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Abstract Recently we reported that the alignment tensor
of a biological macromolecule, which was dissolved in a
dilute suspension of highly negatively charged filamen-
tous phage at close to neutral pH, can be predicted from
the molecule’s 3D charge distribution and shape
(Zweckstetter et al. 2004). Here it is demonstrated that
this approach is also applicable to alignment of proteins
in liquid crystalline phases formed by filamentous phage
at low pH. Residual dipolar couplings (RDCs) predicted
by our simple electrostatic model for the Bl domain of
protein G in fd phage at pH 3 fit very well with the
experimental values. The sign of charge—shape predicted
one-bond "H-"°N dipolar couplings for the Bl domain
of protein G (GBI1) was inverted at pH 3 compared to
neutral pH, in agreement with experimental observa-
tions. Our predictions indicate that this is a feature
specific for GBI1. In addition, it is shown that RDCs
induced in the protein ubiquitin by the presence of a
positively charged surfactant system comprising cet-
ylpyridinium bromide/hexanol/sodium bromide can be
predicted accurately by a simple electrostatic alignment
model. This shows that steric and electrostatic interac-
tions dominate weak alignment of biomolecules for a
wide range of pH values both in filamentous phage and
in surfactant liquid crystalline phases.
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Introduction

Residual dipolar couplings (RDCs) can be measured in a
weakly aligned macromolecule, for which the large one-
bond internuclear dipolar interactions no longer average
to zero (Tjandra and Bax 1997; Tolman et al. 1995).
RDCs are exquisitely sensitive to bond vector orienta-
tion and offer many new opportunities in NMR studies
of proteins in solution, ranging from structure validation
and rapid structure determination to the study of
dynamics (Cornilescu et al. 1998; Delaglio et al. 2000;
Hus et al. 2001; Jung et al. 2004; Meiler et al. 2001,
2003; Tolman 2002). The partial alignment of the bio-
molecule in solution is usually accomplished by means
of a dilute liquid crystalline medium or an anisotropi-
cally compressed gel (Barrientos et al. 2000; Clore et al.
1998; Fleming et al. 2000; Gabriel et al. 2002; Hansen
et al. 1998; Meier et al. 2002; Prestegard et al. 2004;
Prosser et al. 1998; Ruckert and Otting 2000; Sass et al.
1999; Tjandra and Bax 1997; Tycko et al. 2000).
Recently, we and others reported that RDCs ob-
served for proteins and nucleic acids dissolved in dilute
suspensions of the highly negatively charged filamentous
phages at close to neutral pH can be predicted from the
molecular shape and charge distribution (Ferrarini 2003;
Zweckstetter et al. 2004). An highly oversimplified
model, which approximated the electrostatic interaction
between a solute and an ordered phage particle as that
between the solute surface charges and the electric field
of the phage, predicted both the magnitude and orien-
tation of the solute’s alignment tensor with reasonable
accuracy (Zweckstetter et al. 2004). This electrostatic
model extended an earlier approach that considered only
steric obstruction (Zweckstetter and Bax 2000). The
ability to predict dipolar couplings for a given protein
structure provides possibilities for the differentiation
between monomeric and homodimeric states (Zweck-
stetter and Bax 2000), conformational analysis of
dynamic systems such as oligosaccharides (Azurmendi
and Bush 2002), refinement of nucleic acid structures



(Warren and Moore 2001), determination of the relative
orientation of protein domains (Bewley and Clore 2000),
validation of structures of protein complexes (Bewley
2001) and classification of protein-fold families on the
basis of unassigned NMR data (Valafar and Prestegard
2003). The electrostatic alignment model offers addi-
tional unique opportunities, such as the distinction
between different relative conformations (e.g. parallel
versus antiparallel) of a homodimeric system, that are
not easily distinguished by steric alignment or other
methods (Zweckstetter et al. 2005).

Besides the popular filamentous phage, many other
charged media have been developed for alignment of
biomolecules (Barrientos et al. 2000; Gabriel et al. 2002;
Meier et al. 2002; Prestegard et al. 2004; Prosser et al.
1998; Ramirez and Bax 1998; Sass et al. 1999). Different
alignment media are important to obtain independent
sets of RDCs for improved structure determination
(Al-Hashimi et al. 2000). In addition, not all proteins are
compatible with filamentous phage due to strong elec-
trostatic or hydrophobic interactions. A good comple-
ment to the highly negatively charged phage medium is
the quasi-ternary surfactant system comprising cetylpy-
ridinium bromide (CPBR)/hexanol/sodium bromide. It
is positively charged and allows partial alignment of
macromolecules at low pH (Barrientos et al. 2000).
NMR measurements below pH 4 are, for example,
important for protein-folding studies. If the protein is
partially unfolded under these conditions, NOE-based
methods for structure determination are only of limited
use due to the highly dynamic nature of the system,
making RDCs particularly important for structure
determination (Mohana-Borges et al. 2004).

