echo is generated by the application of simultaneous
rotor-synchronized selective  pulses on the °C and N channels, where the frequency of
the "N pulse can be varied independently of the REDOR m pulses. Selective irradiation
accomplishes the following: (i) signals originating from "*C nuclei not affected by the °C

selective pulse are eliminated by phase cycling (@gus = XVXY 5 @y = XXxX), (i) all
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PC-"C scalar couplings to the selected °C are suppressed,” and (iii) the "*C spin-echo
intensity is modulated by “C-""N dipolar couplings only to the "N nuclei irradiated by
the selective pulse, while the dipolar couplings to the non-irradiated °N are refocused. In
our implementation, we use Gaussian pulses on both channels, timed such that their
maxima coincide with the midpoint of the selective irradiation period occupying an even
number of rotor cycles (2mrt,). Selective pulses were calibrated using the pulse sequence:
CP, — (n/2), — z-filter — 15, — z-filter — (t/2) — acquire, where t;,,,, was fixed at a
constant value while the amplitude of the pulse was increased resulting in the nutation of
the observable magnetization (a i pulse corresponds to maximum inversion).

Following the selective irradiation period, a REDOR pulse sequence, identical to
that applied prior to the selective pulses, is initiated for time 7/2 = nt,. During this period,
dipolar couplings involving the selected "C—"’N spin pairs are retained, while “C-"C
scalar couplings and remaining "C-"N dipolar couplings are refocused. Additional
delays of 7,, during which no dipolar evolution occurs, are inserted following CP and
immediately before signal acquisition. The purpose of the second delay is to avoid the
acquisition of the C FID during "N rf irradiation; the delay following CP preserves the
symmetry of the sequence and ensures that °C isotropic chemical shift and *C-"C scalar
couplings are completely refocused. The influence of proton couplings during the "C-"N
recoupling period is attenuated by a combination of resonant continuous-wave (CW) and
two-pulse phase modulation (TPPM)' decoupling (see Results and Discussion Section
for details). TPPM decoupling was used during acquisition.

Unless otherwise indicated, the "N REDOR m pulse length was 18 us (w27 = 28

kHz), the TPPM 'H decoupling was ~ 120 kHz (¢ = 15°, 7=4.0 us), the CW decoupling
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was 125 kHz, and the °C and "N Gaussian pulses were 1.0-5.0 ms and 1.0-10.0 ms,
respectively. Each selective pulse was divided into 64-512 increments, and the Gaussian

profile was truncated at 1% of the maximum amplitude.

4.2.2 Internuclear Distance Measurements

During the FSR pulse sequence the information about a single “C-"N dipolar
coupling is encoded into the observable signal intensity. Therefore, the dipolar coupling
constant of interest can be extracted by fitting the experimentally observed modulation of
the "°C spin-echo intensity to the analytical expression describing the dipolar dephasing

in an isolated heteronuclear spin pair under conventional REDOR:"

AS18,(7) = A[1- (cos(wey))]- (1)
AS/S,=1-S5/S,, where S, and S represent the reference and dipolar dephasing
experiments, respectively (c.f. Figure 4-1). The dipolar coupling, w.y, is a function of the

BC-"N dipolar coupling constant, b, and {---) represents the average over random
orientations of the dipole vector in the powder sample (see Theoretical Background
Section for details). The scaling factor, A, accounts for the contribution to S, from "“C
spins without a neighboring "’N, which is the result of imperfect isotopic labeling and/or
dilution of the labeled compound with natural abundance material.

In the FSR experiment, A also accounts for a small scaling of the dipolar
dephasing amplitude resulting from the imperfect inversion of '°N spin coherences by the
“N selective pulse and/or decay of coherences due to insufficient 'H decoupling during

the selective pulse. The amplitude scaling was found to be negligible for 1-10 ms N
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selective pulses when recoupling "N with small chemical shielding anisotropy (CSA) and
small effective "N—'H coupling (e.g., NH;" groups under the experimental conditions
employed in this work) (data not shown). For "N nuclei with larger CSA and "N-'H
coupling (e.g., amide groups) the scaling was also negligible for short (~ 1 ms) "N
selective pulses. However, for pulses in the 6—10 ms range the dephasing amplitude had
to be scaled down by ~ 5-10 % in order to accurately simulate experimental data. For
most systems internal references are available, in the form of strong “C-"N dipolar
couplings which exhibit several oscillations during typical mixing times, and A can be
easily calibrated. For example, in U-"C,"’N-labeled peptides investigated in this work,
which were not diluted in natural abundance material, we expect A = 1.0 for conventional
REDOR. However, we find that FSR experiments for ~ 200 Hz “C-""N couplings (e.g.,
Val(C*)-Val(N) in N-acetyl-L-Val-L-Leu), which employed 10 ms "N selective pulses,
are best-fit with A = 0.90-0.95.

For each experiment designed to measure a single "C—"N distance the reduced

x, Xv s E w; (Sexp i,m)z % was minimized by adjusting the dipolar coupling constant,

bcy, and amplitude scaling factor, A, where by was varied freely and A was allowed to
vary only within a narrow range (determined from the data for strong “C-""N couplings).
The uncertainties in b, (reported at 95% confidence level) were obtained according to

the procedure described in ref 62. First, the best-fit dipolar coupling, bZN, is determined
with Xﬁ,mm- Subsequently, several trial b, values are selected around bZN, and
experimental data are re-fit by optimizing A within the previously defined range. The by
values, for which the condition X\zf,max =F(v) X\Z/,mm is satisfied (F(v) is a constant, which

depends on the number of degrees of freedom, v, and the desired confidence level),
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represent the uncertainties in the best-fit dipolar coupling constant. The internuclear C-N
distances, rq, are related to the dipolar coupling constants via eq 6 below (see

Theoretical Background Section for details).

4.2.3 C,"”N-Labeled Model Systems

The model compounds used in the experiments were: [1-"C,""N]glycine, [acetyl-
1,2-"C,""N]N-acetylvaline (NAV), [U-"C,"N]asparagine, [U-"C,"”N]N-acetyl-L-Val-L-
Leu (VL) and N-formyl-[U-"C,”N]L-Met-L-Leu-L-Phe (MLF). All “C,”N-labeled
amino acids and [1,2-"CJacetic anhydride were purchased from Cambridge Isotope
Laboratories (Andover, MA). VL and MLF were synthesized by Synpep (Dublin, CA)
and American Peptide (Sunnyvale, CA), respectively, using standard solid phase methods
and purified by HPLC. Prior to the NMR experiments glycine, asparagine and NAV were
diluted to ~ 10% in respective natural abundance compounds and recrystallized by slow
evaporation of aqueous solutions. VL was crystallized from a 1:1 (v/v) H,O:acetone
solution” and we confirmed using X-ray crystallography (courtesy of W. Davis) that the
crystal structure is in good agreement with the published structure.* The recrystallization
of N-formyl-L-Met-L-Leu-L-Phe from 2-propanol results in microcrystals, which are not
of sufficiently high quality for X-ray crystallography. However, an X-ray structure has
been reported for the methyl ester analogue of MLF, N-formyl-L-Met-L-Leu-L-Phe-O-
methyl (MLF-OMe).” The inspection of VL and MLF-OMe crystal structures indicates
that intermolecular "C—"N couplings are expected to have a relatively minor effect on
the structurally-interesting sidechain-to-backbone "C—"°N distances in the 3—4 A range in

these peptides (see Supporting Information). Therefore, initial FSR experiments were
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performed on peptides not diluted in natural abundance compounds. However, for
measurements of intramolecular distances in the 4-6 A regime a MLF sample was
prepared by diluting N-formyl-[U-"C,"N]L-Met-L-Leu-L-Phe to ~ 10% in the natural

abundance peptide followed by recrystallization from 2-propanol.

4.3 Theory

4.3.1 Broadband Recoupling in Multispin Systems

We consider a coupled multiple spin system consisting of n °C spins and m "N
spins. In the rapid spinning regime the first-order effective Hamiltonian®*describing the

spin-spin couplings during the REDOR mt-pulse train (Figure 4-1) can be written:*®

H = E iwm, 2C.N, + Y e 2C.C,.. 2)

i=1 j=1 i<j
13 15 . : .
The C and N operators represent “C and ~N spins, respectively, and Jc,.cj is the C-C,

scalar coupling constant. For "N s pulses of finite length and phase-alternated according

to xy-4 (or extensions thereof),” the dipolar coupling coefficients have the form:*

Wy, = -%“l’s_(—if))lm{wé‘fm (@2} 3)

where the fraction of the rotor period, 7,, occupied by pulses of length 7, is defined as

iy o

r

The Fourier component rotating at w, in the MAS Hamiltonian for the dipolar coupling is

given by:®
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where the C.—N; dipolar coupling constant:

__ Mo Yy ©6)

bC,»N, - 3
4m ri
it

is a function of the gyromagnetic ratios, y. and yy, of the coupled spins and the C-N;

internuclear distance, 7., . The Wigner rotation matrices, D((f,l(QjZC),
itV ”

QY. = {O,/J’,’ZC,)/;ZC} , describe the transformations of individual Ci-N; dipole vectors from

their principal axis systems (P’) to a common crystallite-fixed frame (C). The subsequent
transformation of all crystallites in the powder sample into the rotor-fixed frame (R) is
described by D'} (R ). and the reduced rotation matrix, d';, ([3’ RL ) , transforms the rotor-
fixed frame into the laboratory frame (L) via a rotation by the magic-angle,
By, =tan"' /2. In the case of a single C-N dipolar coupling, for which the principal axis

system coincides with the crystallite-fixed frame (i.e., €,. = {0,0,0}), eq 5 becomes:
0 (Q,0) = 2% sin(2B,)e" o
242
and the expression for w.y (c.f. eqs 2 and 3) simplifies to:
Wy = ——Tbc,v sin(2,z )sin(y g )- (8)

Eq 8 differs from the expression for ideal 8-pulse REDOR™ only by the factor
cos(7 @) / (1 - (pz), which describes the finite pulse effects.”

The initial transverse C density matrix created by cross-polarization”’ from 'H

can be written:
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where p; represents the starting polarization on the i”

€))

PC spin. In the absence of

relaxation, the density matrix for individual crystallites evolves under the effective

Hamiltonian in eq 2 according to:”

o(t) = U()p(z,)U(r)",

with

= Hexp{—iwcimr2Cizsz}Hexp{—imICicfrZCiZCjZ}.

iJ i<j

Explicit calculation yields

)= 3. TTeodo o Tl ) .

(10)

(11

(12)

where only the part of p(t) corresponding to observable coherences is given. The

resulting °C spin-echo intensity is:

st A o

where coefficients p; include the appropriate normalization constants and <> denotes

the average the Euler angles, Q ., = {aCR, ﬁCR,yCR}, which define random crystallites in

the powder sample. Eq 13 provides the basic result:*** for Hamiltonians of the form

given in eq 2, the observable coherences evolve simultaneously as products of cosine

terms describing all spin-spin couplings in the multispin system, and the dependence of

the observable signal on the relative orientations of all dipole vectors is encoded in the

frequencies, w. , . As a result of the dependence on multiple couplings and their relative
itvj
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orientations, the accurate measurement of weak heteronuclear dipolar couplings in

multispin systems of unknown topology is very difficult.”

4.3.2 Selective Recoupling in Multispin Systems

The effective spin-spin coupling Hamiltonian of eq 2 is a sum of commuting
bilinear terms, which, in principle, can be refocused by spin-echo™ techniques. Consider
the pulse sequence of the type shown in Figure 4-1, where simultaneous rf irradiation on
“C and "N channels is bracketed by two identical dipolar evolution periods of duration
7/2. Assuming that a pair of ideal & pulses is applied in a frequency selective fashion to
spins C, and N, in the multispin cluster the propagator for the entire pulse sequence can
be written:

U(7) = exp{~iH (v /2)}exp{~inC,, texp{~inN, }exp{-iH(7/2)}. (14)

H can be expressed as a sum of three terms:

H=H,+H +H, (15)

where H,, H, and H, contain the two-spin operators affected by neither, one and both

pulses, respectively:

H, = EEwCiN'zcizsz + EMC,‘C‘ 2Ciijz ) (16a)
ikl ' i<j k ’

H, = Y 0,y 2C N, + D gy 2C.N, + Y 7l 2C,.C,.. (16b)
il ik ik

H,=wy2C N (16¢)

lz*
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The sign of H, is inverted by the selective °C and "N s pulses, which leads to the
refocusing of those interactions during the FSR pulse sequence. H, and H, are unaffected
by the & pulses and eq 14 can be simplified to:

U(t) = exp{~iH,t}exp{-iH,t}exp{-inC,, }exp{-inN, }. (17)
Furthermore, in the FSR experiment we are only interested in the dipolar dephasing of
the transverse magnetization on the C spin, C,, irradiated by the "°C selective pulse, and
therefore the initial density matrix is:

p(T,) = p,Ch- (18)
Since in eq 17 the exponential operators containing H,, C,, and N,, commute with the
initial density matrix they have no effect on the time evolution (c.f. eq 10) and can be
neglected. The resulting propagator for the complete FSR pulse sequence is given by:

U(t) = exp{-iw,, T2C.N.. | (19)
Therefore, spin C, evolves only under the dipolar coupling to the selected N, spin in the
multispin system, while the remaining "C-"N dipolar couplings and “C-"C scalar
couplings, which would complicate the evolution, are suppressed. The “C spin-echo
intensity averaged over the crystallite ensemble is equivalent to that expected for an

isolated spin pair under conventional REDOR:”
S(t) = <[)k cos(a)ckN’ r)> (20)
Experimentally, the frequency selective °C and "N pulses do not correspond to
instantaneous 7 rotations, and in our implementation selective excitation of resonances is
achieved with weak Gaussian-shaped pulses” (e.g., ~ +500 Hz "N excitation bandwidth

requires a 4 ms pulse). Nevertheless, in practice we find that the selective pulses act in

nearly ideal fashion; the effects due to their application appear to be relatively minor and
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are compensated by recording reference experiments. We also note here that it is
essential that rotor-synchronization is maintained throughout the entire experiment, since
for efficient refocusing of the dipolar interactions the phase of the REDOR sequence™™
must remain unchanged. We used a standard spinning frequency controller (see

Experimental Section), and the resulting +5 Hz stability in the MAS rate was adequate

for maintaining the required rotor-synchronization.

4.4 Results and Discussion

4.4.1 Selective Recoupling in [U-"*C,"°’N]Asparagine

Asparagine (Figure 4-2a) represents a favorable model system for demonstrating
frequency selective “C-"N recoupling experiments in uniformly-"C,"’N-labeled
compounds. The difference in C* and C? isotropic chemical shifts is ~ 16 ppm and the N’
and N* resonances are separated by ~ 75 ppm (Figures 4-2b and 4-2c), which enables
straightforward frequency selective irradiation of “C—"N spin pairs. Furthermore, the
four "C-"N dipolar couplings to be measured (Figure 4-2a) cover a relatively wide range
of internuclear distances (~ 1.5-4 A).

Prior to quantitative C—N distance determination we qualitatively investigate the
selective recoupling of C"~N’ and C"-N interactions using the FSR pulse sequence. The
C" resonance is selectively irradiated with a 1.0 ms Gaussian pulse and "N Gaussian
pulses are applied at different frequencies in the "N spectrum. "N REDOR  pulses are
approximately centered between the N’ and N*” resonances (6 ~ 75 ppm in Figure 4-2¢),

so that the effective field during REDOR is identical for both "N, and the dipolar
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evolution time (see Figure 4-1) is set to T = 8.0 ms. Figure 4-3 demonstrates the selective
recoupling of C*~N’ and CP-N* interactions using a frequency selective spin-echo
generated by the simultaneous “C and "N selective pulses; the C* signal is dephased only
by the “N nuclei on-resonance with the Gaussian pulse, while the couplings to off-
resonance "N are refocused. The selectivity of the FSR experiment can be tuned by
adjusting the duration of the "N Gaussian pulse, where the recoupling conditions become
increasingly narrow for long, weak pulses. The recoupling bandwidths obtained with

1-10 ms pulses are in the +2000-+200 Hz range.
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Figure 4-2. Asparagine neutron diffraction structure and “C and "N MAS spectra.
(a) Neutron diffraction structure of asparagine.”' The internuclear distances of interest in
this work are indicated. "C (b) and "N (c) MAS spectra of [U-"C,"”N]asparagine
recorded at w,/2rt = 12.5 kHz. Rotational sidebands are denoted by an asterisk.
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Figure 4-3. Selective recoupling of C*~N’ and CP-N* dipolar interactions in [U-
BC,"N]asparagine.

The pulse sequence in Figure 4-1 was used with the total dipolar evolution time, T = 8.0
ms. Experiments were performed at w,/2x = 10.0 kHz + 5 Hz with a 1.0 ms Gaussian
pulse applied to the C* resonance. We show the results of ‘frequency sweep’ experiments
for "N Gaussian pulses of: (a) 1.0, (b) 2.0, (c) 4.0, (d) 6.0, (e) 8.0, and (f) 10.0 ms. Each
experimental point (O) is the ratio of the intensity of the C” resonance in the presence
and absence of the "N selective pulse. The "N selective pulse bandwidths, outside of
which negligible recoupling takes place, were found to be approximately: (a) +2000, (b)
1000, (c) 500, (d) 300, (e) 250, and (f) 200 Hz.
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Having demonstrated the feasibility of pairwise recoupling of selected
heteronuclear interactions in a multiple spin system, we apply the FSR experiment to the
quantitative measurement of several internuclear distances in [U-'"°C,"’N]asparagine. In
Figures 4-4a and 4-4b we determine the C"-N' and C"-N* distances, respectively, where
a 1.0 ms "C selective pulse is applied to the C” resonance, a 1.0 ms "N selective pulse is
applied on-resonance with the "N to be recoupled, and the dipolar evolution time, 7, is
incremented. The simulation of experimental data to the two-spin model (see
Experimental Section for details) results in best-fit C°~N’ and CP-N® distances of
2.49+0.02 A and 2.44+0.02 A, respectively; these distances are in good agreement with
the neutron diffraction values of 2.48 A for C*-N’ and 2.42 A for CP-N*."!

For comparison with the individual distance measurements, Figure 4-4c shows the
dipolar dephasing in a coupled pseudo three-spin (N*-CP-N’) system, where
simultaneous recoupling of both "C-"N interactions significantly alters the evolution
relative to the ‘spin-pair’ cases. The data were simulated using the C"~N' and CP-N®
couplings determined from FSR experiments (Figures 4-4a and 4-4b) with the relative
orientation, 0,, = 123°, obtained from the neutron diffraction structure,”’ and the
agreement between experiment and simulation is good. In this favorable case of two
“C-"N couplings of approximately equal magnitude, we can obtain information about
both couplings from the non-selective experiment. However as noted previously, in
general the accurate extraction of weak dipolar couplings from dipolar dephasing data in
multiple spin systems of unknown topology is very difficult.”

In Figure 4-5 we show the measurement of C*~N’ and C“-N** distances in [U-

C,”N]asparagine. It is clear that the rapid dipolar oscillation due to the one-bond C*~N’
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coupling is suppressed when the N selective pulse is applied off-resonance with N’ and
selective dephasing of the C* signal by N can be accomplished (Figure 4-5a). We note
that for experiments where one-bond "C—"°N couplings are refocused the reference and
dephasing curves for evolution times greater than ~ 10-12 ms can appear somewhat
‘noisy’ relative to experiments involving the refocusing of weaker (e.g., two-bond)
couplings. This may be the result of short-term fluctuations in the spinning frequency, the
effects of which are expected to be most pronounced at long evolution times when
attempting to refocus strong couplings. (In such cases we found that averaging several
experiments acquired at different times significantly reduces the scatter in the data.) The
experimental data were simulated (Figures 4-5b and 4-5c) and the resulting distances are
1.50+0.02 A for C°~N’ and 3.58+0.20 A for C°-N®. These compare well with the
respective neutron diffraction distances of 1.49 and 3.75 A.”' A summary of all distance

measurements in [U-""C,"”N]asparagine is provided in Table 4-1.

Table 4-1. Internuclear Distances in Asparagine

rex (A)
atoms* NMR’ neutron®
N’ ce 1.50 £0.02 1.49
ch 2.49 +0.02 2.48
N c* 3.58 +£0.20 3.75
Ch 2.44 +0.02 2.42

“Nomenclature given in Figure 4-2a. "NMR distances (with uncertainties at 95%
confidence level) were determined using frequency selective REDOR as described in the
text. ‘Ref 71.
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Figure 4-4. Internuclear distance measurements for C? in [U-C,"*N]asparagine.
Pairwise frequency selective recoupling of C*~N’ (a) and C*-N** (b) interactions.
Experiments were performed at w,/2n = 10.0 kHz + 5 Hz and 8 scans were averaged for
each time point. A 1.0 ms Gaussian pulse was applied to the C* resonance and a 1.0 ms
Gaussian pulse was applied on resonance with N’ (a) or N** (b). The simulations (—) in
(a) and (b) are least-squares fits of the experimental data (O) to the analytical expression
describing the dipolar evolution in an isolated heteronuclear spin pair under conventional
REDOR, where finite pulse effects have been taken into account. The best-fit values for
the dipolar coupling constants are b (C*~N") = 198+3 Hz and b_,(C*-N*?) = 210+3 Hz,
corresponding to C*~N’ and CP-N* distances of 2.49+0.02 A and 2.44+0.02 A,
respectively (c.f. Table 4-1). In (c) we show experimental data (O) and simulation (—)
for the J-decoupled REDOR experiment,* in which C*~N’ and C"-N* interactions are
simultaneously recoupled and the dipolar dephasing of the C* spin depends on both
"C-"N couplings and their relative orientation (see text for details). The input
parameters for the simulation are the C*~N’ and C"~N®* dipolar couplings (determined to
be 198 and 210 Hz from the FSR experiments in (a) and (b)) and the projection angle
between the C*~N’ and C"-N* dipole vectors (determined to be 6,, = 123° from the
asparagine neutron diffraction structure’").
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Figure 4-5. Internuclear distance measurements for C* in [U-"C,"*N]asparagine.

(a) Reference (S,) curve (@) and dipolar dephasing (S) curves for C*~N’ (O) and C*-N*
(LJ) couplings. Experimental AS/S, curves (O) and analytical simulations (—) for C*~N’
(b) and C*-N* (c) couplings. The best-fit values for the dipolar coupling constants are
bey(C*—N") = 907+35 Hz and b,(C*-N®?) = 6748 Hz, corresponding to C*~N’ and
C“-N* distances of 1.50+0.02 A and 3.58+0.20 A, respectively (c.f. Table 4-1). Spectra
were recorded at w,/2m = 10.0 kHz + 5 Hz, and 6 experiments (8 scans per experiment)
were averaged for each time point. A 1.0 ms Gaussian pulse was applied to the C*
resonance and a 1.0 ms Gaussian pulse was applied on resonance with N’ (b) and N* (¢).
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4.4.2 Internuclear Distance Measurements in U-">C,"’N-Labeled Peptides

In the following we present accurate "C—"N distance measurements in model
peptides, [U-"C,"’N]N-acetyl-L-Val-L-Leu (VL) and N-formyl-[U-"C,""N]L-Met-L-Leu-
L-Phe (MLF). Frequency selective recoupling in these peptides is more challenging
compared to asparagine, since the amide "N resonances have very similar frequencies.
However, we found that 6-10 ms "N Gaussian pulses, having ~+300-+200 Hz
bandwidths (c.f. Figure 4-3), were sufficient to selectively recouple the individual amide
"N in VL and MLF.

Figure 4-6 shows the X-ray structure of N-acetyl-L-Val-L-Leu® as well as one-
dimensional "C and "N MAS spectra of the U-"C,"”N-labeled peptide. The °C and "N
chemical shift assignments were obtained from two-dimensional "C-"C and “"C-"N
correlation experiments (see Supporting Information). The *C-"C correlation spectra do
not provide unambiguous assignments for the Val and Leu methyl resonances. The
assignment of the Leu(C®) resonances remains ambiguous since we did not attempt to
perform “"C-"N distance measurements involving those *C. However, using the FSR
experiments for both Val(C') we were able to assign the downfield resonance (denoted
C") to the CH, approximately syn to Val(N) and the upfield resonance (denoted C*) to

the CH; approximately anti to Val(N) (c.f. Figure 4-6a).
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Figure 4-6. N-acetyl-L-Val-L-Leu crystal structure and *C and "N MAS spectra.

