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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, xqip, and physical exchange, ke, 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 kgip and ke When these parameters become greater than
about 50 s~2. 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. © 2001 Academic Press
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INTRODUCTION

systems, such as in MR18). These heterogeneous systems can
be described as complex matrices of macromolecules with wate
filling the space created by the supramolecular structure. A laye
of water will be associated with the surface of the macromolec:
ular matrix. The properties, dynamics, and structure of the wate
in the solvation layer are coupled to and therefore contain infor
mation about the macromolecular physicochemistry. Exchang
mixes the water populations such that, on the time scale of th
exchange, the observable bulk-water properties are a weighte
average of the properties of the separate regions. Characterizii
these interactions is important in being able to exploit bulk-wate!
properties as a probe of structure and properties of the macr
molecular matrix and in gaining a fundamental understanding
of the behavior and structure of water in hydrated systems.
Water hydrogen NMR is useful in characterizing hydrated
systems due to the sensitivity of nuclear magnetic relaxatior
to water—macromolecular interactions and the timescales of th
dynamics governing those interactiods%, 8, 9, 14-1% Mag-
netization is coupled within thkH populations through mecha-
nisms which exchange nuclear magnetizations of the bulk-wate
macromolecular, and hydration-layer populations, including (1)
through-space nuclear magnetic dipolar interactions betwee
macromolecular hydrogens and specific hydration-layer water
and/or labile waters within the macromolecular structure anc
(2) physical exchange of hydrogens between these specifi
sites and the bulk-water phase; see Fig.1¥—-Q. Phys-
ical exchange may include both molecular exchange an
water—macromolecular exchange of labile hydrogens. Magneti
dipole—dipole coupling results in the through-space transfe
of magnetization Z1). Physical exchange mixes the coupling
site and bulk-water hydrogen populations. Through magneti
dipole—dipole coupling and exchange, the water hydrogen NMF

The interactions of water at macromolecular surfaces playsecoupled to the dynamic, conformational, and structural prop
critical role in the functional properties of hydrated macromole€ties of the hydrated macromolecular system. Although the ger
ular systemsX—12. It is these same interactions which can beral theory describing water—-macromolecular hydrogen nuclee
exploited using water as a probe of hydrated macromolecuk@upling has been known since the late 19708 ¢2-23, the

1 To whom correspondence should be addressed. E-mail: caraidgh@togetle”ler.

net.

physicochemistry and dynamics governing the contribution of
ach process to the observable effects in the bulk-water pha:
are not well characterized. This is in part a result of the com:-

2 Current address: Department of Chemistry, University of Georgia, Atherf@l€Xity of the coupled interactions, the resulting mathematica
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description, and the difficulty in separating and determining the
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of the system and is currently being exploited to enhance MR
contrast 80-32.

oo S5 Sntverk Convincing evidence that both dipolar coupling and physi-

A HA cal exchange play a significant role in magnetization transfe

R\ o "'--HA N A7 has been demonstrated in hydrated systems of lipid bilayer
H¢ | Hc"-.‘ H’" O » Proteins, and gels5( 7, 8, 16, 17, 19, 20, 28, 33-B6Nork

'- : ;1 O— with hydrated lipids suggests that magnetic coupling occurs

"HB 3“ [L“"’""”"““a"gel | specific dynamically restricted sites on the hydrophilic bilayer

A ‘: _0 QY surface which are also characterized by the apparent necess

y L Ha s for the presence of a hydrogen-donor functionality such as
"{,.-" ’%{;-‘-—O P ~A W hydroxyl, amine, or carboxyl groufd, 19, 27, 36, 3} The

R __ c -'.-:‘ \ Molﬁcular \(\h 4 role the hydrogen donor plays in coupling the water and macrc

H E— ) molecular hydrogen populations has not been unambiguous

O-—\e\"* established. It may serve as a site for hydrogen exchange

. labile solvent and macromolecular hydrogens, with dipolar cou

Q! pling between these labile hydrogens and the bulk of the macrc

molecular hydrogen population. Another possibility is that the
FIG. 1. Schematic of proton populations and magnetization transfer eRydrogen donor acts as a hydrogen bonding site to orient th
change pathways in hydrated macromolecular systems. A, Bulk-solvent hyds@lvent molecules at the macromolecular surface, allowing fo
gens; B, solvent hydrogens dipolar coupled to macromolecular hydrogens;dipolar coupling directly between the solvent and macromolec
macromolecular hydrogens. ular hydrogens7, 19, 28, 35, 36 Magnetization transfer has
been observed using solvents without exchangeable hydroger
suggesting that hydrogen exchange at these hydrogen-don
magnitudes of the parameters on which the bulk-water NM@Roups is not a necessary requirement for magnetization transf
signal depends. (28). Initial work studying the pH dependence of magnetization
Coupling between hydrogen populations can be exploité@nsfer suggested that hydrogen exchange played some role
experimentally to characterize interactions within the systecoupling the water and macromolecular populatia?g, 36.
using the technique of magnetization transf&s,(26. In the Further work suggests that the observable pH dependence
presence of magnetic dipolar coupling at the macromoleculaagnetization transfer is due to structural changes in the macr
surface, selective saturation of the nuclear magnetization of thelecular system leading to changes in the magnitude of dipolz
macromolecular hydrogen population results in a decrease in toeipling (L9). This evidence supports the idea that the role of
nuclear magnetization of the directly coupled water hydrogetise hydrogen-donor functional groups is to serve as anchors
through the nuclear Overhauser effet(21). This effect will hold solvent molecules on or within the macromolecular matrix.
be referred to here as dipolar transfer. The rate and steady-statéeveral quantitative models have been proposed to accou
magnitude of dipolar transfer are directly related to the strendgthr magnetization transfer. The simplest models identify only
of dipolar coupling which will depend on the physicochemistrihe bulk solvent and macromolecular hydrogen populations witl
of the coupling site on the macromolecular surfacg 7). The  coupling described by a single coupling const&ntl, 17, 28,
slower the relative motion and the smaller the separation of tB8, 39, 4Q. These models are inherently incomplete where bott
coupled hydrogens in the site, the greater the dipolar couplipgysical exchange and dipolar coupling lead to magnetizatio
strength, resulting in a faster rate of transfer and greater dexnsfer. With two coupling processes there are, at the least, thr
crease in the steady-state magnetization of the directly couptistinct coupled hydrogen populations which include the macro
water hydrogens. The decrease of the surface-water magnetdlecular hydrogens, solvent hydrogens in the macromoleculz
zation due to dipolar transfer is transferred to the bulk-watdipolar coupling site, and hydrogens in the bulk-solvent phase
phase through physical exchange. The overall process of difitie coupling processes are mechanistically different and de
lar transfer and physical exchange leading to a decrease in $hebed by two distinct coupling constants. Some recent worl
observable bulk-water NMR signal in the presence of saturatibas addressed the limitations of using a two-pool model by th
of the macromolecular magnetization is what will be referred tad hocintroduction of a coupling constant which combines both
in the present work as magnetization transfer (MT). The degrplysical exchange and dipolar coupling into an effective cou
of magnetization transfer has been found to be specific to thkng constant19, 2§.
type of hydrated systenb( 8, 17, 28, 2B In human tissue, a Multipool models have been presented to describe magnet
significant magnetization transfer effect has been observedzation transfer§, 18-20, 34, 4lwhere both physical exchange
muscle, the lens and cornea of the eye, cartilage, and gray and dipolar coupling are explicitly included. Most of this work
white matter of the brain30). This suggests that the degree odddresses magnetization transfer qualitatively and/or unde
magnetization transfer may be used as a characteristic paramitgting conditions of complete saturation of macromolecular
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magnetization 34) or of relative rates of physical and dipolargiven by the Bloch formalism with the inclusion of an ar-
exchange§, 19. bitrary lineshape function for the macromolecular population
In this work a quantitative model for magnetization transfer igt1, 47).
presented, starting with a three-pool model incorporating bothGiven the relative simplicity of the Bloch equation formalism,
physical exchange and dipolar coupling using the Bloch equéis approach is adopted here to describe a three-pool model f
tion formalism. It is shown that there are reasonable conditionggnetization transfer. The coupled populations presented i
under which the three-pool model reduces to a bulk-solvent aRig). 1 are as follows: (Pool C) hydrogens in the macromolecule
macromolecular hydrogen two-pool model with an appropripolar coupling in this semi-solid population allows for rapid
ately defined coupling constant which includes rate constamegguilibration of magnetization such that these hydrogens will
for both dipolar coupling and physical exchange. A goal hete considered a single population; (Pool B) solvent hydrogen
is to use the three-pool model to derive a set of equations dkpolar-coupled to the macromolecular hydrogen population
scribing the steady-state magnetizations which are then usedh@se include whole-solvent hydrogens which are anchored i
model empirical MT data starting with reasonable limits for ththe dipolar coupling site and may also include exchangeabl
parameters included in the coupled rate equations. Temperatugcromolecular hydrogens in the coupling site when the sol
is an important variable which will be used to assess which relaxent also includes exchangeable hydrogens; (Pool A) all othe
ation process may limit the observable degree of magnetizatg&wivent hydrogens, including solvent hydrogens which exchang
transfer since the variation of the observable MT with temperirand out of the hydration layer at sites where dipolar coupling
ture must be consistent with the temperature dependence oftthenacromolecular hydrogens does not occur. These solvent h
limiting processes42). This approach to modeling MT resultsdrogens are also considered a single population as a result of €
in the assessment of how each relaxation pathway may effecttis&ent exchange and mixing from diffusion. The modified Bloch
bulk-solvent signal intensity, places constraints on the paranggtuations including exchange effects on the transverse comp
ters, and can be used to assess the validity of values extractedts of the bulk- and dipolar-coupled-solvent populations are
from fitting empirical MT data using analytical solutions to theiven by @8),
coupled rate equations.
A A A
THEORY d 'V;Zt(t) - T MO _ ke M2(t)
1A