Here, it is shown that RDCs measured in lamellar
phases formed by CPBR/hexanol/salt mixtures can be
predicted by our simple electrostatic alignment model.
In addition, RDCs that were predicted assuming a fully
protonated Bl domain of protein G are in very good
agreement with values measured at pH 3 in fd filamen-
tous phage. A purely steric alignment model, on the
other hand, was not sufficient to explain RDCs at pH 3.
This demonstrates that it is not only possible to predict
alignment of biomolecules dissolved at close to neutral
pH in the nematic phase of rod-shaped filamentous
phage, but that our simple electrostatic model is also
applicable to partial alignment at low pH and in sur-
factant liquid crystalline systems.

Materials and methods
Experimental residual dipolar couplings

Experimental residual '>’N—"H dipolar couplings used in
this study were measured by different laboratories
(Barrientos et al. 2001; Peti et al. 2002; Ulmer et al.
2003). In brief, "D couplings for the 56-residue first
Igg-binding domain of protein G (further referred to as
GBl) at pH 8.0 were measured in 30 mg/ml fd
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filamentous phage in 10 mM Tris—HCI buffer, 90%
H,0/10% D,0. For RDC measurements at pH 3.0 a
10 mM sodium citrate buffer was used (Barrientos et al.
2001). '"Dny couplings in the 56-residue third Igg-
binding domain of protein G (further referred to as
GB3) at pH 6.5 were measured in 11 mg/ml Pfl bacte-
riophage (ASLA, Ltd, Latvia), 100 mM NaCl, 25 mM
NaH,PO4/Na,HPO, (Ulmer et al. 2003). "Dnn cou-
plings for the 76-residue protein ubiquitin were mea-
sured in 5 mg/ml Pfl bacteriophage (ASLA, Ltd),
50 mM NacCl, 10 mM NaH,PO,/Na,HPO,, pH 6.5, as
well as in the lamellar phase formed by 5% cetylpyrid-
inium bromide/hexanol (1.33/1; w/w) in 25 mM NaBr,
90% H»,0/10% DO, pH 6.5 (Peti et al. 2002).

Coordinates

In our calculations high-resolution NMR structures of
GB1 (PDB code: 3GBI1) and ubiquitin (PDB code:
1D3Z; mean structure), which were determined at close
to neutral pH, were used (Cornilescu et al. 1998; Ku-
szewski et al. 1999). The coordinates of hydrogen atoms
of 3GB1 were recalculated with XPLOR-NIH (Schwi-
eters et al. 2003). For GB3 no high-resolution NMR
structure (including side chains), determined with a large
number of NOEs and RDC s, is available. For the 1.1 A
X-ray structure of GB3 (PDB code: 11GD), on the other
hand, a lower correlation between charge-shape-pre-
dicted RDCs and experimental values (measured at
pH 7.0 in Pfl bacteriophage) was observed, as was ex-
pected based on the very high resolution of this struc-
ture. The lower prediction quality was attributed to
partially altered orientations of the titratable groups in
the crystalline compared to the solution state (Zweck-
stetter et al. 2004). Therefore, an ensemble of 100 GB3
models was generated by keeping the backbone of the
X-ray structure fixed while subjecting all side chains to a
brief low-temperature-simulated annealing run using the
structure calculation program XPLOR-NIH. This
resulted in structures that deviate by less than 0.95 A for
all non-H atoms. Molecular alignment predictions
employing the rod-shaped alignment model were
performed for all 100 structures at pH 6.5 and pH 3.0.

Models for liquid crystal particles

Pf1 and fd filamentous bacteriophages are semiflexible
(wormlike) polyelectrolytes 6.6 nm in diameter (Liu and
Day 1994). The virion comprises a coat of several thou-
sand identical protein subunits in a helical array
surrounding a DNA core, with a few minor proteins
capping the two ends of the virion. The ionic properties of
filamentous phage are completely determined by the
titrating groups in the amino terminal half of the coat
protein. These groups are on the surface of the virus
particle. Three aspartic acids and the terminal amino
group contribute to the ionic properties of Pf1 phage. In
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fd, three aspartic acids, two glutamic acids, one lysine and
the terminal amino group are important (Zimmermann
et al. 1986).

