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Summary

Nuclear magnetic resonance spectroscopy has continuously been developing ever
since its introduction as a structural method in bioscience. Recently established
residual dipolar coupling techniques yield information on long-range order in weakly
aligned samples as they define the orientation of vectors between nuclei in a common
global reference frame. These data complement classical short-range information and
have a unique potential especially for the characterization of non-globular states.

This thesis describes the development of novel methods for the weak alignment of
biomacromolecules in charged gels and for the measurement of long-range residual
dipolar couplings in perdeuterated proteins. These weak alignment techniques and
other nuclear magnetic resonance methods were applied to study the structure and
folding of various proteins such as the fibritin folding nucleus, the minicollagen

cysteine rich domain and human protein tyrosine phosphatase 1B.
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Chapter 1

Introduction

For almost five decades structural biology has formed the framework in which
biological processes can be understood at the atomic level (Kendrew et al., 1958;
Perutz et al., 1960). Today biomolecular structures are solved at ever-increasing rates,
sizes and qualities, as the applied methods are continuously improving. Structural
proteomics efforts are underway to explore all folds, which naturally occur in
proteins. New techniques like protein design, structure prediction and molecular

modeling have emerged from structural biology.

The various techniques for the determination of biomolecular structures mainly give
complementary rather than redundant information. Data from cryo-electron
microscopy and atomic force microscopy yield structures of extremely large systems
or whole cells (Baumeister, 2002) at relatively low resolution, that can, however,
often be combined with atomic resolution structures.

The most successful structural technique at atomic resolution is the diffraction of X-
ray beams from three-dimensional crystals. However, the production of good crystals
is a limiting factor. The use of synchroton radiation as well as cryo-crystallographic
methods and advances in refinement techniques permit to study protein structures
with molecular weights up to 1.8-10° Da (Ban et al., 2000) and with resolutions as
good as 0.54 A for small model proteins (Jelsch et al., 2000).

Nuclear magnetic resonance spectroscopy is the only alternative to X-ray
crystallography for studying structures at atomic resolution and has the advantage of
working in solution. The most severe drawback of the method is the size limitation,
which results from increasing linewidths at increasing molecular weight. Due to the
high number of small proteins in any genome, to the better solubility of smaller
proteins and to the rapidity of preliminary analysis via NMR, NMR has been
predicted to play an important role in the current structural proteomics efforts
(Christendat et al., 2000). Domains of eucaryotic proteins have an average size of 153

+ 87 residues (Orengo et al., 1999). Most of these domains are thus amenable to state-
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of-the-art heteronuclear NMR methods. With relaxation optimized spectroscopy,
spectra of multimeric proteins have been obtained at molecular sizes up to 810 kDa in
lysine decarboxylase (Tugarinov et al., 2004) and 900 kDa in the GroEL-GroES
complex (Fiaux et al., 2002). Thus, NMR has the potential to contribute to the
understanding of large modular proteins by resolving the biology of concerted domain
actions. In a first example, resonance assignments and a characterization of
interdomain and intradomain motions were performed on the 81.4 kDa multidomain
enzyme malate synthase G (Tugarinov et al., 2002; Tugarinov and Kay, 2003;
Korzhnev et al., 2004).

High-resolution solid state NMR (SSNMR) has allowed the characterization of
proteins, which are not amenable to other structural techniques. SSNMR does not
have an inherent molecular weight limit and allows studies of membrane proteins (de
Groot, 2000), protein aggregates like amyloid fibrils (Petkova et al., 2002) and other
proteins and nucleic acids, which are insoluble and non-crystallizeable. Local
structural information, entire protein structures (Castellani et al., 2002) and de novo
peptide structures (Luca et al., 2003) have been obtained with partially (Castellani et

al., 2003) and uniformly labeled samples (Jaroniec et al., 2001).

