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Abstract

Partially resolved” O NMR quintet was observed in a filamentous bacteriophage Pfl solution°@twith a
quadrupole splitting approximately 100 Hz. As the temperature decreased, the resolution was reduced but the line
shapes were still indicative of residual quadrupole splitting. Line shape analyses were performed using the quadrupolar
relaxation theory for spin 2. The contribution to the residual quadrupole splitting from the electric field gradients
stemming from the phage filaments, which were oriented in the magnet, was taken into account. As a result, the
observed'” O spectra at different temperatures were simulated and the hydration number of the phage DNA was
determined.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction have been used to probe the phase structures,
phase transitions and water orientations in hetero-
The isotope!’ O of oxygen, with spih=5/2, geneous system$l1-1§, and should also be
is one of the commonly investigated nuclei in useful in study of hydration of biomolecules, if
NMR [1]. Its applications to biology include the the liquid crystal phases are created by biomole-
recent investigation of hydration interaction of cules. Theory has indicated that the five transitions
DNA and proteins[2—8, which can be traced in the quintet relax at three different relaxation
back to early year$9,10. Like other quadrupole  rates[19,2(. However, direct application of the
nuclei, in oriented mediums watéf O also shows theory to thel” O guintet has not been available.
residual quadrupolar couplinfl1-1§. In some In recent years the anisotropic environment
liquid crystals water'” O did show well-resolved qgfared by liquid crystals has aroused much atten-
quintet with a quadrupole splitting as large as 4500 {5 iy piomolecular NMR, because dipolar cou-
Hz [17]. The” O splittings found in liquid crystals plings can be partially recovered when proteins
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medium, has been widely used in NMR for the
purpose of slightly orientating NMR molecules
[22,23. Pf1 particles have been identified as single
stranded long DNA molecules coated with poly-
peptides[24,25, which possess strong anisotropic
magnetic susceptibility and can be easily aligned
in a magnet. So faf H quadrupole splitting has
served as a fast and sensitive indicator of the
anisotropy. In our Pfl phage solution that was
going to be used for residual dipolar coupling
measurement? H NMR showed a quadrupolar
coupling of 16 Hz at 25C, an indication for good
alignment of the Pfl phage particles. According to
earlier NMR studies of water in heterogeneous
systems, *” O quadrupole splitting is usually
approximately 6 times thé H splittingl1-19. It
was thus predicted that” O signal in the same
system would be split to a quintet with a splitting
approximately 100 Hz. This has been proved in
our experiments. In this paper the partially resolved
water 17O quintet found in filamentous phage
solution is reported. Quadrupolar relaxation theory
is applied to the line shape analyses of ffe O
quintet. By simulation of the quintet, hydration
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cation of phage was achieved using a KBr density
gradient. Gradients were poured as block layers of
50, 42, 36, 28 and 20% KBr with the phage
dissolved in the top layer. Ultracentrifugatidat

82 700X g) was then used for 24 h at 2&. The
phage, which appeared as blue-gray band in the
density gradient, was extracted with a syringe.
Purified phages were then extensively dialyzed
into 1.0 mM EDTA, 10 mM Tris pH 7.9. The final
product of the Pfl solution was 14 mgl in
concentration, as determined by UV absorbance.

In order to introduce B O into the solution for
NMR lock while keep the phage concentration
unchanged, the volume of the solution was first
reduced by ultracentrifugation at 6000 réwin in
a Beckman JA20 rotor at 18 for 2 h and then
D,O was added to reach the original volume. D O
to H,O ratio was approximately 1:9.

NMR experiments were conducted on a Bruker
Avance 600 spectrometer with an inverse broad-
band probe tuned at 81.354 MHz fdf O and
92.127 MHz for? H. Fo*” O NMR, 4000 transients
(90° excitation were accumulated with 100 ppm
sweep width, 125 ms acquisition time and 200 ms

number per nucleotide of the phage molecule has relaxation delay. For> H NMR, 8 scans gave

been evaluated.

2. Experimental

Filamentous phage Pfl were prepared and puri-

fied according to the protocol described in Ref.
[23]. Pseudomonas aeruginosa host, which were
obtained from American Type Cell Collection
(ATCC 25102, were grown at 37°C in 50 ml
LB-media(10 g tryptone 5 g yeast extract and 10
g NaC) in a 250 ml shaker flask to an QR of
~1.0. Then, 50-10¢.1 of re-suspended Pftfrom
ATCC 25102-B2 were used to infect the host
cells, which were allowed to grow for a further 15
min. After inoculations in baffle flasks containing
media, the cells were grown 14 h to stationary

spectra with good signal-to-noise ratio.