In the calculations, the virion is modelled as an infi-
nite cylinder with uniform surface charge density. The
simulation parameters were essentially as described
before, with a cylinder radius of 3.35 nm, density of
1.46 g/em® and a liquid crystal order parameter of 0.9
for both fd and Pfl bacteriophage (Zweckstetter et al.
2004). The static dielectric constant of water was 78.29.
To evaluate steric clash between the solute and the liquid
crystal particle, radii of solute atoms were set to zero.
For simulations at close to neutral pH the surface charge
density was set to —0.475 e/nm”. At pH 3.0 filamentous
phage is highly positively charged and the surface charge
density was set to +0.475 e/nm” (Zimmermann et al.
1986). All other simulation parameters were the same at
low and high pHs.

The lamellar phase of CPBR/hexanol/sodium bro-
mide was modelled as a uniformly charged wall, with a
thickness of 26.8 A and a liquid crystal order parameter
of 0.8. The surface charge density was set to +0.08 e/
nm? (see Results and discussion for further details).

Charges on proteins

We considered as titratable groups the C-terminus, the
N-terminus and all aspartates, glutamates, arginines,
lysines and histidines. Two different charge models were
tested. In the first model the protein was represented by
the charges of its ionizable residues and no atomic
partial charges were included. At close to neutral pH all
ionizable residues, except for histidine, were assumed to
be fully charged (charge of 1.0e for Arg and Lys, —1.0e
for Glu and Asp). The N- and C-termini also carried
charges of 1.0e and —1.0e, respectively. At pH 3.0 only
Arg, Lys and the N-terminus carry a charge of 1.0e. The
protonation state of His68 in ubiquitin was calculated
using the Henderson—Hasselbach equation, assuming a
reference pKa of 6.3 (charge of 0.33¢ at pH 7; Anto-
siewicz et al. 1994). Charges were distributed evenly over
the heavy atoms involved (e.g. both N" atoms for Arg,
but only N for Lys).

For the more detailed model, atomic partial charges
from the CHARMM?22 force field were included
(Mackerell et al. 1992). Opposite to the CHARMM?22
force field, however, the proton of protonated carboxyl
groups was not represented explicitly, but simply by
symmetrically distributing its charge to the atoms of the
unprotonated carboxyl group. This was done because
the exact binding site of the proton is not known. It was
demonstrated in the past that this simplification works
properly (Rabenstein and Knapp 2001). For similar
reasons, the deprotonation of Arg, Lys and the N-ter-
minus was represented by symmetrically removing a unit
positive charge from the atoms of the titratable group.
The charges of deprotonated tyrosine, which are not
part of the CHARMM?22 parameter set, were set based

on quantum chemical calculations (Rabenstein et al.
1998). The influence of water was not considered.
Atomic partial charges that are not explicitly part of the
CHARMM?22 parameter set are listed in Table 1.

The electrostatic alignment model, as implemented in
the dipolar coupling analysis software PALES (M.
Zweckstetter, unpublished; PALES is available upon
request from mzwecks@gwdg.de), was used for the
prediction of charge-induced RDCs. The CHARMM?22
charge model was implemented and can be accessed by
calling PALES with the ‘-charmm22 command line
argument. The protonation state of titratable groups is
based on the pH value (‘-pH’ command line argument).
The alignment model in which the liquid crystal particle
is represented by an infinite wall can be accessed using
the ‘-wall’ command line argument.

Accuracy of charge-shape prediction

To evaluate the accuracy of charge—shape prediction,
experimental RDCs were compared with charge-shape-
predicted values using Pearson’s linear correlation
coefficient Rp. In this comparison only those experi-
mental RDCs were included that can be best-fit almost
perfectly (correlation between experimental and best-
fitted RDCs >0.99) to the backbone of the reference
structures using singular value decomposition as imple-
mented in the program PALES.

Theory

In our electrostatic alignment model, the nematogen is
approximated by an infinite wall (CPBR /hexanol/NaBr)
or infinite cylinder (filamentous phage), oriented parallel
to the magnetic field (z-axis). The centre of gravity of the

Table 1 Atomic partial charges of titratable groups

Group Protonated Deprotonated
Carboxyl (except C-term)

C-a —0.21 —0.28
Carboxyl C 0.75 0.62
Carboxyl O (2x) —0.36 —0.76
C-terminus

Carboxyl C 0.34 0.34
Carboxyl O (2x) —0.17 —0.67
Arginine

N-¢ —0.70 —0.81
C-¢ 0.64 0.71
Guanidino N (2x) —0.80 -0.90
Guanidino H (4x) 0.46 0.27
Lysine/N-terminus