NMR spectroscopy has been termed “the most versatile physicochemical method
developed in the twentieth century” (Cohen et al., 1995). The method has a broad
theoretical background and is understood from first principles (Abragam, 1961;
Goldman, 1988). Since the discovery of the chemical shift (Proctor and Yu, 1950)
NMR has been a tool for the analysis of molecular configuration in chemistry. NMR
has evolved to a high-resolution method for atomic resolution structure determination
of biomacromolecules in solution (Withrich, 1986; Ernst et al., 1987) and to a highly

powerful clinical imaging technique (Lauterbur, 1973; Stehling et al., 1991).

NMR allows the concerted characterization of structure, dynamics, folding and
various functional states of proteins, often with a single sample. It is an efficient
screening technology for ligand and lead binding, even at low affinities, in bio- and
pharmaceutical sciences (Hajduk et al., 1999). Hydrogen bonds in small molecules
(Shenderovich et al., 1998), nucleic acids (Dingley and Grzesiek, 1998; Pervushin et
al., 1998) and proteins (Wagner et al., 1983; Cordier and Grzesiek, 1999; Cordier et
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al., 2003) have directly been studied using NMR. Furthermore, the method allows the
characterization of only partially folded or unstructured states (Wright and Dyson,
1999). Flexible parts of proteins are often involved in binding and catalysis and are
therefore best studied in solution by NMR. NMR data allow extracting time scales,
amplitudes and anisotropies of motions in dynamic structures (Lipari and Szabo,

1982; Kay et al., 1989; Bruschweiler, 2003).

Structure determination by NMR in solution has traditionally relied on semi-
quantitative local restraints, like the distance dependent nuclear Overhauser effect
(NOE) between protons and dihedral angle information from coupling constants and
chemical shifts. Errors in these local restraints can be cumulative and limit the
accuracy of NMR-derived structures (Gronenborn, 2003). Especially structure
determinations of non-globular states like partially unfolded proteins, multidomain
proteins and nucleic acids with their sparse proton density can fail, when relying on

traditional NMR parameters only.

The accuracy of NMR derived structures has been improved by the introduction of
experimental restraints that characterize the long-range order in macromolecules
(Tolman et al., 1995; Tjandra and Bax, 1997). A very weak degree of anisotropic
orientation of the biomolecules is the prerequisite for obtaining these data. These
anisotropic restraints contain information about internuclear vector orientations in a
global common reference frame and therefore yield the orientation of internuclear
vectors relative to each other, irrespective of their distance. Most prominent among
these restraints is the dipolar coupling, that has been measured in solution NMR using
liquid crystals and magnetic alignment (Saupe and Englert, 1963; Bothnerby et al.,
1981). A routine use in solution NMR was, however, hampered by the complexity of
the spectra even for small molecules, resulting from the high degree of ordering in
original liquid crystalline samples. A major breakthrough has been achieved by the
use of dilute liquid crystalline media (Tjandra and Bax, 1997) to scale down the
alignment by a factor of ~1000 and to allow the convenient measurement of residual

dipolar couplings (RDCs) in the weak coupling limit.
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The size of the RDC between two nuclei depends on their magnetic moment, their
distance, the angle of the internuclear vector with respect to the magnetic field and the

order parameter of the internuclear vector. The RDC <D> is the time and ensemble
averaged (indicated by brackets < >) dipolar coupling between nuclei I and J given by
u, h 3cos’E -1
D)=-——— —_— ),
(0) =Ty (32
where T is the angle of the internuclear vector with the magnetic field and ry; is the

Uy

internuclear distance. The factor — 5
T

Py v,y, only varies with the magnetic moment
T

of the nuclei.

Due to heteronuclear isotope enrichment, pairwise RDCs between 'H, °C and “N
nuclei have become accessible, mostly by simple modifications of experiments
normally used for resonance assignments. RDCs have been shown to improve NMR
structures to qualities comparable to high-resolution X-ray structures and monitor
local chemical exchange processes (Tolman et al., 1997) as well as global topologies
in protein folding (Shortle and Ackerman, 2001). Domains and intermolecular
complexes can be oriented relative to each other, often by the use of only very few
RDC data (Tolman, 2001). Structure determinations have been carried out by the use
of RDCs with a limited number of NOEs (Ramirez et al., 2000) or no NOE data at all
(Delaglio et al., 2000; Hus et al., 2001). The fast identification of folds by RDCs can
be used in structural proteomics efforts, even in cases, where the sequence similarity
is too small to predict structural homologues (Annila et al., 1999). As the number of
unique protein-folds is limited to roughly 1000 (Chothia, 1992), structural
homologues of the investigated protein are often found, when searching the PDB with

dipolar coupling input.

