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Abstract: n-Alkyl-poly(ethylene glycol)h-alkyl alcohol and glucopone/hexanol mixtures are shown to form

dilute liquid crystalline phases in aqueous solution which are suitable for partial alignment of biological
macromolecules in a magnetic field. The constituent compounds are commercially available and inexpensive.
The poly(ethylene glycol)-based systems are uncharged and thus insensitive with respect to pH, little sensitive
with respect to salt, and tolerant against high protein concentrations. They are demonstrated to be suitable for
measurements of residual dipolar couplings in proteins, DNA, and a protein/DNA complex. The stability range
of the lamellar phase with respect to temperature was explored for different mixtures and guidelines are provided
for the use of these lyotropic systems in NMR spectroscopy.

Introduction bromide/hexanol seems to work best under low ionic strength
conditions!® phages work well at neutral pH but tend to
aggregate below pH $and purple membrane fragments bind
proteins rather tightly, resulting in line broadening and orienta-
tion tensors which do not merely reflect the shape of the solute
molecule’8 Here we propose the application of an alternative
set of liquid crystalline media composedreélkyl-poly(ethylene
glycol)/n-alkyl alcohol mixtures!~3 These media are un-
charged, insensitive to pH, fairly insensitive to salt, feature little
or no binding capacity for macromolecules, and can be used at
temperatures below 0C up to almost 40°C, covering the
temperature range of interest for most NMR studies of biological
macromolecules. In addition, the technical product “glucopone”,
which contains different-alkylated carbohydrates, is shown
to form a lamellar phase in mixture witlhthexanol which is
suitable for the measurement of residual dipolar couplifigs.
Different alkyl-poly(ethylene glycol) molecules are denoted
as GnEn, wheremis the number of carbons in timealkyl group
andn is the number of glycol units in the poly(ethylene glycol)
1 46.5.335000. Eorrail cotiod Ottt e@mib K a6 moiety!®> Phase diagrams have been reported for ternary
1) Abbreviations: ArggR-N, N-.termi?‘nal domain (r'esidues7J8) of the mixtures of C12E5p-hexanol, and pD'"**1°and mixtures of
E. coli arginine repressor: BPTI, bovine pancreatic trypsin inhibitor; C8E5, C8ES, n-octanol, and HO.1? In the present work, we also
gfzcgé-ﬁedngg‘(eegf}yg;z (gemc?é)r; gﬁZEggqg%engtgnéﬁ((:ﬁ?g/rlgrr;?dglyéol);I) explored mixtures of C12E@;hexanol, and bD. Under certain
dimeth),/Iammon)ilo-z-hydrox))lll-l-p?o)[;ane'sulfonate; ‘DHPC, 1,2-di-hréxef)nyoyl- conditions, all these systems form a IyOtrOpl(.: liquid Crys.ta”me
snglycero-3-phosphocholine; DIODPC, 1,2-di-O-dodesglycero-3- phase referred to as,J.where the hydrophobin-alkyl chains
phosphocholine; DMPC, 1,2-di-tetradecansiglycero-3-phosphocholine;  aggregate into planar bilayers with the hydrophilic poly(ethylene
PEG, poly(ethylene glycol), PEG2000-PE, 1,2-di-myristsyiglycero-3-  glycol) headgroups directed into the water phase. ThpHase
phosphoethanolamirts-{poly(ethylene glycol)2000]. is optically clear with slight opalescence, forming a lamellar-
like superstructure where the spacing of the stacked bilayers

Residual dipolar couplings measured in dilute liquid crystal-
line phase provide important restraints for molecular structure
determinations by NMRspectroscopy which cannot be obtained
otherwis€? Several different liquid crystal media have been
proposed to achieve the necessary partial alignment of the
molecules with respect to the magnetic field, including phos-
pholipid bicelles composed of mixtures of DMPC/DHPQ
DIODPC/CHAPSC and lamellar or nematic phases made of
cetylpyridinium chloride/hexanol mixturés, filamentous
phages,® or purple membrane fragmehfdin aqueous solution.
None of these media, however, is universally applicable. DMPC/
DHPC mixtures suffer from irreversible degradation at low pH
due to hydrolysi€,DIODPC/CHAPSO mixtures are more stable
at low pH but do not form a stable liquid crystalline phase at
neutral pHS cetylpyridinium chloride/hexanol requires high salt
concentrations for formation of a stable pHasehich is
destabilized by high protein concentrations, cetylpyridinium
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and thus the degree of alignment of guest molecules in the water- (a) C8E5/oct.
rich layers can be tuned by the surfactant/water ratio. The
spacing can range from several hundred nanometers (1 wt %) 2°C

to a few nanometers in the more concentrated regirte \t
%). In a magnet, the bilayer surfaces are oriented parallel with
respect to the direction of the magnetic fiélghresumably with

a superstructure in which the bilayers bend into a set of (b) C8E5/oct.
concentric tubes of different radii with the axis aligned along
the magnetic field8 At high surfactant concentratiorr 50%) 22 °C
and high temperatures-60 °C), liquid crystalline phases are
already formed by binary mixtures without alcohol. The addition