Amino N —0.30 —0.97
Amino H (3x) 0.33 0.22
Tyrosine

C-¢ 0.11 —0.18
Hydroxyl O —0.54 —0.82
Hydroxyl H 0.43 0.00




solute is moved on a 1D grid away from the surface of
the liquid crystal model. At each step, a large number of
different molecular orientations are sampled. For each
orientation the program evaluates whether the solute
sterically clashes with the nematogen, i.e. if any of the
solute atoms has a coordinate within the wall or cylinder
model. If this is not the case an alignment matrix A4 is
calculated:

1
3 (1)

where 0; indicates the angle between the ith molecular
axis and the z axis (magnetic field direction) and §; the
Kronecker delta. Using periodic boundary conditions,
sampling is restricted to distances r between the solute
centre of gravity and the centre of the bilayer or cylinder
for which r< d/(2V;) (wall model) or r< d/(4Vp'"?
(cylinder), where d is either the wall thickness or the
cylinder diameter and V; the nematogen volume frac-
tion.

Each sterically allowed orientation and distance is
weighted according to the electrostatic interaction
between the solute and the nematogen. The electrostatic
interaction energy is calculated using continuum elec-
trostatic theory (Debye and Hueckel 1923). Even within
the simplifications of a continuum description, calcula-
tion of the electrostatic potential would require solving a
full 3D electrostatics problem for each distance and
orientation of the solute with respect to the surface of
the charged liquid crystal particle. Instead, the problem
is further simplified by treating the solute as a particle in
the external field of the liquid crystal. Moreover, we
assume the nematogen to carry a homogeneous surface
charge density o instead of discrete charges. The non-
linear 3D Poisson—Boltzmann (PB) equation is then
solved only once, in the absence of the solute, yielding an
electrostatic potential ¢(r). For a flat surface, an ana-
lytical solution of the non-linear PB equation for sym-
metric monovalent ions exists (Chapman 1913; Gouy

A;j =5 (3 cos 0; cos 0; —6) (i, j=x, y, 2)

1910):
1
) — 4 tanh~'{ tanh | = sinh ™! | 52 ) | e*ox , (2)
kgT 2 4pe
where the inverse Debye length xp is given by
8me?p

= 3

Ko = ()

where kg is the Boltzmann factor, 7 the temperature, p
the number density of ions in bulk solution
(p+ =p_=p) and ¢ the static dielectric constant of the
solvent. For uniformly charged cylinders (filamentous
phage) the non-linear PB equation was solved with the
method of Stigter (1982) assuming symmetric monova-
lent ions and vanishing potential at infinity.

The distance and orientation-dependent electrostatic
free energy of the protein comprising partial charges ¢;
at positions r; is then approximated by
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el r, Q (4)

qu Olri(r, Q).

The Boltzmann factor pg = exp[—AGg(r, Q)/kgT] pro-
vides relative electrostatic weights when averaging the
individual alignment tensors, derived for each orienta-
tion and distance (Eq. 1), to yield an overall solute
alignment tensor

[ Ayps(r,Q)drdQ
[ pe(r,Q)drdQ

1 _
A5 = (5)
The imperfect alignment of liquid crystals is taken into
account by multiplication of 4™ with the order
parameter of the liquid crystal.

Results and discussion
Charge-shape prediction of RDCs at pH 3

Prediction of molecular alignment at pH 3 was investi-
gated for the 56-residue first Igg-binding domain of
protein G (GB1). GBI is very rigid, and a high-resolu-
tion NMR structure is available (Fig. 1a), providing
excellent conditions for prediction of alignment from
structure. GB1 comprises five aspartates, five glutamates
and six lysines such that 11 negative and 7 positive
charges are present at close to neutral pH. The distri-
bution of these charges on the surface results in a dipole
moment of ~81 Debye and a quadrupole moment of
~1.8x10> A% ¢ at pH 7.0 (Fig. 1b and Table 2). Despite
the very high resolution of the NMR structure with a
coordinate rmsd of 1.0 A for all non-H atoms, there are
significant variations in the position of the titratable
groups across the ensemble of 32 structures, which is
available from the ProteinDataBank. Due to these
variations the calculated dipole and quadrupole moment
vary from 48 to 112 Debye and from 1.5x10° A’ e to
2.2x10° A? e, respectively (not taking into account
atomic partial charges; Table 2). At pH 3.0, GBI (pI =
4.5) is assumed to be fully protonated resulting in a
highly positively charged protein with a net charge
of +7 e and a quadrupole moment of ~2.4x10° A?e
(Fig. 1c and Table 2).

