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Intermolecular *Xe-'H nuclear Overhauser effects and *Xe
longitudinal relaxation time measurements were used to demon-
strate that the dipole—dipole coupling is the dominant relaxation
mechanism for Xe in water, at room temperature. **Xe-'H
cross-relaxation rates were derived to be oy ~ 3.2 = 0.3 X 107°
s™!, independent of xenon pressure (in the range of 1-10 bar) and
of the presence of oxygen. Corresponding xenon—proton internu-
clear distances were calculated to be 2.69 = 0.12 A. Using the
magnitude of the dipole—dipole coupling and the spin density ratio
between dissolved xenon and bulk water, it is estimated that
%Xe-'H spin polarization-induced nuclear Overhauser effects
would yield little net proton signal enhancement in water. © 2000

Academic Press

dipole—dipole interaction plays in relaxirig’Xe in solutions.

A study of xenon relaxation in deuterated vs protonated isc
tropic solvents has concluded that intermolecular dipole—d
pole interactions are not a dominant relaxation mechan@m (
spin-rotation interactions are thought to be the dominant mec
anism {7). However, the nature of the study in Re8) (tem-
perature dependence @f°) allows one to infer only that
spin-rotation may play a role in relaxing xenon in solutions. N
quantitative conclusion can be drawn as to whatdbminant
relaxation mechanism is. Moschos and Reig$sltow that the
dipole—dipole relaxation is far from negligible, constituting uf
to 60% of the xenon relaxation in some cases. Comput

Key Words: xenon; water; dipole-dipole coupling; NOE; NMR.  gjmjations also support the conjecture that the intermolecul

dipole—dipole interactions contribute significantly to th&e
relaxation Q). Moreover, the successful examples of SPINOE
in solutions prove the existence of significatfixe—"H dipolar

The low sensitivity of NMR often necessitates utilization ofUP/ing. In addition, a study of xenon dissolved in deuterate
signal enhancement techniques. In most conventional teflutions of phosphaztldylcrlollng lipid membranes has demol
niques, the enhancement is a result of polarization trans?é‘}atid prolnounced “Xe—{"H-lipid} cross-relaxation 10).
from a more sensitive spi to an insensitive spin. This 1he Qxe__{ H-water} cross-relaxation, however, was found
scheme is based on the fact that population differences, dAdP€ negligibly weak. [The value for the xenon-water cross
thus polarization transfer capacities, are largeiStnan forl, relaxation rate derived in that study was most probably unde
in the same magnetic field. For solution NMR, spin polariz&stimated, due to the assumption that tfie spins relax only
tion-induced nuclear Overhauser effect (SPINOE) seems to/®eé dipole—dipole coupling with'H. Since oxygen was not
one exception, with polarization being transferred from the legmoved from the samples, it could have served as an efficie
sensitive but hyperpolarizedXe to the more sensitive protonPolarization sink, thus reducing the value of thpparent
spins. Proton enhancements have been successfully geners@&@n—proton cross-relaxation.] It is worth noting here that a
in few molecules that either interact directly with or are acces§ited experimental investigations have relied on data derive
sible to xenon 1—4), thus pointing to the potential of SPINOEfrom using fully or partially deuterated solvents. In such sys
to facilitate high-sensitivity structural and dynamic NMR studtems, the xenon—solvent dipole—dipole interactions have be
ies. *C SPINOE in solutions has also been demonstradid (heavily suppressed or altogether eliminated, thereby widenir

The SPINOE is possible when xenon relaxes through dhe error bars on the values of the xenon—{solvent proton:s
pole—dipole interactions with the solute (or the solvent) preross-relaxation. Clearly, additional studies of xenon relaxatic
tons. However, a study by Stitt al. (5) shows that the mere in solutions are needed in order to clarify the existing unce
existence of proton-induced enhancement of the xenon rel&inties in the literature.
ation does not necessarily render the SPINOE observableln this report, the contribution of the dipolar interaction to
Other competing mechanisms (relaxation by paramagnetic ithe relaxation of***Xe in water is examined. The choice of
purities, spin-rotation, surface interactions, chemical shift anater as a system to be investigated seems natural, given t
isotropy) can reduce the polarization transferred substantiallyater is the ubiquitous biologically relevant solvent. Proton
Therefore, thedipolar contribution to the xenon relaxationated, rather than deuterated, water is used as a solvent, in or
must be significant if SPINOE is to be detected. to facilitate the observation of th&°Xe—'H cross-relaxation.