(a) X-ray diffraction structure of N-acetyl-L-Val-L-Leu.** C (b) and "N (c) MAS
spectra of [U-"C,”N]N-acetyl-L-Val-L-Leu recorded at w/2m = 10.0 kHz. Most “C
resonances exhibit resolved splittings due to ~ 30-60 Hz *C-"°C J couplings. °C and "N
chemical shift assignments were obtained from two-dimensional "C-"C and “"C-"N
correlation spectra (see Supporting Information). Val(C"') and Val(C') resonances were
assigned based on the FSR experiments presented in this work. Assignment of Leu(C®")
and Leu(C*) resonances remains ambiguous, since distance measurements involving
those nuclei were not performed here.
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Representative FSR experiments in [U-"C,"”N]N-acetyl-L-Val-L-Leu are
presented in Figure 4-7 and all distances measured in the peptide are summarized in
Table 4-2. The frequency selective experiments enable the measurement of internuclear
distances, which provide indispensable information about the three-dimensional structure
of the peptide, but are not easily accessible via non-selective methods. For example,
Val(C") can be recoupled to Val(N) and Leu(N) in separate experiments. While the two-
bond Val(C"-Val(N) dipolar coupling (Figure 4-7a), which would dominate the non-
selective experiment, provides no useful structural data, the Val(C*)-Leu(N) coupling
(Figure 4-7b) provides valuable information about the backbone torsion angle ,. Since
[U-"C,”N]VL was not diluted in the natural abundance compound, the distances reported
are limited to the sidechain-to-backbone distances in the 2.5-3.5 A range, for which the
dipolar dephasing depends primarily on a single intramolecular coupling (see Supporting
Information). (Accurate measurements of longer distances are demonstrated below for
MLF.) Overall the experimental data are reproduced very well with the analytical two-
spin model (c.f. eq 1) and most measured distances agree closely (within ~ 0.1 A) with

those determined by X-ray crystallography (see Table 4-2).
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Figure 4-7. Representative internuclear distance measurements in [U-"*C,"”N]N-
acetyl-L-Val-L-Leu.

Experimental AS/S, curves (O) and analytical simulations (—) are shown for the
selective pairwise recoupling of (a) Val(C»)-Val(N), (b) Val(C"-Leu(N), (c)
Val(C")-Val(N), and (d) Val(C*)-Leu(N). The internuclear distances measured in [U-
“C,”N]N-acetyl-L-Val-L-Leu are summarized in Table 4-2. Experiments were
performed at w,/2x = 10.0 kHz + 5 Hz, and 32 scans were averaged for each time point.
The “C Gaussian pulse was 3.0 ms for experiments involving Val(C") and Val(C"), and
5.0 ms for Val(C"), Leu(C*) and Leu(C"). The (i) Val(C'")/Val(C* and (ii)
Val(C")/Leu(CY) distance measurements were performed simultaneously since the
chemical shifts are similar for these nuclei, and Val(C"')-Val(C") and Val(C")-Leu(C")
PC-"C I couplings are negligible relative to the "C-"N dipolar couplings of interest.
The "N Gaussian pulse was 10.0 ms, applied on resonance with the Val(N) or Leu(N)
resonances.
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Table 4-2. Internuclear Distances in N-acetyl-L-Val-L-Leu

ren ()
atoms" NMR” X-ray*
Va(N)  valC) 2.50+0.02 2.48
Val(C") 3.01£0.02 2.97
Val(C?) 3.58+0.08 3.81
Leu(N) Val(CP) 3.35+0.06 3.46
Val(C?) 3.31+0.03 3.40
Leu(CP) 2.51+0.02 2.49
Leu(C") 3.28+0.06 3.29

“Nomenclature given in Figure 4-6a. "NMR distances (with uncertainties at 95%
confidence level) were determined using frequency selective REDOR as described in the
text. ‘Courtesy of W. Davis (MIT). All distances agree to 0.02 A or better with those
determined in ref 64. “The magnitude of intermolecular Val(C'*)-Val(N) couplings (see
Supporting Information) is non-negligible relative to the intramolecular Val(C**)-Val(N)
coupling.

Representative FSR experiments in [U-"C,"”’N]N-acetyl-L-Val-L-Leu are
presented in Figure 4-7 and all distances measured in the peptide are summarized in
Table 4-2. The frequency selective experiments enable the measurement of internuclear
distances, which provide indispensable information about the three-dimensional structure
of the peptide, but are not easily accessible via non-selective methods. For example,
Val(C") can be recoupled to Val(N) and Leu(N) in separate experiments. While the two-
bond Val(C*-Val(N) dipolar coupling (Figure 4-7a), which would dominate the non-
selective experiment, provides no useful structural data, the Val(C*)-Leu(N) coupling
(Figure 4-7b) provides valuable information about the backbone torsion angle ;. Since
[U-"C,"” N]VL was not diluted in the natural abundance compound, the distances reported
are limited to the sidechain-to-backbone distances in the 2.5-3.5 A range, for which the
dipolar dephasing depends primarily on a single intramolecular coupling (see Supporting

Information). (Accurate measurements of longer distances are demonstrated below for

MLF.) Overall the experimental data are reproduced very well with the analytical two-
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spin model (c.f. eq 1) and most measured distances agree closely (within ~ 0.1 A) with
those determined by X-ray crystallography (see Table 4-2).

The X-ray structure of N-formyl-L-Met-L-Leu-L-Phe-OMe,” which is closely
related to the MLF peptide investigated in this work, is shown in Figure 4-8a. Figures 4-
8b and 4-8c show one-dimensional *C and "N MAS spectra, respectively, of N-formyl-
[U-"C,”N]L-Met-L-Leu-L-Phe. The "C and "N chemical shift assignments were
reported previously in ref 72. The FSR experiments presented here were used to assign
the Leu methyl resonances. C—""N distance measurements were not performed for the
downfield resonance (denoted C) due to spectral overlap with Leu(C") (the
Leu(C")-Leu(C% J coupling is ~ 30 Hz). The MLF-OMe X-ray structure® indicates that
only one Leu(C) is in close proximity to Leu(N). For the upfield resonance (denoted C**)
the dipolar coupling to Leu(N) was found to be relatively strong; assuming similar
structures for MLF and MLF-OMe we have tentatively assigned the upfield resonance to

the CH; closer to Leu(N) (c.f. Figure 4-8a).
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Figure 4-8. N-formyl-L-Met-L-Leu-L-Phe-OMe crystal structure and N-formyl-L-
Met-L-Leu-L-Phe “C and "N MAS spectra.

(a) X-ray diffraction structure of N-formyl-L-Met-L-Leu-L-Phe-OMe.”> ”C (b) and "N
(c) MAS spectra of N-formyl-[U-""C,"”N]L-Met-L-Leu-L-Phe recorded at w,/2rt = 10.0
kHz. "C and "N chemical shift assignments have been reported previously,”” and the
assignment of Leu(C®) and Leu(C®®) resonances is based on FSR experiments presented
in this work.
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Figure 4-9. Representative internuclear distance measurements in N-formyl-[U-
BC,”N]L-Met-L-Leu-L-Phe.

Experimental AS/S, curves (O) and analytical simulations (—) are shown for the
selective pairwise recoupling of (a) Leu(C’)-Leu(N), (b) Met(C*)-Leu(N), (c)
Leu(C")-Phe(N), and (d) Met(C*)~Phe(N). The experiments shown have been performed
on [U-"C,"N]MLF undiluted in natural abundance material, but are not appreciably
affected by intermolecular couplings (see Supporting Information). Experiments were
performed at w,/2x = 10.0 kHz + 5 Hz, and 32 scans were averaged for each time point.
The “C Gaussian pulse was 2.0 ms for experiments involving Met(C") and Leu(C?), and
4.0 ms for Met(C") and Leu(C®). The Met(C*)/Leu(C") distance measurements were
performed simultaneously. The "N Gaussian pulse was 10.0 ms, applied on resonance
with Met(N), Leu(N) or Phe(N). The summary of all distance measurements in N-formyl-
[U-"C,”N]L-Met-L-Leu-L-Phe is given in Table 4-3.

Representative FSR experiments in N-formyl-[U-"C,”N]L-Met-L-Leu-L-Phe
(undiluted in natural abundance MLF) are shown in Figure 4-9. For example, the
Met(C)-Phe(N) dipolar coupling can be observed in the presence of the stronger

Met(C*-Met(N) and Met(C*)-Leu(N) couplings (Figure 4-9d); the measured
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Met(C")-Phe(N) distance (short relative to that expected for an extended B-sheet type
structure) identifies the turn in the MLF backbone (see Figure 4-10). Table 4-3 provides
the summary of all internuclear distances determined in [U-"C,”N]MLF diluted to ~
10% in the natural abundance peptide. (Figure 4-10 shows the X-ray structure of N-
formyl-L-Met-L-Leu-L-Phe-OMe with several structure-constraining distances
determined in MLF superimposed.) Accurate determinations of internuclear distances up
to ~6 A could be performed, and of the total 16 measured distances, 14 are in the 3-6 A
range and provide valuable structural constraints. Most measured distances in MLF are in
relatively good agreement with the corresponding distances in the X-ray structure of
MLF-OMe.” This indicates that while the three-dimensional structures of MLF and
MLF-OMe are not identical, there appears to be a high degree of similarity between

them.

Figure 4-10. Representative distances measured in N-formyl-L-Met-L-Leu-L-Phe.
X-ray structure of N-formyl-L-Met-L-Leu-L-Phe-OMe with several structure-
constraining distances determined in 10% diluted N-formyl-[U-"C,"’N]L-Met-L-Leu-L-
Phe superimposed (c.f. Table 4-3).
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Table 4-3. Internuclear Distances in N-formyl-L-Met-L-Leu-L-Phe

rex (A)

atoms" NMR” X-ray*
Met(N)  Met(C") 2.52+0.02 2.50
Met(C") 3.20+0.03 3.04
Met(C*) 5.4+0.3 5.71
Leu(C?) 5.7+0.7 6.03
Leu(C*) 5.5+0.3 6.28
Leu(N)  Met(C") 3.12+0.03 3.20
Met(C") 4.17+0.10 4.56
Met(C?) 5.5+0.3 5.93
Leu(C") 2.46+0.02 2.50
Leu(C®) 3.64+0.09 3.63
Phe(N)  Met(C') 3.4+0.2 3.41
Met(C") 4.12+0.15 4.06
Met(C") 4.8+0.2 5.43
Met(C?) 5.2+0.3 5.62
Leu(C") 3.24+0.12 3.12
Leu(C™) 5.4+0.3 5.38

N-formyl-[U-"C,”N]L-Met-L-Leu-L-Phe was diluted to ~ 10% in the natural abundance
peptide to attenuate intermolecular "C—""N contacts. “Nomenclature given in Figure 4-
8a. "NMR distances (with uncertainties at 95% confidence level) were determined using
frequency selective REDOR as described in the text. ‘For comparison with the NMR
results, distances are given for the methyl ester analogue, N-formyl-L-Met-L-Leu-L-Phe-
OMe (ref 65).

4.4.3 Effect of 'H Decoupling on REDOR Experiments

Although insufficient proton decoupling during REDOR does not prohibit the
measurement of relatively accurate "C-"N dipolar couplings,” the quality of the
experimental data does depend on the efficient attenuation of the dipolar contacts
between the low-y nuclei and protons. We find that for REDOR sequences of the type
shown in Figure 4-1 (where all recoupling & pulses are applied to the non-observed spins)
reference experiments can be used to compensate for insufficient proton decoupling
during the delays between the pulses; however, insufficient decoupling during the n

pulses can result in a significant scaling of the dipolar dephasing amplitude.
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Figure 4-11. Effect of "H decoupling on REDOR experiments.

Comparison of 'H decoupling schemes during the dipolar evolution period of FSR
experiments in [U-"°C,"’N]asparagine. Results for the selective recoupling of C*~N’ are
shown. (Identical results were obtained for C"~N®.) Experiments were performed at
w/27 = 10.0 kHz + 5 Hz, and 8 scans were averaged for each time point. °N m pulses
were 18 us and 1.0 ms Gaussian pulses were applied to C* and N'. For all experiments 'H
decoupling was 125 kHz CW during "N m pulses and 120 kHz TPPM (¢ = 15°, T = 4.0
us) during the selective irradiation period. (a) Reference (S,) (LJ,O) and dipolar
dephasing (S) (l,®) experiments recorded in the presence of 120 kHz CW (LJ,H) and
TPPM (O,®) 'H decoupling during the free-evolution periods corresponding to delays
between "N m pulses. (b) AS/S, curves calculated using data in (a) for CW (@) and
TPPM (O) 'H decoupling.

Figure 4-11 shows a comparison of 'H decoupling schemes during the dipolar
evolution period of FSR experiments in [U-"C,""N]asparagine. The "N rf field was ~ 28

kHz and 'H decoupling field during the °N s pulses was 125 kHz CW in all experiments,
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ensuring a sufficiently high w,('H): w,("°N) mismatch.”*’® During the delays between the
pulses 120 kHz continuous wave (CW) or two pulse phase modulation (TPPM)"
decoupling was used, and we observe a significant improvement in the C spin-echo
intensity with TPPM decoupling (Figure 4-11a). This effect is of practical importance for
systems yielding spectra with low signal-to-noise ratios. However, inefficient 'H
decoupling during the free-evolution periods is effectively compensated by the AS/S,
analysis, as nearly identical AS/S, curves are obtained for both decoupling schemes
(Figure 4-11Db).

The effects of insufficient 'H decoupling during the “N rf pulses cannot be
compensated with reference experiments. In Figure 4-12 we investigate these effects in
spin systems with different "N—'H dipolar couplings by acquiring a series of dipolar
dephasing curves in the presence of CW decoupling held constant at ~ 85 kHz and "N rf
fields of ~ 25, 35 and 50 kHz. For [1-"°C,"N]glycine (Figures 4-12a and 4-12b), where
the strong "N-'H interactions are attenuated by the rapid hopping of the NH,* group
under the experimental conditions employed here,” the effects of "N-'H recoupling due
to the insufficient mismatch of 'H and "N rf fields™*"® appear to be minimal (Figure 4-
12a) and the AS/S, curves recorded for different °N fields are nearly identical (Figure 4-
12b). The situation is quite different in the case of the relatively rigid amide group in
[acetyl-1,2-"C,""N]N-acetylvaline, for which the "N-"H coupling is strong (~ 10 kHz).
Here, both reference and dipolar dephasing curves for the (acetyl-CH;)-N' coupling
(Figure 4-12c) show significant deviations from ideal behavior for a),f(lH): a),f(lsN) less
than 3:1.7*7° The resulting AS/S, curves (Figure 4-12d) display a significant amplitude

scaling (~ 15%) as a),f(lH): w,f(lsN) changes from ~ 3.5 to 1.5. However, regardless of the
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rf field mismatch, the AS/S, curves in NAV could be simulated (not shown) with
approximately the same dipolar coupling constant (b.y = 2112 Hz), but different
amplitude scaling factors.

As shown by others” and suggested by the experiments presented here, in many
cases reasonably accurate distances can be obtained using REDOR even in the presence
of relatively low power CW 'H decoupling. However, significant scaling of the dipolar
dephasing amplitude may potentially become problematic for weak coupling
measurements, where AS/S, buildup is slow. The efficient attenuation of proton couplings
significantly improves the "*C spin-echo intensity and avoids the scaling of the dipolar
dephasing amplitude in spin systems with strong "N—'H couplings. Efficient proton
decoupling does not necessarily imply the use of very high power levels. When only
moderate 'H rf fields (e.g., ~ 80 kHz) are available due to probe limitations, TPPM
decoupling during delays between "N pulses (see Figure 4-1) effectively restores the
spin-echo intensity and the use of slightly longer "N x pulses provides a sufficiently high

w,('H): w,("N) ratio required to minimize the "N-'H interactions.
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Figure 4-12. Effect of "H decoupling on REDOR experiments.

Effect of 'H decoupling during periods corresponding to "N pulses in spin systems with
“N-'H dipolar couplings of different magnitude. Dipolar recoupling data are presented
for [1-"C,"N]glycine (a)—(b), for which the "N-"H couplings are effectively attenuated
by rapid hopping of the NH;" group under the experimental conditions employed in this
work,”” and for [acetyl-1,2-"°C,"””"N|N-acetylvaline (NAV) (c)—(d), where the relatively
rigid amide group displays a strong (~ 10 kHz) "N-'H dipolar coupling. Experiments
were performed at w,/2x = 12.5 kHz + 5 Hz, and 16 scans were averaged for each time
point. In (a) and (c) we show S, (filled symbols) and S (hollow symbols) curves for the ~
200 Hz “C-"N dipolar couplings in both compounds (C'-N' in glycine and (acetyl-
CH,)-N' in NAV). All S, experiments were acquired in the presence of °N m pulses. 'H
decoupling was fixed at ~ 85 kHz CW for all experiments and the "N s pulse lengths
were 20 us (@,0), 14 us (l,0J) and 10 us (A,A), corresponding to "N rf fields of 25
kHz (w,(H): ¢(°N) = 3.4), 35.7 kHz (o, ('H): ¢("N) = 2.4), and 50 kHz
(w,('H): w,f(lsN) ~ 1.7), respectively. The "C spin-echo reference curves acquired with
no "N irradiation (data not shown) were identical within experimental error to the S,
experiments acquired in the presence of 20 us N m pulses. AS/S, curves calculated using
S, and S experiments in (a) and (c) are shown for glycine (b) and NAV (d) for "N n
pulses of 20 us (O), 14 us (L) and 10 us (A). In (a) and (b) the glycine data for 14 us
“N &t pulses have been omitted for clarity.
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4.4.4 Effect of "N CSA on REDOR Experiments

In Figure 4-13 we present experimental data and numerical simulations showing
the effect of the chemical shielding anisotropy (CSA) of the irradiated spins (°N in our
case) on REDOR dipolar dephasing curves acquired with several commonly used
compensated 7 pulse phasing schemes (xy-4, xy-8 and xy-16).” [1-"°C,"’N]Glycine, with a
negligible "N CSA (8 = 5 ppm, 1 = 0),” is used as a reference, and as expected AS/S,
curves recorded with xy-4, xy-8 and xy-16 (Figure 4-13a) are nearly identical. The
situation is quite different for a larger "N CSA (8 = 106 ppm, n = 0.27)"* in [acetyl-1,2-
“C,”NINAV, where significant effects are observed in the presence of xy-16 phase
cycling relative to xy-4 and xy-8 (Figure 4-13b). The experimental observations are
compared to numerical simulations (performed with the SIMPSON simulation software’)
(Figure 4-13c). For the ‘two-spin’ ((acetyl-CH;)-N') system (see Figure 4-13 caption for
details) the AS/S, curves simulated for the xy-4 and xy-8 schemes are nearly identical and
closely follow the result for finite pulse REDOR in the absence of "N CSA. However, an
amplitude scaling is observed in the xy-16 simulation, which reproduces the experimental
result shown in Figure 4-13b. The experiments and simulations presented here suggest
that xy-4 and xy-8 are equally well-compensated for "N CSA effects. However,
additional simulations (not shown) indicate that for increasing CSA the dephasing curves
for all phasing schemes can display some scaling of amplitude and frequency of the
oscillation; in general, xy-4 simulations appear to most closely approach the ideal dipolar

dephasing curve.
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Figure 4-13. Effect of “N chemical shielding anisotropy on “C-observe REDOR
experiments.

Three common "N i pulse phase cycling schemes® (xy-4 (O), xy-8 (@), and xy-16 ((J)),
designed to compensate for pulse errors and resonance offsets, are compared in (a) and
(b). We show REDOR experiments for C'-N’ coupling in [1-"C,""N]glycine ("N CSA: &
=~ 5 ppm, = 0)”’ (a) and (acetyl-CH,)-N’ coupling in [acetyl-1,2-""C,"N]N-acetylvaline
("N CSA: 8 = 106 ppm, = 0.27)"® (b). Spectra were recorded at w/2m = 12.5 kHz + 5
Hz, and 4 experiments (16 scans per experiment) were averaged for each time point. (¢)
Simulated REDOR AS/S, curves assuming the (acetyl-CH,)-N" dipolar coupling constant
(bey = 220 Hz) obtained from the NAV X-ray structure® and finite "N st pulses for: no
"N CSA (8 =m =0) (—), and "N CSA parameters of NAV™ at B, = 11.7 T (8 = 5.37
kHz, 1 = 0.27) with xy-4 (O), xy-8 (@), and xy-16 ({J) phase-alternation of °N s pulses.
The spinning frequency of 12.5 kHz was used in the simulations and the orientation of
the amide "N CSA tensor in the molecular frame given in ref 80 was assumed (0,
perpendicular to the peptide plane and o;; in the peptide plane with 03;/N-H projection
angle of 20°). With these assumptions the approximate orientation of the (acetyl-CH,)-N’
dipole vector in the "N CSA principal axis system is given by the Euler angles

Q= {O,—64°,—180°}. All numerical simulations in (c) were performed using the
SIMPSON simulation software.”
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The influence of "N CSA on REDOR dipolar dephasing with several simple
phasing schemes (xx-4, xx-4 and xy-4) has been discussed previously using Floquet
theory.* According to average Hamiltonian theory,”*®” for *C-observe REDOR with "N
7 pulses of finite length phased according to xy-4 or extensions thereof (see Figure 4-1),
the "N CSA is not expected to contribute to the spin dynamics to first-order. In the rf
interaction frame the "N pulses transform only the N, operator and the first-order
effective Hamiltonian for the "N CSA is analogous to that calculated for the

heteronuclear dipolar coupling (c.f. eqs 2 and 3):
Hegy < Im{ars, (e )N, 1)
where a)(clgAdescribes the transformation of the "N CSA tensor from its principal axis

system to the rotor-fixed frame.” Since the experiments are designed to follow the time
evolution of "’C coherences, and the first-order effective *C—""N dipolar coupling and N
CSA Hamiltonians commute, to this order of approximation the ’N CSA has no effect on
the dipolar dephasing.” Therefore, the deviations from ideal behavior observed for the
different xy-type phasing schemes with increasing "N CSA must be due to higher order

terms in the effective Hamiltonian expansion.**%’

4.5 Conclusions

We have described a magic-angle spinning NMR experiment, which enables
accurate internuclear "C—"’N distance measurements in uniformly-"C,"°N-labeled solids.
In multispin systems, the extraction of weak "C—"N dipolar couplings using non-

selective recoupling experiments is complicated by multiple "C-"N and "“C-"C spin-
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spin interactions. The frequency selective REDOR technique presented here is based on a
simple principle: a "°C spin-echo is generated in a frequency selective fashion by a pair of
selective m pulses applied to a "C—"’N spin pair in the center of the dipolar evolution
period. The intensity of the "°C spin-echo is modulated only by the dipolar coupling to the
selected "°N; the remaining "C-"N dipolar couplings and “C-"C scalar couplings
involving the selected "°C are refocused. With efficient proton decoupling and the use of
well-compensated m pulse phasing schemes, the spin dynamics can be described by the
analytical expression for dipolar dephasing in an isolated heteronuclear spin pair under
conventional REDOR, and the extraction of the "C—"N dipolar coupling of interest is
straightforward. We have demonstrated the utility of the experiment for accurate
internuclear distance measurements in several U-">C,"’N-labeled systems; in the model
tripeptide, N-formyl-L-Met-L-Leu-L-Phe, a total of 16 "C-"N intramolecular distances
in the 2.5-6 A range were determined with ~ 0.1-0.3 A precision.