The formulation of the coupled rate equations used to describe +kBAMB(t) + 1 M)’,*(t)
the transfer of nuclear magnetization within hydrated systems

B B B
in the presence of a selective RF-saturation field and excharfbw = Mg —M/©) _ KBAMB(t) + kA8 MA(t)
and/or dipolar coupling has followed two general approaches, dt Tig

the use of modified Bloch equation$g 22, 25, 39, 43, 44 —Kéaig'\/'f(t) +Ké:iEMZC(t) +w1M§(t)
and the more general Redfield—Provotorov formalidd).(The

Bloch equation description lends itself to simplicity with redMZ(t) — Mg — MZ(t) g
spect to interpretation, comparison between different modelsdt Tic “dip
accounting for coupled populations and coupling mechanismdsMA(t) MA(t)

and solving the system of coupled differential equations. The—=*

ME(t) + kg M2 (1) + 1M (t)

Ko ME (1) + kS0 MP(t) — 2 AAMP(t)

X
modified Bloch equations are limited in rigor as this formal- Tan
ism is appropriate for mobile populations described by a singteME(t) MB(t) BA 4B AB A A B
T, leading to Lorentzian lineshapes for all coupled components g — Tos Kex My (1) + ke My (1) — 2r Ag My (1)
(39, 4)). This is clearly not the case for the semi-solid or solid [1]
macromolecular component and leads to limitations in accourtMC(t) ME(t) c
. . . = — — 2 AcM (t)
ing for saturation phenomenon in the macromolecular compo- dt Toc Y

nent. The general “fix” to the Bloch formalism is to introduce, , ,a A
. i . . X d M2 (t) M2 (t)
a generalized lineshape function appropriate for solid orsemu-—¥** _ _ " ¥*7

Ko My (1) + kg0 MY (1)

solid systems into the steady-state solution forzttemponent dt Toa Y
of the macromolecular magnetizatiofb( 46. + 2 A Mf(t) — wle(t)
The Redfield—Provotorov formalism is a more rigorous ap-
proach to solving the response of the solid-like macromoleculgtlv')?(t) _ Ms(t) — kBAMB(t) + ABMA(t)
spin population to the presence of selective RF-saturation anddt T ey &y
naturally leads to an arbitrary lineshape function for the solid B B
spins @)1/, 47). Under limiting gonditionspappropriate to the hy- 27 AsMy (1) — 1M (1)
drated macromolecular systems under consideration, the stea‘diMf(t) Mf(t)

+ 21 AcME(t) — 1ML (),

state solution for the bulk-water magnetization approaches thatgy — — T,
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WhereML,y,Z are thex-, y-, andz-components of the magnetiza-The steady-state solutions for taecomponents (longitudinal
tion of the bulk-solvent hydrogens (A), solvent hydrogens bours@mponents) following elimination of the equations for the
in the dipolar coupling site (B), and macromolecular hydrogei@§dy-components gives
(C). k5B-BA is the hydrogen exchange rate between the bulk-

solvent and dipolar-coupled-solvent hydrog CCB is the

2
T,
through-space dipolar exchange rate between the solvent arfiaMg = —( Rua + k42 + —— 122 ) M2(c0)
. . 1+ (27'[ AATZA)

macromolecular hydrogens in the coupling sitga, Toa and
Tig, Tog andT;c, Toc are the spin—lattice and spin—spin relax- + 1KBAMB(0)
ation times for the bulk-solvent, dipolar-coupled solvent, and e
macromolecular hydrogens, respectively. is the frequency 02T

. . . : B BA BC 1'2B B
offset in hertz andv; is the magnitude in rad/s of the satu-—FRieMg = _<RlB+Kex + Kdip +—1+(27TABTZB)2> M (o0)

ration field. The effects of dipolar coupling on the transverse
components of the dipolar-coupled solvent and macromolecular + kBB M2 (o0) + Kgg ME (o) [3]
magnetizations have not been included. As has been previously
shown, the inclusion of these factors leads to small corrections c cB w2 Toc c
to the steady-state bulk-water signal intens#$)( Inclusion of —RicMg = _(R1C+Kdip + m) \(CS)
these factors also precludes the introduction of the arbitrary line- e
shape function for the macromolecular population. The steady- +kEEME(00),
state solutions to Eq. [1] are presented in Appendix A.
A further simplification which leads to steady-state solutions ] )
which are algebraically simpler to solve and easier to interpiéhere Rix =1/ Tax. It is shown below by comparing the so-
is to eliminate the exchange terms for all of the transverddiions to Egs. [2] and [1] which are presented in Egs. [3] anc

components, [Al] that it makes little difference to include the exchange terms
under the rapid exchange conditions appropriate for the systen
dMA(t MA — MA(t under consideration.
dzt( ) _ Mo T M) _ Koe MA(t) The normalized Lorentzian lineshape is given by
+kEAME(t) + w1 M2 (1) ) T, 1
dMB(t)  MB — MEB(t) S N N S 4
= e — ke MP() + ke M)
dt T]_B
—Kgﬁ,fMZB(t) + K(S“}BMC(t) + wlME(t) Common practice is to replace the Lorentzian lineshape func

tion which results from the Bloch formalism with a generalized
lineshape function for the macromolecular componagt 44.

In general, the lineshape of the macromolecular component
well approximated by a Gaussian,

dMZ(t) _ M§ — MZ(1) _ CB

= BME(t
dt Tic dip z( )