NMR line shape simulation was performed
using Mathsoft Mathcad(version 200). Input
parameters were adjusted in a trial-and-error man-
ner until reasonable line shapes were obtained.

3. Results and discussion

The "O experiments began at 2&. The
acquired spectrunidata not showndid not show
a normal Lorentzian line shape. Instead, it seemed
to be a spectrum overlapped with multiple transi-
tions. By lowering the temperature down to %D,
the line width was reduced instead of increased.
This was contrary to the normal phenomenon that
lower temperatures usually lead to a broadened

phase. The phage were harvested by centrifugingline shape because the molecular tumbling is

the host out of solution at 11 360g for 45 min.

Cell pellets were discarded and phage were precip-

itated from the supernatant by adding 604 dlaCl
and 20 ¢l of polyethyleneglycol. The phages
were pelleted out of solution at . Each pellet
was re-suspended in 5 ml distilled water. Purifi-

slowed down. At 50°C, a triplet was observed
with a splitting approximately 100 Hz. At 7€C,

the splitting did not change much but the line
shape clearly meant a partially resolved quintet.
Fig. 1a shows thé” O spectra at four temperatures.
The line shapes were repeatable, i.e. after raising
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Fig. 1. (@ *O NMR spectra from a phage solutid®0% H,O/10% D,O) at different temperature€l0, 30, 50 and 70C, as

indicated in the figurg A Lorentzian line broadening factor of 10 Hz was used to smooth the spectra and the plot region for each
spectrum is 1500 Hz. At 70C, the spectrum shows a partially resolved quinfb). Simulated spectra by taking into account the
external EFG stemming from the Pfl phage lattice. In simulation all spectra were assumed to consist of two components, the fast
motion and the slow motion components, both being coupled to the external EFG with a Gaussian distribution. From°80) to 70

the two components were assumed to undergo fast exchange, whil€@t $8@w exchange was assumed.

and lowering the temperature for several times cal ratio with the side transitions more broadened
they appeared the same. But when the temperaturethan the central transition. But when the relaxation
went too high (80 °C and highe), the sample theory was applied to quantitatively analyze the
went wrong and precipitation occurred. line shape, it was found that the relaxation alone
According to the ‘sharp’ selection rule of quan- was not able to fully account for the broadening
tum mechanical transitiofi26], the quintet for a of the side transitions. There could be other mech-
5/2 spin should show an intensity ratio of anisms behind the observed line shapes.
5:8:9:8:5. However, since the outer transitions In quantitative interpretation of th&’ O NMR
generally relax with faster ratgd9,2(, it is not line shapes in Fig. la, site exchange between the
surprising to see that the intensity ratio of the bound and free states of the water molecules
quintet deviates from the ideal quantum mechani- should be taken into account. Due to the rapid site
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exchange, the relaxation rate for a specific transi-
tion p in the quintet is
R, ,= Rz, %, + Ry ,(1—x;,) 1)
where the subscripts and f refer to bound and
free states, respectively, ang is the fraction of
the bound water. Fot” O in the bound state where
the molecular motion is assumed to be within slow
motion limit, previous studies reveal that the relax-
ation rates for the five transitions are not the same
[19,2d. For convenience, we denote the central
transition(1/2 < 1/2), the inner pair of side tran-
sitions(+1/2 <+ +3/2) and the outer pair of side
transitions (+3/2«< +5/2) with 0, 1 and 2,
respectively. Then we have the relaxation rates for
the slow motion component

Rz, 0=K[8J (w0 +28J L2w 9], (2a)
Ry, 1=K[37§(0)+ 187 (w 9 +237,(2w)], (2Db)
Ry, »=K[12] (0) + 247 (0 o + 14/ L2 9], (20)

where

K=(m?/120)[(21 +3) /122 — 1)]x X1+ ?*/3).
3

Here x is the local quadrupolar coupling con-
stant in rigid solid,n is the asymmetry parameter,
and
Ji(koo) =T o/ (1 +kPwr 2y (4)
with k=0,1,2. For” O in the free water molecules,
which are assumed to be tumbling in the extreme
narrow limit (though slightly anisotropically the
five transitions of'” O relax with the same rate
according to the isotropic formula

sz:36Kch (5)

