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A model for water–macromolecular magnetization transfer is
presented which addresses the mechanism of coupling between the
hydrogen populations and the extraction of physically meaningful
parameters from experimental magnetization transfer data. Both
physical exchange between bulk-solvent and site-specific hydration-
layer hydrogens and intermolecular magnetic dipolar coupling be-
tween these specific hydration-layer-solvent and macromolecular
hydrogens are explicitly included, leading to a three-pool model for
magnetization transfer. It is shown that the three-pool model is well
approximated by a two-pool model for coupling between the bulk-
solvent and macromolecular hydrogens when the dipolar-coupled
solvent hydrogens are a small fraction of the total solvent, and the
solvent–macromolecular coupling constant includes both dipolar
magnetic, κdip, and physical exchange, κex, coupling rates. The
model is also extended to multiple solvent systems. The model re-
sults in a set of coupled equations that predict magnetization trans-
fer spectra as a function of temperature and composition. Physically
meaningful constraints on the coupling and relaxation parameters
are established for systems in which magnetization transfer has been
observed including solvated cross-linked proteins and lipid bilay-
ers. Using parameter estimates based on these constraints, empirical
magnetization transfer spectra are well predicted by the model. It is
found that the degree of magnetization transfer becomes indepen-
dent of κdip and κex when these parameters become greater than
about 50 s−1. In the semi-rigid cross-linked protein systems where
the mobility of the macromolecular matrix is insensitive to tempera-
ture, the magnitude of the observed magnetization transfer is consis-
tent with being limited by the intermolecular dipolar coupling and
spin–lattice relaxation in the bulk-solvent phase. C© 2001 Academic Press

Key Words: magnetization transfer; three-pool model; constrain-
ing fitting parameters.
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INTRODUCTION

The interactions of water at macromolecular surfaces pla
critical role in the functional properties of hydrated macromole
ular systems (1–12). It is these same interactions which can
exploited using water as a probe of hydrated macromolec
1 To whom correspondence should be addressed. E-mail: caraidgh@tog
net.

2 Current address: Department of Chemistry, University of Georgia, Athe
GA 30602-2556.

of
hase
m-

ical
the

9

y a
c-

be
ular

ether.

ns,

systems, such as in MRI (13). These heterogeneous systems
be described as complex matrices of macromolecules with w
filling the space created by the supramolecular structure. A l
of water will be associated with the surface of the macromo
ular matrix. The properties, dynamics, and structure of the w
in the solvation layer are coupled to and therefore contain in
mation about the macromolecular physicochemistry. Excha
mixes the water populations such that, on the time scale o
exchange, the observable bulk-water properties are a weig
average of the properties of the separate regions. Characte
these interactions is important in being able to exploit bulk-wa
properties as a probe of structure and properties of the ma
molecular matrix and in gaining a fundamental understand
of the behavior and structure of water in hydrated systems.

Water hydrogen NMR is useful in characterizing hydra
systems due to the sensitivity of nuclear magnetic relaxa
to water–macromolecular interactions and the timescales o
dynamics governing those interactions (4, 5, 8, 9, 14–16). Mag-
netization is coupled within the1H populations through mecha
nisms which exchange nuclear magnetizations of the bulk-w
macromolecular, and hydration-layer populations, including
through-space nuclear magnetic dipolar interactions betw
macromolecular hydrogens and specific hydration-layer wa
and/or labile waters within the macromolecular structure
(2) physical exchange of hydrogens between these spe
sites and the bulk-water phase; see Fig. 1 (17–20). Phys-
ical exchange may include both molecular exchange
water–macromolecular exchange of labile hydrogens. Magn
dipole–dipole coupling results in the through-space tran
of magnetization (21). Physical exchange mixes the coupli
site and bulk-water hydrogen populations. Through magn
dipole–dipole coupling and exchange, the water hydrogen N
is coupled to the dynamic, conformational, and structural pr
erties of the hydrated macromolecular system. Although the
eral theory describing water–macromolecular hydrogen nuc
coupling has been known since the late 1970s (16, 22–24), the
physicochemistry and dynamics governing the contribution
each process to the observable effects in the bulk-water p
are not well characterized. This is in part a result of the co
plexity of the coupled interactions, the resulting mathemat
description, and the difficulty in separating and determining
1090-7807/01 $35.00
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10 CECKLER, MANEVAL

FIG. 1. Schematic of proton populations and magnetization transfer
change pathways in hydrated macromolecular systems. A, Bulk-solvent hy
gens; B, solvent hydrogens dipolar coupled to macromolecular hydrogen
macromolecular hydrogens.

magnitudes of the parameters on which the bulk-water NM
signal depends.

Coupling between hydrogen populations can be exploi
experimentally to characterize interactions within the syst
using the technique of magnetization transfer (25, 26). In the
presence of magnetic dipolar coupling at the macromolec
surface, selective saturation of the nuclear magnetization of
macromolecular hydrogen population results in a decrease in
nuclear magnetization of the directly coupled water hydrog
through the nuclear Overhauser effect (16, 21). This effect will
be referred to here as dipolar transfer. The rate and steady-
magnitude of dipolar transfer are directly related to the stren
of dipolar coupling which will depend on the physicochemist
of the coupling site on the macromolecular surface (17, 27). The
slower the relative motion and the smaller the separation of
coupled hydrogens in the site, the greater the dipolar coup
strength, resulting in a faster rate of transfer and greater
crease in the steady-state magnetization of the directly cou
water hydrogens. The decrease of the surface-water mag
zation due to dipolar transfer is transferred to the bulk-wa
phase through physical exchange. The overall process of d
lar transfer and physical exchange leading to a decrease in
observable bulk-water NMR signal in the presence of satura
of the macromolecular magnetization is what will be referred
in the present work as magnetization transfer (MT). The deg
of magnetization transfer has been found to be specific to
type of hydrated system (5, 8, 17, 28, 29). In human tissue, a
significant magnetization transfer effect has been observe

muscle, the lens and cornea of the eye, cartilage, and gray
white matter of the brain (30). This suggests that the degree o
magnetization transfer may be used as a characteristic param
, AND MELKOWITS
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of the system and is currently being exploited to enhance M
contrast (30–32).

Convincing evidence that both dipolar coupling and phy
cal exchange play a significant role in magnetization trans
has been demonstrated in hydrated systems of lipid bilay
proteins, and gels (5, 7, 8, 16, 17, 19, 20, 28, 33–36). Work
with hydrated lipids suggests that magnetic coupling occurs
specific dynamically restricted sites on the hydrophilic bilay
surface which are also characterized by the apparent nece
for the presence of a hydrogen-donor functionality such a
hydroxyl, amine, or carboxyl group (17, 19, 27, 36, 37). The
role the hydrogen donor plays in coupling the water and mac
molecular hydrogen populations has not been unambiguou
established. It may serve as a site for hydrogen exchang
labile solvent and macromolecular hydrogens, with dipolar co
pling between these labile hydrogens and the bulk of the mac
molecular hydrogen population. Another possibility is that t
hydrogen donor acts as a hydrogen bonding site to orient
solvent molecules at the macromolecular surface, allowing
dipolar coupling directly between the solvent and macromol
ular hydrogens (17, 19, 28, 35, 36). Magnetization transfer has
been observed using solvents without exchangeable hydrog
suggesting that hydrogen exchange at these hydrogen-d
groups is not a necessary requirement for magnetization tran
(28). Initial work studying the pH dependence of magnetizati
transfer suggested that hydrogen exchange played some ro
coupling the water and macromolecular populations (27, 36).
Further work suggests that the observable pH dependenc
magnetization transfer is due to structural changes in the ma
molecular system leading to changes in the magnitude of dip
coupling (19). This evidence supports the idea that the role
the hydrogen-donor functional groups is to serve as anchor
hold solvent molecules on or within the macromolecular matr

Several quantitative models have been proposed to acc
for magnetization transfer. The simplest models identify on
the bulk solvent and macromolecular hydrogen populations w
coupling described by a single coupling constant (5, 16, 17, 28,
38, 39, 40). These models are inherently incomplete where bo
physical exchange and dipolar coupling lead to magnetizat
transfer. With two coupling processes there are, at the least, t
distinct coupled hydrogen populations which include the mac
molecular hydrogens, solvent hydrogens in the macromolec
dipolar coupling site, and hydrogens in the bulk-solvent pha
The coupling processes are mechanistically different and
scribed by two distinct coupling constants. Some recent w
has addressed the limitations of using a two-pool model by
ad hocintroduction of a coupling constant which combines bo
physical exchange and dipolar coupling into an effective co
pling constant (19, 28).

Multipool models have been presented to describe magn
zation transfer (5, 18–20, 34, 41) where both physical exchang

and
f
eter

and dipolar coupling are explicitly included. Most of this work
addresses magnetization transfer qualitatively and/or under
limiting conditions of complete saturation of macromolecular
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CONSTRAINING PARAME

magnetization (34) or of relative rates of physical and dipola
exchange (5, 19).

