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Magnetic relaxation in solids may be complicated by the cre-
ation and loss of dipolar order at finite rates. In tissues the
molecular and spin dynamics may be significantly different be-

ever, these measurements have been made using dry lyoj
lized systems that may not represent accurately the local
lecular dynamics in a wet tissue systet®{129. The general

cause of the relatively high concentration of water. We have
applied a modified Jeneer—Broekaert pulse sequence to measure
dipolar relaxation rates in both dry and hydrated protein systems
that may serve as magnetic models for tissue. In lyophilized and
dry serum albumin, the dipolar relaxation time, T,5 is on the order
of 1 ms and is consistent with earlier reports. When hydrated by
deuterium oxide, the dipolar relaxation times measured were on
the order of tens of microseconds. When paramagnetic centers are
included in the protein, the Jeneer—Broekaert echo decay times
became the order of the decay time for transverse magnetization,
i.e., the order of 10 us or less. In the hydrated or paramagnetic
systems, the dipolar relaxation times are too short to require
inclusion in the quantitative analysis of magnetization transfer
experiments.  © 2000 Academic Press
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expectation has been that hydration will facilitate additionz
internal molecular motion that will decrease the magnitude ¢
T.p (13). The measurements reported here support this exp
tation and the assumption that dipolar order effects may |
neglected in fully hydrated systems.

EXPERIMENTAL

Lyophilized protein powders were prepared from aqueot
solutions containing bovine serum albumin (Sigma, 98%
which had been dialyzed to remove adventitious salts. G
samples were made by cross-linking the protein with col
aqueous 25% glutaraldehyde at 273 K in an ice bath. Typical
an 18% protein solution in 1 mL of water and 0.14 mL of®
were mixed with 0.5 mL of 25% glutaraldehyde (Sigma Grad
II) at ice temperature. Paramagnetic gels were made by rea
ing a threefold molar excess of diethylenetriaminepentaace
acid dianhydride (Aldrich Chemical Company) with a dilute
serum albuin solution over ice. A typical reaction volume wa

Magnetization transfer pulse sequences have provided n2®D mL to prevent protein cross-linking by the dianhydride; th
opportunities for changing the information available from magH was kept above 7 with Hepes buffer. The resulting prote
netic images by superimposing the magnetic response of tissotution was concentrated and dialyzed against three chan
components on the observable water proton magnetizatimhwater to remove hydrolysis products and excess reage
(1-3. This information transfer is possible because of maghe protein was lyophilized and redissolved in water an
netic coupling between the solvent protons and the solid costeichiometric amounts of metal were added volumetricall
ponent protons. Most models developed to understand fihem concentrated stock solutions. Manganese sulfate and g
effects of the relaxation coupling have focused on Zeeman amichium chloride were obtained from Aldrich Chemical Com-
transient transverse magnetizations at the level of the coupfmthy. The paramagnetic proteins were cross-linked therma
Bloch equations 4—7). While these approaches provide amt 80°C for 20 min. These samples were lyophilized and tt
apparently accurate description of most systems studied, cpmeton spectrum of the product showed no residual narro
cern remains that some preparation pulse schemes may creatter resonance. For measurements in the presence of wi
dipolar order in the solid component spin system that couddided as BO, the protein systems were subjected to thre
change the observed response significarly9). We study cycles consisting of dissolution in,D, storage at 60°C for 20
proteins because proteins are generally capable of formimgn, and lyophilization to remove labile protons. The resultin
highly organized compact structures that could provide tlieuterated and cross-linked protein was then hydrated w
structural and dynamic platform for the creation of dipolab,O to a level of 35%.
order in the'H spin system. There have been several reports ofThe NMR experiments were conducted at resonance fr
the relaxation time for loss of dipolar order in proteins; howguencies of 500 and 60 MHz on a Varian Unity Plus spe

.
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100000 cies, sheets, and loop regions, which may have consideral

L different motions. The nonexponential decay may also resl
from the effects of magnetization transfer within the interactin
spin systems and has been demonstrated to be import
particularly in heteronuclear cases in engineering polyme
70000 1 @ (14, 15. This nonexponential character of the decay will onl
be more pronounced in the case of a tissue where there i

20000

80000

Echo Amplitude

so000 7 @ distribution of rotationally immobilized macromolecules.
50000 | % However, even in this simple model case, the dipolar relaxatic
'o. times are very short compared with the spin—lattice relaxatic

40000 4 ® Y times, which are typically on the order of 0d 1 s depending
. on the condition of the sample, the temperature, and the me

30000 | ° o i
° netic field strength16, 17.