The selective recoupling in FSR relies on "C and "N chemical shift resolution,
and the technique is expected to greatly benefit from high static magnetic fields and high
MAS frequencies. However, even under optimal conditions the measurements of multiple
"C-"N distances involving most backbone "N in U-"C,"”N-labeled biological
macromolecules, where spectral overlap can be quite severe, are expected to be
challenging. Nevertheless, some potentially promising applications of the technique to
systems of biological interest include "C—"N distance measurements in the active site of
multiply labeled proteins and structural investigations of peptide aggregates and

molecules present at interfaces (e.g., U-"C,"”N-labeled peptide bound to a protein).
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Supporting Information

Table 4-S1. Selected Intermolecular C-N Distances up to 6 A in N-acetyl-L-Val-L-
Leu

atoms’ Fex (A’
Val(C*)-Val(N) 5.31
Val(C")-Val(N) 5.13
Val(C?)-Val(N) 4.87
Val(C?)-Val(N) 5.46
Leu(C*)-Leu(N) 5.16
Leu(C")-Leu(N) 5.28
Leu(C")-Leu(N) 5.77

“Nomenclature given in Figure 4-6a. Tabulated distances (up to 6 A) are limited to those
corresponding to the intramolecular sidechain-to-backbone C-N distances measured in
this work. “Ref 64.

Table 4-S2. Selected Intermolecular C-N Distances up to 6 A in N-formyl-L-Met-L-
Leu-L-Phe-OMe

atoms’ Fexn (A’
Met(CP)-Met(N) 5.09
Met(C")-Met(N) 4.36
Met(CP)-Leu(N) 5.44
Leu(C*)-Leu(N) 5.38
Leu(C*)-Leu(N) 4.05
Leu(C*)-Leu(N) 4.79
Leu(C*)-Leu(N) 5.74
Met(C*)-Phe(N) 5.13
Leu(C*)—Phe(N) 5.49

“Nomenclature given in Figure 4-8a. Tabulated distances (up to 6 A) are limited to those
corresponding to the intramolecular sidechain-to-backbone C-N distances measured in
this work. “Ref 65.
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Figure 4-S1. Resonance assignments for [U-"C,"”’N]N-acetyl-L-Val-L-Leu.

PC-"C (a)-(b) and “C-"N (c) 2D chemical shift correlation spectra for [U-">C,"”N]N-
acetyl-L-Val-L-Leu. Essential °C and "N resonance assignments are indicated. For the
PC-"C correlation experiment we show the full spectrum (a) and close-up of the aliphatic
region (b). The C-"C correlation experiment was performed at w/2x = 12.5 kHz with
= 1.28 ms). The *C-"N correlation experiment was
performed at w/2m = 8.3 kHz, where the "’N-"°C polarization transfer was accomplished

RFDR™ as the mixing sequence (T,

ix

via ramped CP. All experiments were recorded at 500 MHz 'H frequency.
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CHAPTER 5. FREQUENCY SELECTIVE REDOR DISTANCE
MEASUREMENTS IN THE ACTIVE SITE OF BACTERIORHODOPSIN

Note: Reproduced with permission from C. P. Jaroniec, J. C. Lansing, B. A. Tounge, M.
Belenky, J. Herzfeld and R. G. Griffin, “Measurement of dipolar couplings in a uniformly
C,”N-labeled membrane protein: Distances between the Schiff base and aspartic acids
in the active site of bacteriorhodopsin,” J. Am. Chem. Soc. 123 (2001) 12929-12930.
Copyright 2001 American Chemical Society.

ABSTRACT

Frequency selective REDOR is used to measure “C-""N dipolar couplings in the
active site of a 248-residue uniformly “C,"’N-labeled membrane protein, light-adapted
bacteriorhodopsin in its native purple membrane. The distances from the retinal Schiff
base nitrogen to the Asp-85 and Asp-212 sidechain carboxyl carbons were found to be
4.7£0.3 A and 4.9+0.5 A, respectively. The Asp-85 distance agrees with the 4.3-5.0 A
distances in recent diffraction structures of light-adapted bacteriorhodopsin, while the
Asp-212 distance appears to be somewhat longer in the NMR measurement than the 4.0-

4.4 A diffraction values.
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5.1 Introduction

In recent years a number of magic-angle spinning (MAS) solid-state nuclear
magnetic resonance (SSNMR) methods have been developed"” for °C and "N resonance
assignments in uniformly “C,"N labeled peptides and proteins.”® The “CO, “Ca, "CB
and amide "N chemical shifts can be used to estimate the backbone torsion angles ¢ and
y.”"* Additional constraints on the local structure in U-""C,"’N labeled systems can be
obtained from measurements of the relative orientations of dipolar tensors."” Long-range
dipolar couplings in peptides and proteins can provide valuable information about tertiary
structure. However, the accurate determination of weak dipolar interactions in U-"C,”N
labeled molecules is complicated by the presence of strong couplings.'*** This problem
can be circumvented by controlled “dilution” of the multiple spin system" or by the use
of spectrally selective dipolar recoupling techniques.”* To date selective recoupling
techniques have been applied to accurate measurements of multiple long-range "*C-"C*?**
and “C-""N* distances in small U-"C,"”N labeled peptides. In this communication we
demonstrate the application of frequency selective REDOR (FSR)* to the measurement
of two "C-"N dipolar couplings in the active site of light-adapted [U-
C,”N]bacteriorhodopsin (bR) in its native purple membrane. The measured distances
are in reasonable agreement with ones reported in recent diffraction structures of light-
adapted bR, and the NMR methods described are directly applicable to bR photocycle
intermediates, for which high-resolution diffraction structures are more difficult to obtain.
The experiments presented here are the first example of long-range MAS NMR distance

measurements in a U-"*C,"°N-labeled macromolecule.
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5.2 Experimental

5.2.1 Preparation of Light-Adapted [U-"°C,"”N]Bacteriorhodopsin

Uniformly "C,"’N-labeled peptone for the culture medium of Halobacterium

salinarum>*

was obtained from the anaerobic acid hydrolysis of Methylophilus
methylotrophus grown on “C-labeled methanol and '"N-labeled ammonium sulfate.”’ The
purple membranes were isolated using the method of Oesterhelt and Stoeckenius.” Prior
to the NMR experiments the purple membrane sample (~40 mg) was washed 3 times with
a 0.1 M NaCl solution at pH 10.0. Following each wash the sample was centrifuged for 1
h at ~43000g. After the final spin the bacteriorhodopsin (bR) pellet was packed into a
transparent single-crystal sapphire rotor (5 mm o.d.) and sealed.

The rotor was placed in the NMR probe and the light-adapted (LA) state (bRs)
was prepared in situ via overnight irradiation with white-light at O °C (the light from a
1000 W xenon lamp was filtered through water and heat absorbing filter and delivered to
the sample via a glass optic fiber bundle). Subsequently, the sample temperature was
decreased to ca. =30 °C. The presence of pure bRy, was confirmed prior to and following

the distance measurements by monitoring the characteristic chemical shift of the retinal

Schiff base nitrogen in a 1D "N CPMAS spectrum (Figure 5-2).%

5.2.2 NMR Spectroscopy

NMR spectra were recorded at 7.4 and 11.7 T using custom-designed
spectrometers (courtesy of Dr. David J. Ruben). For the experiments at 7.4 T a custom-

designed triple-resonance MAS probe equipped with a 5.0 mm Chemagnetics (Fort
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Collins, CO) spinning module was used, and for the experiments at 11.7 T a 4.0 mm
Chemagnetics T3 triple-resonance MAS probe was used. Spinning frequencies were
regulated to +5 Hz using Doty Scientific (Columbia, SC) and Bruker (Karlsruhe,
Germany) spinning frequency controllers. Further details regarding NMR pulse

sequences and experimental conditions are provided in the figure captions.

5.2.3 Numerical Simulations and Distance Measurements

Numerical simulations of the FSR experiment” were performed using the
SIMPSON NMR simulation software.” The simulations included the exact profiles of the
Gaussian pulses. In the FSR experiment on bR, the dephasing of the Asp-85 and Asp-212
Cy signals is primarily a function of the dipolar coupling to the retinal Schiff base
nitrogen; the couplings from Cy to other N, as well as Asp Cy-Cp, etc. J-couplings are
suppressed.” The dephasing is also affected by the non-negligible magnitudes of the "°C
and "N anisotropic chemical shielding (CSA) interactions, and to a minor extent their
relative orientations.’’ Therefore, °N and C CSAs were included in the simulations
(previously reported bRy, "N and C CSA principal values were used””?). Relative
orientations of the dipolar and CSA tensors are not known for bR, and simulations were
performed for 1024 sets of different relative tensor orientations. Subsequently, the
average dephasing curves expected for different distances in the 4.0-5.5 A regime were
calculated, and used to extract the internuclear distances using standard reduced y’
analysis.” We found that for each value of the dipolar coupling the simulations for
different relative tensor orientations are clustered very closely around the average

dephasing curve, with the largest deviation observed when the principal axis systems of
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the three tensors are aligned. The systematic errors in the estimated dipolar coupling
introduced by the choice of an incorrect relative tensor orientation could be ignored, since

they were significantly smaller (< 0.1 A) than the random errors in the measured

distances (ca. 0.3-0.5 A).

5.3 Results and Discussion

Bacteriorhodopsin (bR) is a 26 kDa integral membrane protein produced by
Halobacterium salinarum. The single polypeptide chain forms a bundle of seven
transmembrane helices enveloping a chromophore formed by a Schiff base (SB) between
retinal and Lys-216 (see Figure 5-1). Dark-adapted bR comprises two species: bRsss and
bRy, with different retinal conformations. Light adaptation of bR, by irradiation with
white light, converts bRy to bRy, which is the starting point of the proton pumping
photocycle (see ref 34 for a review on bR).

In the one-dimensional MAS spectrum of bR, (Figure 5-2) the Schiff base
nitrogen resonates ~135 ppm downfield from the C-NH;* groups of Lys residues and ~50
ppm downfield from the amide backbone peak.” This enables the selective inversion of
the SB nitrogen and FSR distance measurements® to "°C nuclei in the active site. Recent

35-37

diffraction structures of bRy, (from 1.55 to 2.9 A resolution)™™’ report distances to the

SB nitrogen in the 4.3-5.0 A range for Asp-85 Cy and in the 4.0-4.4 A range for Asp-212

Cy (Table 5-1).
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Figure 5-1. The active site of bacteriorhodopsin.

Shown are the B, C, F and G a-helices, the chromophore (comprising retinal with its
Schiff base linkage to Lys216), and the Asp 85 and Asp 212 sidechains. The distances
between the Schiff base nitrogen and Asp Cy, measured in this work, are indicated by
dotted lines.

amide
Arg Ne/Nn
Lys NG
Lys-216 N{
(bRSGB)
200 160 120 80 40 0
>N (ppm)

Figure 5-2. One-dimensional "N MAS spectrum of light-adapted bacteriorhodopsin.
The spectrum was recorded at 317 MHz 'H frequency, o /27 = 6.5 kHz and -30 °C.
Approximately 5000 transients were averaged. The LA state of bR (bRs) was prepared
as described in the experimental section.
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Table 5-1. Diffraction Distances from the Retinal Schiff Base Nitrogen in bR,

PDB Resolution (A) to Asp85 Cy (A) to Asp212 Cy (A)
I1BRR* 2.9 5.06 4.14
5.01 4.13
4.96 3.98
1QHI® 1.9 4.28 4.41
1C3W° 1.55 4.45 4.12

“Ref 35. °Ref 36. ‘Ref 37.

Figure 5-3a shows a region of a 2D RFDR™ "“C-"C chemical shift correlation
spectrum of dark-adapted [U-"C,"”N]bR displaying Asp and Glu sidechain methylene to
carboxyl cross-peaks. The resonance assignments are based on previous studies of
selectively [4-"C]Asp labeled bR.™>* Asp85 and Asp212 CB-Cy cross-peaks are well-
resolved and, in principle, the distances to the SB can be measured via a 3D FSR
experiment (where the decay rate of cross-peaks in the FSR dimension is determined by
the dipolar coupling to the SB "“N). However, with the current technology a 3D
experiment for a membrane protein, such as bR, is subject to signal-to-noise and time
limitations. Therefore, we have reduced the experiment to a 2D (see Figure 5-4) by
implementing a filter prior to FSR, designed to retain only Asp Cy resonances in the CO
spectral region, while eliminating all other signals (although in practice some residual
Glu Co intensity remains). The filter consists of a selective storage pulse applied to Asp
CB, followed by coherence transfer to Cy and Ca via RFDR. The subsequent REDOR
filter eliminates signals in the CO spectral region, which originate from nuclei directly
bonded to a N nucleus (Asn Cy, GIn C8 and C’). We have confirmed that the resulting
1D spectrum is equivalent to a weighted projection through the Asp CB-Cy and Glu Cy-

C0 region in the 2D correlation spectrum (Figure 5-3b).
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Figure 5-3. Two-dimensional RFDR “C-"C chemical shift correlation and filtered
one-dimensional “C MAS spectra of dark-adapted [U-"C," N]bacteriorhodopsin.
Spectra were recorded at 11.7 T (500 MHz 'H frequency), 12.5 kHz MAS and —80 °C.
The 2D correlation spectrum shown in (a) displays only Asp CB-Cy and Glu Cy-C9o cross-
peaks. To eliminate Asn Cy and GIln CO signals in t, the conventional 2D RFDR
sequence®™ was followed by a REDORY* "“C-"N dipolar (filter:
CP-t,~(st/2),,~RFDR~(71/2)-REDOR filter—t,. RFDR and REDOR filter lengths were 0.96
ms and 1.44 ms, respectively. The data were acquired by shifting phase 1y according to
Ruben and co-workers* as (16, 512) complex points with dwell times (320, 20) us. Each
FID was 512 scans, with a 4.0-s recycle delay, resulting in a total measurement time of
~18 h. C chemical shifts are indirectly referenced to the methyl 'H resonance of DSS.*
The filtered spectrum in (b) was recorded using the pulse sequence in Figure 5-4 with the
FSR period omitted. A total of 16384 scans were averaged, with a 4.0-s recycle delay,
yielding a total measurement time of ~18 h.
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Figure 5-4. Two-dimensional experiment for the measurement of dipolar couplings
between the retinal SB nitrogen and Asp Cy in [U-"C,”N]bR.

Spectra were recorded at 7.4 T, 6494 Hz MAS, and -30 °C. Light-adapted bR was
prepared as described in the experimental section. Narrow and wide rectangles represent
n/2 and ; pulses, respectively. The "C Gaussian 3m/2 pulse applied in the Asp CB
spectral region following CP was 1.232 ms long. RFDR and REDOR filter times were
both 1.232 ms. REDOR and FSR "N i pulse lengths were 13 us (xy-4 phase cycling).
During FSR (t,) Gaussian 7 pulse lengths were 0.308 ms and 4.004 ms for Asp “CO and
Lys216 “NC, respectively. Gaussian pulses were divided into 64 steps and truncated at
1%. The z-filters were A=50 us. Proton decoupling was 125 and 100 kHz during mixing
and acquisition, respectively (see ref 22). Phase cycle: ¢,=1, ¢,=1, ¢;=24, ¢,=1, ¢ps=2,
Q=11111111 11111111 11111111 11111111 33333333 33333333 33333333 33333333,
¢,=11111111 22222222 33333333 44444444, ¢,=11223344, ¢,...,.=42244224 31133113
24422442 13311331 24422442 13311331 42244224 31133113, where 1=x, 2=y, 3=-x,
4=-y.

FSR distance measurements from Lys216 NC to Asp85 Cy and Asp212 Cy in
light-adapted bR are presented in Figure 5-5. Spectra in Figures 5-5a and 5-5b clearly
show that Asp85 and Asp212 Cy are selectively dephased by the retinal SB "°N, while the

other Asp signals remain unchanged. FSR dephasing curves for several *C-"N distances
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in the 4.0-5.5 A range were calculated using the SIMPSON NMR simulation software™
(see experimental section). Experimental S/S, curves for Asp85 and Asp212 are
compared with 4.0, 4.5, 5.0 and 5.5 A simulations in Figures 5-5¢ and 5-5d. Asp85 and
Asp212 distances were found to be 4.7+0.3 A and 4.9+0.5 A, respectively. The Asp85
distance is in agreement with recent diffraction distances (4.3-5.0 A), and the Asp212

distance appears to be somewhat longer than the diffraction values (4.0-4.4 7).

a Asp85 c

Asp212 | Asp9e/

External Asp/Glu & ¢ %Y

S/So
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O Experiment
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Figure 5-5. Distance measurements from the Schiff base Lys216 NC to Asp85 Cy and
Asp212 Cy in light-adapted [U-"C,”N]bR.

(a) Reference (S,) and (b) REDOR (S) spectra recorded using the pulse sequence in
Figure 2 with t,=19.712 ms. Experimental spectra (O) and fits with Gaussian lineshapes
(lines) are juxtaposed. (c) Asp85 Cy and (d) Asp212 Cy REDOR S/S, curves.
Experimental data (O) were obtained with 32768 and 65536 transients for t;,<15 ms and
t;>15 ms, respectively (interleaving S, and S spectra for each t, point in blocks of 256
transients). The error bars in the experimental S/S, points were calculated from the
uncertainties in the Gaussian lineshape fits. Using a 2.0 s-recycle delay, the total duration
of the experiment was ~10 days. Simulations (lines) for 4.0, 4.5, 5.0 and 5.5 A carbon-
nitrogen distances were generated using SIMPSON.” The best-fit distances are 4.7+0.3 A
for Asp85 and 4.9+0.5 A for Asp212.
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5.4 Conclusions

We have applied frequency selective REDOR to distance measurements between
the Schiff base and aspartic acids in the active site of uniformly "“C,”N labeled
bacteriorhodopsin. The measured distances are in reasonable agreement with recent
diffraction studies, and complement previous structural investigations of the bR active
site by SSNMR.* The methods described can be applied to the characterization of bR

photocycle intermediates.
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CHAPTER 6. 3D TEDOR NMR EXPERIMENTS FOR THE
SIMULTANEOUS MEASUREMENT OF MULTIPLE CARBON-
NITROGEN DISTANCES IN U-"C,*"N-LABELED SOLIDS

Note: Reproduced with permission from C. P. Jaroniec, C. Filip and R. G. Griffin,
“3D TEDOR NMR experiments for the simultaneous measurement of multiple carbon-
nitrogen distances in uniformly “C,"’N-labeled solids,” J. Am. Chem. Soc. 124 (2002)
10728-10742. Copyright 2002 American Chemical Society.

ABSTRACT

We describe three-dimensional magic-angle-spinning NMR experiments for the
simultaneous measurement of multiple carbon-nitrogen distances in uniformly “C,”N
labeled solids. The approaches employ transferred echo double resonance (TEDOR) for
“C-"N coherence transfer and N and "C frequency labeling for site-specific resolution,
and build on several previous 3D TEDOR techniques. The novel feature of the 3D
TEDOR pulse sequences presented here is that they are specifically designed to
circumvent the detrimental effects of homonuclear “C-"C J-couplings on the
measurement of weak "C-"N dipolar couplings. In particular, homonuclear J-couplings
lead to two undesirable effects: (i) they generate anti-phase and multiple-quantum (MQ)
spin coherences, which lead to spurious cross-peaks and phase-twisted lines in the 2D
“N-"C correlation spectra, and thus degrade the spectral resolution and prohibit the
extraction of reliable cross-peak intensities, and (ii) they significantly reduce cross-peak
intensities for strongly J-coupled "C sites (e.g., CO and C%). The first experiment
employs z-filter periods to suppress the anti-phase and MQ coherences and generates 2D

spectra with purely absorptive peaks for all TEDOR mixing times. The second approach
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uses band-selective °C pulses to refocus J-couplings between "“C spins within the
selective pulse bandwidth and "C spins outside the bandwidth. The internuclear distances
are extracted using a simple analytical model, which accounts explicitly for multiple
spin-spin couplings contributing to cross-peak buildup. The experiments are
demonstrated in two U-"C,"”N labeled peptides, N-acetyl-L-Val-L-Leu (N-ac-VL) and
N-formyl-L-Met-L-Leu-L-Phe (N-f-MLF), where 20 and 26 “C-"N distances up to ~5-6
A were measured, respectively. Of the measured distances, 10 in N-ac-VL and 13 in N-f-

MLF are greater than 3 A and provide valuable structural constraints.
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6.1 Introduction

Recent advances in magic-angle-spinning (MAS) solid-state nuclear magnetic
resonance (SSNMR) instrumentation and methodology'® have greatly extended the
applicability of SSNMR from selectively to multiply C,”N labeled peptides and
proteins. At moderate magnetic field strengths of 7-14 Tesla (‘H Larmor frequencies of
300-600 MHz), complete sequence specific °C and N resonance assignments have been
obtained for several uniformly "°C,"”N labeled micro-crystalline peptides*’ and peptides

that self-assemble to form amyloid fibrils,*®

and partial resonance assignments were
determined for the 76-residue human ubiquitin.”'® At magnetic fields of 17.5-19 Tesla
(‘H Larmor frequencies of 750-800 MHz), resonance assignments for several uniformly
“C,”N labeled proteins have been recently presented.'”' Specifically, partial
assignments have been obtained for the 58-residue bovine pancreatic trypsin inhibitor
(BPTD)'' and the 150 kDa LH2 light-harvesting membrane-protein complex,'> and nearly
complete sequence specific "C and "N" and non-exchangeable 'H'* assignments have
been reported for the 62-residue a-spectrin SH3 domain.

Site-specific resonance assignments are a source of valuable structural
information in biomolecular solution- and solid-state NMR because the difference
between the experimentally observed isotropic chemical shifts and the corresponding
random coil values can be used to predict the conformation of the protein backbone.'>*!
Additional information about secondary and tertiary structure in solid-phase peptides and
proteins can be obtained from direct measurements of homo- and heteronuclear dipolar

couplings, reintroduced during MAS using dipolar recoupling techniques."” The

experiments used for sequential resonance assignments generally exploit the strongest
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spin-spin interactions and are relatively straightforward to implement in uniformly
“C,"N labeled systems. On the other hand, long-range distance measurements in these
systems are more complicated. The nuclei form a tightly coupled network via through-
space (dipolar coupling) and through-bond (J-coupling) spin-spin interactions;
consequently, the strongest couplings can interfere with the accurate determination of the
weaker ones.”””® In the following we will focus our attention on the problem of
heteronuclear "C-"N recoupling in multiple spin systems, with the ultimate goal of
measuring multiple carbon-nitrogen distances simultaneously in uniformly "“C,”N
labeled peptides and proteins.

A number of experiments have been developed to reintroduce the dipolar
coupling between a pair of low-y spin /=1/2 nuclei (e.g., °C, “N, *'P) during MAS."”?
Some of the most robust and versatile heteronuclear recoupling experiments are derived

from rotational echo double resonance (REDOR)***

and the closely related transferred
echo double resonance (TEDOR).”* (Applications of these methods to systems of
importance in biology and materials science have been summarized in several recent
reviews.">’") During REDOR,”* the I-S dipolar coupling is reintroduced by a train of
rotor-synchronized 180° pulses applied to the S-spins. This results in the dephasing of the
I-spin echo with a modulation frequency proportional to the magnitude of the dipolar
coupling. TEDOR* (the basic pulse sequence consists of two REDOR periods
bracketing a pair of 90° pulses on I and § spins) acts to transfer magnetization between
dipolar coupled I and S nuclei, where the buildup of the S-spin magnetization is

proportional to the magnitude of the /-S dipolar coupling. TEDOR coherence transfer

dynamics are analogous to the well-known solution-state INEPT experiment,”> which
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uses the heteronuclear J-coupling to achieve coherence transfer, and solid-state INEPT
experiments,” for which coherence transfer is accomplished via heteronuclear dipolar
couplings. While REDOR and TEDOR are both well-established for selectively “C,”N
labeled samples, their application to multiply labeled systems is less straightforward.
Depending on the details of the particular experiment the recoupling dynamics can
depend on multiple spin-spin couplings and their relative orientations, which potentially
complicates accurate measurements of weak *C-"N dipolar couplings.”