In this work a quantitative model for magnetization transfe
presented, starting with a three-pool model incorporating b
physical exchange and dipolar coupling using the Bloch eq
tion formalism. It is shown that there are reasonable condit
under which the three-pool model reduces to a bulk-solvent
macromolecular hydrogen two-pool model with an approp
ately defined coupling constant which includes rate const
for both dipolar coupling and physical exchange. A goal h
is to use the three-pool model to derive a set of equations
scribing the steady-state magnetizations which are then us
model empirical MT data starting with reasonable limits for t
parameters included in the coupled rate equations. Temper
is an important variable which will be used to assess which re
ation process may limit the observable degree of magnetiza
transfer since the variation of the observable MT with tempe
ture must be consistent with the temperature dependence o
limiting processes (42). This approach to modeling MT resul
in the assessment of how each relaxation pathway may effec
bulk-solvent signal intensity, places constraints on the para
ters, and can be used to assess the validity of values extr
from fitting empirical MT data using analytical solutions to t
coupled rate equations.

THEORY

The formulation of the coupled rate equations used to desc
the transfer of nuclear magnetization within hydrated syste
in the presence of a selective RF-saturation field and exch
and/or dipolar coupling has followed two general approach
the use of modified Bloch equations (16, 22, 25, 39, 43, 44)
and the more general Redfield–Provotorov formalism (41). The
Bloch equation description lends itself to simplicity with r
spect to interpretation, comparison between different mo
accounting for coupled populations and coupling mechanis
and solving the system of coupled differential equations.
modified Bloch equations are limited in rigor as this form
ism is appropriate for mobile populations described by a sin
T2 leading to Lorentzian lineshapes for all coupled compone
(39, 41). This is clearly not the case for the semi-solid or so
macromolecular component and leads to limitations in acco
ing for saturation phenomenon in the macromolecular com
nent. The general “fix” to the Bloch formalism is to introdu
a generalized lineshape function appropriate for solid or se
solid systems into the steady-state solution for thez-component
of the macromolecular magnetization (45, 46).

The Redfield–Provotorov formalism is a more rigorous
proach to solving the response of the solid-like macromolec
spin population to the presence of selective RF-saturation
naturally leads to an arbitrary lineshape function for the so

spins (41, 47). Under limiting conditions appropriate to the hy
drated macromolecular systems under consideration, the ste
state solution for the bulk-water magnetization approaches
ERS IN FITTING MT DATA 11
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given by the Bloch formalism with the inclusion of an a
bitrary lineshape function for the macromolecular populati
(41, 47).

Given the relative simplicity of the Bloch equation formalism
this approach is adopted here to describe a three-pool mode
magnetization transfer. The coupled populations presente
Fig. 1 are as follows: (Pool C) hydrogens in the macromolecu
Dipolar coupling in this semi-solid population allows for rapi
equilibration of magnetization such that these hydrogens w
be considered a single population; (Pool B) solvent hydrog
dipolar-coupled to the macromolecular hydrogen populatio
These include whole-solvent hydrogens which are anchore
the dipolar coupling site and may also include exchangea
macromolecular hydrogens in the coupling site when the s
vent also includes exchangeable hydrogens; (Pool A) all ot
solvent hydrogens, including solvent hydrogens which excha
in and out of the hydration layer at sites where dipolar coupli
to macromolecular hydrogens does not occur. These solven
drogens are also considered a single population as a result o
ficient exchange and mixing from diffusion. The modified Bloc
equations including exchange effects on the transverse com
nents of the bulk- and dipolar-coupled-solvent populations
given by (48),

d MA
z (t)

dt
= MA

0 − MA
z (t)

T1A
− κAB

ex MA
z (t)

+ κBA
ex MB

z (t)+ ω1MA
y (t)

d MB
z (t)

dt
= MB

0 − MB
z (t)

T1B
− κBA

ex MB
z (t)+ κAB

ex MA
z (t)

− κBC
dip MB

z (t)+ κCB
dip MC

z (t)+ ω1MB
y (t)

d MC
z (t)

dt
= MC

0 − MC
z (t)

T1C
− κCB

dip MC
z (t)+κBC

dip MB
z (t)+ω1MC

y (t)

d MA
x (t)

dt
=−MA

x (t)

T2A
− κAB

ex MA
x (t)+ κBA

ex MB
x (t)− 2π1A MA

y (t)

d MB
x (t)

dt
=−MB

x (t)

T2B
− κBA

ex MB
x (t)+ κAB

ex MA
x (t)− 2π1BMB

y (t)

[1]
d MC

x (t)

dt
= −MC

x (t)

T2C
− 2π1CMC

y (t)

d MA
y (t)

dt
= −MA

y (t)

T2A
− κAB

ex MA
y (t)+ κBA

ex MB
y (t)

+ 2π1A MA
x (t)− ω1MA

z (t)

d MB
y (t)

dt
= −MB

y (t)

T2B
− κBA

ex MB
y (t)+ κAB

ex MA
y (t)

+ 2π1BMB
x (t)− ω1MB

z (t)

-
ady-
that

d MC
y (t)

dt
= −MC

y (t)

T2C
+ 2π1CMC

x (t)− ω1MC
z (t),
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whereMi
x,y,z are thex-, y-, andz-components of the magnetiza

tion of the bulk-solvent hydrogens (A), solvent hydrogens bou
in the dipolar coupling site (B), and macromolecular hydroge
(C). κAB,BA

ex is the hydrogen exchange rate between the bu
solvent and dipolar-coupled-solvent hydrogens.κ

BC,CB
dip is the

through-space dipolar exchange rate between the solvent
macromolecular hydrogens in the coupling site.T1A, T2A and
T1B, T2B andT1C, T2C are the spin–lattice and spin–spin rela
ation times for the bulk-solvent, dipolar-coupled solvent, a
macromolecular hydrogens, respectively.1i is the frequency
offset in hertz andω1 is the magnitude in rad/s of the satu
ration field. The effects of dipolar coupling on the transve
components of the dipolar-coupled solvent and macromolec
magnetizations have not been included. As has been previo
shown, the inclusion of these factors leads to small correct
to the steady-state bulk-water signal intensity (43). Inclusion of
these factors also precludes the introduction of the arbitrary l
shape function for the macromolecular population. The stea
state solutions to Eq. [1] are presented in Appendix A.

A further simplification which leads to steady-state solutio
which are algebraically simpler to solve and easier to interp
is to eliminate the exchange terms for all of the transve
components,

d MA
z (t)

dt
= MA

0 − MA
z (t)

T1A
− κAB

ex MA
z (t)

+ κBA
ex MB

z (t)+ ω1MA
y (t)

d MB
z (t)

dt
= MB

0 − MB
z (t)

T1B
− κBA

ex MB
z (t)+ κAB

ex MA
z (t)

− κBC
dip MB

z (t)+ κCB
dip MC

z (t)+ ω1MB
y (t)

d MC
z (t)

dt
= MC

0 − MC
z (t)

T1C
− κCB

dip MC
z (t)

+ κBC
dip MB

z (t)+ ω1MC
y (t)

[2]
d MA

x (t)

dt
= −MA

x (t)

T2A
− 2π1A MA

y (t)

d MB
x (t)

dt
= −MB

x (t)

T2B
− 2π1BMB

y (t)

d MC
x (t)

dt
= −MC

x (t)

T2C
− 2π1CMC

y (t)

d MA
y (t)

dt
= −MA

y (t)

T2A
+ 2π1A MA

x (t)− ω1MA
z (t)

d MB
y (t)

dt
= −MB

y (t)

T2B
+ 2π1BMB

x (t)− ω1MB
z (t)
d MC
y (t)

dt
= −MC

y (t)

T2C
+ 2π1CMC

x (t)− ω1MC
z (t).
, AND MELKOWITS
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The steady-state solutions for thez-components (longitudinal
components) following elimination of the equations for thex-
andy-components gives

−R1AMA
0 = −

(
R1A + κAB

ex +
ω2

1T2A

1+ (2π1AT2A)2

)
MA

z (∞)

+ κBA
ex MB

z (∞)

−R1BMB
0 = −

(
R1B+κBA

ex +κBC
dip +

ω2
1T2B

1+ (2π1BT2B)2

)
MB

z (∞)

+ κAB
ex MA

z (∞)+ κCB
dip MC

z (∞) [3]

−R1CMC
0 = −

(
R1C+ κCB

dip +
ω2

1T2C

1+ (2π1CT2C)2

)
MC

z (∞)

+ κBC
dip MB

z (∞),

where R1X = 1/T1X. It is shown below by comparing the so-
lutions to Eqs. [2] and [1] which are presented in Eqs. [3] and
[A1] that it makes little difference to include the exchange term
under the rapid exchange conditions appropriate for the system
under consideration.