This thesis describes the development of charged gels as new media for weak
alignment and introduces new methods for the measurement of long-range RDCs in
perdeuterated proteins. Weak alignment is applied to high-resolution structural studies
of native states, partially folded intermediates and unfolding. Furthermore, backbone
assignments of a 35 kDa human enzyme were obtained with classical and relaxation

optimized spectroscopy. The thesis is organized as follows:
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In chapter 2 the development of charged copolymer gels as chemically robust
synthetic media for the electrostatic alignment of biomolecules is described (Meier et
al., 2002a). In addition, new experiments have been devised for the measurement of
long-range residual dipolar couplings. In these experiments, the RDC is measured in
perdeuterated proteins by magnetization transfer from 'H" spins to sequential and
non-sequential 'HY, "C**™% and "*C’ atoms, including RDCs across hydrogen bonds
(Meier et al., 2003). RDCs between spins up to nearly 8 A apart could be detected.

In chapter 3 the solution structure of the trimeric T4 fibritin foldon domain is
described (Glithe et al., 2004). Electrostatic contributions to the total stabilization
energy were determined by NMR spectroscopy. At low pH values the foldon trimer
disassembles and gives rise to an acidic state with a highly populated single hairpin.
Stable natural hairpins have been difficult to obtain and are important models for the
understanding of -sheet formation. The thermodynamics and kinetics of foldon
hairpin formation have been quantified with NMR spectroscopy (Meier et al., 2004a).
Chapter 4 describes the structure determination of a disulfide and proline rich
minicollagen domain from Cnidaria (Meier et al., 2004c). Due to the detection of
'Dey; and 'Dyy dipolar couplings at natural abundance of “C and "N isotopes, the
structure is of very high quality and reveals the disulfide pattern of the six cysteines
and the hydrogen bond pattern in several turns of the small domain. The redox
potential and the folding of these specialized collagen domains with their exceptional
content of cysteines and prolines have been characterized (Meier et al., 2004b).

In chapter 5 the backbone assignment of the 298 amino acid catalytic domain of
human protein tyrosine phosphatase 1B is described (Meier et al., 2002b). PTPIB is a
promising target for the treatment of obesity and type II diabetes. The assignments are

currently being used for lead screening by Novartis Pharmaceuticals Corporation.



Chapter 2
Media and methods for the measurement of residual

dipolar couplings

2.1 Background

Several different NMR restraints can be derived for the structure determination of
biomacromolecules in solution. Traditionally, the most important parameter for NMR
structure determination has been the nuclear Overhauser effect (NOE) between
protons, which are in close spatial proximity (Overhauser, 1953). The precision of
NOE-derived distances, however, is compromised by spin diffusion and the imprecise
knowledge of local dynamical processes of the interacting protons. NOEs therefore
enter structure calculations in a rather qualitative manner. In addition, the
unambiguous interpretation of NOE cross peaks gets increasingly difficult with
increasing size of the protein (Zwahlen et al., 1998). The detection of proton-proton
NOE:s in high molecular weight proteins is additionally impaired by the usual (at least
partial) deuteration of large proteins, which is necessary to lengthen transverse spin
relaxation times. Other local restraints historically used in NMR comprise J-couplings
(Karplus, 1959) or chemical shifts (Spera and Bax, 1991), which both give dihedral
angle information. The use of only local information inherently limits the accuracy of
NMR structures, especially for non-compact states (Gronenborn, 2003). Resulting
NMR structures are of acceptable quality only due to the redundancy of the
information (de Alba and Tjandra, 2002).