+ kg MB () + w1 MY (t) 2

dMA) _ MR(t) A 1 —(2nAc)
=— — 2 AaAM](t G — 7 Ac)
T Ton AM(t) g®(2r Ac) = — exp( 202 ) ) (5]
MB MB
dMc®) _ _ Xa)—znABMEQ) . o
dt Tos whereoc is the linewidth of the macromolecular hydrogen spec-
dME(t) MS(t) tr.um.' Toc is defir!ed as ;!(nqc). Rewriting E.q. [3] by con-
dx =2 ZnAchf(t) sidering the relative longitudinal magnetizations,(co)/ Mg,
t Tac and using the following equilibrium conditions and definitions
dMA(t MA(t (29),
y():— y()+271AAMXA(t)—w1M'Z°‘(t)
dt Toa
dMB(t) ME(t) MAAB _ VB, BA Mg f
Y — 4 2n AgME(t) — nME(1) 0Kex = MoKex» A = TBA
dt T23 0 [6]
dMS(t ME(t M
y® _ MO + 271 AcME(t) — an ME(L). Mgrgy = Mgkgp, —& = fec,
dt Tzc Ile
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1o a7 gives
o E M (cc) M2 (c0)
[ ] —Ria = —(Ria + k&0 + Rrra) —25— + ko ——5—
i 0.6 r . Ile IV|0
St T R (Rea B g ) M)
i . fea  fac Mg
0.2 ~ —
ool ‘ ] L K62 M() | Kip ME(x) [7]
—1x10° -5x10% 0 5x10% 1x10° fea  MJ fec M§
C B
~Ric =~ (Ric-+ k§3+ Rerc) 2 g )
0 0
] Rrr = wing-(27Ai), i =A,B
1 Rerc = wirg®(2r Ac).
é ]
< It is important to recognize that the conditions given in Eq. [6]
= - for dipolar coupling are a consequence of usifjy ® to des-
] cribe the pseudo-first-order rate constants ifatermolecular
7] dipolar coupling 16, 25, 49. It is straightforward, but cum-
=] bersome to solve this set of linear equations for the bulk-solven
110> equilibrium magnetizationM2\ (cc)/M{. As the approach here
is to model trends in empirical data and set constraints ol
the parameters, rather than to fit the data and extract paran
eters, the analytical solution fdv12(co)/Mg' is not needed.
o c The above set of linear equations is solved here numericall
sk k for M2(c0)/MZ', ME(c0)/ME, andME(c0)/M§ as a function
i ] of saturation frequency offsety, using Cramer’s rule as pro-
= o6k ] vided in the programming language IDL (Research Systems
S 1 Inc., Boulder, CO). ThéV2(0c0)/M§' output is a magnetization
Foal . transfer spectrum (also referred to a&-apectrum 83)) of the
L ] bulk-solvent equilibrium signal intensity as a function of the fre-
02f - quency offset of the saturation fieldl; see Fig. 2. The relatively
i 1 narrow dip nearA = 0 Hz reflects the direct saturation of the
?f’xmf, X105 solvent resonance. The broad shape of the MT spectrum reflec

Frequency offset (Hz) the indirect solvent—-macromolecular magnetization transfer an
is also a measure of the lineshape of the macromolecular hy
FIG. 2. Magnetization transfer spectra representing the bulk-water stea(uqﬁogen population to which the solvent hydrogens are couplec

state longitudinal magnetizatiokl2 (c0)/MZ, as a function of offset frequency The depth of the MT spectrum is a function of the magnitude
for the RF saturation fieldy. Intensities are normalized to the signal amplitude

in the absence of RF saturation. The narrow component Aear 0 Hz re- of Water__macromOIeCUIar hydmgen COUplmg’ relative hyd_rOger
flects the direct saturation of the water resonance. The broad component reflB@pulations, and relaxation parameters for each population.

the indirect water-macromolecular magnetization transfer effect. (a)TheoreticalOne of the goals of the present work is to assess the appropt
MT spectra calculated using the two-pool model presented in Eq. 441}  ateness of a two-pool model to describe magnetization transfe
3140 rad/s. Relaxation and population parameters are calculated or entere?‘@:FaC“itate the comparison between the results starting from al

ranges reflecting general trends as a function of temperature (—) 273-K; ( . . .
208 K: (——-) 323 K: (—) 348 K: (=) 373 K. faa. fac. fca, andng are explicit three-pool model and results obtained using a two-poo

given in Table 1a. The remaining relaxation parameters are given in Table Ba0del characterizing coupling between the bulk-solvent anc
(b) Theoretical MT spectra calculated using the steady-state results of the thizeacromolecular populationd/?(c0)/M§ in Egs. [7] can be
pool model_preser_]ted in Eqs. [7, 8]. Parameters are thg same as in (a). gliminated by solving the second of Egs. [7] fo‘(oo)/Mg’
corresponding horizontal lines are the maximum magnetization transfer efffﬁt terms of M'ZA‘(OO)/MS\ and Mzc(oo)/MOC. The solution for

under conditions of complete saturation of the macromolecular magnetization,g B . . . .
Eq. [16]. (c) Theoretical MT spectra calculated using the three-pool model i(mz (oo)/MO can then be substituted into the first and third

cluding exchange effects on tkeaindy components for the bulk and coupling ©f EQs. [7], leaving two equations characterizing the equilib-
site solvent hydrogens, Eq. [A1]. Parameters are the same as in (a). rium magnetization in the bulk-solvent and macromolecular
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populations, ME(c0)/M§ (39),
M7\(o0) AC M (0) | ac MF(00)
—Rya — Rig = —Ria = —(Rua + g + Rrra K
- ( ) e ( fBARB) Mg ( o ) Mg Mg
+<M e
facRs P S ME(c0) | kA€ M2(c0)
1c = 1+f + Rrrc Mg +fCA MA’
R — dlp dlp MC(OO)
1c " fscRs M§ where the following equilibrium condition and definition were
used,
Kex Kaip MA(oo)
* feaRs ' 18] M§
Mg k& = Mg s M_% = fea. [12]
0
(RlA + kB2 + RRFA)
The two-pool model is a good approximation to the three-poo
(ﬁg model under conditions Where tiepopulation is small {ga
Re = fBA fac + Rers and fgc <« 1) and when§ in the two-pool model is defined as
in Eq. [9]. Under these condltlons the following approximations
= (Rlc + Kdip + RRFC)- for terms in the reduced three-pool model Eq. [8] are valid,
This form of Egs. [7] will be referred to as the reduced three-pool KAB Ké’},? KAB 35
model. It explicitly couples the macromolecular and bulk pop- Re = | Rie+ <=+ =+ Rees | ~ | < :
. . . . BA BC BA BC
ulations and includes the effects and properties of the dipolar-
coupled solvent hydrogens. The coupling constant between the KB K58
bulk-solvent and macromolecular population&S, is given by R ~ B KGE <1 [13]
(mA+?E>
AB,.CB
KAC _ Kex Kdip ' [9] Kgg’ N Kgg’ «1
facRs ’

RB (Kfex + delp )
BA BC

pd Eq. [8] is well approximated by the results of the two-pool

model in Eq. [11].

As expected for a series coupled system, the coupling consta
from the reduced three-pool modef®, will be limited by the

EEMA (1) +kSAME(H) + ar MA(R) smaller of the rate constantg)® andx 8

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

dMZ(t) _ M —MAM)

—_ d !
dt Tia P
dMS(t)  MS—ME(t
dzt( ) _ Mo Tlcz ( ) Mc(t) +x MA(t) +a)1MC(t) e _ (KS\)(BK&’? S(BKC%F?
fecRs kP | Ka
dMR() _ MA) " el 52
at = — T —ZJTAAMy (t) c c
2A [10] KA o fCAKdi[? Whenl(ex > Kdlp’ [14]
dMS(t ME(t
dxt( ) - _ -Ii(( ) _ ZﬂACMg(t) [(AC ~ ::;(B Whel’l/(dlp >> KEX .
2C
dMQ(t) M{,*(t) A A The coupling constant is a function of the relative sizes of
at - Ton + 27 AAM (1) — 01 M (1) the macromolecular and bulk-solvent populations when the ex

c c change rate is large, and independent of the relative amoun
dMy () _ My (t) c c of the coupled populations under conditions when the dipola
= - +27'L’A(3MX (t)—a)]_MZ (t) . . .
dt Toc coupling rate is large relative to the exchange rate.
When boths? andKé:iE are large relative t®;a, Ric, Rrra,
The solution of Egs. [10] leads to the following set of lineaand Rrrc and the size of the dipolar-coupled solvent popula-
equations for the steady-state magnetizatid(oo)/M{ and  tion is small, fga and fsc < 1, the steady-state bulk-solvent
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magnetization in the presence of RF-saturation is independerddeling magnetization transfer data is to establish reasor
of the coupling rates and is limited bia, Ria, Ric, Rrra, @and  able approximations and constraints to the parameters in Eq
Rrrc. Starting from Eg. [11] which approximates the solutioifi7, 8], [11], and [A1] consistent with experimental MT results
to the three-pool model under the conditions of a small intermand which leave the dimensions of the undetermined pararn
diate population and solving fv2 (c0)/ M}, eter space relatively small. The coupling constants and relax
ation parameters are all dependent on dynamics within the hy

MA CRia — KRic drated systems and therefore will be sensitive to temperature
2(%) _ A ~ ! Although not necessarily clinically applicable, the effect of
A T (AC)2 1 fcaRrrc + Rrea !
Mo —RaRc + % t Ria+t foaRic temperature on these parameters can be modeled and used
L AC further establish how the parameters may limit the observabl
when " > Ric, Rrec. [15] magnetization transfer effect in both clinical and nonclinical
CA systems.

