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Abstract

Dissolving biological macromolecules in dilute bicelle solutions, which form oriented liquid crystals in the
presence of a magnetic field, permits measurement of anisotropic spin interactions such as dipolar couplings
[Tjandra, N. and Bax, A.Science 278 1111-1114]. However, the lifetimes and temperature ranges of orien-
tation for these samples are critically dependent on sample composition and experimental conditions. This paper
demonstrates that doping dilute bicelle solutions with small amounts of charged amphiphiles substantially improves
the stability and degree of alignment, as well as extends the temperature range of orientation for these systems.
An explanation of the dependence of bicelle aggregation on sample composition is proposed based on the DLVO
theory of colloids.

Liquid crystalline media have long been used to orient labeling and a medium comprised of an aqueous
small solutes for study by NMR methods (Emsley and dispersion of lipid bilayer disks (most commonly
Lindon, 1975). Even partial orientation allows direct a mixture of dimyristoylphosphatidylcholine and di-
measurement of anisotropic interactions that normally hexanoylphosphatidylcholine, DMPC and DHPC)
average to zero in solution NMR, such as resid- (Sanders et al., 1994). These disks are now referred
ual dipolar couplings and chemical shift anisotropies to as ‘bicelles’ (Sanders and Landis, 1995). Appli-
(CSAs). In principle measurement of these interac- cations had been primarily to molecules which orient
tions can be extremely valuable in structural studies very strongly because of direct association with the bi-
of both small and large molecules. The dipolar cou- celle, for example membrane associated proteins and
plings depend on both the distance between the two peptides. These molecules exhibit large residual inter-
nuclei and the angle of the internuclear vector with actions that have required use of at least some solid
respect to the magnetic field. The chemical shift off- NMR methodology (Howard and Opella, 1996; Ri-
sets that result from CSAs depend on the orientation naldi et al., 1997; Losonczi and Prestegard, 1998). Re-
of a molecule fixed shift tensor with respect to the cently, more general applications to soluble proteins
magnetic field. If measurements of these interactions have proven possible (Tjandra and Bax, 1997; Bax
can be made on larger molecules and converted intoand Tjandra, 1997). By diluting the bicelle medium
distance and orientational constraints it might be pos- and carefully controlling the temperature of observa-
sible to improve the accuracy and range of molecular tion, Bax and colleagues have been able to elicit a low
structures determined by NMR methods. degree of order for water soluble proteins, a degree of
A few years ago applications of liquid crystal order that results in small interactions that mesh well
NMR techniques were extended to some larger, bio- with traditional high resolution NMR methodology. It
logically relevant molecules with the aid of isotopic is this advance that offers the promise of widespread

_— applications to solution studies of macromolecules.
*To whom correspondence should be addressed.
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The use of dilute bicelle solutions to orient dif-
ferent macromolecules is, however, not problem free. B,
Even at low concentrations of solutes the samples of-
ten phase separate or become isotropic in times short%m
compared to normal NMR data acquisition times. In- O
stabilities seem to be aggravated by the presence of SAVAAAR0
buffers and electrolytes needed to maintain native 3
structures of some biomolecules (Yang et al., 1998).
This paper presents evidence that the addition of small A
amounts of charged amphiphiles to normal bicelle QR Ko
preparations can avoid some of these instabilities and e o
extend the range over which these preparations main- W
tain a useful degree of orientation and homogeneity. Oﬂéﬁég
The alignment of bicelle preparations can be stud-
ied by observing anisotropic interactions such as figure 1. Orientation of the phosphate headgroup’s CSA tensor
chemical shift anisotropy (CSA) offsets, dipolar cou- relative to the magnetic field in an oriented bicelle solution.
plings, or quadrupolar couplings that originate from

the molecules that actually comprise the medium. For R .
example, thé®lP NMR spectrum of a bicelle solu- at 25°C and then raising the temperature by two de-

tion reflects the average orientation of the phosphate grees ateach step. Samples were allowed to equilibrate

headgroup’s CSA tensor relative to the magnetic field at th? q§sired temperature for at least 10 min prior to
(Figure 1) (Kohler and Klein, 1977). When the sys- acquisition of NMR data.

tem is isotropic, the anisotropic interactions average si The ssamyl)_les_ Col\r;lg'neddaDﬁgguri of _DPMFC
to zero, yielding a singlé'P resonance close to zero (Sigma, St. Louis, ) an (Avanti Polar

ppm. Since the bicelles orient with their bilayer nor- tipidz, Birminghﬁ”&’ AL). Sargpfles r;/yer:e pl.reizared
mal perpendicular to the magnetic field (Sanders et 22S€d on a method suggested for higher lipid con-
al., 1994) and the headgroups are oriented more or ceNtration (25% wi) bicelle samples (quard and
less as depicted in Figure 1, orientation results in the Opella, 1996). The DHPC was dissolved in a small