The normalized Lorentzian lineshape is given by

gL(2π1i ) = T2i

π

1

1+ (2π1i T2i )2
. [4]

Common practice is to replace the Lorentzian lineshape fun
tion which results from the Bloch formalism with a generalized
lineshape function for the macromolecular component (39, 44).
In general, the lineshape of the macromolecular component
well approximated by a Gaussian,

gG(2π1C) = 1

σC

√
2π

exp

(−(2π1C)2

2σ 2
C

)
, [5]

whereσC is the linewidth of the macromolecular hydrogen spec
trum. T2C is defined as 1/(πσC). Rewriting Eq. [3] by con-
sidering the relative longitudinal magnetizations,Mi

z(∞)/Mi
0,

and using the following equilibrium conditions and definitions
(25),

MA
0 κ

AB
ex = MB

0 κ
BA
ex ,

MB
0

MA
0

= fBA

[6]
MB
0 κ

BC
dip = MC

0 κ
CB
dip ,

MB
0

MC
0

= fBC,
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FIG. 2. Magnetization transfer spectra representing the bulk-water stea
state longitudinal magnetization,MA

z (∞)/MA
0 , as a function of offset frequency

for the RF saturation field,1. Intensities are normalized to the signal amplitud
in the absence of RF saturation. The narrow component near1 = 0 Hz re-
flects the direct saturation of the water resonance. The broad component re
the indirect water–macromolecular magnetization transfer effect. (a)Theore
MT spectra calculated using the two-pool model presented in Eq. [11].ω1 =
3140 rad/s. Relaxation and population parameters are calculated or enter
ranges reflecting general trends as a function of temperature (—) 273 K; (· · ·)
298 K; (– – –) 323 K; (–·–) 348 K; (–· · ·–) 373 K. fBA , fBC, fCA, andnB are
given in Table 1a. The remaining relaxation parameters are given in Table
(b) Theoretical MT spectra calculated using the steady-state results of the th
pool model presented in Eqs. [7, 8]. Parameters are the same as in (a)
corresponding horizontal lines are the maximum magnetization transfer e
under conditions of complete saturation of the macromolecular magnetiza

Eq. [16]. (c) Theoretical MT spectra calculated using the three-pool model
cluding exchange effects on thex andy components for the bulk and coupling
site solvent hydrogens, Eq. [A1]. Parameters are the same as in (a).
ERS IN FITTING MT DATA 13
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gives

−R1A = −
(
R1A + κAB

ex + RRFA
) MA

z (∞)

MA
0

+ κAB
ex

MB
z (∞)

MB
0

−R1B = −
(

R1B+ κ
AB
ex

fBA
+ κ

CB
dip

fBC
+ RRFB

)
MB

z (∞)

MB
0

[7]+ κ
AB
ex

fBA

MA
z (∞)

MA
0

+ κ
CB
dip

fBC

MC
z (∞)

MC
0

−R1C = −
(
R1C+ κCB

dip + RRFC
)MC

z (∞)

MC
0

+ κCB
dip

MB
z (∞)

MB
0

RRFi = ω2
1πgL(2π1i ), i = A,B

RRFC = ω2
1πgG(2π1C).

It is important to recognize that the conditions given in Eq. [
for dipolar coupling are a consequence of usingκ

BC,CB
dip to des-

cribe the pseudo-first-order rate constants forintermolecular
dipolar coupling (16, 25, 49). It is straightforward, but cum-
bersome to solve this set of linear equations for the bulk-solv
equilibrium magnetization,MA

z (∞)/MA
0 . As the approach here

is to model trends in empirical data and set constraints
the parameters, rather than to fit the data and extract par
eters, the analytical solution forMA

z (∞)/MA
0 is not needed.

The above set of linear equations is solved here numerica
for MA

z (∞)/MA
0 ,MB

z (∞)/MB
0 , andMC

z (∞)/MC
0 as a function

of saturation frequency offset,1, using Cramer’s rule as pro-
vided in the programming language IDL (Research System
Inc., Boulder, CO). TheMA

z (∞)/MA
0 output is a magnetization

transfer spectrum (also referred to as aZ-spectrum (33)) of the
bulk-solvent equilibrium signal intensity as a function of the fre
quency offset of the saturation field,1; see Fig. 2. The relatively
narrow dip near1 = 0 Hz reflects the direct saturation of th
solvent resonance. The broad shape of the MT spectrum refl
the indirect solvent–macromolecular magnetization transfer a
is also a measure of the lineshape of the macromolecular
drogen population to which the solvent hydrogens are coupl
The depth of the MT spectrum is a function of the magnitu
of water–macromolecular hydrogen coupling, relative hydrog
populations, and relaxation parameters for each population.

One of the goals of the present work is to assess the appro
ateness of a two-pool model to describe magnetization trans
To facilitate the comparison between the results starting from
explicit three-pool model and results obtained using a two-po
model characterizing coupling between the bulk-solvent a
macromolecular populations,MB

z (∞)/MB
0 in Eqs. [7] can be

eliminated by solving the second of Eqs. [7] forMB
z (∞)/MB

0
in terms of MA

z (∞)/MA
0 and MC

z (∞)/MC
0 . The solution for

B B

in-Mz (∞)/M0 can then be substituted into the first and third
of Eqs. [7], leaving two equations characterizing the equilib-
rium magnetization in the bulk-solvent and macromolecular
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populations,

−R1A −
(
κAB

ex

RB

)
R1B = −

(
RA −

(
κAB

ex

)2
fBA RB

)
MA

z (∞)

MA
0

+
(
κAB

ex κ
CB
dip

fBCRB

)
MC

z (∞)

MC
0

−R1C−
(
κCB

dip

RB

)
R1B = −

(
RC−

(
κCB

dip

)2
fBCRB

)
MC

z (∞)

MC
0

+
(
κAB

ex κ
CB
dip

fBA RB

)
MA

z (∞)

MA
0

, [8]

RA =
(

R1A + κAB
ex + RRFA

)

RB =
(

R1B+ κ
AB
ex

fBA
+ κ

CB
dip

fBC
+ RRFB

)
RC =

(
R1C+ κCB

dip + RRFC
)
.

This form of Eqs. [7] will be referred to as the reduced three-p
model. It explicitly couples the macromolecular and bulk po
ulations and includes the effects and properties of the dipo
coupled solvent hydrogens. The coupling constant between
bulk-solvent and macromolecular populations,κAC, is given by

κAC =
(
κAB

ex κ
CB
dip

fBCRB

)
. [9]

The two-pool model for coupling between bulk-solvent a
macromolecular populations is described by the following
of coupled differential equations,

d MA
z (t)

dt
= MA

0 −MA
z (t)

T1A
−κAC

eff MA
z (t)+κCA

eff MC
z (t)+ω1MA

y (t)

d MC
z (t)

dt
= MC

0 −MC
z (t)

T1C
−κCA

eff MC
z (t)+ κAC

eff MA
z (t)+ω1MC

y (t)

d MA
x (t)

dt
= −MA

x (t)

T2A
− 2π1A MA

y (t)

[10]
d MC

x (t)

dt
= −MC

x (t)

T2C
− 2π1CMC

y (t)

d MA
y (t)

dt
= −MA

y (t)

T2A
+ 2π1A MA

x (t)− ω1MA
z (t)

d MC
y (t)

dt
= −MC

y (t)

T2C
+ 2π1CMC

x (t)− ω1MC
z (t).
The solution of Eqs. [10] leads to the following set of linea
equations for the steady-state magnetizations,MA

z (∞)/MA
0 and
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MC
z (∞)/MC

0 (39),

−R1A = −
(
R1A + κAC

eff + RRFA
) MA

z (∞)

MA
0

+ κAC
eff

MC
z (∞)

MC
0

[11]

−R1C = −
(

R1C+ κ
AC
eff

fCA
+ RRFC

)
MC

z (∞)

MC
0

+ κ
AC
eff

fCA

MA
z (∞)

MA
0

,

where the following equilibrium condition and definition were
used,

MA
0 κ

AC
eff = MC

0 κ
CA
eff ,

MC
0

MA
0

= fCA. [12]

The two-pool model is a good approximation to the three-po
model under conditions where theB population is small (fBA

and fBC¿ 1) and whenκAC
eff in the two-pool model is defined as

in Eq. [9]. Under these conditions, the following approximation
for terms in the reduced three-pool model Eq. [8] are valid,

RB =
(

R1B+ κ
AB
ex

fBA
+ κ

CB
dip

fBC
+ RRFB

)
≈
(
κAB

ex

fBA
+ κ

CB
dip

fBC

)
,

κAB
ex

RB
≈ κAB

ex(
κAB

ex
fBA
+ κCB

dip

fBC

) ¿ 1, [13]

κCB
dip

RB
≈ κCB

dip(
κAB

ex
fBA
+ κCB

dip

fBC

) ¿ 1,

and Eq. [8] is well approximated by the results of the two-poo
model in Eq. [11].

As expected for a series coupled system, the coupling const
from the reduced three-pool model,κAC, will be limited by the
smaller of the rate constants,κAB

ex andκCB
dip ,

κAC =
(
κAB

ex κ
CB
dip

fBCRB

)
≈

 κAB
ex κ

CB
dip

fBC

(
κAB

ex
fBA
+ κCB

dip

fBC

)


κAC ≈ fCAκ
CB
dip whenκAB

ex À κCB
dip , [14]

κAC ≈ κAB
ex whenκCB

dip À κAB
ex .

The coupling constant is a function of the relative sizes o
the macromolecular and bulk-solvent populations when the e
change rate is large, and independent of the relative amou
of the coupled populations under conditions when the dipol
coupling rate is large relative to the exchange rate.