A final limit considered here foM?(oo)/M@ is that under  Relative hydrogen populationsThe dependence of the equi-
conditions of complete saturation of the macromolecular malrium bulk-solvent magnetization on the relative amounts in
netization,M$(cc) = 0, which gives the maximum possiblethe bulk-solvent, dipolar-coupled solvent, and macromolecula
magnetization transfer effect. From Eq. [8], whd¥(cc) = 0, populations enters through the parametys, fzc, and fca.

Based on the observation of a single broad resonance for tt
macromolecular hydrogens, the argument is made here that tt

AB

Mf(oo) Ria + (Kﬁ) Rig RiaRs + Kg(B Rig 16 C-pool behaves as a single population as a result of efficier

ME (KAB)z - (KAB)2 - [16] dipolar mixing. The bulk-solvent hydrogens are considered &
(RA - fBe:RB ) <RA Rs — %) single population as a result of efficient mixing from diffusion.

To simplify the model, the hydrogens in the dipolar coupling

sites will also be considered a single population. This is cer:

Equation [17] gives the enhancement fac®4)( tainly an approximation, especially in protein systems where if
is likely that coupling sites will differ in structure and confor-

A A _AB.CB mation. It would be straightforward to include characteristically

Mz (20) — My = Fex Kdip ) [17] different coupling sites. However, this seems a reasonable sin

M@ (K;}XB)Z plification since an objective of the present work is to place

RaRe — “; constraints on the parameters rather than to solve for them e;

plicitly. Estimates offga, fgc, andfca are then straightforward,

given that the sample composition and number of coupling site
(Note. kqip in Ref. 34 is equivalent toxgs in the present on the macromolecular surface are known. The temperature d
work.) pendence offga, fac, and fca enters through the equilibrium

. . conditions 28, 50,
Parameter Calculation and Constraints

‘The equilibrium bulk-solvent signal intensitM?(oo)/MA, Lo+ Sree = LnS,
will depend on theT;s andT;s of each populationfza and
fac, K28 and/cgg, andwi, Aa, Ag, Ac. w1 is set experimen- KE = [LnS] _ [Lbound 7 (18]
tally. Under conditions where the spectrometer frequency is set [Liree]"[Sreel  [Liree]"[Sreel
on-resonance for the water sign@h is the offset frequency of KE, AHy [ 1 1
the saturation fieldAg and Ac will be offset fromAa by the In—= = "R \T T )
chemical shift difference8ag anddac, respectively. The wa- b.2 2 .

ter in the coupling site will most likely be held there through
hydrogen bonding which will shift the bound-water resonanagherelL represents the ligand or solveBtepresents the solute
downfield. Empirical data show that the center of the broad rem- macromoleculeK§ is the concentration binding constant,
onance from the macromolecular population is shifted upfietthd A Hy, is the enthalpy of binding is the number of dipolar
from the bulk-water resonancé&g andéac are approximated coupling sites on each macromolecule. The assumption is mac
here as-3.3 and 1.5 ppm-£1000 and 500 Hz at a field strengthhere that these sites are equivalent. This assumption is vall
of 300 MHz). The chemical shifts are relatively unimportanin lipid bilayer systems, but is a simplification for protein sys-
affecting only the width of the narrow dip near~ 0 Hz, re- tems where these sites may certainly differ in both structure an
flecting the direct saturation of the solvent resonance. dynamicsfga, fsc, and fca can be determined as a function of
The remaining parameters must be determined by fittingmperature by first solving Eq. [18] foL[ound @s a function
experimental magnetization transfer data. A starting point & K. Rewriting the equilibrium expression in terms aifund
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andKg,

[Lbouncﬂ

([Ltotal — [Lbountﬂ)n ([Sotal — [Soound)
[Lbound

([Ltotal] — [Lbound)" ([Sotal] - [%)

(19]

results in a general polynomial expressionlind,nd as a func-
tion of K¢, [Liotall, [ Sotal, andn,

K5I Lot "[ Sot]
- (Kg[Ltot]n_l (Bn,l Lol

n

; Bn,z[sot]) n 1) [Lbound

[Ltot]

+ ;(‘Di Kg[Ltot]nii (Bn,i T + Bn,i+1[$ot])

. 1
X [I—bound]I + (_1)n+thgﬁ[|—bouncﬂn+l =0. [20]
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relationships

fop = [Lbound foe = [Loound X N|I:| oA = E
[Liree] [Sot] x NS 7 fec’
[21]
min __ [Sot] X NI-S| max __ [SOt] X NI-S|
CA — [/ 1_ nL CA

[Liod x N§’ ([Liod — N[Sed) x N§’
whereNh and Nﬁ are the number of hydrogens per solvent and
macromolecule, respectively, aff@i® and fIi" are the maxi-
mum and minimum values ofca, respectively. Sample results
are given in Table 1 as a function &f;,, AHy, n, [L], and
[Sot]- It is important to note thatfca changes very little with
temperature; see Table 1b. If the solvent is diluted with a deutel
ated solvent, the bound fraction of solvent will stay the same
which meansfga will not change. The fractiorfgc will de-
crease by the dilution factor, and therefofe, will increase by
the same factor; see Table 1c. It should be noted that the effec
of isotopic dilution of the solvent on the number of macromolec-
ular hydrogens are not accounted for here. In lipids, the chang
in the number of macromolecular hydrogens as a result of isc

Br.; are the coefficients of the binomial expansion. The roots gipic supstitution by labile hydrogen exchange will be small. In
datalanguage IDL. The relevant root was chosen as that between

0 and the maximum ligand bound concentration. Giigfafnd,

Spin-lattice and spin—spin relaxationThe relaxation pa-

the parameterdga, fac, and fca can be calculated using therametersRia, Rig, Ric, T2a, Tog, andTyc (or 1/0¢), will vary

TABLE 1
ng, fea, fec, and fca as a Function of Temperature
Temperature K [Lbound ng fea fec fca
n=>5 [Ltot] =40M
AHp=—40kJ [Sol=1x10"3M
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 [Llot] =40M
AHp=—40kJ [Sotl =1x103M
dilution factor= 1.0
273 1.00x 10  0.00477 9.53 0.000119 0.00159 0.0750
298 0.228< 10°®  0.00412 8.24 0.000103 0.00137 0.0750
323 0.0653< 106 0.00286 5.72 7.1%10°> 0.000954 0.0750
348 0.0334x 10°%  0.00157 3.15 3.9%10°° 0.000524 0.0750
373 0.0088% 10°® 0.000769 1.54 1.9210°°> 0.000256 0.0750
n=>5 [Ltot] =40M
AHp=—40kJ [Sotl =1x103M
dilution factor= 0.1
273 1.00x 10°®  0.00477 0.95 0.000125 0.000167  0.750
298 0.228< 10°®  0.00412 0.82 0.000125 0.000167 0.750
323 0.0653< 10°%  0.00286 0.57 0.000125 0.000167  0.750
348 0.0334x< 10°%  0.00157 0.32 0.000125 0.000167 0.750
373 0.0088% 10°® 0.000769 0.15 0.000125 0.000167  0.750

Note The data presented are for a systemI0-3 M in protein which approximates a 10%
by mass sample of albumin in waté¥; = 2, N = 6000.
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with the correlation times describing the motions of the hyelation timesrgje would be longer thamy,,k. The temperature
drogens in the A-pool (bulk solvent), B-pool (dipolar coupledependence ofie may be stronger or weaker than fgy, de-
solvent hydrogens), and C-pool (macromolecular hydrogenpgnding on how the solvent is held in the coupling site. It is
Thulk, Tsite» Tmao F€SpPeEctively. Relevant motions include rotatiowlifficult to predict whetherti,e would be in the long or short
and translation of solvent molecules in the bulk phase, restricteatrelation time limit,zsie > 1/wo OF Tsite < 1/wo, respectively,
rotation and translation of solvent hydrogens in the couplirand hence it is difficult to predict the dependencé&gfon .
site on the macromolecular surface, and restricted motionsSmcetyuk < Tsite < Tmae 11 Must be shorter than eith&ia
the macromolecular matri(-53. or Tyc or both.T,g will be longer thanT,c and shorter thaffia.