phosphorus resonances shifting upfield. Water in the VOlume of buffer (clear solution), while the DMPC

medium provides another probe of orientation if some Was lso mixed with a small amount of buffer giving
water protons are replaced with deuteriums. Deu- a white dispersion. Vortexing and several freeze/thaw

terium has a quadrupolar nucleus that interacts with cycleﬁ made the;)l\/tleCdlﬁper?IOH homogengous. This
both the laboratory magnetic field and a local electric was then warmed above the, Bf pure DMPC (23C)

field gradient. The electric field gradient interactions gnd the DHPC solution was added tp it. The SO.IU'
add an anisotropic perturbation that splits the normally tion was bnefly. vortexed and then qu!ckly frozen in
degenerate resonances of a deuterium nucleus. Again,a methanol/solid C@ bath. The solution was thgn
under isotropic tumbling these splittings average to allowed_ to slowly come tp room temperature. Since
zero. In the presence of oriented bicelles, a small DHPC IS very hygroscop_lc, the e_xact DMPC:[.)HI.DC
guadrupolar coupling results from the fast exchange molar ratio cannot be reliably est|_mated by W?'ghmg
of bulk solvent, which is isotropic, and the solvent as- out dry_ DHPC gnd DM.PC’ so this molar ratio was
sociated with the bilayer, which is partially oriented. determined by mte_grat|on of th@P'spef:trum gnd

Both 31P and?H NMR thus provide monitors of the found to be 3.2:1. Bicelle systems with slightly differ-

behavior of bicelle media in the presence of a magnetic ent DMPC:DHPC ratios were also tested. By lower-

field. ing the DMPC:DHPC ratio the range of temperatures
over which orientation is maintained is shifted slightly
higher. All samples contained 5% w/v lipid in aque-
ous buffer with 15%H,0 in place of HO. Buffers
were made from commercially available chemicals.
The charged amphiphiles which we added to the nor-
mal bicelle preparations, hexadecyl(cetyl)trimethyl-
ammonium bromide (CTAB) and sodium dodecy! sul-

Experiments were carried out on a 500 MHz Varian
Inova spectrometer equipped with an HX double res-
onance probehead. F&{P experiments the X channel
was used with a 20 kHZH decoupling field?H spec-
tra were collected using the lock channel and for these
experiments no proton decoupling was used. Spectra
as a function of temperature were acquired by starting
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Figure 2. Changes in thd1P NMR spectra of different bicelle solu-
tions upon increasing temperature. A: 3.2:1 DMPC:DHPC, 5% w/v
lipid in water. B: 3.2:1 DMPC:DHPC, 5% wi/v lipid in 50 mM pH 6
BisTris buffer. C: 3.2:1:0.1 DMPC:DHPC:CTAB, 5% wi/v lipid in

50 mM pH 6 BisTris buffer.

fate (SDS) were obtained from ACROS (Fair Lawn,
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Figure 3. Changes in théH NMR spectra of different bicelle solu-
tions upon increasing temperature. A: 3.2:1 DMPC:DHPC, 5% w/v
lipid in water. B: 3.2:1 DMPC:DHPC, 5% wi/v lipid in 50 mM pH 6
BisTris buffer. C: 3.2:1:0.1 DMPC:DHPC:CTAB, 5% wi/v lipid in

50 mM pH 6 BisTris buffer.

ity. The 3P spectrum shows a small isotropic peak

NJ) and Sigma, respectively. They were added to in addition to the oriented spectrum. At 3T the

bicelles in a small volume of concentrated solution,
followed by vortexing and temperature alternation.
Figures 2 and 3 compare changes intfeand the

2H spectrum also shows a central isotropic component
superimposed on the oriented doublet. This can only
arise if two phases exist with sufficient separation to

2H spectra upon increasing temperature for three dif- make water diffusion between the phases slow on the
ferent samples. Figures 2A and 3A show the behavior NMR timescale. The bicelles probably form a higher

of a 5% bicelle solution made with pure, deionized
water, which we consider to be a standard bicelle
preparation. At 25°C the sample is isotropic, and
both 3P and?H spectra show single lines, one for
deuterated water in théH spectrum, one for each of
the phospholipids in th&'P spectrum (the DMPC line

lipid concentration oriented liquid crystal in the lower
part of the NMR tube while the top part of the sam-
ple is mainly isotropic water. This phase separation
is visible when the sample is taken out of the magnet
and is only reversible with remixing. Similar experi-
ments were performed using 50 mM pH 6 phosphate

is broad). Upon increasing the temperature the sam- buffer and they gave comparable results. Using 25 mM
ple becomes aligned in the magnetic field. AtZ7 buffer shifts the temperature of the phase separation
the sample is weakly oriented; the deuterium signal is a few degrees higher. The behavior may be some-
a doublet but the splitting is small. The phosphorus what pH dependent, but the primary cause is more
resonance of the DMPC is still quite broad but is no- likely connected to ionic strength. Analogous exper-
ticeably upfield shifted. At this temperature the sample iments were performed with a 5% bicelle solution
is cloudy but seems to be homogeneous by NMR cri- made with 100 mM KCI solution. This sample also

teria. By 35°C the sample becomes clear and well
ordered; it remains so to temperatures of°@and
more.