Residual dipolar couplings and other orientation-dependent data in weakly aligned
samples alleviate these problems by complementing local NOE and dihedral angle

information with long-range data.

The dipolar field of a magnetic nucleus with spin I adds to the local magnetic field
and thus changes the resonance frequency of a nearby magnetic nucleus with spin J
by a value depending on the orientation of the internuclear vector, the magnetic

moment of the spins and their distance (Figure 2—1). For spin-1/2 nuclei, half of the
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spins I are parallel to the magnetic field and half are antiparallel. Therefore, spins I
will increase or decrease the frequency of J in 50 % of the cases each, thus giving rise

to a symmetric splitting.

Figure 2-1. Dipolar coupling (taken from (Bax, 2003)). The dipolar field, in this case of the
proton, influences the local field experienced by nearby nuclei, here the nitrogen. The
magnitude of this change in the local field depends on the position of the nitrogen relative to
the proton, whereas the parallel and the antiparallel spin state of the proton relative to the
external magnetic field invert the sign of this influence.

In the heteronuclear case, the energy of the interaction between dipoles with identical
orientation relative to the internuclear vector r is given from classical electrodynamics
by

__ MY i)/
DD 4]‘[22J'EIJZZ

9

(3cos’E - 1)

2-1
where T is the angle of the internuclear vector relative to the external magnetic field,
I, and J, are z components of the spin operators, r, is the internuclear distance
between spins I and J and y,, y, are gyromagnetic ratios.

Molecular tumbling yields a time and ensemble averaging, indicated by angle

brackets, and gives

2
HDD = Dmax <IZJZ (30%;_1)>

9

where D, =-—-—-—5- is the maximal splitting in Hz and the internuclear

distance 1;; is assumed fixed.
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In the heteronuclear case, scalar and dipolar couplings between the spins I and J are
additive due to the identical form of the spin parts of the respective hamiltonians. The
RDC is then extracted by subtraction of the measured scalar coupling, which is

obtained in a reference experiment performed on an isotropic sample.

The residual dipolar coupling between two nuclei has the form
(D) =D, (P,(cos®)),

where P,(cos&) =(3cos’E —1)/2. In isotropic solution the dipolar coupling averages
to zero because the integral of P,(cosC) over the unit sphere vanishes. For typical
alignment media used to detect RDCs in biomolecules, values of <P2(cos§)> are

adjusted to ~10~ such that the RDCs adopt values on the order of a few Hz.

It is often convenient to express the dipolar coupling in a molecular fixed frame. The
molecular average orientation in the magnetic field has been described by the

symmetric 3x3 Saupe order matrix S; given by (Saupe and Englert, 1963)
1
S, = E<300s§. cosg; - 5,.].>,

where i,j = x,y,z are the axes of the molecular Cartesian coordinate system, C; the

angle of the axis with the magnetic field and o, the Kronecker symbol.

The Saupe order matrix can then be used to obtain the orientation of an internuclear

vector in the field, i.e. to derive <P,(cosC)> from

(P(cosE)) = YeiSye;,
i=x,y,2
J=x.y.2

where (c,.c,,c,) are the coordinates of an internuclear vector in the Cartesian

coordinate system fixed to the molecule.

As the Saupe order matrix is real, symmetric and traceless, it can be diagonalized by

the rotation to the principal axis coordinate system. D then assumes the form

D =D, <P2 cos(Z_.,’)> = Dmax[S'm " +S',, c'i +S' c'i],

max
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where the primes denote quantities within the principal axis system.

The internuclear vector orientation in the principal axis frame is conveniently
described by Q=(6,p), where 0 and ¢ denote the polar angles of the vector. The
dipolar coupling is then given as

2
(3cos"0-1) N

D= DmaxS‘zz
- 2

gsin2 Ocos2g|,

frequently also expressed as

D= Azz
2

where A, =D,,,'S’,, is the maximal RDC obtainable for a given alignment and mn is

{(3cos2 0-1)+ nsin’ 9cos2(p},

the asymmetry parameter of the diagonalized alignment tensor A, with

n=A,-A)/A,, Tr A =0 and elements |A_I>IA I>IA_|. The geometric dependence

of the RDC is exclusively orientational, if the distance r;; is known. If r; is not known,

both distance and orientation influence the RDC.