Various experiments based on REDOR and TEDOR have been proposed to
circumvent the problems associated with multiple spin systems.”** Most recently we
described a frequency selective REDOR (FSR)* experiment and demonstrated its
applications to uniformly "°C,"’N labeled peptides and proteins.*** The experiment was
specifically developed to perform accurate site-specific measurements of weak “C-"N
dipolar couplings in U-">C,"N labeled samples. Accordingly, for a tripeptide N-formyl-L-
Met-L-Leu-L-Phe (N-f-MLF), 16 “C-"N distances up to ~6 A were measured using FSR
with ~0.1-0.3 A precision* and used in combination with multiple dihedral angle
constraints® to calculate the three-dimensional high-resolution structure of N-f-MLF.” In
the special case of a biological macromolecule exhibiting sufficient *C and "N chemical
shift resolution, frequency selective REDOR was applied to a 248-residue membrane
protein, bacteriorhodopsin, to determine two distances between the retinal Schiff base
nitrogen and carboxyl groups of aspartate residues, D85 and D212, across the active
site.”

In the following we discuss three-dimensional heteronuclear correlation

(HETCOR) experiments, which are designed to simultaneously measure multiple long-
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range carbon-nitrogen distances in uniformly "“C,"”N labeled samples. During a 3D
HETCOR experiment a series of 2D /-S chemical shift correlation spectra are recorded as
a function of the duration of the /-S coherence transfer period (also referred to as the
mixing time); for distance measurements the coherence transfer proceeds via /-S dipolar
couplings. Cross-peaks located at (Q2g;, €2,) in the 2D spectra, where €2, and Q; are the
isotropic chemical shifts of the i I-spin and the j” S-spin, respectively, are observed only
for I-S spin pairs having a sufficiently strong dipolar coupling, and the buildup of cross-
peak intensities as a function of the mixing time provides information about /-§S distances
in a site-specific fashion. The experiments discussed here employ TEDOR for “C-"N
coherence transfer and build on 3D TEDOR techniques described previously by Fyfe and
co-workers,” van Eck and Veeman,” and Michal and Jelinski.** We note that a 3D
HETCOR experiment of this type based on band-selective "C-"N cross-polarization*'
has also been discussed.”

34,35

The previous 3D TEDOR pulse sequences, where the initial S-spin
magnetization is frequency labeled and transferred using TEDOR to the /-spins for
detection, are not directly applicable to uniformly C,"”N labeled systems, because "*C-
C dipolar and/or C and "N chemical shift anisotropy (CSA) interactions are active
during the mixing period and interfere with the *C-""N coherence transfer process. These
3D TEDOR experiments were recently extended to multiple "C,"”N spin systems by
Michal and Jelinski,” who described an approach where the initial "C magnetization is
transferred to "N for frequency labeling and subsequently transferred back to “C for

detection; the resulting experiment is relatively insensitive to strong C-"C dipolar

couplings and significant °C and "N CSA interactions. While this modified 3D TEDOR
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experiment’® addresses many of the problems associated with uniformly "*C,"”N labeled
samples it is not explicitly compensated for homonuclear “C-">C J-couplings (J = 30-60
Hz in peptides™), which interfere with the measurement of weak “C-"N dipolar
couplings. These homonuclear J-couplings generate anti-phase and multiple-quantum
(MQ) spin coherences during the mixing period, which lead to spurious cross-peaks and
phase-twisted lines in the 2D spectra, and prohibit the extraction of reliable cross-peak

intensities. These problems become particularly severe for mixing times on the order of

mix

1
. = 27 Furthermore, the cross-peaks are modulated by the J-evolution, which leads to

significantly reduced intensities for strongly J-coupled "C sites (e.g., CO and C?).

In this paper we describe two modified 3D TEDOR experiments specifically
designed to address the problems associated with the homonuclear J-couplings. The first
approach employs z-filter periods to suppress the anti-phase and MQ coherences,
generates 2D ""N-"’C correlation spectra with pure absorption mode peaks for all TEDOR
mixing times, and provides information about all carbon-nitrogen distances
simultaneously. The second approach uses band-selective C pulses to refocus J-
couplings between “C spins within the selective pulse bandwidth and "C spins outside
the bandwidth and is particularly applicable to distance measurements involving strongly
J-coupled "“C sites (homonuclear J-decoupling of this type has been used previously in
solution- and solid-state NMR experiments******) The “C-""N distances are extracted
using a simple analytical model, which accounts explicitly for multiple spin-spin
interactions contributing to cross-peak buildup. The methods are demonstrated in model
U-"C,"N labeled peptides, N-acetyl-L-Val-L-Leu and N-formyl-L-Met-L-Leu-L-Phe,

where 20 and 26 "“C-"N distances up to ~5-6 A were measured, respectively.
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6.2 Experimental

6.2.1 NMR Experiments

NMR spectra were recorded at 11.7 T (500.1 MHz 'H, 125.8 MHz "°C, 50.7 MHz
“N) using a custom-designed spectrometer (courtesy of Dr. David J. Ruben) with a
Chemagnetics (Fort Collins, CO) triple-resonance MAS probe. The probe was equipped
with a 4.0 mm Chemagnetics spinning module. The spinning frequency of 10.0 kHz was
used in the experiments and regulated to +5 Hz with a Doty Scientific (Columbia, SC)
spinning frequency controller. Samples were centerpacked in the rotors to minimize the
effects of rf inhomogeneity. The 3D TEDOR pulse sequences are shown in Figure 6-1
and described in detail in the Theoretical Background section below. Unless otherwise
indicated, the "N REDOR & pulse length was 10 us, the °C and N /2 pulses were 5 us,
the TPPM decoupling was ~100 kHz (total phase difference = 12°, TPPM pulse length =
5.0 wus) during mixing and ~83 kHz (total phase difference = 12°, TPPM pulse length =
6.0 us) during ¢, and t,, the CW decoupling was 100 kHz, and the C band-selective
Gaussian pulse (Figure 6-1b) was 0.4 ms, divided into 64 increments, and truncated at

1% of the maximum amplitude.

6.2.2 U-"C,"" N-Labeled Peptides

The peptides used in the experiments were: [U-"C,"’N]N-acetyl-L-Val-L-Leu (N-
ac-VL) and N-formyl-[U-"C,”N]L-Met-L-Leu-L-Phe (N-f-MLF). The U-"C,"N labeled
amino acids and [1,2-""CJacetic anhydride used in the peptide synthesis were purchased

from Cambridge Isotope Laboratories (Andover, MA). N-ac-VL and N-f-MLF were

192



synthesized by Synpep (Dublin, CA) and American Peptide (Sunnyvale, CA),
respectively, using standard solid phase methods and purified by HPLC. To minimize the
effects of intermolecular couplings on the measured distances, the U-"C,”N labeled
peptides were diluted in the respective natural abundance peptides followed by
recrystallization from appropriate solvents: N-ac-VL was diluted to ~20% and
crystallized from a 1:1 (v/v) H,O:acetone solution’® and N-f-MLF was diluted to ~10%

and crystallized from 2-propanol.**

6.3 Theory

6.3.1 3D TEDOR Pulse Sequences

The 3D TEDOR experiments are presented in Figure 6-1. The 3D z-filtered
TEDOR sequence (Figure 6-1a) (also denoted in the following as 3D ZF TEDOR)
provides information about all >C-"N dipolar couplings simultaneously. The 3D band-
selective TEDOR sequence (3D BASE TEDOR) shown in Figure 6-1b probes dipolar
couplings for °C spins within the selective pulse bandwidth and is particularly applicable
to distance measurements involving sites with strong *C-"C J-couplings (e.g., CO and
CY.

The desired TEDOR coherence transfer pathway for a heteronuclear /-S spin pair

(1 and S represent °C and "N, respectively) with the effective dipolar coupling, w, is:

. 90, (1),90, . 1
[, —=%=2I S, sin(or,, /2) —2L2O 5 _of S, sin(wt,, /2)—1—
. i 90 _, (1).90,,, () . i
-21.8, sin(wt,, /2)e™" ———>-2[ S, sin(wr,. /2)e's"
——— sinz(a)tm,.x / Z)eigs" —2 [ sin’ ((utml.x / 2)e"95'1 e
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Figure 6-1. 3D TEDOR pulse sequences.

3D z-filtered TEDOR (a) and 3D band-selective TEDOR (b) pulse sequences. Narrow
and wide solid rectangles represent /2 and & pulses, respectively. During REDOR two m
pulses per rotor period are applied on the "N channel and phase cycled according to the
xy-4 scheme.” The short delay, 7, ensures that the total delay between the REDOR
mixing periods is equal to an integer number of rotor cycles and is required for efficient
reconversion of anti-phase coherences into observable "C magnetization. In (a) the
modifications to the recently described 3D TEDOR experiment™ are highlighted by gray
rectangles. The modifications consist of two z-filter periods, A, which eliminate multiple
quantum and anti-phase spin coherences generated by ""C-"C J-evolution (see text for
details). During the z-filters a weak proton rf field, w,= w,, was applied™ to facilitate the
rapid dephasing of transverse C spin coherences via the contact with the abundant
proton bath. In (b) band-selective C Gaussian s pulses refocus “C-">C J-couplings to
nuclei outside the m pulse bandwidth. The phase cycles were: (a) ¢, = 16x(1) 16x(3), ¢, =
1, ¢; = 13, ¢, = 2244, ¢5 = 11112222 33334444, ¢,..., = 42241331 24423113 24423113
42241331; (b) ¢, = 8x(1) 8x(3), ¢, = 1, ¢ = 13, ¢, = 11223344, ¢,.., = 31241342
13423124, where 1 = x,2 =7y, 3 = -x, 4 = -y. All remaining pulses (except "N & pulses
during REDOR which were phase cycled xy-4 and 'H spin-lock which had phase y) have
phase x. Hypercomplex data were acquired by shifting ¢, according to Ruben and co-
workers.”
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The transverse I-spin (°C) magnetization is created using ramped cross-polarization from
protons.” Subsequently, a REDOR sequence,”* initiated for a time ?,,/2, reintroduces
the /-S dipolar coupling and generates /-spin coherence in anti-phase with respect to the
S-spin (~1,S,). The first pair of 90° pulses on the / and S spins results in coherence transfer
to the S-spin (~/.§)). This coherence is frequency labeled in #, with the S-spin chemical
shift, €. The second pair of 90° pulses on the 7 and S spins transfer the coherence back to
the I-spin (~/,S). The resulting anti-phase coherence is reconverted into observable /-spin
magnetization (~I,) during the second REDOR period and frequency labeled with the /-
spin chemical shift, €,, during the acquisition of the FID in #,. Assuming quadrature

5361 3 Fourier transformation of the time-domain data results in a 2D

detection in ¢, and ¢,,
spectrum with a cross-peak at the frequency (€2, €2,). For each crystallite in the powder
sample the cross-peak intensity is modulated as a function of the mixing time, ¢,,,
according to sin*(wt,,, /2).

In our implementation of 3D TEDOR experiments for uniformly “C,"”N labeled
samples, all REDOR pulses are applied on the °N channel to avoid the recoupling of "*C

%263 and phased according to the xy-4 scheme” to compensate for pulse

spins,
imperfections and resonance offset effects (pulse timings have been described in detail
elsewhere*). The MQ and anti-phase terms in the density matrix created by homonuclear
J-evolution are suppressed using two z-filter periods, A, highlighted by gray rectangles.
For 3D BASE TEDOR the band-selective °C pulse, centered in the period occupying an
even number of rotor cycles (2m7,), refocuses homonuclear J-couplings. The influence of

proton couplings during the "C—"N recoupling periods is attenuated by a combination of

continuous-wave (CW) and two-pulse phase modulation (TPPM)* decoupling as
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described in detail previously.* TPPM decoupling was used during ¢, and t,. The delay, 7,
following #, evolution ensures that the total delay between the REDOR mixing periods is
equal to an integral number of rotor cycles and is crucial to the efficient reconversion of

anti-phase coherences to observable *C magnetization.

6.3.2 Spin Dynamics in U-"*C,”N Labeled Systems

We consider a uniformly “C,"N labeled sample spinning rapidly about the magic
angle (0, = tan"' 2 ) at a frequency far from rotational resonance conditions.” For the
3D TEDOR pulse sequence shown in Figure 6-1a, the spin system can be considered to
evolve under isotropic chemical shifts and homonuclear J-couplings during the free

evolution periods, ¢, and t,:

H= Z Q1 + Z QS + Yt 21 1, , (1)

Jj<k

and under the recoupled heteronuclear dipolar interactions and homonuclear J-couplings

during the two REDOR mixing periods, ,,,,:
H=»w,21.S§, +» xJ 21, 2)
; Jk=T ke ; Jk=t izt ke

In the above expressions / and S angular momentum operators represent the °C and "N
spins, respectively, Q, and Q; are the °C and "N isotropic chemical shifts, and J is the
PC-"C J-coupling constant (in hertz). w is the orientation-dependent effective “C-""N
dipolar coupling reintroduced by the REDOR sequence (a detailed expression for @ can
be found in ref 44 and references therein), which is a function of the dipolar coupling

constant, D (in hertz), and hence the internuclear distance, 7:
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Since all terms in eqs 1 and 2 commute with each other, the time-evolution of spin
coherences can be derived using straightforward product-operator calculations.”® A
detailed analysis of the spin dynamics for a simple multiple spin system (/,-S) was
performed explicitly. Complete results are presented in the Appendix and the most
important points are summarized below. The main conclusion of the analysis is that the
presence of a network of multiple J-coupled "C spins causes serious limitations for
measuring weak C-""N dipolar couplings in uniformly "*C,"’N labeled systems using 3D
TEDOR schemes, which are not explicitly compensated for homonuclear J-couplings.

To derive the basic spin dynamics for 3D TEDOR experiments it is sufficient to
monitor the evolution of the transverse magnetization for only one of "*C nuclei in the I,-
S system, for instance /,,. During the REDOR mixing period the initial density operator

evolves under the Hamiltonian in eq 2 according to:

I, = Lc,c, +21 1,c,8, + 211ySsz ¢, =410, 1,8 5,8, 4)
where
Sot = Sin(wllmix /2)
Cpp = cos(wltm,.x / 2)
)
s, = sin(m]tm / 2)

c, = cos(m]tmix /2)
and w, and J represent the /,-S dipolar coupling and the /,-1, J-coupling, respectively.
Equation 4 highlights the fundamental problems associated with the presence of
homonuclear J-couplings during REDOR mixing. The initial transverse "“C

magnetization evolves not only into "C-"N anti-phase spin coherences (~1,S,), which
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generate the desired cross-peaks at (€2, €2,) in the 2D correlation spectra and give useful
information about "C-"N distances, but also into multiple spin coherences that depend
on "C-"C correlations. These are represented by zero-quantum (ZQ) and double-
quantum (DQ) coherences with respect to the C spin operators (~/ 1.12,S,) at the end of
the first REDOR (excitation) period followed by 90° pulses on the / and S channels, and
by anti-phase coherences (~I,,/,,) at the end of the second REDOR (reconversion) period.
Evolution of these spurious coherences during ¢, and ¢, leads to severe distortions in the
resulting 2D spectra. As shown in detail in the Appendix, additional cross-peaks occur in
the indirect dimension and phase-twisted lineshapes develop along both spectral
dimensions with increasing mixing time. These artifacts, which are not related to /-S
dipolar couplings, degrade the spectral resolution and prohibit the extraction of reliable
cross-peak intensities.

Two improved 3D TEDOR schemes are proposed to compensate for the
detrimental effects of homonuclear J-couplings. In the 3D ZF TEDOR pulse sequence
(Figure 6-1a), the spurious cross-peaks and phase-twisted lineshapes are suppressed by
inserting two z-filters (highlighted by gray rectangles) prior to ¢, and ¢, free evolution
periods. During the filtering periods the spin coherences, which give purely absorptive
lines are stored longitudinally, while those responsible for the occurrence of anti-phase
signals remain in the transverse plane and are rapidly dephased through the interaction
with the abundant proton bath. The resulting 2D spectra contain a purely absorptive
cross-peak located at (€2, €2, for each dipolar coupled carbon-nitrogen spin-pair, C-N,.

The cross-peak intensity is given by:

Ni

I1 cosz(w[ktmix/2)> cos’(ml 1, 12) . (6)
[

k=1 j =1 i

V,(t,) = V,(0) <sin (0,1, 12)
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Here V(0) is the reference intensity for the i C spin in the one-dimensional cross-

polarization experiment, w; is the active “C-"N dipolar coupling which generates the
cross-peak located at (2, €2,), N, is the number of “N spins simultaneously coupled to
the i” “C nucleus, the summation index k runs over n; passive dipolar couplings, w;,
where n; = N, — 1, (...) represents the average over different crystallites in the powder,
and the summation index [ runs over m; °C spins J-coupled to the i” C spin. We note
that for an isolated /-S spin pair with no /-spin J-coupling partners and in the absence of
relaxation, the maximum achievable cross-peak intensity is approximately 52% of the
reference cross-polarization intensity.” In a model spin-pair, [2-"°C,"’N]glycine with D =~
900 Hz, we have achieved a TEDOR coherence transfer efficiency of ~45% of the cross-
polarization signal, which compares well with the theoretical maximum of 52% (data not
shown).

3D ZF TEDOR allows all carbon-nitrogen distances to be measured
simultaneously in a single 3D experiment. For the i "*C resonance located at frequency
Q, in the direct dimension, a pattern of N, cross-peaks emerges in the indirect dimension
with increasing mixing time. Qualitatively, each (Q,;, Q) cross-peak builds up at a rate
which directly reflects the strength of the corresponding active dipolar coupling, w;, and
N, provides information about the effective size of the C-"’N spin cluster (i.e., number of
“N spins simultaneously coupled to the i C spin, for which the “C-"N couplings are
sufficiently strong for the cross-peaks to be detectable experimentally). For most accurate

distance measurements, however, the dependencies on all interaction parameters included

in eq 6, as well as the influence of relaxation and experimental imperfections, must be
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rigorously taken into account (see Internuclear Distance Measurements section below for

details).
15
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Figure 6-2. TEDOR cross-peak simulations.

TEDOR cross-peak buildup curves simulated using eq 6 for a "C-""’N spin-pair with the
dipolar coupling D = 50 Hz (r = 4 A). The “C-"N spin-pair is considered to be either
isolated (thick solid line) or in the presence of one- or two additional J-coupled "C
nuclei. For each coupling topology, the strengths of the *C-"C J-couplings are given in
the inset (values typical for U-"C labeled peptides were used), and the buildup curves
were multiplied by exp(-I't,,), with T’ = 50 s™', to model relaxation effects. For these and
all other TEDOR buildup curves shown in this paper the cross-peak intensities are given
as a percentage of the "“C signal in a reference one-dimensional cross-polarization
experiment (i.e., V(0) = 100 in eq 6).

Although the 3D ZF TEDOR pulse sequence suppresses “C coherences
responsible for artifacts in the 2D spectra, the distribution of the initial magnetization
among multiple coherences reduces the amount of the available spin order that is stored
in "C-"N dipolar correlations. Quantitatively, this is described in eq 6 by the J-
modulation of cross-peak intensities (contained in the cos*(m/t,,/2) terms), where the

extent of the modulation for a particular °C site depends on the exact coupling topology

(i.e., number of J-coupled "C spins and the corresponding coupling strengths). In Figure
P P P g coupling g
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6-2 we present a series of simulated TEDOR cross-peak buildup curves for a 50 Hz
dipolar coupling (corresponding to a “C-"N distance of 4 A) and several J-coupling
topologies typical for U-"C labeled peptides. The cross-peak intensities in the presence
of J-couplings are found to be reduced approximately 2- to 5-fold for the various
topologies investigated. As expected, the effects are the smallest for weakly J-coupled *C
sites (e.g., sidechain CH; groups) and most severe for strongly coupled sites (e.g., CO
and C); this limits the range of "C-"N dipolar couplings observable experimentally for
strongly J-coupled “C nuclei using 3D ZF TEDOR.

Homonuclear J-couplings can be suppressed in solid-state NMR experiments

434455 and here we

using band-selective refocusing pulses as demonstrated previously,
have adapted this J-decoupling strategy in the context of 3D TEDOR experiments. The
resulting band-selective experiment (3D BASE TEDOR) shown in Figure 6-1b refocuses
homonuclear J-couplings between "°C spins within the selective pulse bandwidth and *C
spins outside the bandwidth, and extends the range of “C-"N distances that can be
measured for strongly J-coupled "C sites. Assuming that “C-""C J-couplings between

nuclei within the selective pulse bandwidth are negligible, the REDOR mixing

Hamiltonian is purely dipolar:

H-= Ekwjkzljzskz, (7
Js

where the summation index j runs over “C spins inverted by the selective pulse. The

cross-peak intensities are given by:
Ni

V,(1,) = V,(0) <sin (01,0 12) TT c05X( 0,1, /2)> : )

k=1 j
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where all terms have been defined in eq 6. We note that homonuclear J-decoupling is
achieved at the expense of distance measurements being limited to those "°C spins having
resonance frequencies within the selective pulse bandwidth, which requires the

acquisition of multiple 3D NMR spectra to cover the full *C spectral window.

6.3.3 Internuclear Distance Measurements

In principle, internuclear distances from the N, "N nuclei dipolar coupled to the i*
"C spin can be determined from the 3D ZF TEDOR experiment by fitting the buildup of
cross-peaks located at (€2,,, ;) in the 2D spectra, where k = 1,2,...,N,, with a set of N,
equations of the form given in eq 6, which depend on N, dipolar couplings and m; J-
couplings. For 3D BASE TEDOR the J-couplings can be neglected (see eq 8). In
addition, parameters describing relaxation and experimental imperfections must be
included in the simulations. The major difficulty associated with this approach is that the
cross-peak buildup exhibits a formal dependence on the relative orientation of the N,
dipolar couplings. This would require the use of Euler angles describing the orientations
of all dipolar tensors as additional fit parameters, which is impractical.

Instead, we use a simple analytical model to fit the cross-peak intensities and
extract carbon-nitrogen distances. The approach is based on Bessel function expansions
of dipolar-dephasing NMR signals derived by Mueller® and it provides an approximate
description of the TEDOR spin dynamics, which depends on dipolar coupling magnitudes
alone and is free of geometric parameters. Below we summarize the main features of the
model and evaluate its utility for distance measurements by comparison with “exact”

TEDOR cross-peak buildup simulations for an /-S, spin system.
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As shown in detail by Mueller” the cosine modulated REDOR dipolar dephasing

signal for individual crystallites in a powder sample can be written:

S s (1) = cos(er) = [JO(\/EDI)]Z + (7, V2Di)By). ©)
Here  is the orientation-dependent effective "C-"N dipolar coupling reintroduced by
the REDOR sequence (c.f. eq 2), ¢ is a generalized time variable, D is the dipolar
coupling constant (c.f. eq 3), Jy(x) is a Bessel function of zeroth order, and f(] k(x),/B,y)
is a complicated expression which depends on infinite series of Bessel functions, J,(x),
and Euler angles, B and y, describing the orientation of the dipolar tensor in the rotor-
fixed reference frame. The first few terms of the Bessel function expansion provide an
excellent description of the powder averaged REDOR dephasing signal;* in fact the J,(x)
term alone gives a reasonable approximation. These observations are equally valid for
TEDOR experiments.”’

