JOURNAL OF MAGNETIC RESONANCEL35, 248255 (1998)
ARTICLE NO. MN981535

Protein Mediated Magnetic Coupling between Lactate
and Water Protons

Scott D. Swanson

Department of Radiology, The University of Michigan, Ann Arbor, Michigan 48109-0553

E-mail: sswanson@umich.edu

Received January 13, 1998; revised June 22, 1998

The magnetic coupling between methyl lactate protons and
water protons in samples of cross-linked bovine serum albumin
(BSA) is studied. Cross-relaxation spectroscopy shows efficient
magnetization transfer from immobilized BSA to both water and
methyl lactate protons. Transient and steady-state NOE experi-
ments reveal a negative intermolecular NOE between methyl lac-
tate and water protons. Lactate is indirectly detected by selectively
saturating the methyl lactate protons and measuring the decrease
in water proton magnetization. Indirect detection of methyl lactate
protons is an order of magnitude more sensitive than direct de-
tection in these model systems. Lactate was indirectly imaged, via
the water proton resonance, with 1.1-ul voxels in 2 min. Immobi-
lized BSA reduces the intermolecular correlation time between
water and lactate protons into the spin-diffusion limit where the
NOE is negative. Possible molecular mechanisms for this coupling
and applications to in vivo spectroscopy are discussed. © 1998
Academic Press

Key Words: magnetization transfer; lactic acid; indirect detec-
tion; and in vivo spectroscopy.

INTRODUCTION

at the MT of other small molecules. Grad and Brya)tfirst
demonstrated that dimethylsulfoxide (DMSO) participates il
MT. Hinton and Bryant 17, 1§ have extended this work and
studied at MT between immobilized BSA and a number o
agueous co-solvents (acetone, methanol, DMSO, and aceto
trile). They found competition among the various co-solvent
for binding sites on albumin. Additional studies have beel
carried outin vivo. Dreheret al. (19) observed a weak MT
effect for the creatine resonance in rat brains with RF power ¢
350 Hz and off-resonance frequency of 10 kHz. Magnetizatio
transfer for methyl lactate protons was séervivo in C6 rat
brain gliomas by Greutest al. (20). They report a decrease of
nearly 20% in the lactate resonance with RF power betwee
300 and 700 Hz.

This study was prompted by the following premise: since
both lactate protons and water protons are magnetically co
pled to immobilized macromolecules, perhaps they are coupls
to each other in the presence of the macromolecules. Coupli
between water and lactaite vivo would provide a mechanism
to measure lactate via the dominant water proton resonance ¢
thereby greatly increase the sensitivity of lactate detection. W\

Magnetic cross-relaxation between mobile water protoléesent here a series of experiments that demonstrate magn
and immobile protons is present in model membrane systeRf$/Pling between water and sodium lactate in model syster
(1), cross-linked bovine serum albumin (BS&) (polysaccha- ©Of immobilized BSA.

ride gels B), hydrated starch4), and biological tissue5-8).

