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Residual dipolar couplings arise from small degrees of alignment
of molecules in amagnetic field and have proven to provide valuable
structural information. Colloidal suspensions of rod-shaped viruses
and bacteriophages constitute a frequently employed medium for
imparting such alignment onto biomolecules. The stability and
behavior of the liquid crystalline phases with respect to solution
conditions such as pH, ionic strength, and temperature vary, and
characterization should benefit practical applications as well as the-
oretical understanding. In this Communication we describe the pH
dependence of the cholesteric liquid crystalline phase of the filamen-
tous bacteriophage fd and demonstrate that the alignment tensor
of the solute protein is modulated by pH. We also report the in-
teresting observation that the relative sign of the residual dipolar
coupling changes at low pH values. In addition, we demonstrate
that the degree of alignment inversely scales with the lengths of the
phage particles for phages with identical mass and charge per unit
length.

Key Words: residual dipolar couplings; bacteriophages, fd, Pf1,
liquid crystal.

INTRODUCTION

methodology based on tHescherichia colibacteriophagéd.
The phage particles are negatively charged rods of 6.6-nm ¢©
ameter and 880-nm length, in which a cylinder of coat pro-
teins is arranged in a helical fashion around a single-strande
DNA genome. Concentrations commonly used for alignmen
purposes are 20—-30 mg/ml and the magnitude of the alignme
isinfluenced by the concentration of the liquid crystalline phase
The large viral particle size leads to high macroscopic viscos
ity; however, the microscopic tumbling rates of the dissolvec
macromolecules are not affected.

Figure 1A displays the correlation between the measure
residualDyy dipolar couplings for the B1 domain of protein G
in colloidal suspensions dfl for different pH values, but iden-
tical ionic strengths and protein and phage concentrations. Tt
corresponding parameters calculated for the alignment tens
as well as rms and the correlation coefficient for observed verst
calculated residual dipolar couplings are listed in Table 1. A
can be easily appreciated, the orientation of the tensor chang
with pH. In particular, the rhombicity decreases with decreasin
pH and approaches a low value of 0.31, comparable to that
0.23 previously observed for alignment in lipid bicelles. For the

Recently, NMR methods have been developed which focus 8@ Presented in Fig. 1A alDyy values were calculated by

the extraction of structural restraints characterizing long-ran

gbtracting the splitting measured in the anisotropic phase frol

order. The major breakthrough with respect to any potential roffat in thel isotropic one. This takes into account that the sign ¢
tine use of dipolar coupling derived structural restraints waae direct'Juy coupling is negative. It is immediately apparent
the demonstration that tunable degrees of molecular alignm&@M the graphs displayed in Fig. 1A that the sign'Dh at
can be achieved by adding aqueous liquid crystalline medial@/ PH (PH 3.0) is inverted compared to the high pH values
the molecule under investigatiofi)( and a variety of different A Similar anti-correlation between residual dipolar couplings
media have been developed for this purpose (for review,gee Was previously observed for dipolar couplings measured i
and references cited therein). One of the media that is becomifi§ Surfactant liquid crystalline phase CPBr/hexanol/NaBr 2
more and more popular consists of a suspension of filamdtil 3 versus those in phage at pH9.(Figure 1B shows the
tous phage, eitheid (4) or Pfl ). Suspensions of Charged’_corre_latlon betweedADyy _dlpolar_co_upllngs m_easured_ at the
rod-shaped viruses, such as tobacco mosaic virus and filamiggntical low pH (pH 3) in 5% liquid crystalline medium of
tous bacteriophagds/M13 and Pf1, are known to undergo acPBr/hexanol in 10 mM glycine-HBr buffer containing 25 mM
magnetic field induced isotropic—nematic phase transition §gBr and im~30 mg/mlfdin 10 mM citrate buffer at 2%C. Itis

moderate concentration8<8). We investigated and developed?Pvious that the sign of the_measlﬂ'@hH dipolar couplings is
identical for equivalent residues in both media, demonstratin