For a molecule with internal motions, the description of the RDC becomes more
complicated, but is straightforward, if the internal motion does not affect the
alignment process (Prestegard et al., 2000). In the limit that the internal motion is
axially symmetric around the mean orientation, the dipolar coupling for the average

orientation is simply scaled by an internal order parameter S (0<S<1) and becomes
A .
D= S?{(Scos2 0 -1) + nsin’ HCOSZCp}.

S corresponds to the order parameter used to describe spin relaxation (Lipari and
Szabo, 1982), but senses motions up to the millisecond timescale. RDCs scale linearly
with the order parameter, whereas spectral density functions and thus relaxation rates
only contain S* terms. For structured residues in proteins relaxation derived order
parameters are in the range S*=0.8-0.95. Thus, local differences in the order
parameter contribute only a few percent to the RDC in structured regions of a

molecule and are often neglected.

Weak alignment does not only result in residual dipolar couplings but also in other

orientation-dependent phenomena like residual chemical shift anisotropy, anisotropic
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scalar couplings and quadrupolar couplings. Among those, the RDC is the most
commonly used parameter, due to the inherent strength of the dipolar coupling
(Dyimax = 22 kHz for "H"N spin pairs with ry; = 1.02 A) and due to the convenient
measurement of the splitting in only one experiment with high precision at weak

alignment.

The two polar angles ¢ and 0 cannot be determined unambiguously by the
measurement of a single RDC value. The measured dipolar coupling limits the
orientation of a bond vector to two symmetric lines on a sphere (Figure 2-2).
However, this ambiguity of the bond vector orientation is diminished, if the protein is
aligned in a second medium with different alignment tensor (Ramirez and Bax, 1998).
By this means ambiguities of the internuclear vector orientation for peptide planes can
be reduced (Figure 2-2) or in the case of non-planar molecular fragments even be

removed (Al-Hashimi et al., 2000).

Figure 2-2. RDCs determine the orientations of internuclear vectors to a line with a relatively
small error. The vector direction is ambiguous. By measuring the residual dipolar coupling in
two alignment media, the orientation can be defined to the intersections of these lines (taken
from (Ramirez and Bax, 1998)).

Weak alignment for the measurement of orientation-dependent NMR restraints is
achieved by transient interactions of the solute with an anisotropic matrix. Residual

dipolar couplings are measured at a net alignment of approximately 1 part out of



2. Methods for the measurement of RDCs 11

1000. In an ergodic system, this residual degree of alignment is identical to the time
average that a molecule is interacting with the matrix, so that the molecule tumbles in

solution for roughly 99.9 % of the time.

Tunable weak alignment has first been achieved by placing proteins into dilute
aqueous liquid crystalline media, composed of dihexanoyl- (or diheptanoyl-)
phosphatidylcholine and dimyristoyl-phosphatidylcholine (DHPC/DMPC) (Tjandra
and Bax, 1997). These mixtures presumably form disc-like particles commonly
termed bicelles (Sanders and Schwonek, 1992), which adopt oriented nematic liquid
crystalline phases in the magnetic field due to their magnetic susceptibility. DMPC
and DHPC are uncharged and interactions with the solute occur by steric collision. In
this situation, simple obstruction models could predict the steric alignment tensor to
high accuracy (Zweckstetter and Bax, 2000). The alignment tensor is modified, when
bicelles are doped with charged amphiphiles, thus adding a net charge to the bicelles
(Ramirez and Bax, 1998). This results in electrostatic contributions to the interaction

of solute and alignment medium.