The temperature dependence of diffusion for water in hs will be shown under Results, the equilibrium bulk-solvent
drated macromolecular systems has been shown to followagnetizationM2/M{}, has a negligible dependence o
Arrhenius-like behavior with activation energies on the ordemndT,g when fga is small.

1
of 2(.) kJ mol* (54, 55).' The t.emperature depend_ence of the Solvent hydrogen exchange rateCharacterization of the rate
rotational and translational diffusion correlation times can he

. or physical exchange between the bulk and coupling site popu
estimated as . .
lations depends on the mechanism of the exchange process. T
exchange rateqey, Will be limited by the slower of solvent dif-

n (Tbu'k(373 K)> — —Ea ( 1 1 ) fusion and physical exchange at the dipolar coupling site. The

Touk(273 K) R \273K 373K/’ approximation is made here that diffusion is rapid enough tc
Tou(373 K) keep the solvent population well mixed and will not limit the

Zouk(273 K) ~ 10 rate of physical exchange. A single resonance is observed ft

the solvent hydrogens from both the bulk and the coupling site

populations. This suggests that the exchange rate must be fe

where E, is the activation energy anR is the gas constant. . e
Rotation and translation in the bulk phase will be sufficientlyfa%f(;nggred to the chemical shift difference (2000-10,009 s

such thatry,i < 1/ao at spectrometer frequencied 00 MHz. =, systems where exchangeable hydrogens are present on be

Under these conditionda o 1/zouk- The upper limit 0T o oo mojecular and the solvent molecules, exchange m:
will be the spin—lattice relaxation time of the pure solvent. The

lower limit to Ta will be the observed T of the solvent in the incorporate the solvent hydrogen into the macromolecular pop

solvated macromolecular systedi). T;opsincludes the effects ulation, and the dipolar coupling occurs between the hydroge
. ; . . . donor and macromolecular hydrogens. The rate of hydrogen e
of physical exchange and dipolar coupling which will both mak

Tyans Shorter tharTya. Toa will increase with Yz, Estimates ghange will be limited by the strength of the H-X bonds (on

of T,a can be taken a%,qnsfor the bulk solvent in the solvated the order of hundreds of k".o]OUIeS (mol H-X bqna) and by .
macromolecular conformation and structure which may restric
macromolecular systen39).

Considering hydrated cross-linked proteins and polymers,tgu)éChange' The temperature dependence will be characterize

overall mobility of the supramolecular matrix will be relatively y Arrhenius behavior. Activation energies have been reporte
(igid, Tmae > 1/wp. (z > 5 x 10-10's at 300 MHz). However, ranging from 20 to 400 kJ/mo86, 58, 59. Hydrogen exchange

mobile functional groups within the supramolecular matrix, sucrl'%‘tes In amino acids and peptides have been found to be on

. o . .S grder of 10-10,0008 (35, 60, 6). In proteins, the amide hy-
as rotating methyl groups within proteins and reorienting lipi .
o : : rogen exchange rates are slower by several orders of magnitus
molecules within bilayers, may reorient on timescales faster th

the overall reorientation of the supramolecular mat&g, (56, , 59, 62.

i . . \ Where dipolar transfer is directly between the solvent anc
57). These functional groups then provide relaxation sinks for ; .
. . _macromolecular hydrogens, physical exchange describes the e
the macromolecular hydrogens. The motions of these function
. : . : . change of whole-solvent molecules at the hydrogen-donor func
groups will be more restricted in cross-linked proteins and n

lipid bilayers than in the solutions of the biopolymers and m ionality in the dipolar-coupling site. The activation energy for

. . i . e solvent exchange will depend on the interactions holding
range from picoseconds to microseconds. Initial estimates pr \

T,c will be taken from the literature based on the extraction of e solvent molecule at the site which may include structural re

parameters from empirical MT dataq, 41, 43. The inverse of _striction_s and intermolecular hydrogen bonds and dipole—dipol
the MT linewidth provides an estimate of the lower limit fii: interactions. For hydrogen bonds, may be up to 40 kJ (mol H-—

1 . . R . .
which is taken to be on the order of tens of microseconds. The bond) " and will be smaller for fixed dipole—dipole interactions.

L N . ere is evidence for long-lived water molecules in restricted
proximation is made here th®c varies little with temperature. . . LT .
. L : . sjtes of proteins and lipid bilayers with solvent exchange rate:
This assumption is supported by MT studies on cross-linked al- 1
. S e on the order of 16-1° s1 (11, 18, 59, 6}
bumin where the MT spectrum linewidth varies insignificantly

as a function of temperaturgg, 42. Dipolar exchange rate. The rate of dipolar magnetization
The motions of the solvent hydrogens in the dipolar couplintgansfer is modeled here based on the Solomon equations f
site will likely be more restricted than in the bulk, so the comdipolar coupling between two like spind g, 17, 2). The
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two-spin dipolar coupling rate is given by ng will decrease for smalK$ and largeA Hy. fca stays nearly
constant with temperaturé@A/cgE will then decrease with tem-
—kdip = Wo — Wp perature as bothg andxgip get smaller with temperature.
4 ) 4
W, — YN[ Tsie v 22 RESULTS AND DISCUSSION
2 — 6 2 2 0 — 6 sites
518\ 1+ wfte 10r

Comparison of Two- and Three-Pool Model Results

whereW, and\Wo are the double- and zero-quantum ransition \;»qnetization transfer spectra as calculated using the tw

probabilities. tsie Will be the shorter of the correlation timespool model, Eq. [11], and three-pool model without, Egs. [7
describing_ motiqns within the restricted site, wgg(;l/Kex). 8], and with exchange effects on tkeandy-components of the
It seems likely given the_data for ;olvent and 'a?"e hy@'“?geﬁhm and intermediate magnetizations, Eq. [Al], are presented i
exchangg rates_, thagie W'”_ be dominated by rr_10t|0_ns W'_th'_n Fig. 2. There are no detectable differences between the resul
the restricted site. Fotsje in _the Iong_gorrelatlon time limit Possible differences may arise in the region aronnd= 0
Tsite > 1/wo, Wo > Wa, kgip Will be positive, and the enhance-, here direct saturation of the bulk-solvent magnetization dom
ment of the bulk-solvent signal intensity upon saturation of th&,tes the MT lineshape. In the three-pool model, the effects c
macromolecular magnetization will be neggt!ve. To date, theé?change between the bulk and coupling site hydrogens me
have been no rgportgd cases where a positive enhar]cenje' Fome apparent in a broadening of the central shape of the M
the bulk-water signal intensity has been observed which I'mgf)ectrum.
Tsite ANd thff)reforefdip' At 300 MHz, zsire must be longer tlhan As shown in Egs. [7-12], the effect of solvent-macro-
5.93x 10~ s to observe negative enhancemeah(> 0S ). ojecular coupling reflected in the broad component of the
Negative enhancement in ht_—:‘at.—dengtured ovalbumin has bWspectrum is apparently well-approximated by the two-pool
observed at84.2 MHz Wh'Chl limitssie in that system to longer model with the effective coupling constanﬁﬁc, defined from
than 5x 107°s (aip > 1257) (34). o the results of the reduced three-pool model, Eq. [8]. Other defini
The slow limit forzsiee, is related to the linewidth of the macro-g g for the effective magnetization transfer coupling constan
molecular spectrumif). kqp Cannot be greater than the spin 46 peen introduced into the two-pool moded,(29. Hinton

spin relaxation rate within the macromolecular population. Fay,4 Bryant 28) define their two-pool magnetization transfer
T,c on the order of tens of microsecondg;, must be smaller coupling constanthﬁC by
off »

than tens of kilohertz. Based on Eq82], s must be shorter
than 2.5x10*s. AC LS P
Kkgp andige as used here in Eq. [1] are pseudo-first-order et =0T =340 [23]
rate constants for intermolecular dipolar magnetization transfer.
They are related taqp by the relative numbers of interactingwherel andSare solvent and macromolecule, respectivejy:
hydrogens 16, 25, 49, is the rate for dipolar exchange in the coupling site witind
Ssymbolizing the two nonequivalent spins,s the lifetime of
K&S = NcKdip the solvent hydrogen in the dipolar coupling site, dhds the
probability that the solvent hydrogen is bound in the site. In the
notation used in heré® = fga andt = 1/«8. Formally, T s