All five transitions are assumed Lorentzian, with
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Fig. 2. Simulated” O spectr@n boldface against the exper-
imental spectra at 70C (in lean type, using the two-site
exchange model withouta) and with (b) the external EFG
considered. FoKa),7,=3.1 ps, 7,=6.0 ns andx,=0.08%.
For (b),7=3.1 ps, 7,,=3.98 ns,x,=0.045% and 20 Hz
Gaussian broadening factor was used. Note that the outermost
side transitions in the simulatiof@ are too narrow to fit the
experimental spectra while this problem was effectively solved
in (b) with the Gaussian broadening introduced to external
EFG. No line broadening was applied to the experimental
spectrum.

the integration ratio 5:8:9:8:5 was used as a con-
straint and the adjustable parameters included the
correlation timesr,, and 7, the mole fraction of
the bound waten,, and the quadrupole splitting
C,. However, after numerous simulations no sat-
isfactory results were obtained. Wheg was kept

in the picosecond ranger,, in the nanosecond
range and;, lower than 0.08%, the side transitions
in the simulated spectra were always too narrow
to fit the experimental spectra. A typical simulated
spectrum at 70°C is presented in Fig. 2a in
boldface, which is compared with the experimental

an average relaxation rate for each determined by spectrum in lean type. In simulations=3.1 ps,

Eq. ().

7=6.0 ns andx,=0.08%. The bound water

Using the two-site exchange model, the spectra correlation time 7, (6 n9 was somewhat too

presented in Fig. 1a were simulated. In simulation

large, because the bound water molecules &70
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should move rather rapidly. The bound water
fraction x,, (0.08% was also too high, because it
would correspond to a coordination number per
nucleotide as large as (5ee discussions below
Even with these parameters the spectrum was still
not very well simulated. Withr, increased to 20
ns orx, up to 0.12%, better line shape simulations
had been obtaineata not showh However, the
simulated parameters were far from reality and
were not acceptable.

It has long been noted that an oriented medium (b)
can produce an external electric field gradient
(EFG) and that this external EFG also contributes
to the observed residual quadrupole splitt{2J].
For example, the residual quadrupolar coupling of
#3Na has been clearly referred to as the interaction
between the quadrupole 68 Na and the ordered __ o o ,
environment [28]. The electric property of the 00 0 0
phage is well known. A phage particle is a single
stranded long DNA. Although the phage molecule Fig. 3. Comparison of th&’ O spectra from the Pf1 solutions
is coated with polypeptides, its surface is still containing(2) 2 mM Na* and(b) 100 mM Na" . Quadrupolar
strongly negatively charged and a phage particle SPlitting is dramatically reduced upon addition of salt. The
can be regarded as a charged rod possessingfymmety appeaing i) could probably be due to poor

. . o imming(because B O was not contained in this sample
anisotropic susceptibility22-23. In the magnet, )i gas bubbles in the solution.
the charged rods are easily oriented parallel to the

magnet, creating a useful anisotropic medium for ,n» 00 gyrface. Therefore, external EFG should be
biomolecular NMR study. The oriented and i5uen into account in the line shape analyses.
charged phage rods should produce strong EFG  ppage particles do not distribute uniformly in
everywhere in the solution, and this has been o gojytion, as evidenced by electron micrograph
experimentally v_er|f|ed. In Fig. 3 we compare two [23]. Hence, the external EFG should not be
spectra, both being recorded at 7D. The upper homogeneous for all water molecules. The mag-
trace is the spectrum from a sample containing 14 | .sic alignment, molecular diffusion and site

mg/ml Ehagg(withouf[ D,0) and approximately 2 oy hange can, to some extent, improve the homo-
mM Na*, which was introduced along with EDTA. geneity of the external EFG, but at a given