When bothκAB andκCB are large relative toR1A, R1C, RRFA,

r

ex dip
and RRFC and the size of the dipolar-coupled solvent popula-
tion is small, fBA and fBC ¿ 1, the steady-state bulk-solvent
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magnetization in the presence of RF-saturation is indepen
of the coupling rates and is limited byfCA, R1A, R1C, RRFA, and
RRFC. Starting from Eq. [11] which approximates the solutio
to the three-pool model under the conditions of a small interm
diate population and solving forMA

z (∞)/MA
0 ,

MA
z (∞)

MA
0

= −R1A − κAC R1C
RC

−RA RC+ (κAC)2

fCA

≈ 1

1+ fCA RRFC+ RRFA

R1A + fCA R1C

when
κAC

fCA
À R1C, RRFC. [15]

A final limit considered here forMA
z (∞)/MA

0 is that under
conditions of complete saturation of the macromolecular m
netization,MC

z (∞) = 0, which gives the maximum possibl
magnetization transfer effect. From Eq. [8], whenMC

z (∞) = 0,

MA
z (∞)

MA
0

=
R1A +

(
κAB

ex
RB

)
R1B(

RA −
(
κAB

ex

)2

fBA RB

) = R1A RB + κAB
ex R1B(

RA RB −
(
κAB

ex

)2

fBA

) . [16]

Equation [17] gives the enhancement factor (34),

MA
z (∞)− MA

0

MA
0

= −κAB
ex κ

CB
dip(

RA RB −
(
κAB

ex

)2

fBA

) . [17]

(Note. κdip in Ref. 34 is equivalent toκBC
dip in the present

work.)

Parameter Calculation and Constraints

The equilibrium bulk-solvent signal intensity,MA
z (∞)/MA

0 ,
will depend on theT ′1s andT ′2s of each population,fBA and
fBC, κ

AB
ex andκCB

dip , andω1,1A,1B,1C. ω1 is set experimen-
tally. Under conditions where the spectrometer frequency is
on- resonance for the water signal,1A is the offset frequency of
the saturation field.1B and1C will be offset from1A by the
chemical shift differencesδAB andδAC, respectively. The wa-
ter in the coupling site will most likely be held there throug
hydrogen bonding which will shift the bound-water resonan
downfield. Empirical data show that the center of the broad r
onance from the macromolecular population is shifted upfi
from the bulk-water resonance.δAB andδAC are approximated
here as−3.3 and 1.5 ppm (−1000 and 500 Hz at a field strengt
of 300 MHz). The chemical shifts are relatively unimportan
affecting only the width of the narrow dip near1∼ 0 Hz, re-
flecting the direct saturation of the solvent resonance.
The remaining parameters must be determined by fitt
experimental magnetization transfer data. A starting point
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modeling magnetization transfer data is to establish reas
able approximations and constraints to the parameters in E
[7, 8], [11], and [A1] consistent with experimental MT result
and which leave the dimensions of the undetermined para
eter space relatively small. The coupling constants and rel
ation parameters are all dependent on dynamics within the
drated systems and therefore will be sensitive to temperat
Although not necessarily clinically applicable, the effect o
temperature on these parameters can be modeled and us
further establish how the parameters may limit the observa
magnetization transfer effect in both clinical and nonclinic
systems.

Relative hydrogen populations.The dependence of the equi
librium bulk-solvent magnetization on the relative amounts
the bulk-solvent, dipolar-coupled solvent, and macromolecu
populations enters through the parametersfBA, fBC, and fCA.
Based on the observation of a single broad resonance for
macromolecular hydrogens, the argument is made here tha
C-pool behaves as a single population as a result of effici
dipolar mixing. The bulk-solvent hydrogens are considered
single population as a result of efficient mixing from diffusion
To simplify the model, the hydrogens in the dipolar couplin
sites will also be considered a single population. This is c
tainly an approximation, especially in protein systems where
is likely that coupling sites will differ in structure and confor
mation. It would be straightforward to include characteristica
different coupling sites. However, this seems a reasonable s
plification since an objective of the present work is to pla
constraints on the parameters rather than to solve for them
plicitly. Estimates offBA, fBC, and fCA are then straightforward,
given that the sample composition and number of coupling si
on the macromolecular surface are known. The temperature
pendence offBA, fBC, and fCA enters through the equilibrium
conditions (28, 50),

nLfree+ Sfree
→← LnS,

K c
b =

[LnS]

[L free]n[Sfree]
= [Lbound]

[L free]n[Sfree]
, [18]

ln
K c

b,1

K c
b,2

= −1Hb

R

(
1

T2
− 1

T1

)
,

whereL represents the ligand or solvent,Srepresents the solute
or macromolecule,K c

b is the concentration binding constan
and1Hb is the enthalpy of binding.n is the number of dipolar
coupling sites on each macromolecule. The assumption is m
here that these sites are equivalent. This assumption is v
in lipid bilayer systems, but is a simplification for protein sys
tems where these sites may certainly differ in both structure a
ing
to

BA BC CA

temperature by first solving Eq. [18] for [Lbound] as a function
of K c

b. Rewriting the equilibrium expression in terms of [Lbound]
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andK c
b,

K c
b =

[Lbound]

([L total] − [Lbound])n ([Stotal] − [Sbound])

= [Lbound]

([L total] − [Lbound])n
(
[Stotal] − [Lbound]

n

) [19]

results in a general polynomial expression in [Lbound] as a func-
tion of K c

b, [L total], [Stotal], andn,

K c
b[L tot]

n[Stot]

−
(

K c
b[L tot]

n−1

(
Bn,1

[L tot]

n
+ Bn,2[Stot]

)
+ 1

)
[Lbound]

+
n∑

i=2

(−1)i K c
b[L tot]

n−i

(
Bn,i

[L tot]

n
+ Bn,i+1[Stot]

)
× [Lbound]

i + (−1)n+1K c
b

1

n
[Lbound]

n+1 = 0. [20]

Bn,i are the coefficients of the binomial expansion. The root
Eq. [20] were found using Laguerre’s method as provided in

data language IDL. The relevant root was chosen as that betw
0 and the maximum l
the parametersfBA, fB

ion.The relaxation pa-
2C (or 1/σC), will vary
igand bound concentration. Given [Lbound],
C, and fCA can be calculated using the

TABLE 1
nB, fBA, fBC, and fCA as a Function of Temperature

Temperature Kcb [Lbound] nB fBA fBC fCA

n = 5 [Ltot] = 40 M
1Hb =−40 kJ [Stot] = 1× 10−3 M

dilution factor= 1.0
273 1.00 0.00500 10 0.000125 0.00167 0.0750
298 0.228 0.00500 10 0.000125 0.00167 0.0750
323 0.0653 0.00500 10 0.000125 0.00167 0.0750
348 0.0334 0.00500 10 0.000125 0.00167 0.0750
373 0.00887 0.00500 10 0.000125 0.00167 0.0750

n = 5 [Ltot] = 40 M
1Hb =−40 kJ [Stot] = 1× 10−3 M

dilution factor= 1.0
273 1.00× 10−6 0.00477 9.53 0.000119 0.00159 0.0750
298 0.228× 10−6 0.00412 8.24 0.000103 0.00137 0.0750
323 0.0653× 10−6 0.00286 5.72 7.15× 10−5 0.000954 0.0750
348 0.0334× 10−6 0.00157 3.15 3.93× 10−5 0.000524 0.0750
373 0.00887× 10−6 0.000769 1.54 1.92× 10−5 0.000256 0.0750

n = 5 [Ltot] = 40 M
1Hb =−40 kJ [Stot] = 1× 10−3 M

dilution factor= 0.1
273 1.00× 10−6 0.00477 0.95 0.000125 0.000167 0.750
298 0.228× 10−6 0.00412 0.82 0.000125 0.000167 0.750
323 0.0653× 10−6 0.00286 0.57 0.000125 0.000167 0.750
348 0.0334× 10−6 0.00157 0.32 0.000125 0.000167 0.750
373 0.00887× 10−6 0.000769 0.15 0.000125 0.000167 0.750

Spin–lattice and spin–spin relaxat
rameters,R1A, R1B, R1C, T2A, T2B, andT
Note. The data presented are for a system×
by mass sample of albumin in water.NL

H = 2, N
, AND MELKOWITS

of
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relationships

fBA = [Lbound]

[L free]
, fBC = [Lbound] × NL

H

[Stot] × NS
H

, fCA = fBA

fBC
,

[21]

f min
CA =

[Stot] × NS
H

[L tot] × NL
H

, f max
CA =

[Stot] × NS
H

([L tot] − n[Stot]) × NL
H

,

whereNL
H andNS

H are the number of hydrogens per solvent a
macromolecule, respectively, andf max

CA and f min
CA are the maxi-

mum and minimum values offCA, respectively. Sample resul
are given in Table 1 as a function ofK c

b,1,1Hb, n, [L tot], and
[Stot]. It is important to note thatfCA changes very little with
temperature; see Table 1b. If the solvent is diluted with a deu
ated solvent, the bound fraction of solvent will stay the sa
which meansfBA will not change. The fractionfBC will de-
crease by the dilution factor, and therefore,fCA will increase by
the same factor; see Table 1c. It should be noted that the ef
of isotopic dilution of the solvent on the number of macromol
ular hydrogens are not accounted for here. In lipids, the cha
in the number of macromolecular hydrogens as a result of
topic substitution by labile hydrogen exchange will be small
proteins, this may account for up to 5% of the hydrogens.
110−3 M in protein which approximates a 10%
S
H = 6000.
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with the correlation times describing the motions of the h
drogens in the A-pool (bulk solvent), B-pool (dipolar coupl
solvent hydrogens), and C-pool (macromolecular hydroge
τbulk, τsite, τmac, respectively. Relevant motions include rotati
and translation of solvent molecules in the bulk phase, restri
rotation and translation of solvent hydrogens in the coup
site on the macromolecular surface, and restricted motion
the macromolecular matrix (51–53).