Utilizing such a zeroth order approximation we proceed to describe the 3D
TEDOR experiments by neglecting all orientation dependent terms in eq 9. The resulting
simulation model consists of a set of N; equations, which are used to simultaneously fit

the buildup of N, cross-peaks corresponding to the i "°C nucleus:

A(1- [7,(+2D 1 )]2) H(l o o(‘Ekatmfx)]z)
. Ai<1 _ [JO(JED,»JW-X)T)

‘/il (tmix )

N;
k=

i

ﬁ (1+ [JO (V2D i, )]2> w0)

k=1 2

‘/iZ (tmix )

Vi, (z,.)= Ai(l - [JO(\/EDL.M tm,.x)]z) (1 + [JO(‘/EDiktznix)T)

For 3D ZF TEDOR the expression for A, is given by

N;-1

k=1
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A, = ;TK(O)Aiexp(—Etmix)ﬁcos2(n] £ l2), (11)

il “mix
I=l i
whereas for the band-selective experiment the J-coupling terms can be neglected:

1
A= Fvi(o))\q' exp(_ritmix) : "

Most terms in eqs 10-12 have been defined in eqs 6 and 9. The relaxation of spin
coherences due to insufficient proton decoupling is modeled as a single exponential with
the relaxation rate, I';. The constant, A, describes the amplitude scaling of cross-peaks,
which can arise from experimental imperfections, higher order CSA and “C-"C, 'H-"C
and '"H-"N dipolar coupling effects, and possible systematic deviations associated with
the description of experimental data using the approximate model (see discussion below).
For the peptides investigated here amplitude scaling factors were in the A = 0.5-1.0 range,
and typical relaxation rates were I' = 50-150 s'. The use of single A, and T'; parameters to
fit all cross-peaks corresponding to the i “C spin reduces the number of required fit
parameters and is justified because the experimental and internal molecular parameters
contributing to relaxation and amplitude scaling for each of the (€2,,, Q) cross-peaks do
not depend on whether a given “C-"’N coupling is active or passive (c.f. eq 6). We note
here that we have attempted to use separate two-dimensional spin-echo experiments with
PC-"C J-decoupling® to independently determine the “C relaxation rate, I'. For the
majority of “C sites in N-ac-VL the spin-echo relaxation rates were found to be
somewhat smaller than the values of I' giving the best fits to cross-peaks observed in the
3D TEDOR experiments, and can therefore be used to provide a lower bound for I'.

In summary, the main features of the simulation model are: (i) for the i" "C

nucleus coupled to N, °N spins all N, "C-"N distances are determined by simultaneously
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fitting the experimentally observed buildup of cross-peaks located at (€2, Q.), k =
1,2,...,N,, using eqs 10-12 with N, + 2 fit parameters (N, dipolar coupling constants, D,, a
relaxation rate, I';, and an amplitude scaling factor, A;), (ii) no knowledge of dipolar
tensor orientations and no powder averaging are required, and (iii) the cross-peak

intensities at long mixing times are inversely proportional to the number of "N spins, N,
-1
simultaneously coupled to the “C nucleus, V,(z,,) < (ZN") , which places a practical

limit on the magnitude of the weakest “C-"’N couplings that can be determined using 3D
TEDOR methods (for the di- and tripeptides investigated in this work “C-"’N dipolar
couplings corresponding to distances in the 4-6 A regime could be determined). We note
that for 3D ZF TEDOR the buildup of cross-peaks for the i °C nucleus also depends on
the coupling topology of the m; J-coupled "C nuclei (c.f. eq 11). These parameters are
held constant in the simulations since “C-"C J-couplings in peptides do not vary
significantly for different types of couplings (i.e., CO-C“, C*-C”, etc.).” We measured the
PC-"C J-couplings (see Table 6-1) in N-acetyl-L-Val-L-Leu and found them to be
clustered closely around the reported average values.” For N-acetyl-L-Val-L-Leu cross-
peak simulations the experimentally determined J-couplings were used. For N-formyl-L-
Met-L-Leu-L-Phe the J-coupling constants were not explicitly determined and in

='J ='J = 34

. . 1 _ 1
simulations we used the values: J., .. = 55 Hz and J b ot oo

co ce-ch

Hz.
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6.3.4 Uncertainties in the Measured Distances

In the following section, we discuss the uncertainties in distances determined
using 3D TEDOR experiments. Specifically, we have investigated the errors due to: (1)
random noise, (ii) use of incorrect values of "C-"C J-coupling constants in 3D ZF
TEDOR simulations, and (ii1) use of approximate analytical expressions in eqs 10-12 to
model the cross-peak buildup. For the model peptides investigated here we have found
that carbon-nitrogen distances could be measured with the relative precision of
approximately +£10-20%, where the uncertainty is mainly attributed to the use of the

approximate simulation model.

Table 6-1. Carbon-Carbon J-Coupling Constants in N-acetyl-L-Val-L-Leu

atoms "Joe (Hz)
Ac(CO) Ac(C%) 51
Val(CO) Val(C%) 52
Leu(CO) Leu(C%) 61
Val(C%) Val(CP) 35
Leu(C%) Leu(CF) 34
Val(CP) Val(C™) 35
Val(CP) Val(C?) 32
Leu(C") Leu(C") 37
Leu(C) Leu(C®) 35
Leu(C) Leu(C*) 28

Coupling constants were measured using a two-dimensional spin-echo sequence
described elsewhere.* In fitting the experimental J-dephasing curves we assumed the
contributions from *J.. and weaker couplings to be negligible.

The effects of random noise were evaluated using a Monte Carlo approach.”® For
each set of N, experimental cross-peak buildup curves corresponding to the i "°C spin, a
large number of sets of buildup curves (N = 1000) were generated by adding to each

mixing time point a random amount of noise with a Gaussian probability distribution (the

width of the distribution was determined by the experimental signal-to-noise ratio
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measured from the 2D spectra). Each set of generated curves was subsequently fit using a
grid of simulated cross-peak buildup curves, where each curve in the grid was calculated
as a function of the internuclear distances, relaxation rate and scaling factor. The fitting
was performed for the N random noise trials and best-fit parameters for each trial were
stored. The best-fit results for each trial were subsequently used to generate probability
distribution plots for the different fit parameters; the final best-fit distances were
extracted from the average of the distribution, and the width of the distribution provided a
measure of the random error in the measured distances. The signal-to-noise ratio for the
model peptides investigated here was relatively high and for the majority of "C sites the
errors in the measured distances due to random noise were found to be less than +0.1 A.

For 3D ZF TEDOR the effect of using incorrect "C-"°C J-coupling constants (c.f.
eq 11) on the "C-"N distance measurements was also investigated. For N-acetyl-L-Val-
L-Leu, where the exact values of the J-couplings are known (see Table 6-1), we found
that the best-fit distances were not appreciably affected when incorrect J-couplings
(which differed by as much as +25% from the actual values) were used in the
simulations. Quantitatively, the differences in the best-fit *C-""N distances were less than
+0.1 A for distances in the 4 A regime.

As noted above, the approximate model used to describe the buildup of cross-
peaks in the 2D spectra is the main source of uncertainty in the “C-"N distances
measured using 3D TEDOR experiments. In order to quantify these systematic errors we
have compared the approximate model described in eq 10 with “exact” powder averaged
simulations based on average Hamiltonian theory (AHT)® (see eq 8) for a model I-S, spin

system. A grid of exact simulations was generated using eq 8 for pairs of dipolar
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couplings with varying magnitudes and relative orientations. Specifically, the buildup

curves were calculated for mixing times ¢,,,, = 0-20 ms. Distances between 1.2 and 5.0 A
were used with a 0.1 A increment, and for each pair of couplings the angle, 8, between
the dipolar vectors was varied between 0° and 90° in 10° increments (the amplitude
scaling factor and relaxation rate were set to A = 0.5 and I = 50 st respectively, for the
exact simulations). Subsequently, each exact simulation in the grid was fit using a grid of
approximate simulations generated using eq 10 for distances in the 1.0-7.0 A range,
where the parameters A and I" were allowed to vary freely during the fit.

The results of fitting the exact AHT simulations using the approximate analytical
model are presented in Figure 6-3. Overall, the analytical model provides a good
description of the spin dynamics in the /-S, system for the various coupling topologies
(perfect agreement is indicated by the solid line of slope 1.0). For a given exact
simulation input distance corresponding to the active dipolar coupling, the majority of
best-fit distances obtained from the approximate simulations, which span a wide range of
passive couplings and relative orientations, are well within +10% of the input distance
(indicated by the dashed lines) and virtually all best-fit distances are within £20% of the
input distance (indicated by the dotted lines). A closer examination of the results
indicates that the approximate best-fit distances, which differ by more than 10% from the
input distance used for the AHT simulation, correspond to a small subset of coupling
topologies for which the two dipolar couplings are of similar magnitude and the angle
between the dipolar vectors is in the 8 = 0-20° range. This is consistent with previous

observations.”® The uncertainties of +10-20% in the 3D TEDOR distance measurements

are reasonable, and the utility of the simple analytical simulation model is further
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supported by good correspondence between the NMR and X-ray distances determined for
the di- and tripeptides investigated here (see Results and Discussion section).

Finally, we note that the uncertainties in the distances measured using 3D
TEDOR experiments are somewhat larger than those obtained for frequency selective
REDOR measurements. For example, the error in a "C-"N distance measured as 4.0 A
using 3D TEDOR can be assumed to be in the +0.4-0.8 A range. By comparison,
distances in the 4 A regime measured using FSR had typical uncertainties on the order of
0.1-0.2 A.** The 3D TEDOR experiments, however, provide a more general approach to

the determination of multiple structural constraints in uniformly “C,"’N labeled systems.
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Figure 6-3. Comparison of the approximate simulation model with average
Hamiltonian simulations for an I-S, spin system.

A grid of TEDOR buildup curves based on average Hamiltonian theory was generated
using eq 8 for pairs of dipolar couplings with different magnitudes and relative
orientations (see text for details). The AHT TEDOR simulations were subsequently fit
using the approximate analytical model in eq 10. Perfect agreement between the input
distances used for the AHT calculations and best-fit distances obtained using the
approximate model is indicated by the solid line of slope 1.0. Discrepancies between the
input and best-fit distances of £10% and +20% are indicated by the dashed and dotted
lines, respectively.
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6.4 Results and Discussion

6.4.1 Distance Measurements in [U-"*C,’N]N-acetyl-Val-Leu

In the following we apply the 3D TEDOR experiments to the simultaneous
measurement of multiple carbon-nitrogen distances in U-"C,"”N labeled peptides, N-
acetyl-L-Val-L-Leu (N-ac-VL) and N-formyl-L-Met-L-Leu-L-Phe (N-f-MLF).

N-acetyl-L-Val-L-Leu represents an excellent model system for the 3D TEDOR
experiments. The three-dimensional structure of the peptide (see Figure 6-4) has been
determined using X-ray crystallography.” Furthermore, various SSNMR structural
studies, which include complete C and N resonance assignments and carbon-nitrogen

distance measurements,* have been performed for N-ac-VL.

Figure 6-4. X-ray crystal structure of N-acetyl-L-Val-L-Leu.

In Figure 6-5 we show representative two-dimensional slices from the broadband

3D TEDOR experiments corresponding to mixing times in the range ¢,,, = 4-16 ms. The

mix

spectra in Figures 6-5a — 6-5¢ and Figures 6-5d — 6-5f were acquired using the pulse
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sequence in Figure 6-1a with the z-filter periods (highlighted by gray rectangles) omitted
and included, respectively. For clarity only the aliphatic "*C resonances are shown, where
the cross-peak assignments are based on previous studies.* While for short mixing times
(t,.. = 1-2 ms), which reveal correlations between directly bonded “C and "N nuclei, the
2D spectra with and without the z-filter periods are nearly identical, for longer mixing
times the spectra are clearly degraded due to "C-"C J-evolution as described in detail in
the Appendix. The essential spectral features due to the J-couplings in the form of
spurious cross-peaks and phase-twisted lines are observed experimentally (Figures 6-5a —
6-5c). These artifacts can be suppressed using the z-filter periods resulting in 2D spectra
with pure absorption mode peaks (Figures 6-5d — 6-5f), and hence optimal resolution and
sensitivity.

For N-acetyl-L-Val-L-Leu a number of "C-"N correlations are observed in
Figure 6-5. Each cross-peak is labeled with the “C and "N frequencies characteristic of
the dipolar coupled nuclei, and can be used to obtain internuclear distance information. In
Figure 6-6 we demonstrate the 3D TEDOR distance measurements from Val C* and both
Val C' carbons to the Val and Leu nitrogens. The cross-peak intensities, corresponding to
carbon-nitrogen distances in the 2.5-4.7 A range, are plotted in Figures 6-6a - 6-6¢ as a

function of the TEDOR mixing time The internuclear distances were determined by

> tmix'

fitting the experimental buildup curves using the analytical model described in the

Theoretical Background section (c.f. eq 10).
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Figure 6-5. Representative two-dimensional slices from broadband 3D TEDOR
experiments in [U-"C,"”N]N-acetyl-L-Val-L-Leu.

Spectra were recorded using the pulse sequence in Figure 6-1a without (a)-(c) and with
(d)-(f) z-filters. The experiments demonstrate that the use of z-filters eliminates the
detrimental effects of “C-""C J-couplings and leads to pure absorption mode spectra (see
text for details). Positive and negative contours are shown in black and grey, respectively.
The experiments were performed at 500 MHz 'H frequency, w/2m = 10 kHz + 5 Hz and
the z-filter delays of A = 200 us were used. Additional experimental parameters are
described in the text. The 3D data set used to extract carbon-nitrogen distances was
recorded using the z-filtered sequence as (11, 1024, 16) points in (¢, t,, t,,), With time
increments of (2.0, 0.02, 1.2) ms resulting in acquisition times of (20.0, 20.5, 18.0) ms.
Each FID was 64 scans, the recycle delay was 3 s, and (¢, t,) points were acquired as
complex pairs for phase sensitive detection,” yielding a total measurement time of ~20 h.
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Figure 6-6. 3D ZF TEDOR cross-peak buildup curves in [U-"C,"”N]N-acetyl-L-Val-
L-Leu.

The buildup curves were acquired using the pulse sequence in Figure 6-la and
correspond to cross-peaks observed for the Val C* (a), Val C" (b) and Val C” (c)
resonances in the 2D correlation spectra in Figures 6-5d — 6-5f. For each "“C the
experimental buildup curves corresponding to the Val (@) and Leu (O) "N sites were fit
(—) using analytical expressions in eq 10 based on the zeroth order Bessel function
approximation. The "C-"C J-coupling constants used in the fits were measured in a
separate experiment (see Table 6-1). The cross-peak buildup curves shown correspond to
carbon-nitrogen distances in the 2.5-4.7 A regime (the actual distances measured are
noted in the insets). Similar simulations were performed for the remaining cross-peaks
(c.f. Figure 6-5) and the resulting "C-"N internuclear distances are summarized in Table
6-2.
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Figure 6-7. Representative two-dimensional slices from the 3D BASE TEDOR
experiment for *CO nuclei and cross-peak buildup curves in [U-"C,”N]N-acetyl-L-
Val-L-Leu.

The pulse sequence in Figure 6-1b was used with the carrier placed in the carbonyl region
and a Gausian band-selective "°C refocusing pulse of 0.4 ms. Experimental parameters
are described in the text and the 3D data set was recorded as described in Figure 6-5. For
the relatively short TEDOR mixing time (a) only the trivial one- and two-bond “C-"N
correlations are observed. However, with a longer mixing period (b) all cross-peaks
expected in the CO region are detected (we note that cross-peaks corresponding to the
weakest dipolar couplings were at the limit of detection using the 3D ZF TEDOR
sequence). The buildup curves for Val C’ (¢) and Ac C’ (d) corresponding to the Val (@)
and Leu (O) "N sites were fit (—) using analytical expressions in eq 10 and the distances
measured are found in the insets. All "C-"N internuclear distances measured in N-ac-VL
are summarized in Table 6-2.

For "C nuclei having relatively strong J-couplings to other °C spins, such as CO
and C“, cross-peaks corresponding to approximately 4 A and longer distances were found
to be at the limit of detection using 3D ZF TEDOR even for the simple spin system of

two "N nuclei represented by N-acetyl-L-Val-L-Leu. Specifically, the Ac(C’)-Leu(N)
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and Leu(C’)-Val(N) cross-peaks had very poor signal-to-noise ratios and the
corresponding distances were difficult to quantify. Using the band-selective pulse
sequence (3D BASE TEDOR) shown in Figure 6-1b, which refocuses the homonuclear J-
couplings, cross-peaks corresponding to the weak dipolar couplings could be easily

detected (Figure 6-7). Their buildup curves were used to measure the "C-"°N internuclear

distances.
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Figure 6-8. Summary of distance measurements in N-acetyl-L-Val-L-Leu.
Comparison of carbon-nitrogen distances in N-acetyl-L-Val-L-Leu measured using X-ray
diffraction” and 3D ZF TEDOR (@) and 3D BASE TEDOR (O) experiments (see text
for discussion of uncertainties in measured distances).

The carbon-nitrogen distance measurements in N-acetyl-L-Val-L-Leu are

summarized in Figure 6-8 and Table 6-2. A total of 20 distances between ~1.3-5 A were
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measured in the peptide using 3D ZF TEDOR and 3D BASE TEDOR. The measured
distances are in good agreement with the X-ray crystal structure” and previous SSNMR
studies.* Note that the slight systematic discrepancy between X-ray and NMR results for
the longest distances measured (r > ~4.5 A) is most likely caused by residual
intermolecular dipolar couplings resulting from the insufficient dilution of [U-"C,""N]N-

ac-VL in natural abundance N-ac-VL.

Table 6-2. Internuclear Distances in N-acetyl-L-Val-L-Leu

Fexn (A)
atoms 3D ZF TEDOR 3%5815{1;: X-ray*“
Val(N) Ac(C) 1.4 1.4 1.33
Ac(C%) 2.4 2.4 2.39
Val(C”) 2.4 2.4 2.39
Val(C% 1.5 — 1.45
Val(C?) 2.5 — 2.46
Val(C") 3.1 3.0 2.95
Val(C?) 4.0 3.8 3.81
Leu(C’) — 4.6 5.37
Leu(C) 4.9 5.0 5.52
Leu(N) Ac(C) 4.0 4.1 4.28
Val(C?) 1.4 1.3 1.33
Val(C% 2.4 — 2.44
Val(C?) 3.3 — 3.44
Val(C") 4.7 43 4.69
Val(C?) 3.5 3.4 3.38
Leu(C’) 2.4 2.5 2.47
Leu(C%) 1.2 — 1.45
Leu(C?) 2.4 — 2.48
Leu(C") 3.3 — 3.29
Leu(C) 3.4 3.5 3.25

“See text for a detailed discussion of uncertainties associated with the NMR distance
measurements. “Measurements of distances marked with a (—) for 3D BASE TEDOR
were not attempted. ‘Ref 70.
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6.4.2 Distance Measurements in N-formyl-[U-""C,"”’N|Met-Leu-Phe

N-formyl-L-Met-L-Leu-L-Phe represents a more complicated spin system, where
each "C can interact with up to three "N nuclei. Figure 6-9 shows the X-ray crystal
structure of the methyl ester analogue of N-f-MLF, N-formyl-L-Met-L-Leu-L-Phe-OMe
(N-f-MLF-OMe).”" A number of "“C-"N distances in N-f-MLF were determined
previously using frequency selective REDOR and found to be in good agreement with the
corresponding distances in N-f-MLF-OMe.* In fact, the overall three-dimensional
structure of N-f-MLF determined recently using SSNMR methods,” is in close

agreement with the N-f-MLF-OMe X-ray structure.

Figure 6-9. X-ray crystal structure of N-formyl-L-Met-L-Leu-L-Phe-OMe.

Figure 6-10 shows representative 2D ""N-"C correlation spectra in N-formyl-[U-
“C,”N]L-Met-L-Leu-L-Phe recorded using 3D ZF TEDOR. A large number of dipolar

correlations (~20) are observed in the aliphatic °C region for the spectrum acquired with
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10 ms of TEDOR mixing (Figure 6-10c), and each cross-peak carries information about
“C-"N internuclear distances. The “C and "N resonance assignments for N-f-MLF have
been presented in previous studies.***”> The 3D ZF TEDOR cross-peak buildup curves

for selected "°C sites corresponding to distances in the 2.5-5.8 A range are shown in

Figure 6-11.
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Figure 6-10. Representative two-dimensional slices for the 3D ZF TEDOR
experiment in N-formyl-[U-"*C,”N]L-Met-L-Leu-L-Phe.

The 2D spectra shown in (a) and (c) (with the 1D slices corresponding to Met, Leu and
Phe "N resonances shown in (b) and (d)) were recorded at 500 MHz 'H frequency and
w,/27 = 10 kHz + 5 Hz using the pulse sequence in Figure 6-1a with the z-filter delays of
A =200 us. Additional experimental parameters are described in the text. The 3D data set
consisted of 16 2D spectra acquired for TEDOR mixing times up to 18 ms and
incremented in a non-linear fashion in order to maximize the information content and
minimize the duration of the experiment. Each 2D spectrum was acquired as (19, 1024)
complex points in (¢, #,), with time increments of (800, 20) us resulting in acquisition
times of (14.4, 20.5) ms. Each FID was 128 scans, with a 3 s recycle delay, yielding a
total measurement time of ~67 h.
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Figure 6-11. 3D ZF TEDOR cross-peak buildup curves in N-formyl-[U-"C,"”N]L-
Met-L-Leu-L-Phe.

The buildup curves were acquired using the pulse sequence in Figure 6-la and
correspond to cross-peaks observed for the Met C? (a), Leu C (b) and Met C° (c)
resonances in the 2D correlation spectra in Figure 6-10. For each "C the experimental
buildup curves corresponding to the Met (@), Leu(®) and Phe (O) "N sites were fit (—)
using analytical expressions in eq 10 based on the zeroth order Bessel function
approximation. The values of “C-""C J-coupling constants used in the fits were 55 Hz for

IJCO _c«and 34 Hz for all other J-couplings. The cross-peak buildup curves shown in the

figure correspond to carbon-nitrogen distances in the 2.5-5.8 A regime (actual distances
measured are found in the insets). Similar simulations were performed for the remaining
cross-peaks (c.f. Figure 6-10) and the "C-"N internuclear distances are summarized in
Table 6-3.
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The 3D BASE TEDOR experiment is demonstrated in Figure 6-12 for distance
measurements in N-f-MLF involving *CO sites. Here, the dipolar coupling between
Met(C’) and Phe(N) is of most interest. It corresponds to an internuclear distance of 3.4
A and provides direct information about backbone conformation. The Met(C’)-Phe(N)
cross-peak (at the limit of detection using 3D ZF TEDOR) is easily detected (Figure 6-

12b) and its buildup can be used to determine the internuclear distance (Figure 6-12c).
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Figure 6-12. Representative two-dimensional slices from the 3D BASE TEDOR
experiment for *CO nuclei and cross-peak buildup curves in N-formyl-[U-"C,"”N]L-
Met-L-Leu-L-Phe.

The pulse sequence in Figure 6-1b was used with the carrier frequency on resonance with
the carbonyl region of the spectrum and a Gausian band-selective C refocusing pulse of
0.4 ms. Experimental parameters are described in the text. The 3D data set was recorded
as (12, 1024, 8) points in (¢,, t,, t,,,), With time increments of (0.8, 0.02, 2.0) ms resulting
in acquisition times of (8.8, 20.5, 16.0) ms. Each FID was 256 scans, the recycle delay
was 3 s, and (¢, t,) points were acquired as complex pairs yielding a total measurement
time of ~42 h. The buildup curves for Met C’ (¢) and Leu C’ (d) corresponding to the
Met (@), Leu(®) and Phe (O) "N sites were fit (—) using analytical expressions in eq
10 and the distances determined are indicated in the insets. All "C-"N internuclear
distances measured in N-f-MLF are summarized in Table 6-3.
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The carbon-nitrogen distance measurements in N-formyl-L-Met-L-Leu-L-Phe are
summarized in Figure 6-13 and Table 6-3. A total of 26 distances between ~1.3-6 A were
measured in N-f-MLF using 3D ZF TEDOR and 3D BASE TEDOR. The measured
distances are in good agreement with the corresponding X-ray diffraction distances in N-
f-MLF-OMe’' and previous SSNMR studies.* We note here, that for demonstration
purposes we have applied 3D BASE TEDOR to distance measurements involving “C
resonances other than CO in both peptides (buildup curves are not shown). The “C-"N
distances measured using the band-selective experiments in the methyl region of N-ac-
VL and C? region in N-f-MLF corresponded closely to the distances determined using 3D
ZF TEDOR (see Tables 6-2 and 6-3).