The I_ower trace is the spectrum Wh‘?” more NaCl temperature the external EFG should disperse over
was intentionally added to the solutidthe con- 5 cerain range. In other words, the quadrupole
centration is estimated to be 100 mMhe addi-  gpjiting ¢, at a given temperature is not a con-

tion of salt made the finely resolved quintepper — giant put distributes in the frequency space. For

trace badly impaired to become a spectrum with ,vanience. we assume a Gaussian function for
much smaller quadrupole splitting estimated to be

only 40 Hz (lower trace. The presence of more K

salt should not interfere with the alignment of the

phage rods, nor should it seriously affect the G.,=expl—(pa) *(C,+pCo)? (6)
motion of the water molecules. The decrease in

the splitting upon addition of salt manifests a with a broadening constamt a nominal splitting
reduction of the strength of the external EFG, C, and p=1,2. This distribution causes the two
because the positively charged Na should have outermost side transitions doubly broadened as the
strong interaction with the negatively charged two inner side transitions, but does not affect the

Hz
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Table 1
Results of fitting the watet” O NMR spectra in the Pf1 phage solution
T(°C)  Fast motion Slow motion component x(%)  Co(Hz)  a(H2)
component
Tf(ps) Ry(107 s 1) 7,(NS) Ry (10¢ 51 RypA(10% s Ry L10¢ 571
1 9.12 4.96 - - - - - 40 25
30 6.37 3.47 11.7 0.73 6.40 225 0.046 79 38
50 4.04 2.19 6.92 1.20 5.00 14.7 0.043 100 31
70 3.10 1.64 3.98 1.90 4.71 10.5 0.045 105 20

2For simulation of the spectrum recorded at °I0), slow exchange model was applied and the parameters involving the slow
motion component were unable to determine.

line width of the center transition. In other words, The fast site-exchange model has been success-
the center transition is still a Lorentzian, while fully applied to the analyses of the spectra at
each of the side transitions is a series of Lorentzi- higher temperatures. However, for the spectrum at
ans with Gaussian distributions. Explicitly, the side 10 °C, only slow exchange leads to good simula-
transitions are simulated using the Lorentzian func- tion. The lines of the slow motion component are

tion modified by a Gaussian function

S, (0,.C)=R,G o,/ [(Ro )2+ (@—C)F  (7)

With these considerations, the simulation was
much improved with a set of spectra very close to
the experimental spectra as presented in Fig. 1b.
The better simulation for the outermost side tran-
sitions can be clearly seen in Fig. 2b.

The simulated data for Fig. 1b are collected in
Table 1. In simulations, we took the parameters
x=6.68 MHz and »=0.93 from Ref. [19].
Although the external EFG contributes to the
residual quadrupole coupling, it should not have
any effects on the quadrupolar relaxation. The
simulated correlation times for the fast motion
component are in the picosecond range, in the
same order of magnitude as in pure water. This is
consistent with our assumption that the free water
molecules in the phage solution can tumble freely.

too broadened to contribute to the line shape and
the correlation time information about slow motion
is not available.

The fraction of the bound water has been deter-
mined to be approximately 0.045%, from which
the hydration number of the Pfl phage particles
can be readily obtained. The concentration of Pfl
is 14 mg/ml, approximately equal to 5.5 mM of
nucleotide, since the content of DNA in phage is
less than 12% by weight24] and the average
weight of deoxynucleotide in DNA is approxi-
mately 309. The water concentration is estimated
to be 50 M and the concentration of the hydrated
water should be approximately 22.5 mM. Then the
hydration number per nucleotide is approximately
4.1.

The nominal coupling constad}, and the Gaus-
sian decay facton varies with temperature. While
C, increases steadily with temperatusedoes not.
For the three cases with fast exchangdgcreases
with temperature. A smalles means a narrower

The correlation times for the slow motion com- distribution of EFG. This is reasonable because
ponent fall in the nanosecond range, in good higher temperatures are advantageous for homo-
agreement with the results found in cells and geneous external EFG, as will be explained below.

bovine serum albumin solution®—9 ns at 25C)
[8]. The relaxation rate®,,, and R,,, steadily

For the spectrum at 1%C, since the site exchange
becomes slow on the NMR time scale and only

decrease as the temperature is increased, but theinbound water molecules are considered, the dis-

change ofR,, ¢ is in reverse order. This is under-
standable, becaud®,, , does not depend o#(0)
as can be seen in EqQa).