The temperature dependence of diffusion for water in
drated macromolecular systems has been shown to fo
Arrhenius-like behavior with activation energies on the or
of 20 kJ mol−1 (54, 55). The temperature dependence of t
rotational and translational diffusion correlation times can
estimated as

ln

(
τbulk(373 K)

τbulk(273 K)

)
= −Ea

R

(
1

273 K
− 1

373 K

)
,

τbulk(373 K)

τbulk(273 K)
∼ 10

where Ea is the activation energy andR is the gas constan
Rotation and translation in the bulk phase will be sufficiently f
such thatτbulk¿ 1/ω0 at spectrometer frequencies∼100 MHz.
Under these conditions,T1A ∝ 1/τbulk. The upper limit toT1A

will be the spin–lattice relaxation time of the pure solvent. T
lower limit to T1A will be theobserved T1 of the solvent in the
solvated macromolecular system (41). T1obsincludes the effects
of physical exchange and dipolar coupling which will both ma
T1obsshorter thanT1A. T2A will increase with 1/τbulk. Estimates
of T2A can be taken asT2obs for the bulk solvent in the solvate
macromolecular system (39).

Considering hydrated cross-linked proteins and polymers
overall mobility of the supramolecular matrix will be relative
rigid, τmacÀ 1/ω0, (τ > 5× 10−10 s at 300 MHz). However
mobile functional groups within the supramolecular matrix, su
as rotating methyl groups within proteins and reorienting li
molecules within bilayers, may reorient on timescales faster
the overall reorientation of the supramolecular matrix (52, 56,
57). These functional groups then provide relaxation sinks
the macromolecular hydrogens. The motions of these functi
groups will be more restricted in cross-linked proteins and
lipid bilayers than in the solutions of the biopolymers and m
range from picoseconds to microseconds. Initial estimates
T1C will be taken from the literature based on the extraction
parameters from empirical MT data (39, 41, 44). The inverse of
the MT linewidth provides an estimate of the lower limit forT2C

which is taken to be on the order of tens of microseconds. The
proximation is made here thatT2C varies little with temperature
This assumption is supported by MT studies on cross-linked
bumin where the MT spectrum linewidth varies insignifican
as a function of temperature (28, 42).
The motions of the solvent hydrogens in the dipolar coupli
site will likely be more restricted than in the bulk, so the co
ERS IN FITTING MT DATA 17
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relation timesτsite would be longer thanτbulk. The temperature
dependence ofτsite may be stronger or weaker than forτbulk de-
pending on how the solvent is held in the coupling site. It
difficult to predict whetherτsite would be in the long or short
correlation time limit,τsite> 1/ω0 or τsite< 1/ω0, respectively,
and hence it is difficult to predict the dependence ofT1B onτsite.

Sinceτbulk < τsite < τmac, T1B must be shorter than eitherT1A

or T1C or both.T2B will be longer thanT2C and shorter thanT2A.
As will be shown under Results, the equilibrium bulk-solve
magnetization,MA

z /MA
0 , has a negligible dependence onT1B

andT2B when fBA is small.

Solvent hydrogen exchange rate.Characterization of the rate
for physical exchange between the bulk and coupling site po
lations depends on the mechanism of the exchange process
exchange rate,κex, will be limited by the slower of solvent dif-
fusion and physical exchange at the dipolar coupling site. T
approximation is made here that diffusion is rapid enough
keep the solvent population well mixed and will not limit th
rate of physical exchange. A single resonance is observed
the solvent hydrogens from both the bulk and the coupling s
populations. This suggests that the exchange rate must be
compared to the chemical shift difference (2000–10,000 s−1)
(10, 18).

In systems where exchangeable hydrogens are present on
the macromolecular and the solvent molecules, exchange m
incorporate the solvent hydrogen into the macromolecular p
ulation, and the dipolar coupling occurs between the hydrog
donor and macromolecular hydrogens. The rate of hydrogen
change will be limited by the strength of the H–X bonds (o
the order of hundreds of kilojoules (mol H–X bond)−1) and by
macromolecular conformation and structure which may restr
exchange. The temperature dependence will be character
by Arrhenius behavior. Activation energies have been repor
ranging from 20 to 400 kJ/mol (35, 58, 59). Hydrogen exchange
rates in amino acids and peptides have been found to be on
order of 10–10,000 s−1 (35, 60, 61). In proteins, the amide hy-
drogen exchange rates are slower by several orders of magni
(58, 59, 62).

Where dipolar transfer is directly between the solvent a
macromolecular hydrogens, physical exchange describes the
change of whole-solvent molecules at the hydrogen-donor fu
tionality in the dipolar-coupling site. The activation energy fo
the solvent exchange will depend on the interactions hold
the solvent molecule at the site which may include structural
strictions and intermolecular hydrogen bonds and dipole–dip
interactions. For hydrogen bonds,Ea may be up to 40 kJ (mol H–
bond)−1 and will be smaller for fixed dipole–dipole interactions
There is evidence for long-lived water molecules in restrict
sites of proteins and lipid bilayers with solvent exchange ra
on the order of 104–106 s−1 (11, 18, 59, 63).

Dipolar exchange rate. The rate of dipolar magnetization

ng
r-
transfer is modeled here based on the Solomon equations for
dipolar coupling between two like spins (16, 17, 21). The
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two-spin dipolar coupling rate is given by

−κdip = W2−W0

W2 = 3

5

γ 4hÃ

r 6

(
τsite

1+ ω2
0τ

2
site

)
W0 = 1

10

γ 4hÃ

r 6
τsite, [22]

whereW2 andW0 are the double- and zero-quantum transiti
probabilities.τsite will be the shorter of the correlation time
describing motions within the restricted site, andτex (=1/κex).
It seems likely given the data for solvent and labile hydrog
exchange rates, thatτsite will be dominated by motions within
the restricted site. Forτsite in the long correlation time limit
τsiteÀ 1/ω0,W0 > W2, κdip will be positive, and the enhance
ment of the bulk-solvent signal intensity upon saturation of
macromolecular magnetization will be negative. To date, th
have been no reported cases where a positive enhanceme
the bulk-water signal intensity has been observed which lim
τsite and thereforeκdip. At 300 MHz, τsite must be longer than
5.93× 10−10 s to observe negative enhancement (κdip > 0 s−1).
Negative enhancement in heat-denatured ovalbumin has
observed at 4.2 MHz which limitsτsite in that system to longer
than 5× 10−8 s (κdip > 12 s−1) (34).

The slow limit forτsite, is related to the linewidth of the macro
molecular spectrum (19). κdip cannot be greater than the spin
spin relaxation rate within the macromolecular population. F
T2C on the order of tens of microseconds,κdip must be smaller
than tens of kilohertz. Based on Eqs. [22], τsite must be shorter
than 2.5×10−4 s.
κBC

dip andκCB
dip as used here in Eq. [1] are pseudo-first-ord

rate constants for intermolecular dipolar magnetization trans
They are related toκdip by the relative numbers of interactin
hydrogens (16, 25, 49),

κBC
dip = nCκdip

κCB
dip = nBκdip,

wherenB is equal to the number of solvent hydrogens per mac
molecule which are dipolar coupled in the restricted sites,
nC is the number of hydrogens per macromolecule.nB is given
by

nB = [Lbound] × NL
H × dilution factor

[Stot]
,

where [Lbound], [Stot], andNL
H are described in Eq. [18]. The dilu

tion factor is associated with isotopic dilution of the solvent a
is equal to the ratio of protonated to deuterated solvent.nB may
decrease due to isotopic dilution or an increase in tempera
see Table 1. For isotopic dilution,κdip will remain constant, and
κCB

dip will decrease linearly with the dilution factor. AsfCA will

increase linearly with the dilution factor,κAC = fCAκ

CB
dip will

remain constant; see Eq. [14]. With an increase in temperat
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nB will decrease for smallK c
b and large1Hb. fCA stays nearly

constant with temperature.fCAκ
CB
dip will then decrease with tem-

perature as bothnB andκdip get smaller with temperature.

RESULTS AND DISCUSSION

Comparison of Two- and Three-Pool Model Results

Magnetization transfer spectra as calculated using the t
pool model, Eq. [11], and three-pool model without, Eqs. [
8], and with exchange effects on thex- andy-components of the
bulk and intermediate magnetizations, Eq. [A1], are presente
Fig. 2. There are no detectable differences between the res
Possible differences may arise in the region around1A = 0
where direct saturation of the bulk-solvent magnetization do
inates the MT lineshape. In the three-pool model, the effects
exchange between the bulk and coupling site hydrogens m
become apparent in a broadening of the central shape of the
spectrum.