that the change of sign is related to the low pH. For the sam
1To whom correspondence should be addressed. E-mail: gronenborR, the surface charge distribution on the GB1 domain will be
nih.gov. identical with an overall positive net charge, and the anisotropi
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FIG. 1. (A) Correlation between the measured residti-°N dipolar couplings for GB1 in the nematic phasefdf(~30 mg/ml) at different pH val-
ues. @) pH 6.6, 10 mM sodium phosphate buffem)(pH 6.0, 10 mM sodium phosphate buffera pH 5.0, 10 mM sodium phosphate buffery) pH
3.0, 10 mM sodium citrate buffer. The pH 8.0 sample contained 10 mM Tris—HCI buffer. Samples were prepared in the following manner: The pH 8
and 6.0 samples were prepared by mixing phage and GBL1 in the respective buffers. For the pH 5.0 and 3.0 samples, a stockfdohd®ulihited to
~0.3 mg/ml and dialyzed exhaustively against 10 mM sodium phosphate buffer or 10 mM sodium citrate buffer, respectively. The solutions were donc:
using a centricon filtration unit (10 kDa cutoff). GB1 solution was prepared by dialysis against the respective buffer and the appropriate aoteimsolfytion
was added to the phage solution. Liquid crystal formation was assessed by observing optical birefringence through crossed polarizers andgothenea
splitting of the low field tryptophan BH resonance in a 1D spectrum BN-labeled GB1. (B) Correlation between experimental valueXDpf; measured in
the nematic phase & (~30 mg/ml; in 10 mM sodium citrate buffer, pH 3.0, 90%®)10% D,0) versus those obtained in the liquid crystalline phase forme
by 5% CPBr/hexanol ((11.33; w/w) in 10 mM glycine—HBr buffer, pH 3.0, 10 mM NaBr, 90%®/10% D,0). The correlation coefficient is 0.994. The—
15N splittings ¢ Inp + DnK) were measured frofPN *H HSQC spectra with no decoupling in theN dimension on a Bruker DMX 500-MHz spectrometer at
25°C. The error in the measuré®yy values ranges from 0.2 to 0.4 Hz.

medium carries a positive charge as well; the alignment shouliffusion tensor if the alignment is purely steric and dominate

be dominated by repulsive forces. by the shape of the solute molecul®d), This was the case
It was shown previously that the principal axes of the aligrier ubiquitin in neutral phospholipid bicelles. This need no

ment tensor coincide with the solute molecule’s rotationakcessarily be the case for other proteins and media, and

TABLE 1

Alignment Tensor for GB1 and rms between Observed and Calculated Residual Dipolar Couplings, *Dyw,
in Different Liquid Crystalline Media®

o B y Number of
Liquid crystal (degree) (degree) (degree) Da (Hz) RP rms (Hzf rd DnH
fd pH 8.0 (30 mg/ml§ 8.3 102.4 66.1 6.020.02 0.606t 0.007 1.27 0.9807 50
fd pH 6.6 (29 mg/ml) 7.1 100.8 65.9 8.850.01 0.616+0.003 1.56 0.9866 50
fd pH 6.0 (29 mg/ml) 121 99.4 66.0 8.940.01 0.623t 0.001 157 0.9852 50
fd pH 5.0 (30 mg/ml) 13.3 100.5 65.1 4.830.01 0.488+0.004 1.47 0.9637 55
fd pH 3.0 (32 mg/ml) 13.6 76.0 159.2 10.450.01 0.408t 0.006 1.48 0.9889 47
CPBr/hexanol/NaBr 111 78.9 160.9 82D.01 0.315+0.004 1.41 0.9854 51
pH 3.0 (5% w/v)
bicelles pH 7.0 (5%) 43.2 55.7 235.8 94£3.09 0.233+0.002 1.50 0.9894 50

2 Singular value decomposition was employed for best fitting the alignment tensor to the observed residual dipolar calipliFiys Euler angles, 8,
andy specify the orientation of the alignment ten&brelative to the coordinate frame of the :IAIX-ray structure.

b R, Rhombicity defined byDgr/Da, with Da and Dg representing the axial and rhombic components of the tedbsmspectively.

¢ rms difference between the observed and calculated valudsgf based on the known orientations of the NH vectors in the X-ray structure.

d Linear correlation coefficient between predicted and observed residual dipolar couplings.

€ Concentration is accurate #1 mg/ml.
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particular liquid crystalline phases composed of charged pawith a urea unfolding transition midpoint of 3.7 M at pHZ3j;
ticles frequently exhibit considerable contributions from elethus the change in alignment tensor cannot be attributed to
trostatic interactions in their alignment properties such that tklhange in protein structure. Whether any quantitative conclu
alignment tensor cannot be predicted from the shape of the sins can be drawn from the present data set will have to awe
lute (11). At pH values above its isoelectric point of pH 4@ further investigation.