Finally, we note that many dipolar couplings measured in N-ac-VL and N-f-MLF
using the 3D TEDOR techniques corresponded to the trivial one- and two-bond “C-"N
distances, which do not restrain the peptide structure, and served as control experiments.
In N-ac-VL, 10 structurally interesting distances (r > ~3 A) were measured, and in N-f-
MLF, 13 such distances were determined. A number of distances in the 3-4 A regime
(e.g., Val(C?-Leu(N), Val(C")-Val(N), Leu(C')-Leu(N) in N-ac-VL and Met(C")-
Leu(N), Met(C")-Met(N), Leu(C")-Phe(N) in N-f-MLF) depend on a single  or ¥ torsion
angle (assuming standard values for the bond angles), and the longer distances in the 4-6
A range contain information about multiple ¢, y, and 7 torsion angles. These “C-"N
distance measurements place very strong constraints on the overall peptide structure
(particularly on the sidechain conformations), but in general they should be used in
combination with other structure determination methods, such as chemical shift

assignments, and direct measurements of torsion angles, to uniquely define a three-
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dimensional peptide structure. This approach was used for N-f-MLF, where long-range
PC-"N distance measurements* were combined with measurements of 10 ¢, y, and x,
torsion angles from dipolar tensor correlation experiments,” and used as constraints in

the calculation of a three-dimensional SSNMR structure for the tripeptide.™
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Figure 6-13. Summary of distance measurements in N-formyl-L-Met-L-Leu-L-Phe.
Comparison of carbon-nitrogen distances in N-formyl-L-Met-L-Leu-L-Phe measured
using 3D ZF TEDOR (@) and 3D BASE TEDOR (O) with the corresponding X-ray
diffraction distances determined for N-f-MLF-OMe’' (see text for discussion of
uncertainties in measured distances).
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Table 6-3. Internuclear Distances in N-formyl-L.-Met-L-Leu-L-Phe

ren (A
atoms 3D ZF TEDOR %%géls;;: X-ray‘
Met(N) Met(C’) — 2.5 2.40
Met(C%) 1.5 — 1.46
Met(CP) 2.5 2.6 2.50
Met(C") 3.8 — 3.04
Met(C*) 5.3 — 5.71
Leu(C*) 6.1 — 6.28
Leu(N) Met(C’) — 1.3 1.33
Met(C%) 2.6 — 2.44
Met(C") 3.2 3.2 3.20
Met(C") 5.0 — 4.56
Met(C*) 5.8 — 5.93
Leu(C’) — 2.4 2.46
Leu(C?%) 1.5 — 1.46
Leu(C") 2.6 2.6 2.50
Leu(C®) 3.9 — 3.63
Phe(N) Met(C’) — 34 341
Met(CP) 3.9 3.8 4.06
Met(C") 5.6 — 5.43
Met(C?) 5.2 — 5.62
Leu(C’) — 1.3 1.34
Leu(C%) 2.3 — 243
Leu(C") 32 3.1 3.12
Leu(C) 6.0 — 5.38
Phe(C’) — 2.7 2.37
Phe(C%) 1.4 — 1.47
Phe(C") 2.6 2.6 2.53

“See text for a detailed discussion of uncertainties associated with the NMR distance
measurements. “Measurements of distances marked with a (—) for 3D BASE TEDOR
were not attempted. ‘Ref 71.

6.5 Conclusions

In conclusion we have presented two 3D TEDOR NMR experiments for the
simultaneous measurement of multiple carbon-nitrogen distances in uniformly “C,"”N
labeled solids in site-specific fashion. The novel feature of the experiments is that they
are specifically compensated for the detrimental effects of “C-""C J-couplings on the

224



measurements of long-range carbon-nitrogen distances. The experiments are robust and
straightforward to implement. Qualitatively, the presence of *C-"N correlations in the
2D spectra itself provides direct information about three-dimensional structure, and
quantitative distance measurements were performed using a simple analytical simulation
model, which accounts explicitly for multiple spin-spin couplings contributing to cross-
peak buildup. The utility of the experiments for structural studies was demonstrated by
measurements of 20 and 26 carbon-nitrogen distances up to ~5-6 A in two uniformly
“C,"N labeled peptides. Specifically, 10 "C-""N distances measured in N-ac-VL, and 13
distances in N-f-MLF are greater than 3 A and provide valuable structural constraints.
We expect the 3D TEDOR experiments demonstrated here on microcrystalline peptides
to be applicable to structural measurements in non-crystalline biological systems, such as
amyloid fibrils and membrane proteins. We have recently used 3D ZF TEDOR to
simultaneously measure multiple "C-"’N distances in the 3-5 A range in a U-"C,"”N-
labeled amyloid fibril-forming peptide, and applications to distance measurements in the

bacteriorhodopsin active site*® can be envisaged.
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Appendix

In this section we calculate the 3D TEDOR spin dynamics in the simplest
multiple spin system (/,-S) having heteronuclear dipolar and homonuclear J couplings.
Although this is much simpler than the spin systems represented by the uniformly *C,"”N
labeled peptides, it is sufficient to demonstrate the detrimental effects due to
homonuclear J-couplings and explain the main features observed in the experimental 2D
correlation spectra shown in Figures 6-5a — 6-5¢. We consider the 3D TEDOR pulse
sequence shown in the Figure 6-1a, where the z-filter periods, A, are set to zero (i.e., the
homonuclear J-coupling is active throughout the entire experiment). In the analysis it is
sufficient to follow the evolution of the transverse magnetization corresponding to one of
the spins, for instance /;,. The results can be extended to the second spin by simply
interchanging the labels 1 and 2. For consistency, in the following derivations we use the
notation introduced in eqs 1-5 of the Theoretical Background section.

For the model /,-S spin system the effective Hamiltonian during the REDOR
mixing periods is given by

H=Y .S, +xJ21.1,. (A1)
k=12

Therefore, after the first REDOR mixing period followed by the 90° pulses applied on the

I and S channels, /,, transforms to

I, = (I, -21,0, s, )c, = 21, +21,L,s,) S,

1272y Yol

(A2)

The applied phase cycle eliminates all coherences, which contain only /-spin operators
after the first REDOR mixing period, and retains terms, which depend on transverse S-

spin operators:
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I, — - Z(Ilzcl +21.1,5, )SV ol

\ (A3)
Thus, in addition to the desired anti-phase coherence (~/,.S,), which reflects I-S dipolar
correlations and carries /-S distance information, an additional term (~I,,[,,S)) is also
generated, which depends on /-1 correlations and is represented by a combination of zero-
quantum (ZQ) and double-quantum (DQ) spin coherences with respect to I-spin

operators.

The REDOR excitation is followed by a free evolution period (#,) under the

Hamiltonian
H-= kELz Q1. +Q.S. + a2l I, . (A4)
This leads to
I, — -21.S,s,,c, cos(Qt)
~720,8.5,8,{eod (2, - Q,, + Q)1 ]- cof (@, - @, - @) 1]}
+20.8,5,5, fcod (@, -, + Q)1 ]+ cof (@, -2, -Q)1]} . (@A3)

+DQxstwlsJ {COS[(Q” + Q12 + Qs) tl]_ COS[(Q” + le - Qs)tl]}
+DQ,S,5,5, {cod (@, +©,, + Q)1 ]+ cof (@, +Q,, - )1 ]}

where we have retained only the cosine modulated chemical shift terms and the following

notation for the ZQ and DQ coherences was used:™

ZQ. =10, +1,1,, Z0 =I1, -I.1

yi2y? Ix™ 2y

. (A6)
DQx=le12x_Ily12y’ DQy=le12y +11y12x

The 1,,S, coherence in eq AS is modulated by the S-spin chemical shift, €, and gives rise

12~y

to the desired cross-peaks located at (g, €2,) in the 2D spectra. The zero- and double-
quantum coherences evolve in the indirect dimension with frequencies Q,,+€,+€,

giving rise to spurious cross-peaks. For the simple /,-S spin system only the isotropic
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chemical shift terms in the Hamiltonian in eq A4 contribute to the spin dynamics during
t,. For larger spin systems having multiple /-1 J-couplings, the scalar interactions would
also contribute to the evolution resulting in more complicated dynamics.

The second pair of 90° pulses followed by the REDOR mixing period generates /-
spin coherences, which are subsequently detected during the acquisition of the FID in ¢,.

The coherences are represented by both, in-phase (~/,) and anti-phase (~I,/,) terms

I —

1x

(1, =21, 1,5,¢, )2 cos( Q)

~(ne2 421, 0,5,0, )2 oo (@ - @, + Q)1 Jrcof (@, -2, -1 ] A7)
(L, 420,050, )5 feod (@, - @, + @)1 eos[ (@, - 2, - 2)4 ]}

Under the chemical shift and homonuclear J-coupling interactions, the in-phase terms

(~1,) in eq A7 give rise to purely absorptive doublets split by the J-coupling

I — 1“(5(9” E ei(g”%)”) , (A8)

while the anti-phase terms (~/,[)) generate purely dispersive doublets with anti-phase

components

i = i 1|+1 153
211),122—>i11+(e [#-3) —e(g d ) (A9)

The superposition of these signals results in phase-twisted lines in the direct dimension
and prohibits the extraction of reliable cross-peak intensities.

In summary, even for relatively simple multiple spin systems the presence of
homonuclear J-couplings leads to quite complicated spin dynamics. The J-couplings
generate artifacts in the 2D correlation spectra in the form of spurious cross-peaks and
phase-twisted lines, which degrade the resolution and prohibit the extraction of reliable

cross-peak intensities. The J-coupling effects become more severe as the mixing time
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increases, since the anti-phase components are modulated by sin(s/?,,/2). This is clearly
a problem for the measurements of weak dipolar couplings, which typically employ
relatively long mixing times.

The modified 3D TEDOR pulse sequences presented here make use of z-filter
periods and band-selective refocusing pulses to suppress the ZQ and DQ spin coherences
and refocus the J-couplings altogether, respectively. Both experiments generate pure

absorption mode 2D spectra, where the cross-peaks located at (€25, €2;) depend primarily

on dipolar /-§S correlations and can be used to determine internuclear distances.
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CHAPTER 7. MOLECULAR CONFORMATION OF A PEPTIDE
FRAGMENT OF TRANSTHYRETIN IN AN AMYLOID FIBRIL

Note: Reproduced with permission from C. P. Jaroniec, C. E. MacPhee, N. S. Astrof, C.
M. Dobson and R. G. Griffin, “Molecular conformation of a peptide fragment of
transthyretin in an amyloid fibril,” Proc. Natl. Acad. Sci. USA, in press. Unpublished
work copyright 2002 The National Academy of Sciences of the United States of America.

ABSTRACT

The molecular conformation of peptide fragment 105-115 of transthyretin,
TTR(105-115), previously shown to form amyloid fibrils in vitro, has been determined by
magic-angle spinning solid-state NMR spectroscopy. °C and "N linewidth measurements
indicate that TTR(105-115) forms a highly ordered structure with each amino acid in a
unique environment. Two-dimensional *C-"C and ""N-">C-"C chemical shift correlation
experiments, performed on three fibril samples uniformly C,"”N labeled in consecutive
stretches of four amino acids, allowed the complete sequence specific backbone and side-
chain “C and "N resonance assignments to be obtained for residues 105-114. Analysis of
the “N, PCO, “C* and "CP chemical shifts allowed quantitative predictions to be made
for the backbone torsion angles ¢ and 1. Furthermore, four backbone C—"N distances
were determined in two selectively “C,"N labeled fibril samples using rotational-echo
double-resonance NMR. The results show that TTR(105-115) adopts an extended -
strand conformation that is remarkably similar to that found in the native protein, with the

exception of the region surrounding the proline residue.
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7.1 Introduction

Amyloid fibrils are highly organized aggregates formed by peptides and proteins
with a wide variety of structures and functions. Fibril formation is associated with a
number of protein deposition diseases including Alzheimer’s disease, type II diabetes and
the transmissible spongiform encephalopathies."” In addition, many peptides and proteins
not directly associated with disease have the propensity to self-assemble into amyloid
fibrils in vitro.>* Although fibrils are formed by polypeptides with different amino acid
sequences and lengths, they share a number of common characteristics. They exhibit
similar morphologies under electron microscopy and a characteristic “cross-f” pattern in
X-ray fiber diffraction experiments."” The latter has been attributed to an extensive f3-
sheet structure in which the peptide strands are oriented perpendicular to the long fibril
axis. The fibrils are assembled from a large number of molecules but do not form single
crystals. Therefore, they are not amenable to characterization using solution-state nuclear
magnetic resonance (NMR) or X-ray crystallography. Solid-state NMR (SSNMR)
spectroscopy, however, can be used to obtain site-specific structural information at
atomic resolution in non-crystalline biological solids such as amyloid fibrils. Indeed,
recent developments in SSNMR instrumentation and methodology’® have enabled a
number of structural details to be determined for various peptide fragments of the
Alzheimer’s B-peptide, ranging from 7 to 40 residues in length,”" for a peptide fragment
of the human islet amyloid polypeptide,'* and for several peptides derived from prion
proteins. "'
In this paper we describe the complete resonance assignments and determine the

molecular conformation of an amyloid fibril-forming peptide fragment of transthyretin
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(TTR) using magic-angle spinning (MAS) SSNMR spectroscopy. TTR is a 55 kDa
protein, involved in the transport of thyroxine and retinol in plasma. The native protein is
a homotetramer of 127-residue subunits and has extensive -sheet structure.'” Wild-type
(wt) TTR forms amyloid fibrils in vivo in a condition termed senile systemic
amyloidosis,' and a number of naturally occurring TTR variants are associated with

122122 and two 11-

familial amyloid polyneuropathy." Full length TTR,” TTR variants,
residue peptide fragments derived from the native sequence” have been previously
shown readily to form amyloid fibrils in vitro. They are therefore important systems for
the detailed investigations of the structure of amyloid fibrils and the mechanism of fibril
formation.” The peptides, TTR(10-20) and TTR(105-115), correspond to the sequences
that are found as B-strands A and G, respectively, in the native protein. Both strands are
located at the surface of the thyroxine-binding channel formed by the homotetramer.*
Oriented fibrils formed by TTR(10-20) and TTR(105-115) exhibit the characteristic
“cross-p” X-ray fiber diffraction patterns.” The monomeric peptides have been found to
adopt essentially random conformations in aqueous solution.*

In the present work we have used one- (1D) and two-dimensional (2D) MAS
SSNMR to probe the molecular conformation of TTR(105-115) in the fibrillar state. °C
and N linewidth measurements indicate that the peptide forms highly-ordered fibrils in
which there is a single unique environment for each residue. We have established the
complete sequence specific backbone and side-chain "°C and "N resonance assignments
for residues 105-114 in fibrils prepared from peptides uniformly “C,”N (U-"C,"N)

labeled in consecutive stretches of four amino acids. The 2D “C-*C and “N-"*C-"*C

chemical shift correlation techniques employed here are analogous to those used recently
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12,27-32

to assign several (U-"C,"’N)-labeled peptides and proteins and the complete

resonance assignments represent the initial step in the determination of a high-resolution
NMR structure for TTR(105-115) fibrils. The °N, *CO, “C* and "C? chemical shifts
have been used to predict the backbone torsion angles ¢ and 1. Furthermore, we have
measured four backbone "C—"N distances in the 4-5 A regime in two selectively °C,"”N
labeled fibril samples using rotational-echo double resonance (REDOR) NMR (vide
infra). The data indicate that the TTR(105-115) fibrils are extremely well-ordered, and
that the fibrils represent an array of identical peptide molecules each of which is in a fully

extended B-strand conformation.

7.2 Experimental

7.2.1 Preparation of Amyloid Fibrils

TTR(105-115) (YTIAALLSPYS) peptides for the resonance assignment
experiments were synthesized using standard solid-phase methods and purified by HPLC
(CS Bio Company, San Carlos, CA). The peptides used for the REDOR measurements
were synthesized by Midwest Biotech (Fishers, IN) and the MIT Cancer Center
Biopolymers Facility (Cambridge, MA). All C,”N-labeled, protected amino acids used
in the peptide synthesis were purchased directly from Cambridge Isotope Laboratories
(CIL) (Andover, MA), with the exception of N-Fmoc,O-t-butyl ether protected (U-
BC,"N)threonine, (U-"C,"”N)serine, (1-"C,”N)serine, (2-"C,"”N)serine and
("N)tyrosine, which were synthesized by Midwest Biotech starting with isotopically

labeled amino acids from CIL.
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Three TTR(105-115) fibril samples were used for all resonance assignment
experiments. The peptides contained four (U-""C,"°N)-labeled amino acids at positions (i)
105-108, (ii) 108-111, and (iii) 111-114; these samples are referred to as TTR(105-
115)yrias TTR(105-115) 4,1, and TTR(105-115), spy, respectively (see Figure 7-1). Note
that the C-terminal residue (S115) was not (U-"C,"”N)-labeled due to the expense
associated with the coupling of that residue to the resin with high yield. Two additional
TTR(105-115) samples containing selectively “C," N labeled amino acids were used for
REDOR "“C-"N distance measurements. The first sample contained the °C and "N labels
at the A108 °CO, L111 “C* and L110 "N positions, and the second sample was labeled
at S112 PCO, S115 "C*and Y114 “N.

105 115

TTR(105-115)0 YTIAALLSPYS
TTR(105-115),,,,: YTIAALLSPYS
TTR(105-115) gpy:  YTIAALLSPYS

Figure 7-1. Amino acid sequence of TTR(105-115).
The labeling scheme used for the resonance assignments experiments is shown with (U-
C,"N)-labeled residues are underlined.

Amyloid fibrils were prepared by dissolving TTR(105-115) in a 10%
acetonitrile/water solution (adjusted to pH 2 with HCl) at ca. 15 mg/ml. The samples
were incubated for 2 days at 37 °C followed by incubation for 14 days at room
temperature. The samples were routinely characterized by transmission electron
microscopy (TEM). After this period the clear, viscous gel containing the fibrils was

transferred to a centrifuge tube and washed twice with ca. 2 ml of 10% acetonitrile/water

at pH 2. Following each wash the sample was centrifuged for 2 h at 4 °C and ~320,000g.
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After the second spin the pellet containing ~10 mg of fibrils was packed into a 4-mm
zirconia NMR rotor (Varian-Chemagnetics, Fort Collins, CO). The top of the rotor was

sealed with epoxy to prevent dehydration during the MAS NMR experiments.

7.2.2 NMR Experiments

NMR experiments were performed on a custom-designed spectrometer (courtesy
of Dr. D. J. Ruben) operating at the frequencies of 500 MHz for 'H, 125.7 MHz for “C
and 50.7 MHz for "N, using a Varian-Chemagnetics (Fort Collins, CO) 500 MHz triple-
resonance T3 probe equipped with a 4-mm spinner module. Spinning frequencies of ~9-
11 kHz were used in all experiments, regulated to + 5 Hz using a Doty Scientific
(Columbia, SC) spinning frequency controller, and the sample temperature was
maintained at 2 °C using a stream of cooled nitrogen gas.

The 1D "C and "N MAS spectra were recorded with ramped cross-polarization
(CP).*** The 'H radiofrequency (rf) field was set to 50 kHz, the °C field was ramped
linearly through the n = -1 Hartmann-Hahn matching condition (between 38-42 kHz) and
the contact time was 2 ms.

The 2D "C-"C proton-driven spin diffusion experiments® used 5 us 90° "C
pulses and a 10 ms spin diffusion period. A 'H rf field matching the n = 1 rotary
resonance condition®® was applied during the mixing period to facilitate efficient *C-"C
magnetization transfer.

The 2D ""N-"C-"C spectra were recorded using the NCOCX and NCACX pulse
sequences described elsewhere.’'** Following "H-""N CP and N chemical shift evolution

period (z,), band-selective SPECIFIC ramped cross-polarization’” was used to transfer the
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N magnetization selectively to “CO or “C* by placing the "°C carrier frequency ~10-15
ppm outside the CO (for N—CO transfer) and C* (for N—C* transfer) regions. The "N rf
field strength was ~35 kHz, the °C field was ramped linearly between ~1 kHz below and
~1 kHz above the n = -1 Hartmann-Hahn matching condition, and the mixing time was 3
ms. Immediately following the "N-">C CP, a 10-20 ms 'H-driven *C-"C spin diffusion

period was used to establish the intraresidue *C-"C correlations.

0,

1 2
H —5—1 epm TPPM

(])3 ¢4 (PS q)rec'r

13 T t
Coroe |t mix i\yml‘/ﬁw‘y 2

I
\1‘] W

Figure 7-2. Two-dimensional spin diffusion pulse sequence.
Narrow solid rectangles represent 7t/2 pulses. During the spin diffusion period a weak
proton 1f field, w, = w,, was applied® to facilitate efficient "C-""C mixing. Phase cycle:
¢, = 8x(1) 8x(3), p, = 16x(2), ¢; = 8x(13), ¢, = 16x(2), ¢ps = 2x(11223344), ¢, =
13243142 31421324, where 1 =x, 2 =Yy, 3 = -x, 4 = -y. Hypercomplex data were acquired
by shifting ¢, according to Ruben and co-workers.™

Backbone "“C-"N distances were measured using the REDOR experiment.”” The
initial "C magnetization created via CP was observed as a spin-echo and dephased during
the REDOR mixing period using a train of rotor-synchronized 180° "N pulses. For each
REDOR curve, S, a reference curve, S,, was recorded in the absence of "N pulses to
account for relaxation effects. The internuclear *C-"N distances were extracted by fitting

the quantity S/S, as a function of the REDOR mixing time to the analytical expression

describing the dipolar dephasing.”
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During "N-"C CP and REDOR mixing, 100 kHz continuous wave proton
decoupling was used and 70-80 kHz TPPM decoupling® was employed during all

chemical shift evolution periods.

0
o
H Cé TPPM | CW TPPM
o o
¢5 ° q q)rec'r
C | r’CF’ mix MWN WAE

0,

0q
15N |’73’p/| ty CcP

Figure 7-3. Two-dimensional N-C-C pulse sequence.

Narrow and wide solid rectangles represent 7t/2 and 7 pulses, respectively. The "N-"C
CP band-selective SPECIFIC CP” is adjusted appropriately (see text for details) to
transfer the "N coherence selectively to "C* (NCACX experiment) or “CO (NCOCX
experiment). During the spin diffusion period a weak proton rf field, w,,= w,, is applied™
to facilitate efficient "C-""C mixing. Phase cycle: ¢, = 16x(1) 16x(3), ¢, = 32x(2), ¢; =
16x(13), ¢, = 32x(1), ¢s = 8x(1) 8x(3) 8x(1) 8%(3), ¢ps = 32x(2), ¢, = 4x(11223344) , ...,
= 13243142 31421324 31421324 13243142, where 1 = x,2 =y, 3 = -x, 4 = -y.
Hypercomplex data were acquired by shifting ¢, according to Ruben and co-workers.™

7.3 Results and Discussion

An electron micrograph of the fibrils formed by TTR(105-115) is shown in Figure
7-4. The fibrils have variable lengths and are approximately 10 nm wide, and are similar

in appearance to those observed in disease associated systems.'?
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Figure 7-4. Electron micrograph of TTR(105-115) fibrils.

Amyloid fibrils were diluted to 100-200 ug/ml and negatively stained using 2% w/v
uranyl acetate. Fibrils were viewed in a Jeol 1200EX TEM, using an accelerating voltage
of 80 kV. The scale bar represents 200 nm.

The 1D "C and "N MAS spectra of (U-"C,"”N)-labeled TTR(105-115) fibrils
(Figure 7-5) are extremely well-resolved, with virtually all sites giving rise to narrow,
single resonances. The spectral assignments indicated in Figure 7-5 and listed in Table 7-
1 were established using 2D “C-"C and ""N-""C-"C correlation techniques which are
discussed in detail below. Widths at half height of ca. 0.6-1.8 ppm and 0.7-1.5 ppm were
observed for °C and "N resonances, respectively, with the majority of sites having
linewidths of < 1.0 ppm for “C and < 1.3 ppm for N (see Table 7-2). The "C and "N

resonances in TTR(105-115) fibrils are significantly narrower than those characteristic of

amorphous or disordered systems, and the linewidths compare favorably with those
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observed in (U-"C,”N)-labeled microcrystalline amino acids and peptides.””* This
implies that the inhomogeneous line broadening due to disorder is minimal. This
observation is remarkable given the fact that the fibrils are non-crystalline and indicates
on the atomic level a highly ordered fibrillar structure with a narrow distribution of
peptide conformations. The *C and "N chemical shift anisotropies and '"H-">C, 'H-"N,
and “C-"N dipolar interactions involving backbone resonances measured in TTR(105-
115) fibrils (unpublished data) correspond to the rigid limit values and indicate the

absence of appreciable dynamics along the peptide backbone.
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Figure 7-5. 1D C and "N MAS NMR spectra of (U-"*C,"”N)-labeled TTR(105-115)
fibrils.