The immobilized molecules in these aqueous heterogeneous

RESULTS

systems reduce the water-macromolecule correlation time into

the spin-diffusion region where the intermolecular NOE is Two samples of 20% (w/w) cross-linked BSA were con-
negative 9, 10. Selective off-resonance RF irradiation directlystructed with 220 vl sodium lactate in either }© or D,O (the
saturates the nuclear magnetization of the solid-like compon@nbtonated and deuterated samples, respectively). Anoth
and indirectly saturates, through cross-relaxation, the watample of 20% (w/w) cross-linked BSA was made igCHwith
proton magnetizationl(). For medical application of NMR, no sodium lactate. The pH of each sample was measured &
magnetization transfer (MT) between water and macromol®und to be between 6.0 and 6.7, not corrected for isotoy
cules has been used to reduce static background signals in bffect. For each sample, 40l of 25% glutaraldehyde was
angiography 12), selectively image cartilagel8, 14, and added to 2 ml of BSA solution. The mixtures were stirred
improve lesion contrast in multiple sclerosikd). drawn into 4-mm i.d. glass tubes, and allowed to cross lin
Most work to date has examined magnetic coupling betweerernight. An additional set of protonated samples was col
water and macromoleculet6) but several studies have lookedstructed with lactate concentrations between 0 and 1FL m
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' ' ' : ' Coupling between water and lactate protons in the deute
ated sample was studied by a one-dimensional transient NC
X100 experiment. Either water (Fig. 3A) or methyl lactate (Fig. 3B)
was selectively inverted and each magnetization followed as
function of time after inversion. Since there are more wate
protons than lactate protons, inverting the water resonance t
a larger effect on lactate than inverting lactate has on water.
each experiment, the magnetization of the non-inverted sp
initially decreased, denoting a negative NOE. Since water ar
lactate in solution are in the fast-motion limit where the NOE
is positive, the immobilized protein must reduce the intermo
. 5 4 3 2 1 . lecular correlation time into the spin-diffusion limit where the
NOE is negative and provide a mechanism for magnetic col
Chemical Shift (ppm) pling. Possible molecular mechanisms are discussed below
FIG. 1. Proton spectra of 220 M lactate and 20% (w/w) cross-linked ~Relaxation and cross-relaxation data in two component sy
BSA constructed in KD (A) or D,O (B) (referred to as protonated andtems can be modeled by a set of coupled Bloch equati®ns |
deuterated samples, respectively). TheoTboth water and lactate protons is 21) . The resulting solutions are biexponential functions witt
significantly reduced by exchange broadening with immobilized BSA in bol’tt\1No effective relaxation rates,, andA_, which are a function
samples. of the intrinsic relaxation rates, cross-relaxation rate, and mo
ratio of water protons to lactate protons. Though the intrinsi
These samples were made in 12-mm diameter test tubes wtrameters cannot be unambiguously determined, the effecti
4.0 ml of 15% (w/w) BSA, 50ul of 25% glutaraldehyde, and rate constants are easily obtained by fitting a biexponenti
lactate concentrations of 0, 21.4, 42.8, 85, 129, and 1F¥IL mfunction to the data shown in Fig. 3. Global fitting of all data
All experiments were performed 8 T and ambient tempera-by a simplex algorithm was used (Matlab 4.2c, The Math
ture with a GE Omega CSI system with actively shieldedorks, South Natick, MA), yielding effective relaxation rates
gradients. Methyl lactate protons resonat@00 Hz from water of A, = 10.1 s*andA_ = 1.25s*.
protons at this field strength. In the protonated sample, the lactate—water ratio is muc
Proton NMR spectra of the protonated sample and deutéswer and transient methods of indirect lactate detection wi
ated samples with 220 vh lactate are shown in Figs. 1A andnot work. On the other hand, even at low lactate concentr:
1B, respectively. The ratio of methyl lactate protons to water
protons, determined by integration of each resonance, was 6.62
102 in the protonated sample and 2.2710n the deuterated 1
sample. Methyl and methine protons are both resolved in the
spectrum of the deuterated sample but the methine resonance is
buried in the tails of the water proton resonance in spectrum of
the protonated sample. Water and lactate resonances are sig-
nificantly broadened when compared with the resonances from
samples with no cross-linked BSA (note the unresolved J
coupling for methyl lactate). The linewidth for all methyl
lactate protons in the deuterated sample is 26.5 Hz. The broad- 025
ening is likely due to exchange with immobilized albumin.
Figure 2 shows cross-relaxation spectra for water and methyl
lactate protons in the deuterated sample. The frequency of a
4-s, CW, RF pulse is varied logarithmically from 0.1 to 100
kHz off-resonance in 64 steps. Two phase-cycled acquisitions
are obtained for each value of off-resonance frequency tg1G. 2. Cross-relaxation spectra of watép)(and methyl lactate protons

in deuterated, cross-linked BSA. Cross-relaxation spectra were created

: o )
remove residual transverse magnetization due to the preséﬁfflying off-resonance RF irradiationrfet s atyB,/2m = 235 Hz. The

ration pulse. A large, conventional MT effect is observed fafequency of the presaturation pulse was logarithmically varied from 0.1 to 10
both molecules at relatively low RF poweyR,/27 = 235 Hz) kHz from the water proton resonance and the ratio of saturated to unsatura
due to the favorable mole ratio of immobile to mobile proton@agnetization plotted. Both water and lactate protons show convention
created by removing most of the water protoz)s Ihe amount magnetization transfer with BSA proton magnetization. Direct saturation c

