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Fluorine is often used in drug-design efforts to enhance the phar-
macokinetic properties of biologically active compounds. Addition-
ally fluorine nuclei (19F) have properties that are well suited to
current pharmaceutical NMR screening programs. Together, these
considerations have motivated our interest in the utility of fluo-
rine relaxation parameters to study ligand–receptor interactions.
Here, we investigate the potential for cross-correlated relaxation ef-
fects between the 19F anisotropic chemical-shift and 19F–1H dipole–
dipole relaxation mechanisms to help pinpoint and quantify ex-
change processes. Methods are proposed and demonstrated in
which the magnitude ratio of the transverse cross-correlation rate
constant ηxy and the fluorine transverse relaxation rate constant,
R2, help estimate the exchange rate constant for ligand-binding
equilibria. These exchange rate constants provide estimates of the
ligand dissociation rate constants koff and can thus provide a means
for rank-ordering the binding affinities of ligands identified in phar-
maceutical screens. C© 2001 Academic Press

Key Words: relaxation; fluorine; screening; binding; cross-
correlation.
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I. INTRODUCTION

Nuclear magnetic resonance (NMR) spectroscopy is becom
g increasingly valued as a screening tool for lead generatio
pharmaceutical drug discovery programs. In response, NM
ectroscopists have intensified their efforts toward optimizin
d developing strategies capable of identifying and characte

ing receptor–ligand interactions (1). A large subset of the cur-
nt strategies screen compound libraries by looking for pe
rbations (e.g., line broadening, chemical shift changes) in th
MR spectra of the compounds upon the addition of a recepto
ese strategies are dominated by proton (1H) NMR methods.

owever, fluorine NMR (19F) methods offer some unique ad-
ntages that merit consideration. First, the absence of endog
us fluorine in proteins and nucleic acids means that19F NMR

elds automatically ligand-selective observation. Secondly, th
emical shift range of fluorine is much larger than the pro
n shift range,≈900 ppm (2), thus increasing the likelihood
well-resolved lines. This also means that the fluorine chem
l shift is much more sensitive to local environmental effects
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hich translates into both larger binding-induced chemical sh
erturbations and exchange-induced line broadening. Third
e favorable pharmacokinetic properties of fluorinated ligand
ave already established19F as a standard component in medic
al chemistry’s “toolkit”; this contrasts with13C or 15N, for
hich difficulties with synthesis or high cost often preclude
eir incorporation into nonpeptide ligands. Finally,19F occurs
t 100% natural abundance and has a gyromagnetic ratio tha
ompetitive with1H. Given these assets, a scrutiny of19F NMR
arameters for their binding information content is of conside
ble interest for receptor–ligand studies.
NMR relaxation experiments can provide information con

erning ligand-binding affinities. In particular, measuremen
f the spin–lattice relaxation rate in the rotating frame (R1ρ) can
lucidate the rate constants governing rapid chemical exchan
rocesses (3, 4). The resulting exchange rate constants can the
ive estimates of the correspondingKD values, thus providing
easures of binding affinity. However, obtaining accurate e

hange rate constants can be difficult if the nonexchange v
us exchange contributions toR1ρ cannot be distinguished from
ne another. This is often the case for the weakly binding lig
nds identified by NMR-based screening methods. Here, w
ropose methods for alleviating this difficulty for fluorinated
gands through the measurement of transverse cross-correla
F relaxation measurements. When combined with the mo
tandard transverse relaxation measurements, they permit
eparate estimation of the nonexchange contributions, thus
wing for a more accurate definition of the exchange rate co
tant. Knowledge of the exchange rate constant gives one
bility to estimate the corresponding equilibrium dissociatio
onstant,KD, which is a measure of ligand-binding affinity.
Previous19F studies aimed at ligand–receptor interaction

ave used chemical shift perturbations and relaxation expe
ents in both fluorinated proteins or ligands. The relaxatio
easurements have consisted of either standard auto-relaxa
easurements (i.e.,R1 = 1/T1, R2 = 1/T2, andR1ρ = 1/T1ρ)
r heteronuclear19F–1H NOE measurements (see, e.g., (2, 5–
0)). However, studies of cross-correlated fluorine relaxatio
ave been fewer and restricted mainly to theoretical analys
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STUDY OF FLUORINATED LI

(11–13). Accordingly, the studies presented here focus on
the theory and measurement of cross-correlated fluorine
ation in the context of their potential benefits toward the e
dation of ligand–binding affinities. Thus, these studies di
address the growing need for methods that can estimate an
pare the binding affinities of ligands generated in NMR-b
pharmaceutical screening.

In what follows, we present pulse schemes that dete
measure transverse19F–1H CSA-DD interference effects.
then apply these schemes in combination with fluorineR1ρ mea
surements to estimate the dissociation rate constant (koff ) and th
equilibrium dissociation constant (KD) of a small singly fluor
nated aromatic compound that binds reversibly to a 15,4
protein target.