Other synthetic alignment media with varying steric and electrostatic contributions
are lamellar liquid crystal phases, which can be obtained from cetylpyridinium
halide/alcohol mixtures in bile (Helfrich phases (Prosser et al., 1998)) and from
polyether/alcohol mixtures (Lo phases (Ruckert and Otting, 2000)). An alternative to
the alignment in synthetic media is the use of negatively charged filamentous viruses
(Clore et al., 1998; Hansen et al., 1998a) and purple membranes (Sass et al., 1999),

which orient in the magnetic field due to their intrinsic magnetic susceptibility.

All of these alignment media have the drawback that they are stable only over a

limited range of temperature, pH and ionic strength.

Mechanically strained covalent polyacrylamide hydrogels have been introduced as
alignment media (Sass et al., 2000; Tycko et al., 2000), which are chemically inert
and yield stable alignment over a wide range of temperature, pH and solvent
composition. Anisotropy in the gels is generated by axial or radial squeezing, which

results in anisotropic cavities in the gels. Weak alignment is thus imposed on the
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solute macromolecule. As polyacrylamide is uncharged, the alignment results from
steric interactions. The gels have been used for weak alignment in solutions of 8 M
urea to characterize denatured states (Shortle and Ackerman, 2001) and in thermal

unfolding up to 80 °C (Meier et al., 2004a).

In the sum, a large number of alignment media for the measurement of RDCs has
been introduced over the last years, because gaining residual dipolar couplings under
different orientations significantly increases the structural information available
(Figure 2-2). Therefore, it was attractive to find a second chemically inert and stable
orienting medium, which, in contrast to the steric alignment in polyacrylamide gels,

yields electrostatic contributions to the weak alignment.
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2.2 Charged copolymers as new synthetic alignment media

Magnetically pre-oriented purple membrane fragments (Sass et al., 1999; Sass et al.,
2000) and Pfl phages (Trempe et al., 2002) have previously been polymerized into
polyacrylamide gels to introduce negative charges into such gels for the electrostatic
alignment of solute biomolecules. We show that a simple copolymerization of
negatively charged acrylic acid monomers into a copolymer with acrylamide and
subsequent squeezing of the charged gel can also be used for electrostatic alignment,

without relying on protein systems of limited stability.

Radical copolymerization of acrylamide and acrylate was performed in high ionic
strength buffer at pH 8.2. The incorporation of charged monomers into the polymers
with high efficiency was evident from the strong electroosmotic swelling of the gels
upon washing in water. Electroosmotic swelling in charged polymers is induced by
the counter cations of the acidic groups in the charged gels (Flory, 1953; Horkay et
al., 2000). Swelling decreases with the pH around the pK, of the acrylic acid in the
copolymer (pK,=4.8), as the electroosmotic swelling is abolished by the protonation

of acidic groups in the gel.

Anisotropy can be introduced by squeezing these polyacrylate/acrylamide copolymer
gels like polyacrylamide gels or by drying them on a capillary after swelling to stretch
the polymer. Alignment tensors with an A,y of up to 60 Hz are obtained in 2 %
(w/v) gels for the alignment of ubiquitin. Due to the electroosmotic swelling, the
charged copolymer gels are mechanically stable and easy to handle at gel
concentrations down to 0.1 % (w/v), whereas polyacrylamide gels are mechanically

unstable below 3 % (w/v).

The alignment is tunable by the addition of salt and is thus electrostatic in nature as
expected for a charged orientation medium. The electrostatic alignment is further
evidenced by the pronounced correlation (correlation coefficient r=0.9) of the
alignment tensor in charged gels to tensors obtained in negatively charged purple

membranes and Pfl phages. Correlation coefficients to steric alignment tensors in
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uncharged polyacrylamide gels (r =0.5) and uncharged DMPC/DHPC bicelles
(r=0.2) are much smaller. Thus, the introduction of charged moieties into
polyacrylamide gels yields additional independent structural information about the

solute macromolecule.

The applicability of the medium has been tested on the partially folded 17 kDa
antibiotic binding domain TipAS. The obtained RDCs are in good agreement
(Q = rms(D°™-D*)/rms(D°™) = 0.39) with the NMR structure (PDB code 1NY9)
determined without use of these RDCs (Kahmann et al., 2003).