. . water and lactate magnetization occurs from 0.1 to 2 kHz and indirect sat
O_f MT and the ImEShape of the cross-rela>_<at|_on gpectrum a}gﬁon from about 2 kHz to 50 kHz. The magnitude and the shape of th
similar for both lactate and water protons, indicating that botss-relaxation spectrum is similar for both water and lactate indicating th

molecules are well coupled to the immobilized protein. both mobile components are well coupled to the immobile BSA.

0.75

My(sat)/Mz(0)

off-resonance frequency (kHz)



250 COMMUNICATIONS

A T T T T T T T T T B T T T T T T T T T
'r s & ®° @ & & 1 s ® @ ® @ @ @
A
‘ M
0.5 1 0_5_: -
2 Tt
N N A
= [e} =
N
2 o = P
-0.5p T 0.5 |- 1
A
_1£ 1 1 1 L 1 1 1 1 1 1 1 il 1 1 1 ] 1 1 L
0

0.5 1 15 2 25 3 35 4 45 5 0 05 1 16 2 25 3 35 4 45 5

Time (s) Time (s)

FIG. 3. Transient magnetic coupling of watép) and lactate 4) magnetization mediated by cross-linked BSA in the deuterated sample. (A) Water is plac
on resonance and selectively inverted by a $890° sequence with set to 1.66 ms. (B) Methyl lactate protons are selectively inverted and similarly affect tl
water proton magnetization. Fitting a biexponential function to these data yields rate constants of 40dl1s2 ' for the fast and slow components of the
two-component relaxation, respectively.

tions, CW irradiation at the lactate methyl frequency wiltization. These data are plotted as a function of the frequen
continuously deplete water proton magnetization in these cdtem water proton resonance; direct saturation of water occu
pled systems until a steady state is reached. Figure 4 showsgh® Hz and direct saturation of lactate-aB00 Hz. The most
results of this experiment on the protonated sample. Waigtportant feature in Fig. 4 is the decrease in water proto
proton and lactate proton magnetization is plotted as a functieragnetization observed when CW RF is applied at the meth
the off-resonance frequency of CW, low powgB(/2m = 40 |actate frequency. Methyl lactate magnetization is directly sa
Hz), RF pulse. Not apparent in Fig. 4 is an overall decreaseipfated and water proton magnetization indirectly saturate
both water and lactate signals due to conventional MT effectshe water proton magnetization decreases to a steady-st
The RF power was adjusted to minimize conventional MTevel due to RF saturation of methyl lactate magnetization ar
maximize indirect MT, and limit line broadening caused b¥trong coupling between water and lactate. The decrease
CW irradiation. The lactate signal is multiplied by a factor ofyater proton magnetization measured here is 16 times grea
100 to place it on the same vertical scale as the water magfian the magnitude of the lactate resonance.

Indirect lactate imaging is demonstrated in Fig. 5. Figure 5/
shows a conventional water proton image of two samples «

&m}mmm% ' ' W cross-linked BSA. The sample on the left contains 220-tac-
g —

tate and the sample on the right contains no lactate. Indirect lact:

,M% o st imaging requires acquisition of two separate images: one with tt
I o A RF saturation pulse at 300 Hz off-resonance and one with the
" s S L, 1 RF pulse at-300 Hz off-resonance. Subtracting one image fron
9 iy R the other removes effects of conventional magnetization trans
- A 1 and eliminates signal from water not coupled to lactate (see Fi
A A 4). The result is an image of water protons indirectly coupled t
L Oa A . lactate protons (Fig. 5B). The difference in the water proton sign:
L measured in Fig. 5B is 7.35% of the total water signal or 11 time

. . Q . ! larger than the lactate signal.
600 400 200 0  -200 400  -600 Magnetic field susceptibility differences between air anc
Frequency from water proton resonance (Hz) sample create a spatial dispersion of the water proton fr