phages are negatively charged and at pH 7 in water a charg€&igure 2 shows a plot of the measuf@j dipolar couplings
density of 10 e/nm has been reported. At the low pH value wérsus residue number for the GB1 domain in colloid susper
3, the phage particles will be positively charged. Adding salt &ions of three different phages for identical solute concentratior
the phage liquid crystal phase screens the electric repulsion pel and ionic strength conditions. The values obtained from th
tween the particles, thereby essentially decreasing the effecfiddiquid crystalline phase at a concentration of 30 mg/ml are
diameter of the phage to the bare diameter of 6.6 nm at high de#ntical, within the error of the data, to those measured for Pf
(>300 mM) concentrationd @). As aresult, the coexistence con-at 16 mg/ml. The third set of data was measured for the liqui
centration for isotropic and anisotropic boundary increases wittystal phase formed by a mutaidtphage. The characteristic
increasing ionic strengthlp). We therefore took great care toproperty of thisfdK48A phage is an increase in length over
insure that identical buffer concentrations were used for all samild-type fd of ca. 35% (4). The f{dK48A phage is mutated
ples to avoid any possible influence of differences in the phasethe gene VIII protein ofd, resulting in a single amino acid
boundary between isotropic and liquid crystal phases. Since ttieange in the major coat protein. The coat proteins in the phac
pl for GB1 is 4.5, the protein will also be positively chargedirions are arranged in a right-handed helical array with five
at pH 3 and both molecules should repel each other. From thgbunits in the 16.26xaxial repeat15). The length of the pack-
trend observed for the value of the rhombic component of tlaged single-stranded DNA genome in the mutant phage is n
alignment tensor, it appears that high rhombicity is indicative ghanged compared to the wild-type; it simply is more stretche!
a significant charge component in the interaction for the samet inside a longer virion16). Likewise, Pfl closely resem-
shape solute. It therefore may be appropriate to consider tiiesfd in morphology; it exhibits an identical particle diame-
shape of the solute in terms of an effective shape, which woukst of about 6.6 nm, the mass per unit length is very simila
take the charge distribution on the surface into account, ratt{@8,300 Da/nm fofd and 18,600 Da/nm for Pf1) and has a sim-
than the molecular shape for the prediction of alignment tensaitar pl value (4.0 forfd and 4.2 for Pf1), and the charge density
It should be noted that no significant conformational changes dor both phages is identical over the pH 7—8 intendal)( The
cur for GB1 even at pH 3. The protein exhibits extreme stabilignly gross morphological distinction between Pf1 &ohid their

10 20 30 40 50

Residue number

FIG. 2. Plot of 'Dyy measured at 500 MHz versus residue number for the GB1 domain (0.5 mM) dissolved in liquid crystalline phases of three diff
bacteriophages. The mass concentration of the different colloidal suspensen8@srig/mifd, () 16 mg/ml Pf1, and &) 30 mg/mlIfdK48A. The data measured
for thefdK48A suspension were scaled by 0.74 to take into account the 35% increase in length. All solutions contained 10 mM Tris—HCI, pH 0,/20% H
D,0. All measurements were carried out at@5
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respective length; Pfl is approximately twice as lonfgla¥hus tensor, corresponding to a greater degree of alignment of the -
allthree virions have very similar architectures and can be treatate or greater order within the liquid crystal. This observatio
for theoretical purposes as long, thin, semiflexible charged ratigyy be related to results obtained by X-ray diffraction of hy
of identical diameter, charge density, and mass per unit lengtiated fibers which indicate that at pH 2 the individual virions i
but of different overall lengths. Khokhlov and Semenov gerfd fibers are more highly ordered than at pH28)( It should also
eralized Onsager'slg) statistical mechanical treatment for thébe pointed out that, in contrast to numerous reports, it is possit
isotropic to nematic phase transition of a suspension of chargedprepare liquid crystalline phases of phage at low pH (pH
rigid rods to include systems of semiflexible chaib®)(For col- and below), at least fdd, and that the orientation of the align-
loidal fd solutions it was demonstrated experimentall@)that ment tensor for GB1 in the low pH phage liquid crystal phas
the coexistence concentratigey) or the concentration at which is very similar to the one previously determined for the low pt
the isotropic phase becomes absolutely unstalileqompares surfactant liquid crystal phase formed by cetylpyridinuim bro
well with predictions based on the Khokhlov—Semenov theompide/hexanol/NaBr (see Table 1). Finally, using different-lengt
In order to qualitatively interpret the data presented in Fig. 2 wihages, we demonstrate that the size of the residual difiar
use Eq. [1] for deriving the coexistence mass concentrationdoupling is related to the length of the phage as expected frc
milligrams per milliliter Khoklov—Semenov—-Onsager theory.
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