A detailed description of the results has been published in the following manuscript.
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Abstract

The use of mechanically strained acrylamide/acrylate copolymers is reported as a new alignment medium for
biomacromolecules. Compared to uncharged, strained polyacrylamide gels, the negative charges of the acry-
lamide/acrylate copolymer strongly alter the alignment tensor and lead to pronounced electroosmotic swelling. The
swelling itself can be used to achieve anisotropic, mechanical strain. The method is demonstrated for the alignment
of TipAS, a 17 kDa antibiotic resistance protein, as well as for human ubiquitin, where alignment tensors with an
Azz NuH of up to 60 Hz are achieved at a gel concentration of 2% (w/v). The alignment can be modulated by the
variation of pH, ionic strength, and gel concentration. The high mechanical stability of the swollen gels makes it
possible to obtain alignment at polymer concentrations of less than 1% (w/v).

Residual tensorial couplings have become standard
parameters for probing structure and dynamics in bi-
ological macromolecules (Tolman et al., 1995; Tjan-
dra and Bax, 1997). The prerequisite to obtain such
orientation-dependent information in solution NMR
is the weak alignment of biological macromolecules.
Several liquid crystalline media have been introduced
that achieve weak alignment of solute biomacromole-
cules by transient steric or electrostatic interactions.
Recently, it has been shown that also mechanically
strained polyacrylamide gels can be used as the carrier
medium for such alignment experiments (Tycko et al.,
2000; Sass et al., 2000; Chou et al., 2001). The highly
inert gels allow for applications in hostile environ-
ments such as the conditions used for protein unfold-
ing (Shortle and Ackerman, 2001). Alignment in the
electrically neutral polyacrylamide is mainly caused
by steric interactions and results in alignment tensors
that are similar to uncharged lipid bicelles. Embedding
of oriented, charged purple membranes (Sass et al.,
2000) or filamentous phages (Trempe et al., 2002)
into the acrylamide gels causes alignment by elec-
trostatic interactions and leads to markedly different
orientation tensors and therefore gain of additional in-

*To whom correspondence should be addressed. E-mail:
Stephan.Grzesiek @unibas.ch

formation. In this communication we show that such
electrostatic alignment can also be achieved in me-
chanically strained acrylamide/acrylate copolymers.
The highly negatively charged gels exhibit strong elec-
troosmotic swelling (Flory, 1953; Horkay et al., 2000)
— an effect, which can be used advantageously to
apply anisotropic mechanical strain to the gels. The
swelling also results in increased mechanical stability.
This makes it possible to achieve alignment by me-
chanical strain at gel concentrations of less than 1%
(w/v), whereas uncharged acrylamide gels are difficult
to handle at concentrations of less than 4% (w/v).
Preparation of acrylamide/acrylate copolymer gels
was performed in analogy to polyacrylamide gels.
A stock solution of acrylic acid/bisacrylamide was
prepared as an aqueous solution of 29.2% w/v
acrylic acid (MERCK) and 0.78% w/v N,N'-
methylenebisacrylamide (BIS, SERVA) with the pH
adjusted to the pK of acrylic acid (4.25) by the ad-
dition of one molar equivalent of NaOH. The com-
mercially available premix of 29.2% w/v acrylamide
and 0.78% w/v BIS (APPLICHEM) was used as a
second stock solution for an acrylamide/bisacrylamide
mixture. Aliquots of both stock solutions were mixed
in specific ratios to obtain relative concentrations of
acrylic acid in the range of 0-100% of the total acrylic
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Figure 1. Swelling behavior of a 7% (w/v) 50% acrylate/50% acrylamide copolymer gel and preparation of an anisotropic NMR samples by
stretch-drying. A: Gel after polymerization from a 300 1 solution in a 3.5-mm diameter plastic tube. B: Gel after washing in deionized MilliQ
water. C: Gel dried on non-adhesive support. D: Gel dried on thin glass capillary stuck through center of the swollen gel. E: Dried gel on glass
capillary in 5 mm NMR tube. F: Gel after reswelling with NMR sample solution and removal of the glass capillary.