The behavior of a 5% bicelle solution made with
a 50 mM BisTris ([Bis(2-hydroxyethyl)imino]tris(hy-
droxymethyl)methane) buffer is very different, as il-
lustrated in Figures 2B and 3B. At 2& the sample is
isotropic, as in Figures 2A and 3A, and with increas-
ing temperature it shows signs of weak orientation.
However, even at 29C there are signs of heterogene-

phase separated in the 30-4Dtemperature range.

The effects of ionic strength on what appears to
be bicelle aggregation are very reminiscent of those
on the aggregation of other bilayer and micelle sys-
tems (Degiorgio and Corti, 1985). There are two major
forces that act between surfaces of lipids and influ-
ence interactions, such as aggregation of bilayers. Van
der Waals forces occur between all solute molecules
in water. At long distances these forces are attrac-
tive (Israelachvili, 1973). If the interacting surfaces
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Figure 4. Potential energy between two charged surfaces as a func-
tion of surface separation that would be expected based on DLVO
theory.

possess like partial charges they also experience a re
pulsive electrostatic force. The total potential energy
of interaction can be determined by addition of the
repulsive and attractive potential energies. Figure 4
shows qualitatively the potential energy of interaction

between two charged surfaces as a function of surface

separation based on DLVO theory (Verwey and Over-
beek, 1984). There is always a hydration term as well
as the repulsive part of the Van der Waals interaction
that keeps bilayers from falling into the very short dis-

tance minimum and completely collapsing. However,

a secondary minimum can arise at longer distances

under certain combinations of electrostatic and Van
der Waals terms. Since the electrostatic term is modu-
lated by ionic strength, these minima occur only above
certain ionic strength levels (or certain salt concen-
trations). It is these minima that are responsible for
micelle and bilayer aggregation. Of course, the bilayer
or micelle must be inherently charged before this ionic
strength dependent explanation pertains. However, in

the absence of charge there can be minima which re-

sult from the interplay of hydration and Van der Waals
forces that also lead to aggregation. In fact, neutral
lipid bilayers have an inherent tendency to aggregate
into multilayer particles.

So, now the question arises: Can dilute, supposedly

neutral bicelles be charged, and can this contribute
to stability in deionized water? Commercially avail-
able DMPC and DHPC are only around 99% pure
and impurities can be charged. Furthermore, any ad-
ditional hydrolysis of phospholipids produces either

a charged lipid or a partially ionized fatty acid. Thin
layer chromatography and mass spectrometry showed
minor contamination in our DMPC that was consistent
with being lyso-DMPC. The released fatty acid could
contribute an amount of surface charge sufficient to
stabilize ‘neutral’ bicelles in water. If this explana-
tion is correct it should also be possible to manipulate
charge artificially to improve stability in the presence
of moderate ionic strength buffers.

The effect of doping the bicelles with a charged
lipid like CTAB at a DMPC:CTAB ratio of 30:1 in
the presence of 50 mM BisTris is shown in Figures
2C and 3C. As for the previous samples, at’25the
medium behaves isotropically. As the temperature is
increased the sample goes trough a phase transition,
becoming weakly oriented and cloudy. But unlike the
non-doped bicelles, at higher temperatures the sample
doesn’'t phase separate; it clears and becomes highly
and uniformly oriented. DMPC:CTAB ratios of 100:1,
50:1 and 30:1 were tested. A DMPC:charged lipid ra-

tio of 50:1 seems adequate to avoid phase separation
in the case of a 50 mM salt solution, but this num-
ber is highly dependent on the specific sample and the
concentration of the buffer. The effect of a negatively
charged lipid, SDS, was also tested and showed very
similar effects to those of CTAB.

This paper demonstrates a possible advantage in
doping dilute bicelle systems with small amounts of
charged lipid. The gain is twofold. The presence
of charged lipids compensates for the destructive ef-
fect of high salt concentrations on bicelle orientation
and sample lifetime. Also, using charged lipids can
in principle help minimize interactions between the
macromolecules to be studied and the bicelles. One
simply chooses a lipid charged in a like-manner to that
of the macromolecule at the solution pH. This pro-
posed method has been used successfully in the case
of several positively charged proteins with CTAB con-
taining bicelles (a protein fragment from barley lectin
(Weaver and Prestegard, 1998), ubiquitin (Yang et al.,
1998), and DnaJ (Huang et al., 1998)), as well as a
highly negatively charged carbohydrate (GXM) with
SDS containing bicelles. Thus, the bicelle composi-
tions described are experimentally useful. More varied
applications in the future should test the validity of our
proposed explanation based on DLVO theory.
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