As shown in Eqs. [7–12], the effect of solvent–macr
molecular coupling reflected in the broad component of t
MT spectrum is apparently well-approximated by the two-po
model with the effective coupling constant,κAC

eff , defined from
the results of the reduced three-pool model, Eq. [8]. Other defi
tions for the effective magnetization transfer coupling const
have been introduced into the two-pool model (19, 28). Hinton
and Bryant (28) define their two-pool magnetization transfe
coupling constant,κAC

eff , by

κAC
eff = RLS

T =
Pi

TI S+ τi
, [23]

whereL andSare solvent and macromolecule, respectively,T−1
I S

is the rate for dipolar exchange in the coupling site withI and
Ssymbolizing the two nonequivalent spins,τi is the lifetime of
the solvent hydrogen in the dipolar coupling site, andPi is the
probability that the solvent hydrogen is bound in the site. In t
notation used in here,Pi = fBA andτi = 1/κBA

ex . Formally,TI S

is the lifetime for two-spin dipolar transfer, or 1/κdip (51, 64),
which means Eqs. [14] and [23] are not equivalent. However
TI S is taken as the lifetime for intermolecular dipolar transfer,
1/κBC

dip , the definition in Eq. [23] rewritten in the notation use
in the present work gives

RLS
T =RAB

T =
fBA

1
κBC

dip
+ 1

κBA
ex

= fBA
fBC

κCB
dip
+ fBA

κAB
ex

= κAB
ex κ

CB
dip

fACκAB
ex +κCB

dip

, [24]

which is the same asκAC from the reduced three-pool mode
given in Eq. [14] for the condition of a small population o
hydrogens in the coupling site.

Hinton and Bryant argue that the dynamics of the solve
hydrogens in the coupling site are the same as those of
ure,
macromolecular matrix and use this argument to equateTI S to
T2C (28). Mathematically, this is consistent since in the long
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correlation time limit, both 1/TI S and 1/T2C will be propor-
tional toτsite. One of the implications of this equivalence is th
TI S is equal to the reciprocal of the intrinsic dipolar rate, 1/κdip,
not the intermolecular dipolar rate, 1/κBC

dip . If TI S is equated to
1/κdip, Eqs. [23] and [24] cannot be made equivalent. Furth
from Eq. [22], identifyingTI S with 1/κdip implies thatτsite must
be on the order of 5× 10−4 s (for TI S = T2C∼ 10 µs). This
seems an unreasonably long correlation time given the lik
local fluctuations in the macromolecular structure and/or lo
motions of the solvent molecules in the dipolar-coupled site
e dipolar

turation

ar-
In the present work, the interpretation of the magnitude of
the dipolar coupling,κdip, is based on the relative motions of

FIG. 3. Dependence of MT on relative hydrogen populations, Eq. [7, 8]. (a) MT spectra as a function of the number of solvent hydrogens bound in th
coupling site,nB. nB decreases as a function of temperature due to a weak binding constant,Kb; see Table 1b. (—) 273 K; (· · ·) 298 K; (–––) 323 K; (–·–)
348 K; (–· · ·–) 373 K. All other parameters are held constant to observe only the effect ofnB. R1A: 1.0 s−1, T2A: 0.06 s,κex: 1000 s−1, R1B: 2.0 s−1, T2B: 0.002 s,
κdip: 15 s−1, R1C: 5.0 s−1,σC: 15,000 Hz. The corresponding horizontal lines are the maximum magnetization transfer effect under conditions of complete sa
of the macromolecular magnetization, Eq. [16]. (b) MT spectra as a function ofnB with an increase in the concentration of macromolecules, [Stot] = 0.01 M. The
ratio of macromolecular hydrogens to bulk-solvent hydrogens increases by a factor of 10,fCA = 0.75, and the ratio of bound to bulk-solvent hydrogens,fBA,

given in Table 1 are presented in Fig. 3. The number of dipol
coupled solvent hydrogens,nB, will decrease with fewer binding
decreases by a factor of 10.nB remains the same as in Table 1b. All other re
conditions where the solvent water has been diluted by a factor of 10 with D2O, T
ERS IN FITTING MT DATA 19

at
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the hydrogens in the coupling site being more mobile than
the macromolecular matrix and therefore the magnitude ofκdip

will be smaller than 1/T2C. Also, it is found that ifκdip is larger
than about 100 s−1, it is not possible to model empirical MT
data as a function of temperature with the theoretical mo
presented here.

Dependence of MT on Hydrogen Populations

Magnetization transfer spectra as a function offCA andnB as
laxation parameters are the same as in (a). (c) MT spectra as a function ofnB under
able 1c. All other relaxation parameters are the same as for (a).
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sites, fewer hydrogens per bound solvent molecule, and/or w
solvent–macromolecular binding constants. The dependen
the bulk-solvent signal intensity onnB enters through the inter
molecular dipolar couplingfCAκ

CB
dip = fCAnBκdip. For a given

concentration of macromolecules, the effect of a smallernB will
be to decreaseκCB

dip . fCA will remain nearly constant when th
B-pool is small. The example shown in Fig. 3a demonstra
the resulting decrease in the magnetization transfer effect w
nB decreases as a function of temperature as a result of a w
binding constant,Kb.

An increase in the concentration of macromolecules res
in an increase infCA. The degree of magnetization transfer w
increase (Fig. 3b) asfCA becomes larger as a result of an i
crease inκAC (Eq. [14]), as well as an increase in the relati
contribution of the macromolecular relaxation, as most ea
seen in Eq. [15].nB, and thereforeκCB

dip , will not change with the
concentration of macromolecules.

The effects of isotopic dilution will be apparent in bothnB

and fCA. nB will decrease by the dilution factor andfCA will
increase by the same factor, and therefore there will be a s
dependence ofκAC on dilution, especially under the condition
of rapid exchange. As with an increase in macromolecular c
centration, the effect of the increase infCA with dilution will be
to increase the relative contribution of the macromolecular re
ation parameters to the MT spectrum; see Eq. [5], and com
Figs. 3a and 3c.

Dependence of MT onκdip andκex

The magnitude of MT becomes independent ofκCB
dip andκAB

ex
as these rate constants get large; see Eq. [15]. The cond
which must be met is

κAC

fCA
À R1C, RRFC

or

κAB
ex κ

CB
dip

fBCRB

(
fBC

fBA

)
≈ κAB

ex κ
CB
dip

κAB
ex + fCAκ

CB
dip

À R1C, RRFC. [25]

R1Cwill be on the order of 10 s−1, and under standard experime
tal conditions whereω1 ∼ 3000 rad s−1 andσC ∼ 20,000 Hz,
RRFC< 1. Magnetization transfer spectra as a function of
coupling constantsκCB

dip and κAB
ex are presented in Fig. 4

Figure 4 is a plot of the magnitude of magnetization trans
MA

z (∞)/MA
0 , at1A = 10 kHz as calculated using Eq. [A1] as

function ofκCB
dip andκAB

ex with all other parameters held constan
It is apparent from these plots that the condition in Eq. [25
met whenκAB

ex andκdip are greater than about 50 s−1. This means
that when attempting to fit magnetization transfer data, relia

values for the dipolar-coupling and exchange rates will not
able to be extracted with confidence when these rates exc
this limit.
, AND MELKOWITS
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MT Spectra as a Function of Temperature: Limiting
Parameters and Modeling Trends in Empirical Data

The temperature dependence of the magnetization tran
spectrum must reflect the characteristic temperature depend
of the processes and system parameters which are limiting
degree of detectable coupling between the macromolecular
bulk-solvent populations. The temperature-dependent proce
and parameters on whichMA

z (∞)/MA
0 will depend are the spin–

lattice and spin–spin relaxation of the bulk and macromolecu
hydrogen populations, the ratio of macromolecular to bulk
drogens fCA, the number of bound solvent hydrogensnB, the
strength of the dipolar couplingκdip, and the hydrogen physica
exchange rate between the intermediate and bulk-solvent
ulationsκAB

ex . The predominant effects of these factors on
magnetization transfer are considered below.

Spin–lattice relaxation in the bulk phase will affect how lon
lived the dipolar transfer will be in the bulk-solvent phase.
the temperature increases,T1A will increase since it scales with
the reciprocal of the correlation time describing motions in
bulk solvent. LongerT1A values will essentially increase the ob
served magnetization transfer effect because there is more
for the dipolar saturation transfer effect to build up in the bu
solvent phase. Spin–lattice relaxation in the macromolec
phase will effect the efficiency of saturation. IfT1C, does change
with temperature, the longerT1C, the more efficient the satura
tion, and the greater the observable magnetization transfer e
The predominant effect ofT2A andT2C will be on the width of the
direct and indirect saturation effect. Both scale inversely w
the appropriate correlation times and therefore will get lon
with increasing temperature. The width of the direct saturat
“peak” (near1 ∼ 0 Hz) and the indirect saturation in the M
spectrum will get narrower.

The strength of dipolar coupling,κdip, will depend on the dy-
namics of the coupling site.κdip will decrease with increasing
temperature ifτsite gets shorter, contributing to a decrease in
observable magnetization transfer effect.κdip may also change
with structural or conformational changes in the coupling s
as a result of pH, solvent effects, and temperature, which m
increase or decrease the separation between the coupled h
gens. Physical exchange,κAB

ex , will increase with temperature
and will contribute to an increase in the observed magnetiza
transfer effect if in the slow exchange limit,<50 s−1. These slow
exchange rates seem unlikely.