. is the lifetime for two-spin dipolar transfer, ofdgi, (51, 69,
whereng is equal to the number of solvent hydrogens per macr@y.. . means Egs. [14] and [23] are not equivalent. However, i

molecule which are dipolar coupled in the restricted sites, arﬁds is taken as the lifetime for intermolecular dipolar transfer, or

Nc is the number of hydrogens per macromolecajgis given 1/k5C, the definition in Eq. [23] rewritten in the notation used

CB
Kdip = NBKdip,

by i b i
in the present work gives
Lp x NL x dilution factor AB,.CB
Ng = [ Ound 'ES ] s RLS— RAB _ fBA _ fBA _ Kex Kdip [24]
t T =hrt = = = ’
° dot i et facklP +wgh

K Kex i ex
where Lpound, [ Sotls anth are described in Eq.[18]. The dilu- ’ "
tion factor is associated with isotopic dilution of the solvent anghich is the same ag”C from the reduced three-pool model
is equal to the ratio of protonated to deuterated solvenmay given in Eq. [14] for the condition of a small population of
decrease due to isotopic dilution or an increase in temperatuigdrogens in the coupling site.
see Table 1. For isotopic dilutiorgip Will remain constant, and  Hinton and Bryant argue that the dynamics of the solven
K&E will decrease linearly with the dilution factor. Akga will hydrogens in the coupling site are the same as those of tr
increase linearly with the dilution factor*° = fcakgy will  macromolecular matrix and use this argument to eqliajéo
remain constant; see Eq. [14]. With an increase in temperatufgg (28). Mathematically, this is consistent since in the long
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correlation time limit, both AT,s and 1/ T,c will be propor- the hydrogens in the coupling site being more mobile than ir
tional to zsie. One of the implications of this equivalence is thathe macromolecular matrix and therefore the magnitude;pf
Tis is equal to the reciprocal of the intrinsic dipolar ratgxd,,  will be smaller than 1Toc. Also, itis found that ifigi, is larger
not the intermolecular dipolar rate/:df,‘ig. If T\sis equated to than about 100, it is not possible to model empirical MT
1/k4ip, EQs. [23] and [24] cannot be made equivalent. Furthefata as a function of temperature with the theoretical mode
from Eq. [22], identifyingT, s with 1/kqip implies thatrsie must  presented here.
be on the order of &% 10™* s (for Tjs = Toc~ 10 us). This
seems an unreasonably long correlation time given the Iik%/
local fluctuations in the macromolecular structure and/or local
motions of the solvent molecules in the dipolar-coupled site. Magnetization transfer spectra as a functiorfgf andng as

In the present work, the interpretation of the magnitude gfven in Table 1 are presented in Fig. 3. The number of dipolar:
the dipolar couplingkqip, is based on the relative motions ofcoupled solvent hydrogenss, will decrease with fewer binding

pendence of MT on Hydrogen Populations
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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 the ¢
coupling site,ng. ng decreases as a function of temperature due to a weak binding cons§gasee Table 1b. (—) 273 K; (-) 298 K; (——) 323 K; (—)
348 K; (- - -—) 373 K. All other parameters are held constant to observe only the effagt &a: 1.0 S, Toa: 0.06 Skex: 1000 s, Rp: 2.0 571, To: 0.002 s,
kdip: 15 s1,Ric:5.0s1, o¢: 15,000 Hz. The corresponding horizontal lines are the maximum magnetization transfer effect under conditions of complete satu
of the macromolecular magnetization, Eq. [16]. (b) MT spectra as a functiog with an increase in the concentration of macromoleculgg] [= 0.01 M. The
ratio of macromolecular hydrogens to bulk-solvent hydrogens increases by a factor fefa18, 0.75, and the ratio of bound to bulk-solvent hydrogefig,
decreases by a factor of 1fis remains the same as in Table 1b. All other relaxation parameters are the same as in (a). (c) MT spectra as a fogctiareof
conditions where the solvent water has been diluted by a factor of 10 with Table 1c. All other relaxation parameters are the same as for (a).
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sites, fewer hydrogens per bound solvent molecule, and/or wdK Spectra as a Function of Temperature: Limiting
solvent—macromolecular binding constants. The dependence dParameters and Modeling Trends in Empirical Data
the bulk-solvent signal intensity oxg enters through the inter-
molecular dipolar couplingCAKgfig3 = fcahgkgip. FOr a given  The temperature dependence of the magnetization transf
concentration of macromolecules, the effect of a smalewill  spectrum must reflect the characteristic temperature depender
be to decrease(ﬁg. fca will remain nearly constant when theof the processes and system parameters which are limiting tt
B-pool is small. The example shown in Fig. 3a demonstratdegree of detectable coupling between the macromolecular ar
the resulting decrease in the magnetization transfer effect whank-solvent populations. The temperature-dependent process
ng decreases as a function of temperature as a result of a waakl parameters on whid?2' (co)/ M4 will depend are the spin—
binding constantK,. lattice and spin—spin relaxation of the bulk and macromolecula
An increase in the concentration of macromolecules resuligdrogen populations, the ratio of macromolecular to bulk hy-
in an increase irfca. The degree of magnetization transfer wildrogensfca, the number of bound solvent hydrogems the
increase (Fig. 3b) asca becomes larger as a result of an instrength of the dipolar couplingp, and the hydrogen physical
crease inc”® (Eq. [14]), as well as an increase in the relativexchange rate between the intermediate and bulk-solvent po
contribution of the macromolecular relaxation, as most easilyations«42. The predominant effects of these factors on the
seenin Eq. [15]ng, and therefore(%‘, will not change with the magnetization transfer are considered below.
concentration of macromolecules. Spin—lattice relaxation in the bulk phase will affect how long-
The effects of isotopic dilution will be apparent in batg lived the dipolar transfer will be in the bulk-solvent phase. As
and fca. ng Will decrease by the dilution factor anfga will  the temperature increasdsga will increase since it scales with
increase by the same factor, and therefore there will be a smhb# reciprocal of the correlation time describing motions in the
dependence of*¢ on dilution, especially under the conditionsbulk solvent. Longef;4 values will essentially increase the ob-
of rapid exchange. As with an increase in macromolecular cagerved magnetization transfer effect because there is more tin
centration, the effect of the increasefign with dilution will be  for the dipolar saturation transfer effect to build up in the bulk-
toincrease the relative contribution of the macromolecular relaselvent phase. Spin-lattice relaxation in the macromolecula
ation parameters to the MT spectrum; see Eq. [5], and compalease will effect the efficiency of saturationTifc, does change
Figs. 3a and 3c. with temperature, the longdic, the more efficient the satura-
tion, and the greater the observable magnetization transfer effe
The predominant effect @, andT,c will be on the width of the
direct and indirect saturation effect. Both scale inversely with
The magnitude of MT becomes independent@# and«z?  the appropriate correlation times and therefore will get longe
as these rate constants get large; see Eq. [15]. The condifjith increasing temperature. The width of the direct saturatior