20000 : . | | . : | The changes in relaxation induced by the addition of par
0 200 400 600 800 1000 1200 1400 1600 magnetic centers is important because of potential applicatio
Time (us) of magnetic contrast agents that may be targeted to the ro

) y tionally immobilized components of a tissue. We use stoich
FIG. 1. Decay of the'H echo created by a modified Jeener—BroekaeBmetric guantities of manganese and gadolinium ions bound

ulse sequence at 295 K applied to a dry lyophilized bovine serum albumin . . . .
P d PP y vop pserum albumin. Representative dipolar relaxation data a

sample at a resonance field of 1.4 T or a proton Larmor frequency of 60 MHz: . - ) .

shown in Fig. 3 and summarized in Table 1. The decay of tt

dipolar echo in all paramagnetic cases is very rapid and is
trometer and a homemade Spectrometer, respective|y. The Qi;@.order of the transverse relaxation time. Within our abl'lty 1
MHz spectrometer employed a Varian EM-360 permanefteasure it, the decay is exponential and substitution of deu
magnet and a Tecmag Libra data system. The transmitter uéén for exchangeable protons on the protein makes no diffe
a PTS-160 frequency synthesizer operating into Vari-L Rgnce in the observed decay. The proton lineshape is unchan
gates and an ENI LPI-10 RF amplifier driving a transmissioifom the reference diamagnetic example and we observe
line probe built in this laboratory. The receiver consisted of $entially the same results at 60 and 500 MHz for the decay
Miteq preamplifier operating into an Avantek amplifier cascadge dipolar echo amplitude. The presence of the paramagne
that drove a simple quadrature detector utilizing Merrimakenters in the protein may induce significant shifts in resonan
doubly balanced mixers. The drive to the LPI-10 amplifier wfsequency that may compromise the effectiveness of the pul
attenuated to achieve 90° and 45° pulses of 2.8 andus,4 sequence for creating dipolar order. Nevertheless, to the ext
respectively. The Jeneer—Broekaert dipolar spin-echo sequetii@ we may characterize the decay of the dipolar echo over t
as modified by Yang and Schleich was used to minimize dirdéfhited range of the observation window, the relaxation i
contributions from Zeeman magnetization and is summarizeyponential and very rapid.
as {(90-7,—45~t-45~7,—acqd+y)) + 90 ,—7,—45-t— The decay of dipolar order in hydrated environments is ke
45,-7,~acqy)} (12). The values of-, and —r, were 10 t0 quantitative understanding of magnetization transfer expe
us at both magnetic field strengths. The values of the 90° al@entsin vivo. The experimental problem in a hydrated sampl
45° pulses used at 500 MHz were 9.2 and gsG respectively.

RESULTS AND DISCUSSION ‘.

Figure 1 summarizes representative results for the decay of i
the dipolar echo signal obtained with the modified Jeneer— N
Broekaert pulse sequence. The dry serum albumin decay is

clearly not a single exponential, but the long-time component H,EMMA\M

of approximately 400us is in reasonable agreement with N

values reported for other proteins near laboratory temperature NLM/ I o
(10-12. The frequency domain spectrum obtained from the R N B
Fourier transform of the second half of the dipolar echo is & & 4 5 0 2 4 8 e

shown in Fig. 2. The line is broad and has essentially a

Gaussian shape usua”y observed for Iyophilized proteins TthG. 2. The Fourier transform of the second half of the echo created by
" _modified Jeener—Broekart pulse sequence at 1.4 T at 295 K. (A) Dry lyopt

npneXponem'al decay of t,he d'F’O'f"“ echo m",iy result froriged bovine serum albumin. (B) Bovine serum albumin treated with on
differences in the local motions within the protein that may b&uivalent of gadolinium(il) ion prior to lyophilization from an aqueous

expected because local structures are distributed among heglistion. (C) Cross-linked bovine serum albumin gel hydrated to 35%ky. D
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is that the water signal is very intense, which makes indepen- TABLE 1