The temperature dependence of water–macromolecular m
netization transfer has been previously investigated in cro
linked bovine serum albumin (BSA) and heat-denatured o
bumin (Fig. 5) (28, 42). MT in BSA as a function of temperatur
has also been studied using other protonated solvents (28). The
degree of MT and the dependence on temperature are ch
teristic of the system demonstrating the sensitivity of MT
solvent–macromolecular interactions.

eedTo set up a comparable system to the BSA work presented by
Hinton and Bryant, MT spectra were acquired on a sample of
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FIG. 4. The amplitude of the steady-state bulk-solvent magnetization enhancement, 1− MA
z (∞)/MA

0 , at1 = 10,000 Hz as a function ofκAB
ex andκCB

dip . κAB
ex

−1 −1 CB −1
varies between 1.0 and 113 s. κdip varies from 1.0 to 50 s . (a) nB equals 10.κdip then varies from 10.0 to 500 s. All other parameters are held constant:
−4 −3 −1 −1 −1

o
a
a
r

to

-

fBA , 1.25× 10 ; fBC, 1.67× 10 ; fCA, 0.075;R1A, 1.0 s ; T2A, 0.02 s;R1B,

bulk solvent has been diluted by a factor of 10.nB = 1.0 andκCB
dip ranges from 1

hydrated cross-linked BSA. The sample was prepared foll
ing the procedure in Ref. (28). Magnetization transfer spectr
are presented in Fig. 5a. The degree of magnetization tr
fer increases as a function of temperature. The MT spect

linewidth is independent of temperature, which suggests t
the gross dynamics of the macromolecular matrix are ins
2.0 s ; T2B, 0.002 s;R1C, 5.0 s ; σC, 15,000 Hz. (b) Same as in (a) except the
.0 to 50 s−1.

w-

ns-
um

sitive to temperature in this range and that it is reasonable
approximate thatT2C or σC are temperature independent (34).
The temperature dependence ofT1C and κdip will depend on
local motions within the macromolecular matrix and in the cou

hat
en-
pling site.T1C will be assumed to be temperature independent
as an initial approximation. It is consistent with the observed
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FIG. 5. Magnetization transfer in hydrated cross-linked bovine serum albumin. The sample was prepared following the procedure in Ref. (28). A total of
0.11 g of BSA (96–98% bovine albumin, Sigma Chemical Company) was dissolved in 0.91 g of H2O. A 200 molar excess of glutaraldehyde was added to the B
solution as 0.11 mL of a 25% aqueous solution of the cross-linking agent (25% aqueous solution, Grade II, Sigma Chemical Company). Magnetizatiosfer
spectra as a function of temperature were acquired on a Bruker ARX300 spectrometer. (a) Experimental MT spectra acquired on a Bruker ARX300 speter:
(b) MT spectra calculated using Eqs. [7, 8].fBA, fBC, fCA, andnB are given in Table 1a. (—) 273 K; (· · ·) 298 K; (–––) 323 K; (–·–) 348 K; (–· · ·–) 373 K.

The remaining relaxation parameters are listed in Table 3a. The corresponding horizontal lines are the maximum magnetization transfer effect underconditions of

t
n

s

g

ted

of
ts

he
nd

der

b-
of
complete saturation of the macromolecular magnetization, Eq. [16]. (c) MT spec
diluted by a factor of 10 with the deuterated analog, D2O. Parameters are give

increase in the degree of magnetization transfer to also ass
thatκdip (and thereforeτsite) is insensitive to temperature in thi
range.

To model the albumin MT data, reasonable values forfCA

andnB as a function of temperature were calculated assum
five binding sites per protein (14, 28), a binding equilibrium
constant of 1.0, and a binding enthalpy appropriate for hydro
bonding; see Table 1a. No temperature dependence is obse
in these parameters.T1obs increased from 1.5 to 2.6 s andT2obs

is approximately 60 ms. These are the short limits toT1A and
T2A. Given the values and approximations forT1obs, T2obs, and
fCA, and assuming a low-temperature value forκAB

ex of 100 s−1,

the magnitude ofκdip= 15 s−1 was chosen to approximate th
observed depth of the MT spectrum. The increase in the obser
ra calculated using Eqs. [7, 8] under conditions where the solvent, H2O, has been
in Table 3a.

ume

ing

en
rved

magnetization transfer with temperature can thus be accoun
for with the model presented here by increases inT1A; see Fig. 5b.
It is of note that the magnitude and behavior with temperature
the MT results for this sample of BSA match closely the resul
obtained for heat-denatured ovalbumin (42).

MT studies using bovine serum albumin are presented in t
literature for samples approximately 10% by mass protein a
a mixed solvent system approximately 10% by mass H2O, 10–
20% by mass other protonated polar solvents, and the remain
D2O (28). As with ovalbumin and BSA in pure H2O, an increase
in water–protein magnetization transfer with temperature is o
served. There is about a twofold increase in the magnitude
e
ved
the magnetization transfer effect (MA

z (∞)/MA
0 at1A = 10 kHz

for BSA in H2O ranges from 0.25 to 0.1, for BSA in the mixed



23
CONSTRAINING PARAMETERS IN FITTING MT DATA

TABLE 2
fBA, fBC, and fCA as a Function of Temperature

Temperature K c
b [Lbound] nD fDE fDC fCE

Acetone [Ltot] = 2 M
n = 3 [Stot] = 1× 10−3 M

1Hb = −20 kJ dilution factor= 1.0
273 0.0100 7.79× 10−5 0.47 3.90× 10−5 77.79× 10−5 0.50
298 0.00478 3.77× 10−5 0.23 1.89× 10−5 3.77× 10−5 0.50
323 0.00256 2.03× 10−5 0.12 1.02× 10−5 2.03× 10−5 0.50
348 0.00150 1.19× 10−5 0.072 5.96× 10−5 1.19× 10−5 0.50
373 0.000942 7.52× 10−6 0.045 3.76× 10−5 7.52× 10−5 0.50

Methanol [Ltot] = 3M
n = 2 [Stot] = 1× 10−3 M

1Hb = −20 kJ dilution factor= 1.0
Temperature K c

b [Lbound] nF fFG fFC fCG

273 0.0100 8.61× 10−5 0.34 2.87× 10−5 5.74× 10−5 0.50
298 0.00478 4.21× 10−5 0.17 1.40× 10−5 2.81× 10−5 0.50
323 0.00256 2.27× 10−5 0.091 7.58× 10−6 1.52× 10−5 0.50
348 0.00150 1.34× 10−5 0.053 4.46× 10−6 8.92× 10−6 0.50
373 0.000942 8.44× 10−6 0.034 2.81× 10−6 5.63× 10−6 0.50

Note. The data presented are for a system in which the protein concentration is 1×10−3 M
in a mixed solvent system of acetone, methanol, and water.NL

H = 6 for acetone,NL
H = 4

for methanol,NS
H = 6000. D and F represent acetone hydrogens and methanol hydrogens,

respectively, bound in dipolar coupling sites.

TABLE 3
Relaxation Parameters Used in the Calculation of Magnetization Transfer Spectra Presented

in Figs. 2, 5, and 6

Temperature R1A (s−1) R1B (s−1) R1C (s−1) T2A (s) T2B (s) σC (Hz) κAB
ex (s−1) κdip (s−1)

273 K 1 2 5 0.06 0.002 15,000 100 15
298 K 0.78 1.8 5 0.06 0.0028 15,000 440 15
323 K 0.57 1.5 5 0.06 0.0035 15,000 1530 15
348 K 0.35 1.3 5 0.06 0.0043 15,000 4460 15
373 K 0.13 1 5 0.06 0.005 15,000 11,300 15

Temperature R1A (s−1) R1C (s−1) T2A (s) σC (Hz) κAB
ex (s−1) κdip (s−1)

273 K 0.5 5 0.06 15,000 100 15
298 K 0.43 5 0.06 15,000 440 15
323 K 0.35 5 0.06 15,000 1530 15
348 K 0.28 5 0.06 15,000 4460 15
373 K 0.2 5 0.06 15,000 11,300 15

Temperature R1E (s−1) R1C (s−1) T2E (s) σC (Hz) κED
ex (s−1) κdip (s−1)

273 K 1 5 0.06 15,000 1000 10
298 K 0.88 5 0.06 15,000 2100 10
323 K 0.75 5 0.06 15,000 3900 10
348 K 0.63 5 0.06 15,000 6700 10
373 K 0.5 5 0.06 15,000 10,600 10

Temperature R1G (s−1) R1C (s−1) T2G (s) σC (Hz) κGF
ex (s−1) κdip (s−1)

273 K 1.1 5 0.06 15,000 1000 5
298 K 0.98 5 0.06 15,000 2100 5
323 K 0.85 5 0.06 15,000 3900 5

348 K 0.73 5 0.06 15,000 6700 5
373 K 0.6 5 0.06 15,000 10,600 5
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solvent systemMA
z (∞)/MA

0 at1A = 10 kHz ranges from 0.13
to 0.05). The relative increase in the water magnetization tran
for the BSA sample in the mixed solvent system with respec
the BSA samples in H2O can be accounted for by the effects of d
lution of the water with D2O; see Fig. 5c. Isotopic dilution lead
to increases in the observable MT due to an increase infCA and
relative contributions of the macromolecular relaxation para
eters; see Fig. 3. An increase inT1A due to decreased inter- an
intramolecular proton–proton interactions in the diluted solve
may also lead to a relative increase in the observable magn
zation transfer effect. Hinton and Bryant argue that the beha
of the magnetization transfer with temperature is attributa
to competing effects of whole-solvent exchange and excha
of labile hydrogens. Labile hydrogen exchange is treated a
separate pathway for magnetization transfer which does no
clude dipolar transfer. The authors then argue that the increa
water–macromolecular magnetization transfer with tempera
is a result of the increase in exchange rate with temperature.
vious results have demonstrated that hydrogen exchange alo
not a sufficient mechanism to account for magnetization tran
(17). Consistent with the model presented here, the increas
magnetization transfer may be accounted for by the increas
T1A with temperature.