tribution range becomes narrow again.
The contribution from the external EFG to the
residual quadrupole splitting not only facilitates
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the simulation, it can also be used to explain the 4. Conclusion

temperature dependent splitting or the nominal

coupling constaniC,. It has been proposed that ~ We have observetf O NMR quintet from water
the temperature dependent residual quadrupolein a filamentous phage solution. Temperature
splitting is due to the change in orientational dependent line shapes have been analyzed and
probability distribution, and based on this propo- Simulated. It turns out that the aligned phage
sition water orientations in liquid crystals at dif- filaments can produce effective electric field gra-
ferent temperatures have been studidd,1d. dients that contribute to the residual quadrupole
However, it remains a puzzle why lower tempera- SPIitting and this contribution could not be neglect-
tures always tend to bring orientations favoring €d- The reorientation correlation times of free
smaller quadrupole splitting. The presence of Water are in the picosecond range, while the

external EFG can give an alternative interpretation Corelation times of bound water are nanoseconds.

to the temperature dependence. Due to the rather! "rough line shape analyses, the average hydration
number per nucleotide of the phage DNA isdeter-

high viscosity of the solution at lower tempera- -

tures, the alignment of the long phage particles is Mined to be 4.1.
far from perfect. The disorder in the alignment of

the phage rods and the difficulty in water diffusion

can effectively reduce the strength of external  x\ s grateful to Prof. Charles S. Johnson Jr
EFG, so the residual quadrupole splitting is small. \yho drew XM's attention to the ear’ O NMR
With the increase of the temperature, the phage studies. He also appreciates Dr David Horita’s

particles are more stretched and the alignment is critical reading of this paper and help in data

better. Water also diffuses more easily. As a result, transfer.

the average external EFG is enhanced and the
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when the temperature is high enough, the phage o o

particles tend to tumble, so the coupling cannot 13- Kintzinger, Oxygen NMR, characteristic parameters
. . . and applications, in: P. Diehl, E. Fluck, R. Kosfeld

go higher. When the temperature is too high, the (Eds), NMR 17, Basic Principles and Progress, Oxy-

coating peptides would be detached and the phage gen-17 and Silicon-29, Springer, Berlin, 1981.

rods will greatly change their electric property. [2] S. Besnard, E. Baguet, Recent developments in the

Acknowledgments

Actually, when we increased the temperature to 90 characterization of water interacting with proteins by
e ; ' Y0 NMR, Cr. Acad. Sci. Il C 42001 771-774.

o 7 1

C, we obtained &’ O spectrum without any_flne [3] S.C. Sue, H.C. Jarrell, J.R. Brisson, W.G. Wu, Dynamic

structure(data nOt showhand the phage solution characterization of the water binding loop in the p-type

eventually precipitated. It should be noted that cardiotoxin: implication for the role of the bound water

fairly high temperatures cannot disentangle the molecule, Biochemistry 402001 12 782-12 794.

entanglements of the phage filaments which where ~[4 B- Wickstead, S.M. Grieve, S. Wimperis, O NMR of
iginall resent in the solution. Hence warmin water in ordered environments, Biophys. Chem. 73

originally p . on. ng (1998 129-136.

and cooling the solution give repeatable line [5] AM. Torres, S.M. Grieve, PW. Kuchel, NMR triple-

shapes. quantum filtered relaxation analysis df O-water in
It |S not Clear Wthh Contrlbutes more to the insulin solutions: an InS|ght into the aggregation of

. e insulin and the properties of its bound water, Biophys.
residual quadrupole splitting, the external EFG or Chem. 70(1998 231-239.

the internal EFG. Since the external EFG and the [g] a.M. Torres, S.M. Grieve, B.E. Chapman, P.W. Kuchel,
associated Gaussian distribution provide a reason- Strong and weak binding of water to proteins studied
able explanation to the line shapes and the tem- bylleRtriple-quantum filtered relaxation spectroscopy
perature effect of the residual quadrupole splitting, ?/fp g;’;}’?sts\r/' (Bs'oggﬁtrcoge”& %%337)81%‘"}39%%“%
it can be estimated that the contribution from the of DNA hydr’ati(;n’ 3. Mol. Biol. 268(’1957) 118-136.

external EFG could dominate over the internal [g] E. Baguet, B.E. Chapman, A.M. Torres, PW. Kuchel,

contribution Determination of the bound water fraction in cells and



262

(10]

[11]

(12]

[13]

[14]

[15]

[16]

(17]

X.-a. Mao et al. / Biophysical Chemistry 107 (2004) 255-262

protein solutions using!” O-water multiple quantum
filtered relaxation analysis, J. Magn. Reson. B111
(1996 1-8.