)

of n-alkyl alcohols lowers the temperature range of stability
for the liquid crystalline phase and, most important, makes the
L. phase accessible even at low surfactant concentrattons. (c C12E5/ex.
The bilayers formed by C12E%hexanol, C8E5i-octanol, o
and C12EG6i-hexanol carry an effective poly(ethylene glycol) 38 °C
(PEG) coating that provides a means of minimizing protein
adsorption, in the same way as PEG-derivatized surfaces are
suitable for protein chromatograpfyand enhanced biocom-
patibility of implants2%:21 and PEG is used as a cosolvent in (d)
protein crystallizatiort?23 Interestingly, PEG groups can also
physically stabilize bilayers, as the addition of 1% PEG2000-
PE increases the stability of DMPC/DHPC bicelles at surfactant/
H,O ratios above 10 wt % In the present work, we have
explored the stability range of the Iphase formed by different
CmEn/alcohol systems in the concentration range ef83wt Hz (’) 5'0
%, where residual dipolar couplings are easily measured for
one-bond couplings in proteins, without resulting in excessive
line broadening due t&H—!H couplings.

glucopone/hex.

30 °C

Figure 1. Quadrupolar splitting observed in tRel NMR spectra of
the solvent in different dilute liquid crystalline systems. All samples
were in 90% HO/10% DO, pH 7. The molar ratic of C8E5 to
n-octanol was 0.87 and the C8ES5/water ratio was 5 wt %. For the
C12E5h-hexanol systent, was 0.96 and the C12E5/water ratio was 5
Materials. C12E5 and C12E6(98% purity, Fluka), C8E5 (Sigma), wt %. The glucopone solution was 4 wt % in water with 0.57 wt %
andn-hexanol and-octanol (puriss., Fluka) were used without further n-hexanol added.
purification. Glucopone was purchased from Fluka as a 65% aqueous

Experimental Methods

solution of glucopone 215 CS UP. Results
L« phases were prepared by dissolvingk in 90% H0/10% DO, )
adjusting the pH, and addingalkyl alcohol in microliter steps to the The presence of an ordered lamellar phase was monitored

desired final molar ratio under vigorous shaking. The solutions were by the observation of quadrupolar splitting of BteNMR signal
biphasic at low alcohol concentrations and became instantaneouslyof the solvent (Figure 1). After placing the sample in the magnet,
transparent and opalescent upon crossing thehase boundary. The  the quadrupolar splitting appeared within minutes. While the
L. phase is relatively viscous, immobilizing any small air bubbles fina| splitting was typically reached in less than 15 min, the
present in solution. They were readily removed by centrifugation. geyterium lock signal observed with liquid crystalline protein
Despite the increased viscosity, conventional pipets worked well to solutions continued to change over a period of hours without
transfer the liquid crystals to an NMR tube. - .

noticeable changes in th#d NMR spectrum of the solute.

The composition of the final solution is reported in weight percent . "
for the ratio GnEn to water, taking into account the presence of Establishment of stable sample conditions was slower near the

deuterium but not the presence of alcohol. The molar rationEiCto lower boundary of the temperature range in which thehase
n-alkyl alcohol is indicated by the factor In the glucoponer-hexanol is stable. Quite generally, narrowé signals were observed
system, the surfactant concentration is indicated as wt % on a hexanolat higher temperatures.
free basis, while the-hexanol concentration is given on a total solution As expected, the quadrupolar splitting observed in 4He
weight basis for the pure liquid crystal in pure®i' NMR spectrum increased with increasing surfactant/water ratio

NMR Spectroscopy.All spectra were recorded on a Bruker DRX- (Figure 2a). Remarkably, the ordering effect was entirely
f500ro 2’;‘_'M%ig‘fggﬁ(ﬂﬁi;\ﬁ’e;izn%ef15380 &Ezlfgéar;%r?;t;ig h?/vizre determined by the surfactant concentration, with no significant

' B . : difference between C12E5 and C12EG6 or different surfactant/

measured fror- and*'C-HSQC spectra recorded without decoupling alcohol ratios. The splitting was temperature independent over
during the acquisition time. a wide range and decreased only when the temperature was