The model and parameter constraints presented here are e
extended to interpret experimental magnetization transfer in
water/acetone/methanol tertiary solvent system used by Bry
and Hinton. In contrast to what is observed for water, a decre
in magnetization transfer was observed with temperature
both acetone and methanol (28). Also, a significant decrease in
the magnitude of solvent–macromolecular magnetization tra
fer was observed for both acetone and methanol compare
water. The latter effect may be accounted for by weaker dipo
coupling as a result of a larger solvent–macromolecular in
molecular spacing as a result of acetone and methanol b
both larger than water and less tightly held at the macromole
lar surface due to weaker intermolecular binding. With resp
to the model and constraints presented here, the intermo
ular dipolar coupling,κCB

dip , is the only parameter which ca
lead to a decrease in MT with increasing temperature. If
argument is made as above for the water–macromolecular
thatκdip is insensitive to temperature, then the same must h
for magnetization transfer associated with the other solve
For κCB

dip to decrease, thennB must decrease, which necess
tates a weak binding constant for these solvents; see Tab
This is consistent with the arguments presented by Hinton
Bryant.

Using a parallel model for the solvent–macromolecular co
plings and using the two-pool approximation for each solve
macromolecular coupling, the steady-state coupled rate e
tions for a tertiary solvent system are given by

A C
−R1A = −
(
R1A+ κAC

eff + RRFA
) Mz (∞)

MA
0

+ κAC
eff

Mz (∞)

MC
0
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FIG. 6. Magnetization transfer spectra calculated using Eq. [26] modelin
cross-linked bovine serum albumin in a mixed solvent system. (a) Solvent–B
magnetization transfer based onfBA , fBC, fCA, andnB calculated using the
parameters for Table 1a except for a dilution factor of 0.1 modeling the wa
MT. The remaining relaxation parameters are listed in Table 3b. (b) Solven
BSA magnetization transfer based onfDE, fDC, fCE, andnD data presented in
Table 2a modeling the acetone MT. The remaining relaxation paramet
are listed in Table 3c. (c) Solvent–BSA magnetization transfer based
fFG, fFC, fCG, andnF data in Table 2b modeling the methanol MT. The re
maining relaxation parameters are listed in Table 3d.

−R1E = −
(
R1E+ κEC

eff + RRFE
) ME

z (∞)

ME
0

+ κEC
eff

MC
z (∞)

MC
0

−R1G = −
(
R1G+ κGC

eff + RRFG
) MG

z (∞)

MG
0

+ κGC
eff

MC
z (∞)

MC
0

−R1C = −
(

R1C+ κ
AC
eff

fCA
+ κ

EC
eff

fCE
+ κ

GC
eff

fCG
+ RRFC

)
MC

z (∞)

MC
0

+ κeff

fCA

Mz (∞)

MA
0

+ κeff

fCE

Mz (∞)

ME
0

+ κeff

fCG

Mz (∞)

MG
0

, [26]
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where E represents bulk-solvent acetone and G represents
solvent methanol. The effective coupling constants,κXC

eff , are
given by Eqs. [9, 14] with the appropriate substitutions for t
respective solvents. Solving these equations forMA

z (∞)/MA
0 ,

ME
z (∞)/ME

0 , andMG
z (∞)/MG

0 using the data in Tables 2 an
3 gives the magnetization transfer spectra presented in F
which are consistent with the trends observed for the aceto
and methanol–BSA magnetization transfer (28).

CONCLUSIONS

A three-pool model is presented and used to model solve
macromolecular hydrogen magnetization transfer, explicitly
cluding the population of solvent hydrogens which are coup
by through-space dipolar exchange with the macromolecular
drogens and by physical exchange with the bulk-solvent hyd
gens. In most biological systems, the fraction of this populat
of hydrogens is small. Under these conditions, the steady-s
bulk-solvent magnetization is independent of the relaxation
rameters of these surface hydrogens. This leads to the argu
that the three-pool model is well-approximated by a two-p
model for the coupling between the bulk-solvent and mac
molecular hydrogens. When a two-pool model is used, the c
pling constant must be defined to include both the physical
change and the dipolar magnetization transfer rates comb
to reflect a series coupled system. The dipolar coupling is in
molecular and is described by the pseudo-first-order rate c
stant,κCB

dip = nBκdip, which contains an explicit dependence o
the number of dipolar-coupled solvent hydrogens.

Because of the number of parameters on which the e
librium bulk-solvent signal intensity depends, it is difficult
extract a unique and meaningful set of values which will d
scribe a magnetization transfer spectrum or set of spectra. H
ever, by constraining the search for parameter values to p
ically meaningful ranges based on the relevant conditions
the system and on observed trends in empirical magnetiza
transfer, more meaningful results can be obtained which
prove the interpretation of magnetization transfer spectra
well as the predictive power of the model. An important fin
ing is that the degree of magnetization transfer becomes in
pendent of the physical exchange rate,κAB

ex , and the intrinsic
dipolar transfer rate,κdip, when these parameters are grea
than about 50 to 100 s−1. Using the three-pool model and a s
of constrained parameters, the analysis of magnetization tr
fer in systems where the supramolecular structure is inse
tive to temperature showed that the magnetization transfe
primarily limited by the intermolecular dipolar transfer,κCB

dip ,
and the spin–lattice relaxation in the bulk phase,T1A. In sys-
tems such as less rigid bilayer structures and tissues path
gies where the dynamics and/or extent of the macromo
ular matrix are sensitive to sample conditions, the degree
magnetization transfer may also be sensitive to changes in

relaxation parameters of the macromolecular hydrogens,T1C

andσC.
ERS IN FITTING MT DATA 25
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The description presented here for the relationship betw
the observable bulk-solvent magnetization transfer effect and
physicochemistry of the solvated macromolecular system inc
porates many of the ideas which have been presented in the
ature and leads to a quantitative model which predicts the tre
observed in experimental data using a relevant set of parame
These sets of parameters could be used as initial input estim
to a more complete analytical analysis of MT data. This ration
and constrained approach to the interpretation of magnet
tion transfer data is critical for extracting reliable informatio
about complex andin vivo systems. The interpretation of th
mechanism for magnetization transfer and parameter constra
contributes to furthering our understanding of and enhances
ability to interpret MRI and MT contrast and changes in contra
in terms of chemical, structural, and dynamic factors associa
with tissue pathology. In a more general sense, the model
hances the usefulness of water NMR as a probe of physicoch
ical properties of hydrated macromolecular systems.

APPENDIX A

The steady-state solutions to Eq. [1] for the longitudinal co
ponents are given by

−R1A = −
(

R1A + κAB
ex +

ω2
1

F1

)
MA

z (∞)

MA
0

+
(
κAB

ex + fBA

(
ω2

1E1

F1E4

))
MB

z (∞)

MB
0

−R1B = −
(

R1B+ κ
AB
ex

fBA
+ κ

CB
dip

fBC
+ ω2

1

F2

)
MB

z (∞)

MB
0

[A1]

+ 1

fBA

(
κAB

ex +
(
ω2

1E3

F2E2

))
MA

z (∞)

MA
0

+ κ
CB
dip

fBC

MC
z (∞)

MC
0

−R1C = −
(

R1C+ κCB
dip + RRFC

) MC
z (∞)

MC
0

+ κCB
dip

MB
z (∞)

MB
0

,

with the following definitions and conditions,

MA
0 κ

AB
ex = MB

0 κ
BA
ex ,

MB
0

MA
0

= fBA

MB
0 κ

BC
dip = MC

0 κ
CB
dip ,

MB
0

MC
0

= fBC

R2A = 1

T2A
+ κAB

ex , R2B = 1

T2B
+ κ

AB
ex

fBA
,(

AB
)2 (

AB
)2
D1 = R2B−
κex

fBA R2A
, D2= R2A −

κex

fBA R2B
,
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E1 = κAB
ex

fBA

(
1−
(

4π21A1B

R2BD2

))
, E2= R2A+ 4π212

A

D2
,

E3 = κAB
ex

(
1−
(

4π21A1B

R2A D1

))
, E4= R2B+ 4π212

B

D1
,

F1 = E1× E3

E4
− E2, F2= E3× E1

E2
− E4. [A2]
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