Dependence of MT atyip, and ke

which must be met is “peak” (nearA ~ 0 Hz) and the indirect saturation in the MT
Ac spectrum will get narrower.
K- R The strength of dipolar couplinggip, will depend on the dy-
> Ric, Rrrc . . . . _ .
fea namics of the coupling sit&i, will decrease with increasing

temperature ifsie gets shorter, contributing to a decrease in the
observable magnetization transfer effegf, may also change
with structural or conformational changes in the coupling site
— = P __ > Ric, Reec. [25]  @s aresult of pH, solvent effects, and temperature, which ma
Kkbe + chKé‘;E increase or decrease the separation between the coupled hyd
gens. Physical exchangel®, will increase with temperature
Ricwillbe onthe order of 10, and under standard experimenand will contribute to an increase in the observed magnetizatio
tal conditions wherey; ~ 3000 rad s* andoc ~ 20,000 Hz, transfer effect ifin the slow exchange limit50 s . These slow
Rrrc < 1. Magnetization transfer spectra as a function of trexchange rates seem unlikely.
coupling constantsc§® and «42 are presented in Fig. 4. Thetemperature dependence of water-macromolecular ma
Figure 4 is a plot of the magnitude of magnetization transferetization transfer has been previously investigated in cros:
M2 (00)/ M5, at Ap =10 kHz as calculated using Eq. [A1] as dinked bovine serum albumin (BSA) and heat-denatured oval
function ofxggg and« 22 with all other parameters held constantbumin (Fig. 5) 8, 49. MT in BSA as a function of temperature
It is apparent from these plots that the condition in Eq. [25] isas also been studied using other protonated solv28isThe
metwhenc42 andkgi, are greater than about 50's This means  degree of MT and the dependence on temperature are charz
that when attempting to fit magnetization transfer data, relialileristic of the system demonstrating the sensitivity of MT to
values for the dipolar-coupling and exchange rates will not lB®lvent—macromolecular interactions.
able to be extracted with confidence when these rates exceetio set up a comparable system to the BSA work presented k
this limit. Hinton and Bryant, MT spectra were acquired on a sample o

or

fea

AB,.CB AB,.CB
Kex Kdip ( ch) _ KexKdp
facRe
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FIG. 4. The amplitude of the steady-state bulk-solvent magnetization enhancermeM;1c0)/ M, at A = 10,000 Hz as a function af,® and/cgg. e

varies between 1.0 and 113s kgip varies from 1.0 to 50 (a) ng equals 101([%5 then varies from 10.0 to 500°8. All other parameters are held constant:
fea, 1.25x 107%; fgc, 1.67 x 1073; fca, 0.075;R1a, 1.0 s71; Toa, 0.02 s;Ryg, 2.0 s71; Tog, 0.002 s;Ryc, 5.0 s71; o, 15,000 Hz. (b) Same as in (a) except the
bulk solvent has been diluted by a factor of b8.= 1.0 andxgy ranges from 1.0 to 50°S.

hydrated cross-linked BSA. The sample was prepared follos#ive to temperature in this range and that it is reasonable ti
ing the procedure in Ref2g). Magnetization transfer spectraapproximate thal,c or oc are temperature independefd).
are presented in Fig. 5a. The degree of magnetization trafifie temperature dependenceTat and «gi, will depend on
fer increases as a function of temperature. The MT spectriocal motions within the macromolecular matrix and in the cou-
linewidth is independent of temperature, which suggests th@ing site. T;c will be assumed to be temperature independen
the gross dynamics of the macromolecular matrix are inseass 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 procedur2gn Redtgl of
0.11 g of BSA (96—98% bovine albumin, Sigma Chemical Company) was dissolved in 0.95,0AH200 molar excess of glutaraldehyde was added to the BSA
solution as 0.11 mL of a 25% aqueous solution of the cross-linking agent (25% aqueous solution, Grade Il, Sigma Chemical Company). Magnetfeation
spectra as a function of temperature were acquired on a Bruker ARX300 spectrometer. (a) Experimental MT spectra acquired on a Bruker ARX3@6rspect
(b) MT spectra calculated using Egs. [7, 8ka, fac, fca, andng 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 edfeditiomdesf
complete saturation of the macromolecular magnetization,I6§. (c) MT spectra calculated using Egs. [7, 8] under conditions where the solvgDtHds been
diluted by a factor of 10 with the deuterated analogODParameters are given in Table 3a.

increase in the degree of magnetization transfer to also assumagnetization transfer with temperature can thus be account:
thatxqip (and thereforesie) is insensitive to temperature in thisfor with the model presented here by increas@sinsee Fig. 5b.
range. Itis of note that the magnitude and behavior with temperature o
To model the albumin MT data, reasonable values figy the MT results for this sample of BSA match closely the results
andng as a function of temperature were calculated assuminftained for heat-denatured ovalbunviz,
five binding sites per proteinl4, 28, a binding equilibrium  MT studies using bovine serum albumin are presented in th
constant of 1.0, and a binding enthalpy appropriate for hydrogierature for samples approximately 10% by mass protein an
bonding; see Table 1a. No temperature dependence is obseavatixed solvent system approximately 10% by mas®HL0—
in these parameters;qpsincreased from 1.5t0 2.6 s afldyps  20% by mass other protonated polar solvents, and the remaind
is approximately 60 ms. These are the short limitig and D,0 (28). As with ovalbumin and BSA in pure}D, an increase
Toa. Given the values and approximations Mpns T2ons @and  in water—protein magnetization transfer with temperature is ob
fca, and assuming a low-temperature valuedfff of 100 s, served. There is about a twofold increase in the magnitude
the magnitude okqjp, = 15 s’ was chosen to approximate thethe magnetization transfer effedfif (co)/ M4 at Ay = 10 kHz
observed depth ofthe MT spectrum. The increase inthe obserf@dBSA in H,O ranges from 0.25 to 0.1, for BSA in the mixed
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TABLE 2

fea, fac, and fca as a Function of Temperature

Temperature K§ [L bound Nnp foe foc fce
Acetone [Lol =2 M
nN=3 [Sol=1x103M
AHp = —20kJ dilution factoe=1.0
273 0.0100 7.7%10°5 047 3.90x 10® 77.79x10°° 0.50
298 0.00478 3.7%10° 0.23 1.89x10° 3.77x10°° 0.50
323 0.00256 2.0%10° 0.12 1.02x10° 2.03x10°° 0.50
348 0.00150  1.1%10°° 0.072 596<10° 1.19x10° 0.50
373 0.000942 7.5210°° 0.045 3.76<10° 7.52x10° 0.50
Methanol [Lot = 3M
N=2 [So]=1x103M
AHp = —20kJ dilution factoe=1.0
Temperature Kg [Lbound N fra frc fca
273 0.0100 8.6k10° 0.34 2.87x10® 574x10° 0.50
298 0.00478 42%10° 0.17 1.40x 10> 2.81x10°° 0.50
323 0.00256  2.2%10° 0.091 7.5810°% 152x10° 0.50
348 0.00150  1.3410°° 0.053 4.46<10°% 892x10°% 0.50
373 0.000942 8.4410° 0.034 281x10°% 563x10° 0.50

Note The data presented are for a system in which the protein concentratie@s4 M
in a mixed solvent system of acetone, methanol, and whiier= 6 for acetoneN}; = 4
for methanoI,N,ﬁ‘ = 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 oy (S_l) Rig (S_l) Ric (S_l) Toa (S) Tog (S) oc (Hz) KQXB (S_l) Kdip (S_l)
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
323K 0.57 15 5 0.06 0.0035 15,000 1530 15
348 K 0.35 1.3 5 0.06 0.0043 15,000 4460 15
373K 0.13 1 5 0.06 0.005 15,000 11,300 15

Temperature By (S} Ric(sh) Toa(s) oc(Hz) «BB(sY)  kap(s™?

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

Temperature  Re(s™)) Ric(sl)  Tee(s) oc(Hz) «EP(s™H)  kaip(s7h)
273 K 1 5 0.06 15,000 1000 10
298 K 0.88 5 0.06 15,000 2100 10
323K 0.75 5 0.06 15,000 3900 10
348 K 0.63 5 0.06 15,000 6700 10
373K 0.5 5 0.06 15,000 10,600 10