Figure 2a compares experimental 'H-'N RDCs
measured for GBI in fd filamentous phage at pH 8.0
with values predicted from our simple electrostatic
model on the basis of GB1’s shape and charge distri-
bution. A very good agreement between experimental
and charge-shape-predicted values was obtained, indi-
cating that RDCs measured in highly negatively charged
filamentous phage at close to neutral pH can be pre-
dicted accurately by our alignment model (Fig. 2a). At
pH 3 the electrostatics of the system are strongly altered
with a positive surface charge of filamentous phage
(isoelectric point of pH 4.2 for fd phage) and a purely
positively charged GBI protein. For these conditions the
maximum correlation between charge-shape-predicted
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Fig. 1 Three-dimensional structure of the Bl domain of protein G (PDB code: 3GB1). a Ensemble of high-resolution NMR structures
highlighting the variation in side chain orientations within the ensemble of 32 structures. b Electrostatic surface model at neutral pH with
positive and negative potentials coloured blue and red, respectively. ¢ Electrostatic surface model at pH 3 [generated using the program

SwissPdb Viewer (Guex and Peitsch 1997)]

RDCs and experimental values across the ensemble of
GBI structures was 0.91 (Fig. 2b). Despite the fact that
only seven positively charged groups are present at
pH 3, R, values varied significantly for different mem-
bers of the ensemble of NMR structures, ranging from
0.59 to 0.91 (Table 3). This variation is slightly less than
that at pH 8.0, at which R,, values ranged from 0.53 to
0.98, in agreement with the lower number of charged
groups.

When electrostatic interactions were switched off in
the simulations and only steric obstruction was consid-
ered, the maximum correlations between predicted and
experimental RDCs were 0.61 and —0.53 at pH 3.0 and
pH 8.0, respectively (Table 3). At low pH both the
anisotropic medium and the protein carry positive
charge and the alignment is dominated by repulsive
forces. Although such alignment is more in agreement
with a purely steric model than that at close to neutral
pH, at which alignment is the result of a delicate balance
between attractive and repelling forces, a steric model is
not sufficient to explain RDCs at pH 3.0. Due to the
non-uniform distribution of positive charges on the
surface of GBI, orientations of the protein, in which
more positive charges come close to the virion’s surface,
are less favourable.

The maximum as well as the average correlation
between charge-shape-predicted RDCs and experimen-
tal values was significantly lower at pH 3.0 [Rp(max)
=0.91; Rp(mean) =0.80] than at pH 8.0 [Rp(max)
=0.98; Rp(mean) =0.85] (Table 3). At low pH the
helical symmetry of the protein coat of fd phage changes
compared to pH 8 due to the altered surface charge. The
very high quality of alignment prediction at pH 8,
however, indicates that structural details of the virus
particle are less important and alignment of GBI is
dominated by long-range electrostatic interaction.
Therefore, the changes in helical symmetry of fd are
unlikely to play a significant role. In addition, no con-
formational changes of the backbone occur for GBI
even at pH 3, as evidenced by the quality of a best-fit of
experimental RDCs at pH 3 to the NMR structure
(determined at close to neural pH) using singular value
decomposition [Rp(SVD) > 0.98]. Thus, the lower
correlation between charge-shape-predicted RDCs and
experimental values suggests that, although the back-
bone of GB1 is not changed, the orientation of positively
charged groups is partially altered when the pH is
decreased from 8 to 3. Note, however, that it cannot be
excluded that the influence of other interactions becomes
important at low pH, at which there is no strong elec-

Table 2 Multipole moments of GB1 at pH 3.0 and pH 8.0 calculated for the ensemble of NMR structures (PDB code: 3GB1)

Multipole Mean rmsd Minimum Maximum
pH 3.0

Monopole [e] +7.0 - - -
Dipole [Debyel . 0 - - -
Quadruple [10° A% ¢] © 2.4 0.2 2.0 2.6

pH 8.0

Monopole [e] —4.0 - - -
Dipole [Debyel R 81 17 48 112
Quadruple [10° A2 ¢]* 1.8 0.2 1.5 22