There is controversy in the literature as to the role thexistence of cross-relaxation betweéfiXe and the water
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protons is demonstrated. The contribution of the dipolar cou-
pling on the xenon relaxation is shown to be significant. The
cross-relaxation is observed to be pressure independent, in the
range of 1-10 bar. Calculations of intermolecular xenon—pro-

ton distances are carried out, and the feasibility of xenon—water 0
SPINOE is shortly discussed. e e A
188 )
AT TN 5 q}
EXPERIMENTAL W\’Mzoo 5
. . 30 .§
Three samples were prepared by pressurizing 2 ml deionized N_\/\/V\\/va\/v Vel
water (v/iv 90% HO/10% D,O) with thermally populated GG
natural abundance xenon (26%e) at pressures of 1, 5, or 10 500 o
bar. The 10% RO was added in order to lock the spectrometer. %/\\WWV @
Oxygen was removed from the samples by the following

procedure: the high-pressure NMR tubes were first pressurized
with xenon and the gas was let exchange with the oxygen in the
sample for about a minute; the gas was then quickly flushed out
and the tube was pressurized with xenon again. This procedure

was repeated three times before the tubes were finally sealed. & =~ & &
Given the ratio of the volume of the sample to the volume of 1o '
the NMR tube €0.2), the procedure is estimated to yield a XeFrequency (Hz)

99% reduction of Qin the sample. A fourth sample, with 2 bar i 1. e NMR spectra plotted as a function i saturation time. The
xenon, was prepared by releasing some of the pressure freignal decrease and inversion are results of “negative” intermolettiae—
the already prepared 5-bar sample, in order for a small amofiitt} NOE.
of O, to enter the sample. A fifth sample was prepared with 10
bar xenon and 1 bar OAIll samples were allowed to equili
brate for at leas2 h before NMR measurements were carriel0O—15 spectra, using a three-parameter nonlinear least sque
out. fit based on the Levenberg—Marquardt algorithi) (
All NMR experiments were conducted at 293 K on a Bruker-
AMX500 spectrometer, operating at 138.339 and 500.132
MHz for the ***Xe and'H resonances, respectively. A 10-mm RESULTS
broadband inverse probe was used, with a nomfiise m/2-
pulse of 38us. Depending on the sample pressure, one to eightThe truncated-driven NOE pulse sequence allowed for ol
signals were averaged in order to get adequate signal-to-naisevation of the intermolecular dipole—dipdféXe—H cross-
ratio. relaxation. Figure 1 shows typical NOE data. TfiXe signal
The intermolecular®Xe—{*H} NOE was detected using a decreases during the NOE build-up as a result of the negati
truncated-driven NOE pulse sequence: PREH)-P., 7vu/vx ratio and as expected for the case of extreme narrowin
(*Xe)-Acq (**Xe), whereP.(*H) was a pulse train applied [Molecular dynamics simulations show that the correlatio
for a period T in order to saturate the water magnetizatioriime of xenon in benzene is ~ 5 ps ©). The fluctuations of
P...(**°Xe) was am/2-pulse applied td*Xe and followed by the xenon—water interactions are expected to be modulat
the acquisition of thé*Xe free-induction decay. The saturapredominantly by translational diffusion, similar to the inter-
tion pulse train consisted of a number of low-power 40-ms loragtion fluctuations in benzene, with 7. < 1.] In fact, the
nonselective pulses interleaved with 5-ms delays. Thkenon population is partially inverted for long saturation times
B.('*H) = 440 Hz. The saturation period was varied by In Fig. 2,fyx(7) = (I,(7) — 1,)/l, is the fractional signal
changing the number of these pulse—delay units. The recyclmnge after saturation time |, and |,(r) are the'*Xe
delay, TR, was at least 5 T;°. The NOE curves were z-magnetizations at equilibrium and after saturation time
obtained by running the saturation timevith values of up to respectively. All data points were scaled to the magnitude «
700 s, in a randomized order. Off-resonance, control expetfie xenon spectrum when no proton saturation was applied. .
ments in which the protons were irradiated using 25-kHseen, the data follow the expected exponential time depe
off-resonance saturation pulses were also carriedlqunea dence. Off-resonance saturation results in no change of t
surements were performed using conventional inversion-recaenon spectrum (open squares in Fig. 2), thus confirming th
ery sequence. Spectra were weighted with an exponential lthe observed “negative” NOE is not an artifact.
broadening of 1 Hz. Data analysis was carried out on sets ofAn estimation of the relative contribution of the dipolar
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FIG. 2. Fractional change of the xenon magnetization as a function of theFIG' 3. Oen (circles) and(r o) (trlangles)_as a function of xenon Pres.
B . sure. The open symbols are for the sample with 1 bar oxygen. The dotted lir
proton saturation time. Data shown is for the 10-bar sample. The error bglljse the average values of., and(f )
denote the standard deviation of three measurements. [Only the bdrs=for g e Xer/:
—1 are seen, since the signal there is within the noise level.] Solid lines are the
fits obtained from Eq. [2]. The dashed line serves as a guide to the eye.
be very sensitive to the presence of, @hus confirming pre
vious studies which show that® is shortened by interaction