64(%)635\?3;651 C. R, II; Schaff, J. E.; Prestegard, Bibiphys. 1993 lowered toward the boundary of the stability range of the L
(18) Hoffmann, HBer. Bunsen-Ges. Phys. Chet94 98, 14331455, phase (Figure 2b). This suggests that the lamellar phases become
(19) Sevastianov, H. Ber. Bunsen-Ges. Phys. Cheh989 93, 948 somewhat less ordered and less stable near the low-temperature

956 ‘ ‘ end of their stability range, in agreement with the observation

eg(gg)ﬁfgggezle' R.; Harder, P.; Dahint, R.; Grunze,Afal. Chem1997 that stableH NMR spectra took longer to establish under those
(21) Prime, K. L.; Whitesides, G. MSciencel991, 252, 1164-1167. conditions.

(22) McPherson, AEur. J. Biochem199Q 189, 1-23. Figure 3 shows the temperature ranges in which lamellar

Ra%ﬁ) '\F’”LChfgb'I-CrySta”izaﬁon of membrane protenSRC Press: Boca  phases made of different surfactant/alcohol systems were stable

(24) King, V.. Parker, M.; Howard, K. PJ. Magn. Resan200Q 142 as judged by the appearance of a well-resolved deuterium
177-182. quadrupolar splitting within less tha2 h after placing the
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(a) 4% glucopone/0.57% hex.
A/Hz
40 &
351 3% C12E6/hex. (r = 0.64)
301 5 5% C12E6/hex. (r=0.64) e
25 ©C12E6/hex. {r = 0.64, 22 °C)
8% C12E6/hex. (r=0.64) [T
207 0 C12E5/hex. (r = 0.96, 38 °C)
15 5% C8ES5/oct. (r = 0.87, 0.1 M NaCl)
* C12E5/hex. (r = 0.85, 22 °C)
10 T L) 1
3 5 wt% CmEn 8
(b)
5% C12E5/hex. (r = 0.85)
A/Hz
C8ES/oct. (r = 0.87) 3% C12E5/hex. (r = 0.96)
401 O SEEE O R RnEa Tt +--
Call o, -
35 o 5% C12E5/hex. (r = 0.96)
30- C12E5/hex. (r = 0.85) 0 10 o0 30 40
5 LI TIC
251 o' Figure 3. Temperature ranges of stable lamellar phases composed of
; / C12ES/Mex. (r=0.96) CmEn/alcohol/HO and glucopone/alcohold, respectively. The bars
201 i) identify conditions suitable for biomolecular NMR spectroscopy, i.e.,
o their borders are well within the phase boundaries pfThe systems
154 C12E6/ex. (r = 0.64) are identified with the surfactant{B ratio in wt %. The value denotes
the molar ratio of surfactant to alcohol. In the glucoporieéxanol
T T T T T T T T T i iSi i 0,
5 0 5 10 15 20 25 30 35 40 system, the surfactant concentration is indicated as wt % on a hexanol

free basis while the-hexanol concentration is given on a total solution
T/°C weight basis for the pure liquid crystd.

Figure 2. Quadrupolar splitting of théH NMR signal of the solvent

observed with different @En/alcohol systems as a function of 500 mM NaCl did not shift that limit any further. In the case

_sur_factant_/water ratio (a) and temperature (b)\Bﬂ/alcohoI ratios are of the 5% C12E6i-hexanol { = 0.64) system, 500 mM NaCl

{T:(';;?ti%g;Eir;‘rfge\ffhﬁemfr::r;a?gfs]—he fcia:?;ln'\ﬁz’?/)leve(e mfasureo' significantly lowered both the upper and lower end of the

. conait plitting of t signal Was - tability range. Within the stability ranges indicated in Figure

insensitive with respect to temperature. The surfactant/water ratio was " . . .

5 wt % for all points shown in (b). The solutions were equilibrated in 3, qugdrupqlgr splitting and line width OT tEH NMR signal

the magnetic field fo2 h before measurement. were insensitive to the presence of salt. Similarly, the appearance
of the?H NMR spectrum did not change in the presence of 50