“The magnitude of the quadrupole moment, GMag(Quad), is calculated after diagonalization of the symmetric, traceless quadrupole
tensor using GMag(Quad) = 2Q, [n(4 + 3(0,/0.)%)/5]'?, where O, and Q, are the axial and rhombic components of the quadrupole

tensor
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Fig. 2 Residual dipolar couplin}%s for GBI in fd phage at pH 3. a
Comparison of experimental Dyy couplings for GBIl in fd
(~30 mg/ml; in 10 mM Tris—=HCI buffer, pH 8.0) with values
predicted on the basis of GB1’s 3D shape and charge distribution
("Dyp pred.) at neutral pH. The correlation coefficient is 0.96.
b Comparison of experimental 'Dny couplings for GBI in
~30 mg/ml fd, 10 mM sodium citrate buffer, pH 3.0, with values
predicted on the basis of GB1’s 3D shape and charge distribution.
The correlation coefficient is 0.91. For details regarding the
simulation of charge-shape-predicted RDCs, see text

trostatic attraction between opposite charges on the
protein and the liquid crystal particle or, in general, that
under these conditions our alignment model approxi-
mates the alignment of biomolecules less accurately.
The magnitude of alignment that is predicted at pH 3
underestimates the experimental value by a factor of
about two (Fig. 2b). Our previous studies on molecular
alignment in Pfl phage at pH 7 showed that repulsion
(attraction) of molecules with a net negative (positive)
charge from the negatively charged virion is overesti-
mated by our simple model particularly at low ionic
strengths (below 150 mM NaCl). Thus, for GBI in the
fd alignment medium at pH 3, when both the virus
particle and the protein are positively charged, the
underestimation of the alignment magnitude might be
due to the shortcomings of our simple electrostatic
model. In addition, the predicted alignment magnitude
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depends strongly on the value of the surface charge
density used in the calculations (data not shown).

Improved prediction quality with atomic partial charges

In our previous studies inclusion of atomic partial
charges according to the CHARMM TOPHI19 param-
eter set did not consistently improve the quality of
charge-shape prediction at pH 7 in Pfl phage for four
tested proteins (ubiquitin, Dinl, GB3 and GB1). Other
factors, in particular the quality of the structure (for
GB3 and GBI), the conformation of any flexible tails
(for ubiquitin) and the exact charge that was put on
histidines (for ubiquitin and Dinl), had a more pro-
nounced effect on the quality of prediction. GB1 does
not contain any histidine, is a very rigid protein without
any flexible tails and, with the recently published NMR
structure of GB1 that was refined with a large number of
NOEs and RDCs, a highly accurate structure is also
available. Therefore, we investigated if inclusion of
atomic partial charges according to the CHARMM?22
force field has a significant effect on the prediction of
RDC:s from the high-resolution NMR structure of GB1
(PDB code: 3GBI1). The correlation factors between
predicted and experimental RDCs for increasing detail
of the simulation and at two different pH values in fd
phage are shown in Table 3. If no atomic partial charges
were included and only the titrating groups were
charged, the minimum and maximum correlations ob-
served for the ensemble of GBI structures were 0.44 and
0.97 at pH 8.0 and 0.57 and 0.88 at pH 3.0, respectively.
The predicted alignment tensors were virtually
unchanged upon increasing the resolution of the orien-
tational grid (Table 3). Inclusion of atomic partial
charges from the CHARMM?22 parameter set increased
the maximum correlation to 0.98 and 0.91 at pH 8.0 and
pH 3.0, respectively. In addition, fitting a straight line to
a comparison of correlation factors obtained from the
calculations without and with atomic partial charges for
the ensemble of GBI structures resulted in a correlation
of 0.93, a slope of 0.64 and an offset of 0.36 at pH 8.0.
The corresponding values were 0.95, 0.97 and 0.07 at
pH 3.0 (data not shown). These data indicate that
inclusion of atomic partial charges makes charge-shape
prediction more stable against inaccuracies in the ori-
entation of charged groups and slightly improves the
quality of prediction.

Inversion of the sign of '"H-'">N RDCs for GBI at pH 3

Previously, it was reported that the sign of 'H—'°N
RDCs for GBI in fd phage is inverted at pH 3 compared
to high pH values (Fig. 3a; Barrientos et al. 2001). We
were interested to see if the sign inversion is in agreement
with our predictions and if it is a general property of the
alignment of proteins at low pH. Figure 3b shows that
RDCs are inverted at low pH in the charge-shape pre-
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Table 3 Influence of the charge model on the correlation between experimental and charge-shape-predicted RDCs for the ensemble of

GBI structures (PDB code: 3GB1)

Charge model Rp (mean) Rp (rmsd) Rp (minimum) Rp (maximum)
pH 3.0

Steric only® 0.48 0.04 0.38 0.61
Tonizable AA® 0.75 0.07 0.57 0.88
Tonizable AA, high resolution® 0.75 0.07 0.57 0.88
CHARMM22¢ 0.80 0.07 0.59 0.91
pH 8.0

Steric only® —0.59 0.04 —0.67 —0.53
Tonizable AA® 0.77 0.14 0.44 0.97
Tonizable AA, high resolution® 0.77 0.14 0.44 0.97
CHARMM22¢ 0.85 0.10 0.53 0.98