FIG. 4. Indirect CW saturation of water protons via the lactate methycf]uenCy and the artifact seen In,Flg' 5B. For a portion of th
protons in the protonated sample. RF irradiatigB,(27m = 40 Hz) is applied sample,—300 Hz off-resonance is on-resonance for the wate
in 20 Hz steps from-600 Hz to+600 Hz off-resonance from the water peakjprotons and direct saturation rather than indirect saturatic
The intensity of both the wate®)) and lactate4) (X 100) resonance is plotted occurs. The small positive and negative crescent signals seer
as a function of the frequency of the RF saturation pulse from the water protpnl'g_ 5B in the sample with no lactate are due te 300 Hz and
resonance. Direct saturation of the lactate resonance 30 Hz causes 1300 Hz shift in the water frequency. respectively. The ma
specific and indirect saturation of the water proton resonance. Conventiona?’ . . . g y’_ p . y: . 0
MT is also present but not apparent in these data due to the narrow frequeRipide of this artifact is about 25% the intensity of the desirabl

range of the experiment. signal of the indirect lactate image.
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FIG. 5. Indirect imaging of the lactate methyl protons via water protons. Fig. 5A presents a conventional gradient echo image of samples with (le
without (right) 220-nM lactate. Lactate is indirectly and selectively imaged in Fig. 5B by subtracting two water proton images obtained with RF saturat
+300 and—300 Hz off-resonance. Although the lactate methyl protons are only 0.66% of the water proton resonance, the difference between the two
is approximately 7.4% of the water proton signal; more than a factor of 10 increase in signal. The artifact around the edge of the sample with no lactat
to magnetic field inhomogeneities caused by the air—glass interface. Each image was acquired with a gradient echo pulse sequence with a 112-ms TR
25 by 25 mm field-of-view, no slice selection, 40-kHz sweep width, 4 averages for each of 256 phase encode steps, and 2 min acquisition time. The sa
approximately 12 cm long and imaged with Julvoxels. Selective lactate saturation was achieved with an 80-ms single sinc cycle RF pulse with peak ampl
40 Hz applied either at-300 Hz or —300 Hz from the water resonance during the quiescent period of the pulse sequence. The effective bandwidth
saturation pulse is approximately 50 Hz.

To determine the effect of lactate concentration on indiretite lactate methyl protons do not exchange, simple chemic
magnetization transfer and to estimate the sensitivity of théxchange can be ruled out. To create a magnetic couplin
method, lactate was indirectly imaged in a series of samplegsationally immobilized BSA must reduce the effective inter-
with concentration between 0 and 17MmThe method was molecular correlation time between water and lactate to tr
the same as in Fig. 5 except that the FOV was set tX7%  spin-diffusion limit where the NOE is negative. Possible mech
mm and 16 averages were obtained per phase encode line. Fhi@ms for a negative NOE include direct dipolar couplin
results are shown in Figs. 6A and 6B where the conventionsdtween water and lactate at the protein surface, indirect ma
proton and indirect lactate images are presented, respectivelyization transfer via spin diffusion through the protein, an

Figure 6C shows the average percent change in water profamical exchange of lactate hydroxyl protons followed b
resonance as a function of lactate concentration. Also shown{gamolecular dipolar interactions within lactate.

the standard deviation() of the percent change. Figures pjrect dipolar coupling will occur if lactate and water mol-

7A—-7C present similar data but were obtained with 64 averages ies are held near each other by the protein for a time lol
for each of 64 phase encode lines. Figure 7C shows that &ympared taw, L. BSA binds many molecules such as me-
mgreasmg;he .VO).(f?I S'fle andd thz nur;?r:ar of ?%gr:jal a\:jeraggﬁjm chain fatty acids22) and likely has a strong affinity for

noise can be significantly reduced and the method made m%rgtate, making the lactate—protein correlation time long. At th

sensitive to lactate concentration. ) . . . .
surface of the protein, the water—protein correlation time i
known to be only tens of picoseconds, too short to create
negative NOE. Buried water, on the other hand, can have
correlation time of tens of microsecond&3), long enough to
reduce both the water—protein and water—lactate correlatic
These experiments demonstrate protein-mediated transfetiofes into the spin-diffusion limit where the NOE is negative.
magnetization between lactate protons and water protons Butect dipolar coupling between ligated lactate and burie
do not reveal the molecular mechanism for this coupling. Sineeter is consistent with the results shown here.