Temperature Rig (S} Ric(s)) Tog(s) oc(Hz) «SF(s™Y)  kap(s™
273 K 1.1 5 0.06 15,000 1000 5
298 K 0.98 5 0.06 15,000 2100 5
323K 0.85 5 0.06 15,000 3900 5
348 K 0.73 5 0.06 15,000 6700 5
373K 0.6 5 0.06 15,000 10,600 5
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solvent systenM2 (co)/M{ at Ax = 10 kHz ranges from 0.13 1.0

t0 0.05). The relative increase in the water magnetization transfe a . 1
for the BSA sample in the mixed solvent system with respect tc r 1
the BSA samplesin p0O can be accounted for by the effects of di- - .1 ]
lution of the water with RO; see Fig. 5c. Isotopic dilution leads § C 1
to increases in the observable MT due to an increaderand Fooal ]
relative contributions of the macromolecular relaxation param- L ]
eters; see Fig. 3. An increaseTi due to decreased inter-and ~ o2f .
intramolecular proton—proton interactions in the diluted solvent r 1
may also lead to a relative increase in the observable magnet E'1°X105 Toxiof o 10t X105
zation transfer effect. Hinton and Bryant argue that the behavio
of the magnetization transfer with temperature is attributable 1.0f 5 ]
to competing effects of whole-solvent exchange and exchang r 1
of labile hydrogens. Labile hydrogen exchange is treated as ~ ®®[ ]
separate pathway for magnetization transfer which does notin, | ]
clude dipolar transfer. The authors then argue that the increase = *° B
water—macromolecular magnetization transfer with temperaturﬁ:/. o4l B
is aresult of the increase in exchange rate with temperature. Pr r 1
vious results have demonstrated that hydrogen exchange alone 4, ]
not a sufficient mechanism to account for magnetization transfe i 1
(17). Consistent with the model presented here, the increase i 00— 7 7 1
magnetization transfer may be accounted for by the increasei ~'*"° 10 0 510 110
T1a With temperature. 10T .
The model and parameter constraints presented here are eas r C ]
extended to interpret experimental magnetization transferin thc 0.8 7
water/acetone/methanol tertiary solvent system used by Bryar [ ]
and Hinton. In contrast to what is observed for water, a decreas °¢[- 7
in magnetization transfer was observed with temperature foE [ ]
both acetone and methan@§j. Also, a significant decrease in = ** E
the magnitude of solvent—-macromolecular magnetization trans ook B
fer was observed for both acetone and methanol compared 1 | ]
water. The latter effect may be accounted for by weaker dipola:  o.0t ‘ 1

coupling as a result of a larger solvent—-macromolecular inter- ~1x10° -5x10* . OH o sx10* 1x10°
molecular spacing as a result of acetone and methanol being requency offset (Hz)

both larger than water and less tightly held at the macromolecuriG. 6. Magnetization transfer spectra calculated using Eq. [26] modeling
lar surface due to weaker intermolecular binding. With respegbss-linked bovine serum albumin in a mixed solvent system. (a) Solvent-BS,
to the model and constraints presented here, the intermol@@gnetization transfer based dpa. fgc. fca, andng calculated using the

. . CB ; : parameters for Table 1a except for a dilution factor of 0.1 modeling the wate
ular dipolar CouDlmg’Kdip’ is the only parameter which CanMT. The remaining relaxation parameters are listed in Table 3b. (b) Solvent:

lead to a decrease in MT with increasmg temperature. If t@%A magnetization transfer based &g, fpc, fce, andnp data presented in
argument is made as above for the water-macromolecular M3ble 2a modeling the acetone MT. The remaining relaxation parameter
thatxip is insensitive to temperature, then the same must hale listed in Table 3c. (c) Solvent-BSA magnetization transfer based o
for magnetization transfer associated with the other solventss: frc. fce, andnr data in Table 2b modeling the methanol MT. The re-

CB . .maining relaxation parameters are listed in Table 3d.
For k4 to decrease, theng must decrease, which necessi-

tates a weak binding constant for these solvents; see Table 2. ME(o0) MS(00)
o . . : _ EC z\>© ec Mz (%
This is consistent with the arguments presented by Hinton andRie = —(Rie + &g + Rrre) VE T et —c
Bryant. 0 0
_Using a par_allel model for the solve_nt—r_nacromolecular cou- _ —(R 4 SC4 R ) ME(o0) 4 GC ME(00)
plings and using the two-pool approximation for each solvent—' "¢ — 16T Leif RFG MS e MS

macromolecular coupling, the steady-state coupled rate equa-
. f . | . b KAC EC KGC MC(OO)
tions for a tertiary solvent system are given by —Ryc = —<R10+ eff | Keff | Keff | RRFC) z

fea  fee  feo MS

M2 (c0) ME(00) kEE MA(00)  kEE ME(co)  kEE ME(00)
—Ria = —(Rua +«4§ + Rrea) —2 + Kby —= 4oz et 2 4 S 2 , [26
( ef ) MA YIS fca MY " fce M5 fce MS [26]
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where E represents bulk-solvent acetone and G represents bulkrFhe description presented here for the relationship betwee
solvent methanol. The effective coupling constart;, are the observable bulk-solvent magnetization transfer effect and th
given by Egs. [9, 14] with the appropriate substitutions for thghysicochemistry of the solvated macromolecular system incor
respective solvents. Solving these equationsMdi(co)/MZ',  porates many of the ideas which have been presented in the lite
ME(c0)/ME, and ME(00)/ME using the data in Tables 2 andature and leads to a quantitative model which predicts the trenc
3 gives the magnetization transfer spectra presented in Figolserved in experimental data using a relevant set of parametel
which are consistent with the trends observed for the acetoriEhese sets of parameters could be used as initial input estimat

and methanol-BSA magnetization transf2s)( to a more complete analytical analysis of MT data. This rationa
and constrained approach to the interpretation of magnetize
CONCLUSIONS tion transfer data is critical for extracting reliable information

about complex anéh vivo systems. The interpretation of the

A three-pool model is presented and used to model solvemiechanism for magnetization transfer and parameter constrain
macromolecular hydrogen magnetization transfer, explicitly imontributes to furthering our understanding of and enhances tt
cluding the population of solvent hydrogens which are coupledbility to interpret MRI and MT contrast and changes in contrast
by through-space dipolar exchange with the macromolecular higterms of chemical, structural, and dynamic factors associate
drogens and by physical exchange with the bulk-solvent hydmith tissue pathology. In a more general sense, the model er
gens. In most biological systems, the fraction of this populatidrances the usefulness of water NMR as a probe of physicocher
of hydrogens is small. Under these conditions, the steady-stat@ properties of hydrated macromolecular systems.
bulk-solvent magnetization is independent of the relaxation pa-
rameters of these surface hydrogens. This leads to the argument
that the three-pool model is well-approximated by a two-pool APPENDIX A
model for the coupling between the bulk-solvent and macro-
molecular hydrogens. When a two-pool model is used, the cou- The steady-state solutions to Eq. [1] for the longitudinal com-
pling constant must be defined to include both the physical denents are given by
change and the dipolar magnetization transfer rates combined

to reflect a series coupled system. The dipolar coupling is inter- MA (c0)

molecular and is described by the pseudo-first-order rate conRia = (RlA + K B+ ﬁ) VA

stant,xéﬁg’ = Ngkaip, Which contains an explicit dependence on 0

the number of dipolar-coupled solvent hydrogens. AB wfEL\\ ME(c0)
Because of the number of parameters on which the equi- + < ex t+ fea (F1E4>> MB

librium bulk-solvent signal intensity depends, it is difficult to

extract a unique and meaningful set of values which will de- kBB kgp  w? | MB(co)
scribe a magnetization transfer spectrum or set of spectra. How- 2 Rig fBA fec = F2) ME
ever, by constraining the search for parameter values to phys-

ically meaningful ranges based on the relevant conditions of 1 AB w?E3 M2 (00) Kd.p ME(c0)
the system and on observed trends in empirical magnetization + N ( <|:2|52>> M@ fac MOC
transfer, more meaningful results can be obtained which im- c

prove the interpretation of magnetization transfer spectra aR, . = (R1C+K§B+ Re ) Mz (0) n dCBM 7 (c0)
well as the predictive power of the model. An important find- P M§ Mg
ing is that the degree of magnetization transfer becomes inde-

pendent of the physical exchange ratf®, and the intrinsic
dipolar transfer ratexqp, when these parameters are great
than about 50 to 10078. Using the three-pool model and a set

[Al]

’

g¥ith the following definitions and conditions,

of constrained parameters, the analysis of magnetization trans- MB
— MmBBA Mo _ ¢
fer in systems where the supramolecular structure is msed‘étrKex 0Kex » MA BA
tive to temperature showed that the magnetization transfer is 0
primarily limited by the intermolecular dipolar transferg?, ME,BC _ MC,CB Mg ;
and the spin—lattice relaxation in the bulk pha®g,. In sys- ''0*dip = o Xdip- M_é: - 'BC
tems such as less rigid bilayer structures and tissues patholo- AB
gies where the dynamics and/or extent of the macromolec- g _ i +1"B Ryg = i + Kex
ular matrix are sensitive to sample conditions, the degree of Ton & T fea
magnetization transfer may also be sensitive to changes in the 2 2
. (KAB) (KAB)
relaxation parameters of the macromolecular hydrogéns, Dl=Rpg— 2/  D2=Rp— =

andoc. faa Roa fea Rog’
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