“No electrostatics were included, only steric obstruction was

considered

®No atomic partial charges were included. GBI was represented by
the charges of its ionizable residues

€As in b, but with a higher resolution orientational sampling: the
z-axis of the molecule sampled 362 instead of 122 points on a unit

dictions. For other proteins, such as ubiquitin, 'H-"°N
RDCs at low and high pHs will not be anticorrelated
according to our predictions (Fig. 4). Even for GB3
there was no correlation between RDCs at low and high
pHs. Despite its high sequence similarity, GB3 differs
from GB1 by only seven residues with one glutamate
replaced by a lysine and a glutamate located at position
24 instead of position 42, the correlation factor between
RDCs at pH 6.5 and pH 3.0 was —0.3 (Fig. 4b). Thus,
inversion of "H-'"N RDCs at low pH compared to high
pH is a very specific property of GB1. For proteins other
than GBI, which are stable at low pH, this offers the
possibility to obtain two independent sets of RDCs from
a single medium by partial alignment at high and low
pHs.

Prediction of the alignment in cetylpyridinium bromide/
hexanol/sodium bromide

Quasi-ternary systems of surfactant/alcohol/salt form
lamellar phases that are stabilized by -electrostatic
repulsion and entropic effects. These phases consist of
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Fig. 3 Correlation between "H-'°N dipolar couplings for GBI in
the nematic phase of fd phage at different pH values. a Correlation
between experimental RDCs at pH 8.0 and pH 3.0. The correlation
coefficient is —0.91. b Correlation between charge-shape-predicted
values at pH 8.0 and pH 3.0. The correlation coefficient is —0.92

sphere and the rotation around the z-axis was done in 10° steps
ginstead of 20°)

“Atomic partial charges were taken from the CHARMM?22 force
field except for the modifications listed in Table 1

bilayers, which can be swollen by solvent, such that the
spacing between bilayers is much larger than the thick-
ness of the bilayer (Fig. 5; Helfrich 1978). It was shown
that cetylpyridinium chloride and cetylpyridinium
bromide/hexanol/salt mixtures allow the partial align-
ment of biological macromolecules (Barrientos et al.
2000; Prosser et al. 1998). Six percent CPBR/hexanol/
NaBr form a very regular a-lamellar phase, in which the
bilayers have a thickness of ~3 nm with large interla-
mellar spacings (McGrath 1997).

Prediction of RDCs in CPBR/hexanol/NaBr was
tested for the 76-residue protein ubiquitin. The CPBR/
hexanol/NaBr liquid crystal matrix was modelled as a
positively charged, infinite wall and the electrostatic
potential was calculated from the analytical solution of
the non-linear PB equation. The flat wall potential is
very similar to that calculated for an infinite cylinder
(Fig. 6). Figure 7 compares 'H-'"N RDCs predicted for
ubiquitin from the electrostatic flat wall model with
experimental values measured in the lamellar phase
formed by 5% CPBR/hexanol (1.33/1; w/w) in 25 mM
NaBr at pH 6.5. The values are in very good agreement
with a correlation factor of 0.94. When electrostatic
interactions were not included and only steric obstruc-
tion was taken into account the correlation was 0.44.
Thus, it is possible to predict RDCs in proteins that have
been dissolved in a lamellar phase formed by CPBR/
hexanol/NaBr from a highly simplified, electrostatic
model.

The RDCs shown in Fig. 7 were calculated with a
liquid crystal order parameter of 0.8. The exact value of
the liquid crystal order parameter of the CPBR/hexanol/
NaBr system, which was used for the measurement of
RDCs in ubiquitin, is not known. The liquid crystal
order parameter of weakly aligned DMPC/DHPC
bicelles is about 0.8 (Vold and Prosser 1996). NMR
diffusion experiments indicated that alignment of CPBR
liquid crystals might not be as perfect as for bicelles,
especially when equilibration of alignment was not suf-
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Fig. 4 Residual dipolar couplings for GB3 and ubiquitin in Pfl phage at pH 6.5 and pH 3.0.

a Correlation between experimental and charge-shape-predicted '"H-'>N RDCs for GB3, both at pH 6.5. Experimental values were
measured in 11 mg/ml Pf1 bacteriophage, 100 mM NaCl, 25 mM NaH,PO4/Na,HPO,, pH 6.5. Predicted RDCs were calculated from the
structure that gave the best prediction quality out of the ensemble of 100 calculated structures. The prediction quality for the ensemble of
structures ranged from 0.54 to 0.97 and from 0.67 to 0.98 without or with atomic partial charges, respectively.

b Correlation between experimental 'Dyyy couplings for GB3 at pH 6.5 and charge-shape-predicted values at pH 3.0.