dent characterization of the solid protein component spin re- Dipolar Relaxation Times at 60 and 500 MHz
laxation difficult. We have tried to overcome this problem by

using D,O in place of HO. The protein was treated with three H D
cycles of lyophilization from excess D to exchange labile 60 MHz

protons from NH, OH, and SH sites. The resulting partially BSA a a
deuterated protein is only a model for the completely proton- Mn-BSA 19+ 25us 10+ 2.5us
ated one and may differ somewhat in the effective internal spin ~_ Gd-BSA 14+ 2.5ps 10+ 2.5ps
dynamics. For example, because the intramolecular proton 5038'\1“2 . .
concentration is lower, some blocks to proton spin diffusion Mn-BSA 13+ 258 14+ 25,
may be present in the deuterated case that are not presentinthe Gd-Bsa 12+ 2.5us 14=25u

protonated case. However, as a model, the partially deuterated

protein will relax more slowly than the completely protonateitjj{ NOI?-H dg”OOteS samples lyophilized from@; D denotes samples lyoph
. . . rom D,0.

case because the_deuterlum magnetic moment is smaller t é'efglow component of decay450 pus + 50. Fast component: 65-70% of

the proton magnetic moment. Thus, we may take the relaxatlg&]al intensity.

rates observed in this way as a lower limit to the fully proton-

ated relaxation rate.
A representative decay of the dipolar echo from the hydratgehing very short, in the tens of microseconds range. An ir

serum abumin gel is shown as curve B of Fig. 3. The dipolgf,iant feature of the hydrated gel samples is that the lineshe
echo amplitude is small compared to the lyophilized case. T ihe frequency domain spectrum is altered. The spectru

decay is more nearly exponential and more than an order gk iting form a 90° pulse is somewhat distorted by the pre
magnitude faster than in the dry protein sample in spite of @ e of residual protons in the,0. To minimize the direct

deuteration of labile sites. Data for the paramagnetic gels &€ inytion from the liquid, we use the Fourier transform o
similar; a representative example is shown in curves A andf dipolar echo and the resulting spectrum is shown in Fi
of Fig. 3. It is interesting that the relaxation times for the -~ The lineshape is clearly a superposition of broad ar
paramagnetic gels are somewhat longer than for the dry SySirow component(s). The narrow component is on the ord
tems; however, the decay of the dipolar echo amplitude 18 5 7 and is much broader than the water proton signal

similar samples hydrated with . It is clear that there are
regions of the gel that have significant local motion, which lea
to a significant motional narrowing of the proton spectrum i
BSA - Gd hydrated gel these samples with consequent reduction in the values of
dipolar relaxation time.

BSA - hydrated gel

BSA - Gd dry CONCLUSION

These measurements of the decay of dipolar echoes in d
magnetic proteins, paramagnetic proteins, and hydrated prot
gels demonstrate that the dipolar relaxation times in the
tissue models are short. In all cases, the measured relaxa
times are much shorter than the spin—lattice relaxation times
either protein systems or tissues. Thus, unless there are cc
¢ ponents that are unusually rigid or crystalline, the dipolar ord
— possibly created by various preparation pulse schemes utiliz
in the context of magnetization transfer imaging experimen
0.0 Jr ’ ‘ ‘ ‘ - ‘ ‘ should be transient and have little or no effect on the analys

0 10 20 30 40 50 60 70 80 90 of the experiment.

Time (us)

Integrated Intensities

ACKNOWLEDGMENTS
FIG. 3. Echo decay of a Jeener—Broekaert pulse sequence applied to

bovine serum albumin at 295 K. (Al{ Bovine serum albumin gel containing  This work was supported by the National Institutes of Health, GM 3930
one equivalent of gadolinium(lll) hydrated to 35% with@®@, the exponential and GM34541, and the University of Virginia. We gratefully acknowledge
time constant for the solid line is 3@s. (B) (@) Bovine serum albumin gel helpful discussions with Professors Jacob Schaefer, Jean Jeneer, Alfred F
hydrated to 35% with BO; the exponential time constant for the solid line isfield, and Dr. Robert Tyco and Dr. Suzanne Kiihne. This work was done in pe
52 us. (C) (A) Lyophilized serum albumin with one equivalent of gadolinumfor A. D. to fulfill the requirements for the M.S. Degree at the University of
the exponential time constant for the solid line is 25. Virginia.