S.H. Koenig, K. Hallenga, M. Shporer, Protein-water
interaction studied by solveAt H, Hartd O magnetic-
relaxation, Proc. Natl. Acad. Sci. USA 721975
2667-2671.

B. Halle, T. Andersson, S. Forsen, B. Lindman, Protein
hydration from water'” O magnetic-relaxation, J. Am.
Chem. Soc. 1031981 500-508.

W. Niederberger, Y. Tricot, Water orientation in lyotropic
phases” O andd H NMR study, J. Magn. Reson. 28
(1977 313-316.

Y. Tricot, W. Nidderberger, Water orientation and motion
in phospholipids bilayers: comparison betwéén O and
2H NMR, Biophys. Chem. 91979 195-200.

D. Goldfarb, M.M. Labes, Z. Luz, M. Poupko, Orien-
tational order in the lyomesophases of the disodi-
umchromoglycate-water system BBy B; O ad¥l Na
NMR, Mol. Cryst. Lig. Cryst. 87(1982 259-279.

C. Chachaty, J.P. Quaegebeur, Nuclear magnetic reso-
nance investigation of a sodium dibutyl phosphate water
lyotropic mesophase, J. Phys. Chem. &1983
4341-4343.

C. Chachaty, J.P. Quaegebeur, Proton, deuterortand O
nuclear magnetic relaxation and water reorientation in a
lyotropic lamellar phase, Mol. Phys. 521984
1081-1104.

B. Robin-Lherbier, D. Canet, J.P. Marchal, J. Brondeau,
in: K.L. Mittal (Ed.), Solution Chemistry of Surfactants,
Plenum Press, New York, 1984.

M.R. Hakala, T.C. Wong, Phase structure and orienta-
tional order of water in the lyotropic mesophase of the
hexadecyltriethylammonium  bromide-water-pentanol
system by deuterium and oxygen-17 nuclear magnetic
resonance, Langmuir 1986) 83-89.

(18

(19

(20]

(21]

[22]

(23

[24]

[25]

(26]

(27]

(28]

W. Guo, T.C. Wong,*” O and® H nuclear magnetic
resonance studies of the orientation of water molecules
in several lyotropuc liquid crystals, Langmuir(3987)
537-543.

B. Halle, H. Wennerstrom, Interpretation of magnetic
resonance data from water nuclei in heterogeneous
systems, J. Chem. Phys. 75981 1928-1943.

C.W. Chung, S. Wimperis, Measurement of spjf25
relaxation in biological and macromolecular systems
using multiple-quantum NMR techniques, Mol. Phys.
76 (1992 47-81.

A. Bax, Weak alignment offers new NMR opportunities
to study protein structure and dynamics, Protein Sci. 12
(2003 1-16.

M.R. Hansen, L. Mueller, A. Pardi, Tunable alignment
of macromolecules by filamentous phage yields dipolar
coupling interactions, Nat. Struct. Biol. $1998
1065-1074.

M.R. Hansen, P. Hanson, A. Pardi, Filamentous bacte-
riophage as a versatile method for aligning RNA, DNA
and protein for measurement of NMR dipolar coupling
interactions, Method Enzymol. 31(2000 220-240.

D.A. Marvin, E.J. Wachtel, Structure and assembly of
filamentous bacterial viruses, Nature 28375 19-23.

Y. Nakashima, R.L. Wiseman, W. Konigsberg, D.A.
Marvin, Primary structure and outerchain interactions
of Pfl filamentous bacterial virus coat protein, Nature
253 (1975 68-71.

C.P. Slichter, Principles of Magnetic Resonance, 3rd ed,
Springer, Berlin, 1990, Chap. 2.

J. Lounila, P. Diehl, Anisotropic solute-solvent interac-
tions in liquid crystals: an analysis of dipolar and
quadrupolar couplings of methane in nenatic solvents,
J. Chem. Phys. 941991) 1785-1795.

R. Kemp-Harper, S.P. Brown, C.E. Hughes, P. Styles,
S. Wimperis,?®> Na NMR methods for selective obser-
vation of sodium ions in oriented environments, Prog.
NMR Spectr. 30(1997 157-181.



	Line shape analyses for water 17O NMR quintet observed in a bacteriophage Pf1 solution at different temperatures
	Introduction
	Experimental
	Results and discussion
	Conclusion
	Acknowledgements
	References