C carbonyl and aromatic (a), (d), (g), °C aliphatic (b), (e), (h), and "N amide (c), (f), (i)
spectral regions are shown for the TTR(105-115)y, (2)-(c), TTR(105-115) 4,1 (d)-(f),
and TTR(105-115), ¢py (g)-(i) samples. "C and “N spectra were acquired using the
ramped CP pulse sequence™ (see text) with 128 and 512 scans, respectively, a 3 s
recycle delay, and spinning frequencies of 8.929 kHz (a)-(c), 10.87 kHz (d)-(e), and 10.0

kHz (g)-(1).
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Table 7-1. ®C and “N Chemical Shifts Measured in TTR(105-115) Fibrils

ReSidue ISN 13CO 13C(x 13c[3 13CY 13cf5 13CE 13cC
Y105 392 1720 563 365 124.5 134.5/133.4 118.7/117.8 160.0
T106  117.0 1735 62.6 725 20.0 — — —
1107 127.0 1741 60.2 41.8 28.2/17.0 14.6 — —
A108 1280 1745 499 221 — — — —
A109  125.1 1733 503 229 — — — —
L110  127.0 1742 544 455 294 28.2/23.9 — —
L111 127.5 1739 54.1 443 29.9 27.7/25.3 — —
S112 117.2 173.6 554 632 — — — —
P113 135.8 1748 62.6 32.6 28.0 49.6 — —
Y114 1273 173.6 5777 438 128.7 133.6 118.3 157.4
S115 — — 57.8° — — — — —

All chemical shifts are in ppm, referenced indirectly to the methyl 'H resonance of DSS.*
"S115 "C“ chemical shift was measured in a selectively labeled fibril sample.

Table 7-2. ®C and “N Linewidths Measured in TTR(105-115) Fibrils

Residue BN B3CO B B3P BCY B3CY BCe B3CE
Y105 0.73 0.87 1.11 1.11 1.50 — — 1.45
T106 1.14 0.93 1.10 0.88 0.76 — — —
1107 1.48 0.94 1.10 1.02  1.03/1.48 0.70 — —
A108 1.30 0.85 0.96 0.81 — — — —
A109 1.34 0.85 0.94 0.87 — — — —
L110 1.40 1.03 0.96 0.97 0.80 0.83/0.60 — —
L111 1.02 1.01 1.04 0.86 0.85 0.58/0.60 — —
S112 0.98 1.06 0.90 0.81 — — — —
P113 0.91 0.92 0.98 0.88 0.82 0.76 — —
Y114 1.30 0.98 1.07 1.86 1.74 — — 1.33

Linewidths in ppm are obtained from 1D and 2D NMR spectra described in the text.

2D "C-"C and "“N-"C-"C correlation spectra used to establish the sequence

specific backbone and side-chain °C and “N resonance assignments for TTR(105-115)

are shown in Figures 7-6 and 7-7. The 2D "“C-"°C experiments (Figure 7-6) employed

proton-driven spin diffusion to establish the intraresidue *C-"C correlations and identify

amino-acid types. In the aliphatic regions of the 2D spectra most cross-peaks

corresponding to the one-bond correlations (indicated by dotted lines in Figure 7-6) are

well-resolved, which enables the straightforward identification of the cross-peak patterns
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for all residues. A number of correlations with increasingly weaker intensities extending
over two or more bonds and corresponding to multiple relayed one-bond transfers are
also observed. Most remarkable is the fact that for TTR(105-115),,,,, where two alanine
and two leucine residues are (U-"C,"’N)-labeled, the C*-C", CP-C" and C'-C® correlations

for each residue can be readily identified, with the most significant overlap occurring in

the Leu C° region.
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Figure 7-6. 2D “C-"C correlation spectra of TTR(105-115) fibrils.

2D "C-"C correlation spectra of TTR(105-115)yy,, (a), TTR(105-115),,,, (b), and
TTR(105-115), spy (c) fibrils. Spectra were acquired at the spinning frequencies of 8.929
kHz (a), 10.87 kHz (b), and 10.0 kHz (c), using the proton-driven spin diffusion pulse
sequence” with a 10 ms "C-"C mixing time (see text). 2D data sets were acquired
according to Ruben and co-workers,™ with 100-250 complex points in the indirect
dimension and increments of 40-92 us, resulting in the total #, evolution times of 8-10
ms. 64 transients were averaged per point with a 3 s recycle delay, resulting in the total
2D acquisition times of ~11-27 h. The intraresidue one-bond correlations are indicated in
the spectra by dotted lines.
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Figure 7-7. 2D “N-"C-"C correlation spectra of TTR(105-115) fibrils.

2D PN-"C-"C correlation spectra of TTR(105-115)y, (a)-(b), TTR(105-115),,,, (c)-
(d), and TTR(105-115),4py (e)-(f) fibrils. The NCOCX spectra (a), (c), (e) correlate the
“N, and "°C,, resonances, and the NCACX spectra (b), (d), (f) correlate the “N; and "C,
resonances. The spectra were acquired using the NCOCX and NCACX pulse sequences,
%2 with a 3 ms “N-"CO or "N-C“ band-selective CP transfer’’ followed by a 10-20 ms
'H-driven spin-diffusion “C-""C mixing (see text), and the spinning frequencies of 8.929
kHz (a)-(b), 10.87 kHz (c)-(d), and 10.0 kHz (e)-(f). 2D data sets were acquired
according to Ruben and co-workers,” with 7-21 complex points in the indirect dimension
and increments of 0.4-1.656 ms, resulting in the total #, evolution times of 8-12 ms. 256-
768 transients were averaged per point and a 3 s recycle delay was used, resulting in the
total 2D acquisition time of ~10 h. For each pair of NCOCX and NCACX spectra the
residues participating in the "N-"C correlations are labeled.
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The "N resonances were assigned using 2D NCACX experiments (Figure 7-7b)
analogous to those described in the literature,’'”* which establish the intraresidue "N-"C
correlations. All N-C correlations except Leu 110 and Leu 111 are well-resolved in the
2D spectra and enable the unambiguous assignment of the amide "°N resonances (Leu
110 and Leu 111 "N chemical shifts were obtained from N-C” correlations generated
using "C-"C proton-driven spin diffusion). 2D NCOCX experiments’"** (Figure 7-7a)
were used to establish the interresidue correlations (between the °N resonance of residue
i and "C resonances of residue i-1) required for sequence specific assignments. Note that
due to the isotope labeling scheme employed, the sequence specific "C and “N
assignments for the TTR(105-115)y, and TTR(105-115), ¢py samples would be obtained
using only the 2D "C-"C and NCACX experiments, while all three experiments are
necessary to assign the spectra of TTR(105-115),,,, fibrils. Furthermore, we note that
although three (U-"C,"”N)-labeled TTR(105-115) fibril samples were used to assign the
C and N chemical shifts in this work, inspection of the 2D correlation spectra indicates
that complete sequence specific resonance assignments could be established using a
single uniformly isotope labeled fibril sample.

Site-specific 'H, "*C and "N resonance assignments are in themselves a source of
valuable structural information in solution- and solid-state NMR studies of peptides and
proteins because the secondary shifts (i.e., differences between the experimentally
observed isotropic chemical shifts and the corresponding random coil values) can be used
reliably to predict the conformation of the protein backbone.*** Figure 7-8 shows the
PCO, “C* “CP and “N secondary shifts for the TTR(105-115) fibrils, which strongly

indicate that the peptide adopts a f-strand conformation in the fibrillar state.
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Figure 7-8. Secondary N and “C chemical shifts in TTR(105-115) fibrils.

The secondary shifts (AS) for amide "N (a), "C carbonyl (b), "C* (c) and “C" (d)
resonances were calculated as Ad = Ogyp — Opc, Where Ogyp and Oy are the experimentally
observed and random coil chemical shifts in ppm, respectively. The random coil shifts
used have been reported previously***’ and correspond to the values used by the TALOS
program® to provide quantitative predictions for the torsion angles ¢ and vy (c.f. Table 7-
3). The secondary shifts for Y105 "N, S115 "N, S115 “CO and S115 "“C could not be
calculated; Y105 is the N-terminal residue and S115 was not (U-"°C,"’N)-labeled in any
of the samples (S115 “C* chemical shift was obtained using a selectively labeled
sample).

Quantitative predictions for backbone torsion angles ¢ and ¢ in TTR(105-115)
fibrils were made using the TALOS program® (Table 7-3). Satisfactory convergence is

obtained for eight out of the nine residues, for which the program can predict ¢ and .
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The torsion angles with estimated uncertainties of approximately + 20° are all between ca.
-80° — -130° for ¢ and ca. 125° — 145° for . These angles are in the 3-strand region of the
Ramachandran plot. The conformation of the peptide bond between S112 and P113
could, in addition, be determined from the chemical shift data. The difference of 4.6 ppm
between the “C" and "*C" chemical shifts for Pro-113 in TTR(105-115) fibrils indicates
that the S112-P113 peptide bond exists in a trans conformation.* This conformation is
the more common one in peptides and globular proteins, and indeed the S112-P113
peptide bond in native TTR is trans."”

Table 7-3. Backbone Torsion Angles ¢ and ¢ in TTR(105-115) Fibrils and in wt
TTR

Predicted Predicted X-ray ¢ Angle  X-ray \p Angle
. TALOS ¢ TALOS y ) .
Residue e . e in wt TTR in wt TTR
Angle in Fibrils  Angle in Fibrils (deg)* (deg)*
(deg) (deg)

Y105 =" =" -117/-116 127/129
T106 7 7 -120/-124 115/114
1107 -125 +20 143 £ 12 -105/-102 119/126
A108 -117 22 133 £ 13 -104/-112 138/147
A109 -131+ 14 129 + 18 -126/-140 141/131
L110 -112+ 18 120 £ 16 -124/-112 111/113
L111 -118 =22 137 £ 15 -99/-98 145/132
S112 -109 £ 22 136 + 27 -140/-130 160/161
P113 -81 + 31 126 £ 19 -50/-61 -49/-40
Y114 -112 £ 27 138 + 15 -113/-115 20/14
S115 =" =" -155/-156 149/147

Backbone torsion angles ¢ and vy obtained for TTR(105-115) fibrils using the TALOS
program® are compared with the corresponding angles in the wt TTR X-ray structure.'’
TALOS uses experimental “C and "N chemical shifts (c.f. Table 7-1) and sequence
homology to predict the most likely values for ¢ and vy .
"Torsion angles for the N- and C-terminal residues are not accessible because TALOS
compares chemical shifts for three residues at-a-time to predict ¢ and 1 for the central
residue in each triplet.

"No satisfactory convergence was obtained for T106.

*Entries correspond to the two subunits of the crystallographic dimer."
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Figure 7-9. Backbone “C-"N distances measured in selectively labeled TTR(105-
115) fibrils using REDOR.

The schematic of the peptide backbone and the specific distances measured are shown in
(a). Distances indicated in (a) as 1 and 2 were measured in fibrils isotopically labeled at
A108 “CO, L111 “C*and L110 "N and distances indicated as 3 and 4 were measured in
fibrils labeled at S112 “CO, S115 "C“ and Y114 "“N. Experimental (circles) and
simulated (lines) REDOR S/§, curves are shown in (b). The experimental curves
correspond to the distances: A108 CO-L110 N (@), L111 C*L110 N (O) and S112 CO-
Y114 N (@). The measured distances are indicated directly in (b) and summarized in
Table 7-4 (the S115 C*-Y114 N measurement was omitted for clarity). The S and S,
spectra were acquired using the REDOR pulse sequence™ with 320-384 transients and the
spinning frequency of 10.0 kHz + 5 Hz.

We next performed REDOR experiments” on selectively "C,”N labeled
TTR(105-115) fibrils to determine several carbon-nitrogen distances along the peptide

backbone (Figure 7-9). The measured distances (Table 7-4) are in good agreement (i.e.,
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within ~0.05-0.2 A) with those found in a TTR(105-115) backbone model constructed
using the ¢ and ¢ angles obtained from TALOS (vide infra). Furthermore, the distances
in the central region of the peptide (A108 CO-L110 N and L111 C*“L110 N) are
consistent with the wt TTR X-ray structure,'”” whereas the S112 CO-Y114 N and S115
C”Y114 N distances in the fibril are significantly longer than the corresponding
distances in native TTR." Despite the potential presence of non-negligible intermolecular
dipolar couplings, a simple two-spin model was used to analyze the REDOR dephasing
data. The rationale for this is that no information is available about the supramolecular
organization of peptides in the fibril, and hence about the magnitude of the intermolecular
couplings. The influence of these couplings on the dipolar dephasing was investigated via
simulations of multiple spin systems resulting from canonical in-register parallel and
antiparallel f-strand topologies. For the parallel arrangement we found that the
intramolecular distances obtained using the two-spin model are underestimated by ~0.1-
0.3 A. For the antiparallel arrangement the L111 C*L110N distance is underestimated by
ca. 0.5 A and all other measurements are unaffected. In summary, the use of the two-spin
model does not lead to significant systematic errors for most of the intramolecular
distances measured, regardless of the arrangement of the peptides in the fibril, and it does
not alter the conclusion that TTR(105-115) adopts an extended (-strand conformation in

the fibril.
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Table 7-4. Backbone Carbon-Nitrogen Distances in TTR(105-115) Fibrils and in wt
TTR

Atoms Measured REDOR ) Predicted TALOS X-ray Distanc%
Distance in Fibrils (A)  Distance in Fibrils (A) in wt TTR (A)'
A108CO LI1I10ON 4.25+0.15 4.28 4.34/4.36
L111C* LI10ON 4.56 £0.12 4.60 4.54/4.56
S112CO  Y114N 4.06 = 0.06 3.94 3.26/3.29
SI15C* YI114N 5043 4.80 4.11/4.17

Distances measured in selectively °C,"’N labeled fibrils using REDOR™ are compared
with the corresponding distances in a TTR(105-115) backbone model constructed
according to the TALOS® predictions for ¢ and \ (c.f. Table 7-3) and in the wt TTR X-
ray structure.'’

"REDOR dephasing data were analyzed using a two-spin model (see text) and the
uncertainties correspond to the 95% confidence limit.

"Entries correspond to the two subunits of the crystallographic dimer."’

Figure 7-10 compares the structure of the peptide fragment corresponding to
residues 105-115 in wt TTR' and the backbone model for TTR(105-115) in the fibrillar
state constructed using the torsion angles in Table 7-3. In wt TTR residues 105-111 have
typical $-strand ¢ and 1 angles and residues 112-114 form a turn, with Pro-113 torsion
angles in the helical region of the Ramachandran plot (Table 7-3). The comparison of
torsion angles and distances for wt TTR and TTR(105-115) peptide in the fibrils reveals
remarkable similarity in the backbone conformation of residues 107-111. However the
backbone turn involving residues 112-114, characterized in wt TTR" by the relatively
short S112 CO-Y 114 N distance (Table 7-4), is absent in TTR(105-115) fibrils where we
find typical B-strand ¢ and 1 values for residues 112-114. In the native structure, Pro-113
promotes interactions with adjacent strands and dictates tertiary contacts, preventing self-
association. In the absence of this greater context, and despite its inability to participate in
a hydrogen-bonding network, the proline is instead fully incorporated into the B-strand

and possibly also into the (-sheet fibrillar array. This observation illustrates the

importance of three-dimensional context in the adoption of secondary structure, but also
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represents one way in which nature neatly manipulates folding propensity to prevent

aggregation.
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Figure 7-10. X-ray structure of the peptide fragment corresponding to residues 105-
115 in wt TTR and the backbone model for the TTR(105-115) peptide in the
fibrillar state.

X-ray structure of the peptide fragment corresponding to residues 105-115 in wt TTR"
(top) and the backbone model for the TTR(105-115) peptide in the fibrilar state
constructed using the ¢ and vy angles in Table 7-3 (bottom). The Y105 and T106
backbone torsion angles used in the model were obtained using preliminary SSNMR
measurements of internuclear distances and torsion angles (unpublished data) analogous
to those published previously.”*”' No constraints are available for \g,s and the
experiments designed to probe side-chain  angles are currently in progress (unpublished
data). These moieties are present for illustration purposes only and their conformations in
the model correspond to those found in wt TTR." The figure was prepared using the
program Insight II version 2000 (Accelerys Inc., San Diego, CA).

7.4 Conclusions

We have carried out the initial step in the determination of the complete atomic-
resolution structure of an amyloid fibril, by characterizing the molecular conformation of
a peptide fragment of transthyretin using 1D and 2D "“C and "N MAS NMR techniques.

The present results show that exceptionally high-quality NMR data can be obtained for
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amyloid fibrils. The “C and “N linewidth measurements indicate that TTR(105-115)
forms a highly ordered structure with each amino acid in a unique environment. This
observation is consistent with the concept that the amyloid core structure is generic and
can override the properties of individual sequences that define the structures of globular
proteins. Quantitative predictions for the backbone torsion angles were obtained using the
sequence specific °C and N backbone and side-chain chemical shifts. Furthermore, four
backbone “C-"N distances in the 4-5 A range were measured using REDOR NMR. The
results indicate that TTR(105-115) adopts a B-strand conformation in the fibrillar state in
a structure remarkably similar to that found in the native protein, with the exception of
the region surrounding the proline residue. Although we as yet have no information about
the three-dimensional organization of the peptides, the quality of the NMR data will
enable us to probe the higher order architecture and determine the complete structure of

an amyloid fibril to atomic-resolution. These experiments are currently underway.
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CHAPTER 8. STRUCTURE OF TTR(105-115) IN AN AMYLOID
FIBRIL AT ATOMIC RESOLUTION

ABSTRACT

In Chapter 7 magic-angle spinning solid-state NMR spectroscopy was used to
investigate an 11-residue fragment of transthyretin, TTR(105-115), in an amyloid fibril.
The peptide was shown to form a well-ordered fibrillar structure, and the “C and “N
resonance assignments, obtained using two-dimensional “C-"C and "“N-"C-"C
correlation experiments, indicate that it adopts an extended f-strand conformation when
incorporated into the fibril. The complete resonance assignments permit the acquisition of
site-specific structural constraints such as internuclear distances and torsion angles,
which are required for the determination of an atomic-resolution structure of the peptide.
The measurements of these structural constraints are presented in this chapter. The
backbone torsion angles ¢ and y are determined using a series of three-dimensional
dipolar-chemical shift correlation experiments, which report on the relative orientations
of "C-"N, "C-'H and "“N-'H dipolar tensors and intramolecular carbon-nitrogen
distances in the 3-5 A range are determined using 3D TEDOR methods introduced in
Chapter 6, resulting in a total of about 60 structural constraints. An ensemble of atomic-
resolution structures of TTR(105-115) in the fibril consistent with the structural
constraints is calculated using simulated annealing molecular dynamics. The majority of
torsion angles in the ensemble of calculated structures are uniquely defined by the solid-
state NMR constraints and the results indicate that the peptide adopts an extended f3-

strand conformation in the fibril.
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8.1 Torsion Angle Measurements

The dipolar and chemical shielding interactions are anisotropic and hence depend
on the relative orientation of the molecular segment with respect to the external magnetic
field. This dependence can be exploited to provide the relative orientations of the nuclear
spin interaction tensors, which can subsequently be related to molecular torsion angles. A
number of multidimensional NMR techniques have been described in the literature for

315 as well as in

measuring relative tensor orientations in static'"” and spinning solids,
solution.'®"” Briefly, in all of the above methods a correlated state between a pair of
coupled nuclear spins is created either via a polarization transfer or the excitation of a
multiple quantum coherence and evolves under the local fields due to the interactions
with electrons or other nuclear spins. The time evolution of this correlated spin state
depends on the relative orientation of the tensorial interactions, and can be related
directly to molecular torsion angles.

In this thesis we limit our discussion to the measurements of relative orientations
of dipolar interactions, such as *C-"’N, "C-'H and "N-'H. For a model system of four
coupled spins A—B —C—D the evolution of a correlated state between spins B and C
under the local dipolar fields is dominated by the strongest couplings, A—B and C—D,
and for individual crystallites the observable signal is to a good approximation given by:

S(13T ) = fac(@pes T,i) COS(@ 511) COS(O 1) (1)
where w,5, Wy, and w, are the orientation dependent dipolar couplings reintroduced
under MAS by appropriate recoupling pulse sequences and t, and t, are the dipolar

evolution times for the w,; and w, couplings, respectively. f;- describes the polarization

transfer or the excitation of multiple quantum coherence between spins B and C, and it is
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in general a function of the dipolar coupling wg. and mixing time <. Although, fs-
formally depends on the orientation of the molecular segment with respect to B, in many
applications to peptides and proteins (particularly in the measurements of backbone
torsion angles) an isotropic transfer function can be assumed (i.e., fy = 1),”*" and the
observable signal is to a good approximation given simply by the product of the cosine
functions describing the dephasing under the dipolar couplings. Furthermore, for
experiments in (U-"C,"’N)-labeled molecules three-dimensional NMR experiments are
typically employed to measure multiple torsion angles simultaneously, where two
chemical shift dimensions are used for site-specific resolution and the information about
the relative orientation of the interaction tensors is encoded in the third dimension.""
The observable signal in eq 1 displays very distinctive features'® when the arguments of
the cosine functions have roughly the same magnitude for each crystallite, i.e.,:
W \pl) = Ocply 2)

This can occur when the dipolar vectors are nearly co-linear (i.e., the projection angle
between the vectors is © = 0° or 180°), and consequently the most dramatic deviations in
the observable signal occur for small deviations (up to ~30°) from the co-linear topology.
For the molecular topologies in this region the torsion angle experiments will have
optimum sensitivity and angular resolution. For example, for the peptide backbone
(Figure 8-1) the projection angle between the 'HY-"N; and 'H*-"*C® dipolar couplings
depends on the torsion angle ¢, and the corresponding 'H"-""N;-""C*-'H% experiment has
the region of optimum angular resolution and sensitivity around ¢; = -120°, in the B-sheet

region of the Ramachandran space.’
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Figure 8-1. Model of the peptide backbone.

Backbone torsion angles ¢;, y; and w; are indicated. The average values for the three-atom
bond angles are: v, = 118°, v, = 111°, v; = 116°, v, = 120°, v5 = 108°, v, = 109.5°. The
three-atom angles involving heavy atoms are based on the survey of the Cambridge
crystallographic database by Engh and Huber."” The HY-N-C* (v,) and N-C“-H" (vs)
angles are based on the survey of the Cambridge crystallographic database by Ishii et al."
and the CO-C*-H" angle (v,) was assumed to be tetrahedral. According to Engh and
Huber" the three-atom bond angles involving heavy atoms can vary by ca. 1-3° in
peptides and proteins. Since a large dataset is not available for the three-atom bond
angles involving protons, we have assumed similar potential variations in the subsequent
analysis of the torsion angle experiments.

In this thesis, we have used three-dimensional dipolar-chemical shift correlation
experiments to measure backbone torsion angles ¢ and vy and constrain the structure of
TTR(105-115) while incorporated into the amyloid fibril. The 3D 'HY-""N,-"C*-'H*
experiment® was used to determine the angles ¢, and the combination of 3D 'HY,,,-"N,, -
PC%-'H%"™" and 3D "N;-"C*%-"CO-"N,,,”® experiments was used to measure ;. In the
following sections the results of these experiments are presented, with a focus on the

measurements of .
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8.1.1 3D PN;-PC*-*CO;-"N,,, Spectroscopy

The “N-"C*-"CO-"N,,, experiment for the measurement of 1, has been
described in detail elsewhere.”* Here we provide a brief summary of the experiment and
present representative measurements of ¢ in TTR(105-115) fibrils. Figure 8-2 shows the
molecular segment of interest, indicating the projection angle ® and torsion angle , as
well as a plot showing the dependence of ® on y. A well-known feature of all torsion
angle experiments is apparent in Figure 8-2, namely that the same value of the projection
angle is obtained for two distinct torsion angles (furthermore torsion angle experiments

are symmetric about ® = 90°, thus always resulting in at least two degenerate solutions).
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Figure 8-2. Dependence of the projection angle ® between “N.->C% and “CO-"N,,,
bond vectors on the molecular torsion angle .