acid/acrylamide monomers. Typically, these mixtures
were diluted to a total monomer concentration of 7—
10% w/v by a high ionic strength buffer (10xTBE,
i.e., 0.9 M Tris, 0.9 M borate, 0.02 M EDTA, pH 8.2).
Polymerization was then started at room tempera-
ture by the addition of 1% tetramethylethylenedi-
amine (TEMED) and 0.15% ammonium peroxodisul-
fate. Polymerizations were either carried out on 300 1
reaction mixtures placed in a plastic tube of 3.5 mm in-
ner diameter that was closed with parafilm on one end,
or as 50 pl volumes placed in a teflon tube of 1.7 mm
diameter. After the polymerization was completed, the
gels were washed at least five times for several hours
with a ~100-1000-fold excess of deionized (MilliQ)
water. During the washing, the polyelectrolyte gels un-
dergo very pronounced electroosmotic swelling which
leads to a volume increase of up to a hundredfold (see
below and Figure 1A,B).

This effect was used to prepare NMR samples of
biomacromolecules dissolved in an anisotropic acry-
lamide/acrylate gel matrix. To this end, a thin glass
capillary (diameter ~0.3 mm) drawn from a glass
pipette was stuck through the center of the cylindrical

swollen gels (Figure 1B). The gels were then dried
in a drying oven at 50 °C on a non-adhesive support
such as PVDC (polyvinylidene chloride) household
wrapping foil. Drying of the swollen gel was complete
within two days. Apparently, the drying and the ad-
hesion to the glass capillary result in an asymmetric
stretching of the dried gel in the direction of the glass
capillary (Figure 1D). The glass capillary with the
dried gel was then placed into a normal 5 mm NMR
tube (Figure 1E) and the desired sample solution was
added. After the gel had reswollen within the NMR
tube, the glass capillary was pulled out (Figure 1F),
and the sample was ready for NMR measurements.
As an alternative to this stretch-drying method for
achieving anisotropy, the conventional compression
method (Tycko et al., 2000; Sass et al., 2000; Chou
et al., 2001) was also investigated. Due to lower me-
chanical stability at high acrylate concentrations (see
below), this method was only practical for charged
gels with a relative acrylate content of less than 40%.
For this conventional method, the gels were dried on a
non-adhesive support without the glass capillary. The
dried cylindrical gels (Figure 1C) were placed into a
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Figure 2. Swelling behavior of a 7% (w/v) acrylate/acrylamide
copolymer gel. The relative swelling volume is calculated as the
volume of the swollen gel divided by the original polymerization
volume. A: Dependence on the relative acrylate content of the gel.
Swelling was performed in deionized water. B: Dependence on pH.
Swelling was performed in 10 mM sodium phosphate (pH 7.0 and
pH 4.9) or ammonium acetate (pH 3.6) buffer solutions. The dashed
line indicates the pK, of polyacrylic acid. C: Dependence on salt
content. Swelling was performed in 10 mM phosphate, pH 7.0 with
varying amounts of NaCl.

5-mm NMR Shigemi tube and sample solution added.
Compression was achieved by pressure applied via the
plunger of the Shigemi tube as described (Tycko et al.,
2000; Sass et al., 2000).

The swelling of the charged acrylate/acrylamide
copolymers is caused by electroosmotic flow of wa-
ter into the polymer matrix. Such swelling has been
well described for various polyelectrolytes (Vermaas
and Hermans, 1948; Katchalsky et al., 1951; Flory,
1953; Horkay et al., 2000). In brief, the concentration
of mobile ions is always larger inside the gel than in
an exterior solution because of the attraction by the
fixed charges. In consequence, the osmotic pressure
in the gel is larger than in the external solution, re-
sulting in a net influx of solvent and swelling (Flory,
1953). Figure 2A depicts the relative volume increase
from swelling in deionized water for an initial 7%
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Figure 3. Ionic strength dependence of ubiquitin alignment i