mM phosphate buffer and 1 mM EDTA or 1 mM BPTI. In the

presence of 15 mM BPTI, however, the quadrupolar splitting

observed in the 5% Cl12B&hexanol ( = 0.64) system

decreased from 26 to 21 Hz, although #hdine width remained

unchanged. Most interestingly, all lamellar phases made of

CmEn/alcohol mixtures were insensitive to pH, as identital

sample in the magnet. The bars in Figure 3 correspond to
conditions where théH NMR signal was characterized by
narrow line widths (Figure 1) and splittings close to the high-
temperature value (Figure 2b). These criteria were found to
correlate strongly with conditions suitable for biomolecular
NMR. The bars do not extend to temperatures, where quadru- .
polar splittings were still observed, but only with broad lines NMR_spectra were observed at pHOZ, 7, and 11. T_he W'd%St
of non-Lorentzian shape; under those conditions 'Hh&lMR stability range was .measured. for 4/o_g|ucopone with 0.57%
spectra of dissolved proteins appeared inhomogeneously broad-n'hexanOI' This liquid cryst'alllne mgdlum was not sta}ble at
ened too. For a given surfactant/alcohol system, the upper endlqWer surfactant concentration, required Io_nger_to equilibrate,
of the stability range was virtually invariant at different liquid %':llgx;j ;r?(;ytrllzrr%?orrgi/iia#ooll2?<Ialijr(;%ur?1|g]r?ase;2eﬁspixl (see
crystal concentrations, but the stability range extended to lower Th I liar oh duced E hemvalcohol y:
temperatures at higher concentrations, as evidenced by com- e lamellar phases produced by theilvaicohol systems

parison of the 5% and 3% C12EShexanol { = 0.96) systems provgd to be very suitable for aligning proteins, DNA, an_d a
as well as of the 8%, 5%, and 3% C12E6kexanol = 0.64) protein/DNA complex. For example, the highly polar N-terminal

systems. Increased amounts of alcohol decreased both the uppec}omain of theE.. coliarginine repressor (ArgR-R_P)W&\s found
and lower end of the temperature range, as demonstrated b)}o aggregate with Pfl phages and liquid crystalline phases made
comparison between 5% C12E8fexanol at,= 0.96 and 0.85 from DHPC/DMPC or cetylpyridinium chloride/hexanol mix-

. .85. ; . ) s . )
NaCl had a similar effect, except that it mostly affected the tUres while residual dipolatti—**N couplings ranging from
Iow-tempgrature end. Thus, 100 MM NaCl was found to extend (25) Sunnerhagen, M.; Nilges, M.: Otting, G.; Careyiat. Struct. Biol.
the stability range of 5% C8E5/octanol ( = 0.87) to—5 °C. 1997, 4, 793-795.
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ppm are uncharged, the stability of these phases is virtually unaffected
i by pH and little sensitive with respect to salt. Perhaps most
L importantly, these bilayers do not associate with charged
g molecules through electrostatic interactions, providing a system
85 Hz —116 suitable for the alignment of almost any water-soluble macro-
(93) [ molecule. Even high protein concentrations, e.g. 15 mM BPTI,
Ser 47 @ - are toleratgd. Furthermore, the absence of charge means that
3 = (15N) a!lgn_me_nt is ba_sed on molecular_shape rather tha_ln charge
78 Hz | 1 distribution. Residual dipolar couplings measured with BPTI
(94) 3 for 5% C12E5A-hexanol ( = 0.96) and 5% C12E6G/hexanol
r (r = 0.64) were closely comparable to those reported by Ottiger
117 and Bax for 5% DMPC/DHPC mixturés.
105 Hz - The systems also offer several practical advantages. The liquid
(88) [ crystals are easy to prepare outside the magnet, their viscosity
-— 5 I is sufficiently low that even 10% solutions are readily transferred
® @ Cys 68 with a pipet, they align rapidly in a magnetic field, and they
are chemically stable. Composed of simple chemicals, they are
I | ' ' f ) m free of traces of proteases or RNAses which may occur as
9.2 9.0 F (1H) 8.8 PP impurities in oriented systems made of biological material.
2 Protein solutions in lamellar phases ofmEn/alcohol and
Eiggg ibe(zt[:ﬁﬁ?ogdlergll\;’\:lsglﬂltjiglri]ngffS?\lr}f;gr}SbQ:gs:rrgeg ilﬁ?-a glucopone/alcohol were stable for weeks without noticeable
. OF . 0 j _ . changes. Whenever breakdown of the lamellar phases was
et sovaping sy CBSeIVed afer long torage periods at room temperaiure, hey
the F, dimension. Coupling constants measured in an isotropic solution could be fully restored qu.the .a.ddltlon of a few mlcrolltgrs of
are indicated in brackets. n-alkyl alcohol. Clearly, it is critical to prevent evaporation of
the alcohol because most of the systems of Figure 3 were
—17 to 20 Hz were readily measured in a system of 5% C8E5/ €stablished with the minimum amount of alcohol needed to
n-octanol ¢ = 0.87) at 22°C (Figure 4). Similarly, a 2:1 generate a lamellar phase. As shown by the phase diagrams of