Regions of high angular resolution and sensitivity of the "N-"C®-"CO,-"°N,,, experiment
(i.e., where © is within ~30° of the co-linear topology) are indicated by gray rectangles.
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Figure 8-3. 3D “N,-"C%-""CO;-"N,,, pulse sequence for the measurement of ..

The 3D “N-"C“-"CO.-"N,,, pulse sequence is shown in Figure 8-3. Following
cross-polarization”*' from 'H to C, sum "C polarization is created by the 7t/2 pulse. The
SPC-5, sequence (see references *** for the details of the pulse scheme) generates *C-"C
double quantum (DQ) coherences (~I,"I," + I,1,") with high efficiency (~50-55% DQ
filtering efficiency was achieved in a two-spin model system at 500 MHz 'H Larmor
frequency and 10 kHz MAS frequency, compared with the theoretical maximum of
~73%). For the measurement of the torsion angle v, BCO-"C* coherences are of
particular importance. These DQ coherences are frequency labeled during the evolution
period t, in order to achieve site-specific resolution, resulting in an INADEQUATE* type
2D double quantum-single quantum (DQ-SQ) correlation spectrum” shown in Figure 8-4
for the TTR(105-115)y,, sample (see Chapter 7 for the details of sample preparation and

isotopic labeling schemes).
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Figure 8-4. Double quantum-single quantum correlation spectrum of TTR(105-
115)YTIA‘
The four "“CO-"C“ correlations indicated in the spectra are based on resonance

assignments® presented in Chapter 7. The spectrum was acquired at 11.7 T and 10 kHz
MAS.

The REDOR™ sequence applied during the period t,,,, reintroduces all "C-"N

couplings simultaneously, which leads to the dephasing of the "C-"C DQ coherences.
The dipolar dephasing formally depends on the relative orientation of all “C-"N
couplings. However as noted above,”® the dephasing is dominated by the strongest
dipolar couplings, "CO;-""N,,, and “C%-"N,, resulting in the simple analytical expression
describing the powder averaged observable signal:
S5 Tpg) = <fDQ(rDQ)cos(a),tmix)cos(a)ztmix)> (3)

where (...) represents the powder average. Assuming that the z-axis of the crystallite
fixed frame (see Chapter 1) coincides with the CO-C” bond the excitation of the double

quantum coherence is given by the analytical AHT expression:*****’

Joo = Sinz(z_wlﬁ KDcc Sin(ZﬁCR)IDQ) @
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where b is the "CO-"C* dipolar coupling constant, K is the dipolar scaling factor for
the SPC-5, pulse sequence” (k = 0.13), and Tpg 18 the total DQ mixing time. The formal
orientational dependence of the DQ excitation is contained entirely in the sin(2B) term,
because SPC-5; is a y-encoded sequence™ (i.e., a pulse sequence for which the magnitude
of the recoupled dipolar interaction is independent of the Euler angle y). The expressions

for the "CO;-""N,,, and *C*-"N, dipolar interactions recoupled by REDOR are given by:

W, = _ilm{@“(ggR)} i=12 S
JT
with
0" (Qig) = —b,{ > D5 (9;C)D,Sill(%@}dﬁz(ﬁm) (6)
m=-2

where b; are the “CO-"N,,, and "“C%-"N, dipolar coupling constants (Wigner and
reduced Wigner rotation matrices have been defined in Chapter 1). Note that under the
experimental conditions employed here the finite pulse effects during REDOR are
negligible” and have been ignored in eq 5.

A series of "N-"C“-"CO,-"N,,, DQ dephasing curves as a function of the
REDOR mixing time were simulated according to eq 3 and are shown in Figure 8-5. The
same simulations in the frequency domain are shown in Figure 8-6. The hpl = 180°
simulation displays very distinctive features, and the simulations indicate that the region
of optimal angular resolution and sensitivity occurs for small deviations from the trans

conformation (i.e., 150° < hpl < 180°).

274



DQ Coherence

0.0 0.5 1.0 1.5 2.0
Mixing Time (ms)

Figure 8-5. Simulated “N.-”C*-"CO,-"N,,, DQ dephasing curves.
Dephasing curves were calculated using eq 3 and are shown for 0° < Il < 180° in steps of
20°. Note the large dynamic range for torsion angles in the region 150° < hpl < 180°.
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Figure 8-6. "N.-"C*-"*CO;-"N,,, simulations in the frequency domain.
Frequency domain simulations shown correspond to the time-domain DQ dephasing
curves in Figure 8-5.
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Figure 8-7. "N;-"C%-""CO;-"N,,, measurement of v for residues Y105 and T106 in

TTR(105-115)y,, fibrils.

Experimental (@) and simulated (—) DQ dephasing curves are shown for Y105 (a) and
T106 (b) residues (each experimental point in (a) and (b) corresponds to the intensity of
the CO cross-peak for Y105 and T106, respectively, in the 2D DQ-SQ correlation
spectrum shown in Figure 8-4). Also shown are plots of the root-mean-square-deviation
(RMSD) as a function of torsion angle 1 for Y105 (c) and T106 (d). The gray rectangles
indicate the allowed regions of the torsion angle space based on the "N;-"*C%-"*CO-"N,,,
measurements (i.e., YPy,os 1S confined to two narrow regions around ¢ = +164°, whereas
all solutions between —140° and 140° are permitted for ). The experiments were
performed at 11.7 T and 10 kHz MAS.

Figure 8-7 shows representative results of the "N-"C“-"CO,-"°N,,, experiment for
TTR(105-115)yyy, fibrils. The measurements indicate that the N-terminal Y105 residue is
close to the fully extended (i.e., { = 180°) conformation. For the T106 residue the
Y torsion angle (Il < 140°) is outside of the region of optimum angular resolution and

sensitivity for the "N-"C“-"CO,-""N,,, experiment (i.e., 150° < hpl < 180°), and hence
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could not be precisely defined for this particular system (note that in studies of small

peptides with exceptionally high signal-to-noise ratios,""

a number of torsion angles
could be measured with relatively high precision even when the angles were not in the
most favorable regions for the particular experiment employed). The "“N;-"C“-"CO;-
N,,, experiments indicate that 1 angles for all residues in TTR(105-115) fibrils except
Y105 are < ~140°-150° (the torsion angle measurements are summarized in Table 8-1
below). These observations are consistent with the chemical-shift based TALOS*
predictions for the torsion angles presented in Chapter 7, which indicate that peptide
adopts an extended p-strand conformation in the fibril, characterized by torsion angles
~ 120°. Therefore, in order to obtain quantitative measurements for the remaining
angles in TTR(105-115) fibrils we have employed a 3D dipolar-chemical shift
experiment, which generates correlations between “N,,, and “C sites along the peptide
backbone and reports on 1, by measuring the relative orientations of the 'H",,,-"N,,, and
PC*-"H® dipolar tensors. As will be shown in the following section, the 3D 'HY,,,-"N,, -
PC“-'H% experiment has the region of optimum resolution and sensitivity for ¢y ~ 120°, in

the B-sheet region of the Ramachandran space, and hence is ideally suited for the

application to TTR(105-115) fibrils.

8.1.2 3D 'HN,,,-°N,,;-C*-"H® Spectroscopy

The measurement of the projection angle between 'HY,,-"N,,, and "“C*-'H%

131516 and the resulting 'HY,, -"N,,,-"C“-"H%

1

dipole vectors reports on the ; torsion angle

experiment has the region of optimum resolution and sensitivity for y angles in the -
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sheet region of the Ramachandran space. This is apparent in Figure 8-8, which shows the
peptide backbone as well as a plot depicting the dependence of the projection angle ® on
the molecular torsion angle . For torsion angles in the range 90° < ¢ < 150° the
projection angle is ® < 30°, which translates into high angular resolution and sensitivity

as described above.

Projection Angle O (deg)

0 4
180 -120

rrrrrrTrTTTTT T T TTTTT
-60 0 60
Torsion Angle v (deg)

T
120 180

Figure 8-8. Dependence of the projection angle ® between the 'H".,,-"N.,, and “C%-
"H% bond vectors on the molecular torsion angle 1.
The region of high angular resolution and sensitivity of the 'HY,,-"N,,,-"C%-"H%
experiment (i.e., where © is within ~30° of the co-linear topology) is indicated by the
gray rectangle.

The 3D 'HY,,,-"N,,,-"°C*-"H® pulse sequence used for measurements in TTR(105-

115) amyloid fibrils is shown in Figure 8-9. Following 'H-""N CP***' the "N-'H dipolar

interactions are reintroduced during MAS using a constant-time transverse MREV (T-
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MREV) pulse sequence element'' (in our implementation we have used T-MREV-4 with
four C elements per rotor period)."">"> Subsequently the "N magnetization is frequency
labeled with the isotropic chemical shift in t, and transferred to *CO using band-selective
SPECIFIC CP.” The relatively short 3-ms “"N-">C CP mixing time favors “N,,,-"CO,
transfers. Proton-driven “C-"°C spin-diffusion is used to transfer the "CO magnetization
to °C nuclei within each residue. The spin-diffusion mixing time is also relatively short
(7-ms), which favors "CO-"C“ transfers. A second constant-time T-MREV-4 sequence
reintroduces "C-"H dipolar interactions, and finally the “C magnetization is detected in
t,. The resulting 3D experiment consists of a series of 2D “"N-"C correlation spectra (not
shown), similar to the 2D NCOCX spectra presented in Chapter 7.” The cross-peaks of
interest involve the "°N,,, and "°C sites, and these cross-peaks are dephased during the
period T, under the local fields due to dipolar couplings to 'H nuclei. Note that the
constant-time period and T-MREYV evolution time on the "N and "’C channels are not
independently adjusted. The "N channel parameters are twice as long as the
corresponding "*C parameters due to the fact that the magnitude of the “C*-'H* dipolar
coupling is approximately twice as large as the "N-"H" coupling. This generates the
largest interference effects between the "C*'H* and "N-'H" couplings in the dipolar
dephasing curves and translates into optimum sensitivity.””"> Although the
implementation of the 3D 'H",,-"N,,,-">C*-'"H® pulse sequence shown in Figure 8-9 has
not been described previously to our knowledge, the scheme is a simple modification of

previously described 3D 'H-"’N-""C-'H experiments,>'>"

and is particularly advantageous
for the application to TTR(105-115) fibrils because it reduces the congestion in the C*

spectral region. An essentially identical pulse sequence (where band-selective SPECIFIC
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CP’' is used to transfer "N magnetization to “C* instead of CO and the 'H-driven "C-
C spin-diffusion period is omitted) is used to measure the projection angle between the
'HN-"N; and “C*-"H* dipole vectors,""* which can be subsequently related to the torsion
angle ¢.*">" It can be easily shown® that the resulting 'H",-""N-"C*-'"H® experiment has
the region of optimum angular resolution and sensitivity around ¢; = -120°, in the B-sheet

region of the Ramachandran space.’

T-MREV T-MREV
:
H o CW | tppm | CW CW 1 TPPM
—_— — :
21 T 1

to
| o] o | |

4 cP

27 Te = 2NT;

Figure 8-9. 3D 'H",,,-"N,,,-"C%-"H% pulse sequence for the measurement of 1,

Representative results of the 'HY,,-"N,,,-"C%-'H% experiment for TTR(105-
115)yy4 fibrils are shown in Figure 8-10. The measurements indicate that yy,,s 1S not in
the sensitive region of the '"H",,-"N,,,-"*C%-'"H® experiment, which is consistent with the
PN,-"C*%-""CO-"N,,, measurement (c.f. Figure 8-7). However, more importantly the
dephasing curve for the T106 residue is very characteristic of the 1y angle in the region
90° < 1 < 150°, expected for an extended B-strand. 'H",,-"N,,,-"C*-'H dephasing
curves similar to that for T106, were observed for all remaining residues for which the
experiment could be performed, confirming directly that the peptide indeed adopts an

extended B-strand conformation in the fibril. The '"HY,, -"N,,,-"*C%-'"H® experiment could
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not be performed for S112 because it is followed by a Pro residue and for Y114 because
S115 was not isotopically labeled. Analogous 'H"-"N-"C“-'H" experiments were used
to measure the ¢ torsion angles in TTR(105-115) (data not shown), and again indicate an
extended (-strand with ¢ angles between -150° < ¢ < -90°. The torsion angles
measurements in TTR(105-115) fibrils are summarized in Table 8-1. The 'H-"N-"C-'H

11131532 and are not discussed here in detail. In

simulations have been described elsewhere,
summary, we note that an isotropic "N-"C polarization transfer model was assumed, the
strongest 'H™-"N and “C®-'H" dipolar interactions were considered, and the simulations
included the differential relaxation effects characteristic of T-MREV experiments and
described in detail elsewhere.'"'>'>** Furthermore, in the simulations of all torsion angle

experiments we have taken into account the potential deviations of the three-atom bond

angles from their average values (c.f. Figure 8-1).
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Figure 8-10. '"H", ,-"N,,,-"C%-'"H% measurement of { for residues Y105 and T106 in
TTR(105-115)y,, fibrils.

Experimental (@) and simulated (—) dephasing curves are shown for Y105 (a) and T106
(b) residues (each experimental point in (a) and (b) corresponds to the intensity of the
®N,,,-"°C*% cross-peak in the 2D correlation spectrum). Also shown are plots of the root-
mean-square-deviation (RMSD) as a function of torsion angle 9 for Y105 (c) and T106
(d). The gray rectangles indicate the allowed regions of the torsion angle space based on
the 'HY,,-"N,,,-"C*-'"H* measurements. The experiments were performed at 11.7 T and
8.903 kHz MAS.
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Table 8-1. Backbone torsion angles ¢ and ¢y in TTR(105-115) fibrils predicted using
TALOS and measured using 3D dipolar-chemical shift correlation experiments.

Residue TALOS¢ (deI%I)—Ni—C“i—H TALOS H;Ip(ldf:g)H N-C*-CO.N
ios - - 150180 160168
T106 — -139 —-101 _ 90-150  -140 — 140
1107 -145--105 -143—-97 131155 90-150  -137-137
A108  -139--95 -142--98 120— 146 92-148  -140— 140

A109 -145--117  -141--99 111 - 147 90 - 150 -139-139

L110 -130--94  -139—-101 104-136  90-150  -144-— 144
L111 -140--96  -140 —-100 122-152  90-150  -153—153
S112 -131--87 -139--101 109 — 163 — -146 — 146
P113 112 --50 — 107-145  90-150  -157-157
Y114 139 --85 -139--101 123 - 153 — —
S115 — — — — —

Most torsion angles in TTR(105-115) were determined using H-N,-C*-H (¢) and H-N,, -
C“-H (y) experiments, which are highly sensitive to variations in the torsion angle for
angles in the B-sheet region of the Ramachandran space. Uncertainties for torsion angles
determined using H-N-C“-H, H-N,,,-C%-H and N-C%-CO;-N correlation experiments
reflect the systematic contributions due to the potential 2-3° variations in the three-atom
bond angles'" (c.f. Figure 8-1), as well as contributions due to random noise (the random
contributions are obtained using an F-test approach with a 90% confidence limit). For the
H-N,-C*-H and H-N,,,-C%-H experiments these uncertainties lead to the coalescence of
pairs of degenerate solutions (about ¢ = -120° for H-N,-C*-H and ¢ = 120° for H-N,,,-C*-
H) into single minima. The H-N,,,-C*-H in addition assume that w, = 180°.

8.2 Carbon-Nitrogen Distance Measurements

About 40 intramolecular carbon-nitrogen distances have been determined in
TTR(105-115) fibrils. The majority of the distances were measured in three (U-""C,"’N)-

labeled fibril samples (c.f. Chapter 7) using the 3D ZF TEDOR experiment,” and several
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distances were determined using frequency selective REDOR method.** The majority of
the measured distances are in the 2.5-5 A range, and correspond to correlations between
the side-chain "C sites of residue i and backbone amide "N groups of residues i and i+1.
Since many of these correlations depend on at least one torsion angle they provide
important constraints on both the side-chain and the backbone conformations. In Figure
8-11 we show representative 3D ZF TEDOR spectra for TTR(105-115)y,, fibrils and the
buildup curves for cross-peaks between T106 C* and C' and T106 and 1107 "N. The
details of the 3D ZF TEDOR simulations are provided in Chapter 6. The distance
measurements are listed in Table 8-2 and displayed in Figure 8-12. Note the relatively

low density of distance restraints for the N- and C-terminal residues.
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Figure 8-11. 3D ZF TEDOR spectra and buildup curves in TTR(105-115),, fibrils.
2D ""N-"C spectra are shown for TEDOR mixing times of 2.8 (a) and 6.0 ms (b), and
experimental (@,0) and simulated (—) buildup curves are shown for T106 C? (c) and
T106 C' (d) sites. The experiments were performed at 11.7 T and 10.0 kHz MAS.
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Table 8-2. Carbon-nitrogen distances in TTR(105-115) fibrils

Atoms Distance (A) Atoms Distance (A)
Y1058 Y 105N 2.5+0.25 L110p LI1IN 3.6 £0.36
T106N 3.3+0.33 L11062%* L110N 4.2 +0.42
Y105y Y105N 3.18 £0.2° LITIN 3.4+0.34
T106N >3.5' L111p LI1IN 24+0.24
T106p T106N 2.6 £0.26 Lilly LI1IN 3.0+£0.3
I1107N 3.5+0.35 S112N 4.6 £0.46
T106y T106N 3.6 +0.36 L11161* LI1IN >3.5
I1107N 32+0.32 S112N >3.5
11074 1107N 2.8 +£0.28 L11162* LI1IN 3.2+0.32
A108N 3.4+0.34 S112N 5.5+0.55
1107y1 1107N 3.1 +0.31 P113p P113N 2.4 +£0.24
A108N 40+04 Y114N 3.7+0.37
1107y2 I1107N 3.8+0.38 P113y P113N 2.3+0.23
A108N 3.1+0.31 Y114N >3.5
11079 I1107N 4.6 £0.46 P113d S112N 32+0.32
A108N 5.7+0.57 P113N 1.5+0.15
A108p A108N 2.5+0.25 Y114y Y114N >2.8"
A109N 3.5+0.35 A108CO L110N 4.25+0.15
A109p3 A109N 2.6 £0.26 Lllla L110N 4.56 +0.12°
L110N 3.3+0.33 S112CO Y114N 4.06 +0.06*
L110B L110N 2.7+0.27 S115a Y114N 50737

Distances were determined using 3D ZF TEDOR™ unless indicated otherwise. A total of
42 distances were measured (38 sidechain-backbone and 4 backbone-backbone), and 34
distances depend on at least one torsion angle.
*For Leul10 and Leulll, C® and C* were arbitrarily assigned to the downfield and
upfield resonances, respectively.
"Y105y and Y114y distances were determined using frequency selective REDOR.

*Backbone-to-backbone distances were measured using REDOR in selectively Bc, BN
labeled fibrils.”
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Figure 8-12. Summary of carbon-nitrogen distance restraints in TTR(105-115)
fibrils.

A model of the peptide is shown with the measured carbon-nitrogen distances indicated
by solid white lines. The majority of the measured distances are in the 2.5-5 A range (c.f.
Table 8-2), and correspond to correlations between the side-chain "°C sites of residue i
and backbone amide "N groups of residues i and i+1. Note the relatively low density of
distance restraints for the N- and C-terminal residues.

Figure 8-13. Ensemble of 30 atomic-resolution structures of TTR(105-115) in the
amyloid fibril consistent with the NMR restraints.

The structures were calculated using a standard simulated annealing molecular dynamics
protocol within the CNS program.” The structures are displayed by aligning the
backbone atoms for residues 3-9, and a representative structure is highlighted using
thicker bonds. Note that the central region of the peptide, where the density of the NMR
restraints is the highest, is most well defined. For the ensemble of structures shown, the
RMSD values for all 11 residues are 0.85 A for the backbone atoms and 1.80 A for all
heavy atoms. For residues 3-9 the corresponding RMSD values are 0.51 A (backbone)
and 0.84 A (heavy). The figure was prepared using the program MOLMOL.*
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8.3 Atomic-Resolution Structure of TTR(105-115)

An ensemble of atomic-resolution structures of TTR(105-115) in the amyloid
fibril consistent with the NMR restraints (summarized in Tables 8-1 and 8-2) was
calculated using a standard simulated annealing molecular dynamics protocol within the
CNS program,” and is shown in Figure 8-13. We note here that analogous solid-state
MAS NMR experiments combined with simulated annealing molecular dynamics were
recently used to obtain the atomic-resolution structures of a microcrystalline tripeptide,
N-formyl-L-Met-L-Leu-L-Phe,”’ and a microcrystalline 62-residue protein, o-spectrin
SH3 domain.” For the ensemble of structures shown in Figure 8-13 the RMSD for all 11
residues is 0.85 A for the backbone atoms and 1.80 A for all heavy atoms. For residues 3-
9 the corresponding RMSD values are 0.51 A for the backbone and 0.84 A for the heavy
atoms. The calculated RMSD values are consistent with the fact that the density of NMR

restraints is the highest in the central region of the peptide.

60 -

-120 L

-180 +———14—m—m—————————————
180  -120  -60 0 60 120 180

¢ (deg)

Figure 8-14. Ramachandran plot with (¢, y) pairs for all residues in the ensemble of
30 calculated structures superimposed.
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Figure 8-15. Distributions of backbone and side-chain torsion angles for the
ensemble of 30 calculated TTR(105-115) structures.

The distributions indicate that the majority of the torsion angles are uniquely defined by
the combination of the solid-state NMR measurements and the van der Waals restraints.
The gray rectangles indicate torsion angles restrained for which no NMR measurements
are available.

Based on all solid-state NMR measurements TTR(105-115) adopts an extended f3-
strand conformation when incorporated into the amyloid fibril, and the peptide structure
appears to be very well-defined. This is summarized in Figure 8-14, which shows the
Ramachandran plot with (¢, 1) pairs for all residues in the ensemble superimposed.
Distributions of the backbone and side-chain torsion angles for each residue in the
ensemble of 30 calculated structures are shown in Figure 8-15. These distributions reflect
the experimental uncertainties in the torsion angle measurements and indicate that the
majority of the torsion angles are uniquely defined by the combination of the solid-state
NMR measurements and van der Waals restraints. Furthermore, for several side-chain
torsion angles, which are constrained by a single distance measurement (e.g., %'yi0s)s

bimodal angle distributions are observed in the calculated structures. In some of these

cases it should be possible to predict the most likely side-chain conformation based on

289



information from rotamer libraries,” and these studies are currently in progress. Finally,
in Figure 8-16 we compare the measured carbon-nitrogen distances with the distances
observed in the ensemble of the calculated structures (for the calculated distances the
average between the extremes observed in the ensemble was used). No violations of the
experimental distance restraints are observed, and overall the measured and calculated
distances are in good agreement (correlation coefficient R = 0.98). Note that all distances
observed in the ensemble of calculated structures are within the experimental error of the

measured distances.
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Figure 8-16. Comparison of experimentally determined carbon-nitrogen distances
with the corresponding distances observed in the ensemble of 30 calculated
TTR(105-115) structures.
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8.4 Conclusions

We have determined the atomic-resolution structure of an 11-residue peptide
fragment of transthyretin, TTR(105-115), in an amyloid fibril using solid-state MAS
NMR spectroscopy and simulated annealing molecular dynamics. A total of about 60
site-specific structural NMR constraints were measured, which consisted of backbone
torsion angles ¢ and 1 and carbon-nitrogen distances. The backbone torsion angles were
determined using a series of three-dimensional dipolar-chemical shift correlation
experiments, which report on the relative orientations of "C-"N, "C-'H and "N-'H
dipolar tensors. The carbon-nitrogen distances in the 3-5 A range were determined using
REDOR based methods described in this thesis (mainly 3D ZF TEDOR). The results
indicate that the peptide adopts an extended (-strand conformation when incorporated

into the amyloid fibril.
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