¢ Correlation between charge-shape-predicted and experimental "H-">N RDCs for ubiquitin in Pfl at pH 6.5. Experimental values were
measured in 5 mg/ml Pf1, 50 mM NaCl, 10 mM NaH,PO,/Na,HPO,, pH 6.5.

d Correlation between experimental 'Dyyy couplings for ubiquitin at pH 6.5 and charge-shape-predicted values at pH 3.0. The correlation

coeflicients are 0.97 and 0.92 in a and ¢, respectively

ficiently long (Gaemers and Bax 2001). However, the
influence of the exact value of the order parameter on
the predicted magnitude of alignment is small compared
to that of the average surface charge density of the
CPBR liquid crystal. In the simulations a surface charge
density of 0.08 e/nm” was assumed for the CPBR /hex-
anol/NaBr system. For lower values of the surface
charge density the quality of charge-shape prediction
was significantly worse with Rp values of 0.50, 0.59, 0.78
and 0.89 at 0.01, 0.02, 0.04, 0.06 ¢/nm?, respectively.
Higher surface charge densities strongly increased the
predicted alignment magnitude, which was a factor of
three higher at 0.15 e/nm? compared to that reported in

Fig. 7. This suggests that the surface charge density of
the CPBR/hexanol/NaBr liquid crystal, which was used
for weak alignment of ubiczluitin, had a surface charge
density of about ~0.1 e/nm~ at pH 6.5. A more accurate
determination of the surface charge density is not pos-
sible, as the prediction of alignment magnitude using our
simple electrostatic model is inaccurate, especially at low
ionic strength (Zweckstetter et al. 2004).

There are several simplifications that enter our
treatment of electrostatic effects. (1) Water and ions are
treated at the continuum level, thus excluding the
possibility of specific molecular interactions such as ion
binding to the protein or the bilayer surface. (2) The
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Fig. 5 Schematic representation of the cetylpyridinium bromide/
hexanol/NaBr alignment system. a Morphology as seen from the
top. A slice orthogonal to the NMR sample tube is depicted, which
has its axis parallel to the magnetic field. b The lamellar phase
consists of swollen bilayers with large interlamellar spacing
(McGrath 1997)

orientation-dependent interactions of the protein with
the charged interface are calculated using the electro-
static potential of the unperturbed interface. (3) The
charge distribution on the liquid crystal particle is
assumed to be uniform. (4) The protein structure and the
charge distribution on the protein and interface are
assumed to be rigid and independent of orientation and
distance. In addition, non-polar interactions such as
Born repulsion and non-polar attraction are neglected.
However, the good agreement between experimental and
charge-shape-predicted RDCs for ubiquitin suggests
that short-range steric and long-range electrostatic ef-
fects dominate weak alignment of biomolecules in
surfactant liquid crystalline systems. This is further
supported by almost identical RDCs measured for

o [kT/e]

T
10
distance from surface [nm]

Fig. 6 Electrostatic potential of a flat surface calculated from the
non-linear Poisson—-Boltzmann equation. A homogeneous surface
charge density of 0.47 ¢/nm? at 50 mM NaCl was used (dashed
line). The electrostatic potential calculated for an infinite cylinder
with a radius of 3.35 nm and a surface charge density of 0.47 e¢/nm?>
at 50 mM NaCl is included as solid line
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Fig. 7 Residual dipolar couplings for ubiquitin in positively
charged surfactant systems. Comparison of 'Dyy couplings
predicted on the basis of ubiquitin’s 3D shape and charge
distribution with values measured for ubiquitin in the lamellar
phase formed by 5% cetylpyridinium bromide/hexanol (1.33/1;
w/w) in 25 mM NaBr, pH 6.5. The correlation coefficient is 0.94

GBI at pH 3 in fd phage and in CPBR/hexanol/NaBr
(Barrientos et al. 2001). A correlation of 0.994 between
the two datasets strongly suggests that molecular details
of the alignment medium besides the average surface
charge density are not important for partial alignment of
biological macromolecules.

In conclusion, it was shown that a simple electrostatic
model can be used for the description of weak alignment
of biological macromolecules at low pH and in surfac-
tant liquid crystalline systems. RDCs observed in these
conditions can be predicted accurately from the molec-
ular shape and charge distribution, considering only
short-range steric and long-range electrostatic interac-
tions. Therefore, charge-shape prediction is likely to be
equally applicable to many other dilute liquid crystalline
media, which are currently used for weak alignment of
proteins.
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