complex between ArgR-N and operator DNA yielded residual C12ESh-hexanol and C8E&/octanol;?**L, phases are very
dipolar 1H—15N couplings ranging from-10 to 18 Hz in the sensitive to the total amount of alcohol present. This sensitivity

lamellar phase made of 5% C12E6iexanol ( = 0.64) at 25 is also iIIustrated. by the additional-hexanol required for a
°C (P. Andersson and G. Otting, unpublished results). lamellar phase with C12E6 as compared to C12E5 (Flggre 3).
The general viability of the liquid crystalline systems of P€rhaps not unexpected, attempts to generaghiases using
Figure 3 for protein alignment was tested by measurements of roctanol instead of-hexanol with C12ES and other cross
residual dipolar one-boriH—13C couplings in 4 mM solutions combinations between the reagents of Figure 3 fglled. Quite
of BPTI at pH 4.8 and 25C or, in the case of C8EB/octanol, generally, the phase diagrams show that thephase is stable
22 °C. Identical residual dipolar couplings were measured in OVer & larger range of temperature and chemical composition
5% C12ES#-hexanol t = 0.96) and 5% C12E6thexanol ¢ at higher surfactant pqncentraﬂé%#Abqut 3wt O/_o surfac}ant
= 0.64), with maximum couplings of about 40 Hz. These two Ma&Y thus be the minimum concentration that is practical for
systems also displayed the same quadrupolar splittJ (z) biomolecular applications.
in the 2H NMR spectrum. Quite generally, the magnitude of Previously, the existence of a lamellar phase mad_e of
the residual dipolar couplings observed in BPTI was found to 9lucopone/hexanol/water had been reported only for a single
scale approximately with the splitting observed in tHeNMR temperaturé? Glucopone is a large scale technical product,
spectrum. Thus, 5% C8ESbctanol ¢ = 0.87) yielded about ~ containing a heterogeneous mixture wfalkyl mono- and
1.4 times larger residual dipolar couplings in BPTI than 5% d!sacchandes with a dlstrlbut!on of alkyl chain Iengths_ and
C12E6h-hexanol { = 0.64) (compare Figure 2b), which inturn ~ different types of hexoses, linked by- and f-glycosidic
yielded about 1.4-fold larger residual dipolar couplings than 3% bonds:* The lamellar phase prepared witthexanol displayed
C12E6h-hexanol { = 0.64) (compare Figure 2a). The relation- & few narrow resonances in thd NMR spectrgm between 1
ship between quadrupolar splitting and residual dipolar coupling @d 6 ppm and one at about 8.55 ppm, which could not be
was different for the 4% glucopone/0.57% hexanol system, removed by ultrafiltration qf the sample. _Heterogenelty of the
where residual dipoldiH—13C couplings larger than 60 Hz were = S@mple seemed to be required for formation of thphase, as
measured in BPTI, although the quadrupolar splitting observed W€ did not succeed in reconstituting a lamellar pha_se from 1:1
in the 2H NMR spectrum was only 13 Hz. or 7:3 mixtures ofx- and/-octylglucose (5% solution in water)
All lamellar phases of Figure 3 gave rise to signals inte  With n-hexanol. The'H NMR spectrum of BPTI dissolved in
NMR spectrum between about 1 and 4 ppm. Most of these 4% glucopone/0.57% hexanol displayed rather broad peaks,
signals were, however, very broad so th-13C couplings presumably _due to resu_jual dipoli—tH coupllngs_ induced
could be measured at natural isotopic abundance with little PY Strong alignment. Alignment may have been increased by
interference from the liquid crystalline phases (see Supporting electrostatic attraction between positively charged BPTI and

Asn 40 ©

./»
«—>

Information). glucopone, as glucopone micelles have been reported to be
overall negatively charged between pH 3 artf 9.
Discussion Proteins are more difficult to recover from lamellar phases

of CmEn/alcohol or glucopone/alcohol mixtures than from

CmEn/alcohol/water systems form dilute liquid crystalline filamentous phages. When a solution of ArgR-N in 5% C8E5/

phases with very attractive properties for the partial alignment
of biological macromolecules. As the constituent components  (26) Balzer, D.Langmuir1993 9, 3375-3384.
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n-octanol ¢ = 0.87) was cooled to 4C, the sample precipitated  conformational analysis of small, water-soluble, organic com-
irreversibly. The protein could, however, be recovered by pounds.
extensive dialysis followed by cationic exchange chromatog-
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routine tool not only in biomolecular NMR but also in the JA001068H