relaxation to the overall xenon relaxation can be obtained aith oxygen {, 13. The presence of paramagnetic @lso

follows. In the extreme narrowing limitl@), reduces the observed, and must therefore be minimized if
significant NOE is to be observed.

vuT1 T, The ***Xe—"H cross-relaxation rates can be obtained from th

0 gy Ty T [1] recorded NOE data, based on the following solution of th

Solomon equationslé, 15:

wheref,, is the fractional change after long saturation times

(equilibrium), andf .., (= —1.79) is the maximum theoretical fo(T) = YH TR — e
changeT, and T, are the total and the dipole—dipole relax xe Yxe M1 '
ation times, respectively. Estimation ), from the fits to the

NOE curves, and measurementTafallows for calculation of This solution is valid when the polarization of the protons is
Tq from Eq. [1]. [The fits to the NOE curves were obtainedonstant, as in the case of truncated-driven NOE, where t
using Eq. [2]; see below.] Data for all samples are given imater is fully saturated during the entire NOE build-up. The
Table 1. The ratio of the dipole relaxation rag, to the total second assumption validating Eq. [2] is that the iniff@Ke
relaxation rateR, shows that, indeed, th&°Xe—'H dipole— z-magnetizationl ,(0) is equal to its Boltzmann-equilibrium
dipole relaxation plays a significant (up to 83%) role in relaxnagnitudel ,. Measurement of.(7) and T;® allows for cat
ing xenon in water. Given the fact that oxygen was not consulation of the Xe—H cross-relaxation ratg,,, from Eq. [2].
pletely removed even from the samples with longestand Data are shown in Table 1 and Fig. 3. The errors-jg, (and
that the NMR tubes were not treated as to reduce any surfacgy, see below) are obtained by measuring the standard de
induced relaxation, we expect the dipole—dipole interactionsation in the NOE data points and then performing compute
be even more dominant relaxation mechanisms. As Segis ized error propagation analysis. As seen, is rather insen
rather independent of the pressure of the gas and of the prEtve to the presence of QOor to the xenon pressure. Our
ence of oxygen, within the experimental errcFs: is seen to results indicate that thé”Xe—{'H-water} cross-relaxation

(2]

TABLE 1
Dipolar Contribution in Relaxing *Xe, Cross-Relaxation Rates, and Internuclear Distances for Different Pressures of Xenon
Pressure (bar) T (s) feq T (S) Ru/R1 (%) Oxert (107°57%) M e (A)
1 137+ 4 —1.43 172+ 5 80+ 3 29+0.3 2.78+ 0.17
2 99+ 4 —-1.18 151+ 6 66+ 4 3.4+ 0.3 258+ 0.11
5 131+ 6 —-1.50 157+ 7 83+5 3.2x0.2 2.65* 0.08
10 132+ 5 —1.46 161= 6 82+ 4 31+03 2.69+ 0.14

10 (+0y) 4+ 1 —0.49 162+ 4 271 3.0£0.2 2.73£0.10
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rates, although modest, are not negligibly weak, somewtldistances. The values df .,,) are seen to be invariable over
contrary to the observation in the lipid membrane systé@. ( the range of pressures used. The presence of oxygen does
The value ofoy.y for 1 bar is 62% higher than the valueseem to effectr «) either. Substituting the obtained values of
estimated by Xu and Tand.(). (ryen) in the expression in the brackets of Eq. [6] reveals the

The ensemble average Xe—H distan(g,,), can be esti the translational contribution to the cross-relaxation is abo
mated as follows. The general expression for the cross-corBe5 times that of the rotational contribution. This result is no
lation rate is surprising, since the dissolved xenon is expected to rele

predominantly byintermolecular interactions.