DISCUSSION

Mechanisms
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FIG. 6. Indirect MT as a function of lactate concentration. (A) Water proton and (B) indirect lactate images of samples with lactate concentrations
121, 85, 42, 21, and 0 . Lactate concentration decreases from left to right and top to bottom. Parameters are similar to those in Fig. 5 except that tt
of view is 75X 75 mm, the slice thickness 10 mm, and 16 averages were acquired per phase encode step for a total imaging time of 8 min. The voxe
0.86 ul. (C) The average and standard deviatiar) Of the percent change in the water proton signal as a function of lactate concentration. The water pr
signal changes by 1.73 0.53% with 21-nM lactate.

Indirect dipolar coupling or indirect magnetization transfrom metabolites such as urea via the water proton resonar
fer between water and lactate is a multi-step process. Firgy, similar NMR methods 24, 25. The methyl protons of
lactate molecules with RF depleted or inverted magnetizeadium lactate do not exchange with water but the hydrox
tion diffuse to the protein surface. They remain on thprotons do. For lactate, this mechanism requires both a trar
protein for a time sufficient to partially deplete the nearbferred NOE 26) and exchange of hydroxyl protons. The over-
protein magnetization. Spin diffusion through the proteiall pathway for water—lactate methyl coupling includes RF
matrix couples the lactate protons to the long-lived wateaturation of the methyl proton magnetization, diffusion o
within the protein. The buried water molecules then exactate to the protein, binding of lactate to BSA, intramolecula
change with bulk water, resulting in a net depletion of watelipole—dipole coupling methyl and hydroxyl protons leading
proton magnetization. Indirect magnetization transfer rée net depletion of hydroxyl proton magnetization, release c
quires protein protons to be a conduit between and not a siaktate into solution, and finally exchange of the hydroxy
for solute and solvent magnetization. protons with water protons. Though this process cannot

Chemical exchange between lactate and water would alsed out, it is not thought to be significant since MT has bee
explain the data presented here. Other work has appeaobderved between cross-linked BSA and methyl protons |
which shows that it is possible to detect exchanging protonsn-exchanging molecules such as DMSO.
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FIG. 7. Increased sensitivity with decreased resolution. Parameters are similar to Fig. 6 except that the voxel size was increaggdtbsignal averages
per phase encode line were obtained, and the sweep width was decreased to 10 kHz. The imaging time is the same as in Fig. 6. The water proton sign
by 1.41+ 0.22% with 21-nM lactate.

Lactic Acid in Vivo To be usefuin vivo,any method must be sensitive to lactate
Lactate is produced by anaerobic and aerobic glycoiysisconcentratlons between 0.5 and 1MnThe sensitivity of the

vivo. Measurement of lactate by localized NMR spectroscoﬁpethc’d presented here_ is tied to the signal-to-noise and stal
is useful in studying ischemic diseases and cancer. One goal%f! the water proton signal. In the 21ihlactate sample, the
this work is to increase the sensitivity and therefore spatiyter Proton signal changes by 1.230.53% with 0.86pl
resolution of lactate detectidn vivo. In order for the methods VOXels (Fig. 6C) and by 1.4% 0.22% with 13ul voxels (Fig.
presented here to be effective, lactate and water must He), an increase in sensitivity of 25 times over direct detectior
magnetically coupled, either in the cell or in the extracelluldit this level of amplification, 5-riv lactate would only change
matrix, by mechanisms similar to those found in cross-linkeéfe water proton signal by about 0.37%. This is a very sma
BSA. De Graafet al. recently demonstrated that saturating o¢hange in the water proton resonance and likely will be withil
inverting the water resonande vivo changes the methyl the noise of the water proton image. Other methods in MF
lactate magnetization, effectively showing magnetic couplinghich rely on changes in the water proton signal, such &
between lactate and wate2®). They also observe conven-BOLD detected fMRI 28), require changes of about 0.5%
tional MT for other metabolites such as creatine and glutamabefore the signal can be detected. If the concentration of lacte
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