38

REFERENCES

. S. D. Wolff and R. S. Balaban, Magnetization transfer contrast
(MTC) and tissue water proton relaxation in vivo. Magn. Reson.
Med. 10, 135-144 (1989).

. R. S. Balaban, Magnetization transfer between water and macro-
molecules in proton MRI, in “Encyclopedia of NMR” (I. R. Young,
Ed.), pp. 2962-2970, Wiley, New York (1996).

. C. J. Baudouin, Magnetization transfer contrast: Clinical applica-
tions, in “Encyclopedia of NMR” (I. R. Young, Ed.), pp. 2945-2953,
Wiley, New York (1996).

. J. Grad and R. G. Bryant, Nuclear magnetic cross-relaxation spec-
troscopy, J. Magn. Reson. 90, 1-8 (1990).

. X. Wu, Lineshape of magnetization transfer via cross relaxation. J.
Magn. Reson. 94, 186-190 (1991).

. G. H. Caines, T. Schleich, and J. M. Rydzewski, Incorporation of
magnetization transfer into the formalism for rotating-frame spin—
lattice proton NMR relaxation in the presence of an off-resonance
irradiation field. J. Magn. Reson. 95, 558-566 (1991).

. R. M. Henkelman, X. Huang, Q. S. Xiang, G. J Stanisz, S. D.
Swanson, and M. J Brosnkill, Quantitative interpretation of magne-
tization transfer. Magn. Reson. Med. 29, 759-966 (1993).

. H. N. Yeung and S. D. Swanson, Transfer decay of longitudinal
magnetization in heterogeneous systems under selective satura-
tion. J. Magn. Reson. 99, 466-479 (1992).

. H. N. Yeung, R. S. Adler, and S. D. Swanson, Transient decay of
longitudinal magnetization in heterogeneous spin systems under

10.

11.

12.

13.

14.

15.

16.

17.

DANEK AND BRYANT

selective saturation. IV. Reformulation of the spin bath model equa-
tions by the Redfield-Provotorov theory. J. Magn. Reson. A 106,
37-45 (1994).

R. Gaspar, Jr., E. R. Andrew, D. J. Bryant, and E. M. Cashell,
Dipolar relaxation and slow molecular motions in solid proteins.
Chem. Phys. Lett. 86, 327-330 (1982).

E. R. Andrew, D. N. Bone, D. J. Bryant, E. M. Cashell, R. Gaspar,
Jr., and Q. A. Meng, Proton relaxation studies of dynamics of
proteins in the solid state, Pure Appl. Chem. 54, 585-594 (1982).

H. Yang and T. Schleich, Modified Jeneer solid echo pulse se-
quences for the measurement of proton dipolar spin-lattice relax-
ation time (T ) of tissue solid-like macromolecular components. J.
Magn. Reson. B 105, 205-210 (1994).

D. C. Ailion, NMR and Ultraslow Motions, in “Advances in Magnetic
Resonance” (J. S. Waugh, Ed.), Vol. 5, pp. 177-228, Academic
Press, New York (1971).

J. Schaefer, E. O. Stejskal, and R. Buchdahl, Magic-angle **C NMR
analysis of motion in solid glassy polymers, Macromolecules 10,
384-404 (1977).

J. Schaefer, M. D. Sefcik, E. O. Stejskal, and R. A. McKay, Sepa-
rated proton local fields in polymers by magic-angle carbon-13
nuclear magnetic resonance. Macromolecules 14, 280-283 (1981).
R. G. Bryant, Magnetization transfer and cross relaxation in tissue.
in “Encyclopedia of NMR” (I. R. Young, Ed.), pp. 2954-2962, Wiley,
New York (1996).

R. G. Bryant, The dynamics of water—protein interactions. Annu.
Rev. Biophys. Biomol. Struct. 25, 29-53 (1996).



	INTRODUCTION
	EXPERIMENTAL
	FIG. 1

	RESULTS AND DISCUSSION
	FIG. 2
	FIG. 3
	TABLE 1

	CONCLUSION
	ACKNOWLEDGMENTS
	REFERENCES