1 3
o=K3(l + 1){ —EJo(er — wy) t Z\]z(“’xe + “’H)}' DISCUSSION

&1 On the basis of our data, we can conclude that the domina
whereK = (uwo/4m)yuyxeh, | = 3, andJ(w) is the spectral relaxation mechanism for xenon, in protonated water and
density function 16). Both the rotationalg, and the trans room temperature, is dipole—dipole coupling with the solver
lational, o, contributions to the cross-relaxation are describgaotons. These results are in qualitative agreement with
by Eqg. [3], but the expressions fd{w) are different for the previous study by Moschos and Reis&. (Furthermore, the
different contributions. For the rotational relaxatids{(w) = conclusions we draw do not disagree with the inferences t
(24/15) (Urse))(td(1 + w°7)) and J,(w) = (16/15)(1/ Diehl and Jokisaarif), since their study was carried out at
(rye)(7(1 + w®72)) (16). In the extreme narrowing limit, the higher temperatures, where spin-rotation may indeed domine
frequency dependence of the spectral density functions canthe relaxation.
ignored leading tar,,, = 3K*(7/(r%y). The rotational corre Having shown the existence of significafiiXe—"H dipole—
lation time, 7., can be related to the rotational diffusion eondipole interaction, the feasibility of xenon—water proton
stantr, = 1/(6D ) (15). D is given by Stoke’s equation for SPINOE is now discussed. Solving the Solomon equations f
rotational diffusionD,,, = kT/8mnry., wherek is the Boltz the maximum proton fractional change gives
mann constantT is the temperaturey is the water viscosity,
andr  is the xenon radius. Therefore, = 4/3(mr 3) (n/KT),

Yx
and fimax= — 7: OrxeT 1Txe(0). [7]
2 N I .
Ot =5 TKZ = —5—. [4] Theoyy. cross-relaxation rate can be calculated as follows. £
3 KT (r Xen)

equilibrium, the total cross-relaxation rates must be eque
] ] S(S + 1)Nyouxe = (I + 1)Ny.oxen, WhereN denotes the
For the translational relaxatiod, = 48/15@J) andJ, =  gpnin density number, arlandl are the proton and xenon spin
32/15(773,), whereJ = (Ny/15D)(1/r ) (16). Dy is given  qiantym numbers, respectively. Using 10 bar isotopically el
by Stoke’s gquatlon for the translatlonal diffusibn = kT/ fiched xenon (80%) givebl, /Ny = 3 X 107, and gy =
BTN xe- N.H is the numbgr of proton sg)lns that are causing th@XeHNXe/NH ~107°s% [Ny, = 43 mM, since xenon concen
xenon spins to relax (|.n spins per”n Substituting these 440 is expected to be directly proportional to pressure, i
expressions fod, andJ, into Eq. [3] one gets accordance with Henry's lawly).] Substitutingo e ~ 10°°
s ' andfy(0) ~ 2 X 10' (10% hyperpolarization) in Eq. [7],
o= = Wszl N I'xe [5] one obtaing . ~ 1072 [T{ ~ 2.2 s was obtained for the
r5 KT ™ (ryer) 5-bar sample; similar or short@t are expected for the rest of
the samples.] This is a small enhancement indeed. We the
Therefore, fore conclude that, although the cross-relaxation exists, i
magnitude is such that, at the given concentration of xenon
Oxent = Orot + T bulk water, very little net water proton signal enhancemer
5 s would be expected.
_ 2 K2 M T 1+ § N T Xer) [6] A way to circumvent the limitation presented by the shea
3 KT (r Ser) 57 rie | number of protons in bulk water would be to raise the inter
facial water—xenon contacts. Perhaps, this could be done usi
UsiNg Nuaer = 1.04 X 1072 N - s/n? (at 293 K) and' . = 2.19 hydrophilic hollow-fiber artificial capillary systemdl§, 19.
A one can estimaté ,.,,) from Eq. [6]. The results are given in These bioreactors consist of a large number of porous cap
Table 1 and Fig. 3. Given the crudeness of the approximatidasies, thus creating large surface areas (200&aartridge).
used in deriving Eqg. [6], one should view the valuegiof,) Based on these characteristics, an enhanced hyperpolariza
only as a qualitative estimate of the internuclear xenon-prottiansfer scheme can be envisioned, wherertheberof the
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coupled **Xe—{*H-water} spins would be increased. It-ap 7.

pears therefore, that xenon’s dipole—dipole coupling with

and its implications for studying water-soluble molecules usin§:

transfer of hyperpolarization merit further considerations.
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