II. THEORY

(i) Cross-correlation between the19F–1H dipole–dipole an
19F chemical shift anisotropy relaxation mechanisms.W
are interested in the relaxation interference effects, or,
correlation between a19F–1H dipole–dipole (DD) interactio
and the chemical shift anisotropy (CSA) of the19F nucleus. T
investigate these effects, we focus on the19F relaxation prope
ties of the singly fluorinated aromatic ring schematized in F
This moiety is a common fragment in “drug-like” molec
(14). The fluorine NMR spectrum is a quartet defined by s
couplings to theorthoproton (JFI ≈ 12 Hz) and to the remot
proton (JFS≈ 8.6 Hz). The dominant19F–1H DD interaction
with theortho proton I. Additional DD interactions with ot
ring protons are negligible on account of the greater fluo
proton distances involved. Thus, in what follows, “DD” re
specifically to the dipole–dipole interaction between the
rine and theorthoproton I unless otherwise stated. Similarly
“CSA” interaction is understood to be that of the fluorine nuc

Thorough presentations of the fundamental theory of
ation interference effects are abundant in the literature (15–21)
The presence of these effects in19F NMR spectra have be

FIG. 1. Schematic of the aromatic fluorine moiety used in this stud
denotes the fluorine nucleus, while “I,” “S,” and “K” denote protons. The
circles indicate connections to other chemical groups (typically aromatic
The vectorrFH is the director for the dipole–dipole interaction betwee
fluorine and proton I. The small coordinate frame on the lower right rep

the principal axes of the19F CSA tensor as described in the text.
AND–RECEPTOR INTERACTIONS 3
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discussed by several groups (11–13, 22). Our focus here is
expound on those theoretical aspects of the fluorine CS
interference effects relevant for ligand-binding studies.

Overall molecular tumbling and internal motions mod
the orientations of the DD and CSA interaction tensors re
to the external field,Bo. In turn, these orientational fluctuat
establish local fluctuating fields that stimulate the trans
and longitudinal relaxation of the fluorine spins. Becaus
principal axes of the DD and CSA tensors transform iden
under rotations, their orientational fluctuations are corre
This DD-CSA cross-correlation manifests as differential r
ation rates for the fluorine quartet members. Specifically, q
members associated with proton I spin up will have relax
rates different than those with proton I spin down. In wha
lows, we denote spin up and spin down states for the I
with the superscripts “+” and “−”, respectively.R±2 and R±1
then indicate fluorine transverse and longitudinal relaxatio
constants associated with the two I proton spin states. T
transverse rate constants may then be written as

R±2 = 0TR± ηxy, [1

where

0TR = RCSA
2 + 1

2

(
RDD

2 + RDD
2z

)+ Rex+ ρI . [2

The corresponding expressions for the longitudinal rate
stants are

R±1 = 0L ± ηz, [3

where

0L = RCSA
1 + 1

2

(
RDD

1 + RDD
zz

)+ ρI . [4

Equations [1] and [3] show that the relaxation rate con
for the spin up and spin down populations of proton I ar
sum of contributions from the individual relaxation mechan
(the auto-correlation terms), plus interference effects be
these mechanisms (the cross-correlation terms). The0TR an
0L terms contain the auto-correlation terms. They includ
familiar CSA and DD contributions to the longitudinal and t
verse rate constantsR1 andR2, as well as toRzz andR2z, whic
describe the relaxation of two-spin orders 2IzFz and 2IzFxy

TheρI term accounts for longitudinal dipolar relaxation o
ortho proton I by other nearby protons. TheRex term allow
for the possibility of transverse relaxation enhancements
from time-dependent modulations in the19F chemical shift i
duced by chemical exchange. Here, we restrict our anal
the “fast”-exchange regime in which only a single fluorine
tiplet is observed. In this case, the nonexchange relaxatio
(i.e., R1,2, ρI , and ηxy,z) are understood to bepopulation
weighted averagesof rate constants belonging to the indivi

states coupled via chemical exchange.
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The transverse and longitudinal cross-correlation terms a
xy andηz. Their contributions to the rate constants are of op
osite sense for the spin up (+) and spin down (−) populations
f proton I; hence, they are the source of the differential re
xation. In a basis of Cartesian product operators, this differen

ial relaxation manifests as cross-relaxation between fluorine in
hase coherence (Fx,y) and antiphase19F coherence (2IzFx,y),
s well as between fluorine Zeeman order (Fz) and longitu-
inal two-spin order (2IzFz). The interference termsηxy and
z are then the rate constants mediating these cross-relaxat
athways.
To study the dynamic information of the cross-correlation rat

onstantsηxy andηz, we appeal to their formulations in terms
f power spectral density functions, which are (17)

ηxy = cxdFH

[
2

3
JCD

x (0)+ 1

2
JCD

x (ωF)

]
+ cydFH

[
2

3
JCD

y (0)+ 1

2
JCD

y (ωF)

]
[5]

ηz = cxdFHJCD
x (ωF)+ cydFHJCD

y (ωF). [6]

he coefficientscu (u = x, y) and dFH are the CSA and DD
teraction strengths, and are aggregates of various physic

onstants:

cu = γFB0(σuu− σzz) [7]

dFH = γHγFh-

r 3
FH

. [8]

oth the proton and fluorine gyromagnetic ratios are positiv
ith γF/γH ≈ 0.94. The distance between the fluorine and
roton I isrFH = 2.6 Å. In Eq. [7],σuu andσzz indicate the CSA
rincipal values along theu (u = x or y) andz axes of the CSA

ensor, respectively. TheJCD
u (ω) functions are cross-correlation

ower spectral density functions that give the frequency spe
rum for the correlated fluctuations between the DD interactio
ectorrFH and theuth axis of the CSA tensor. The use of axis-
pecific spectral densities is consistent with an asymmetric CS
ensor for the aromatic fluorine. Solid state measurements on
uoro-phenyl ring by Hiyamaet al. (23) have revealed principal
xis values of−75, 0, and 50 ppm, with the most shielded axis
+50 ppm) normal to the plane of the aromatic ring and the leas
hielded axis (−75 ppm) lying in the plane of the ring and per-
endicular to the CF bond vector. Here, we use the fluoro-phen
SA data as a reasonable model for the19F CSA properties of

he aromatic moiety sketched in Fig. 1. Following the conven
ions of Lucket al. (9) we assign thez, y, andx principal axes
f the CSA tensor with corresponding principal values ofσzz=
75 ppm,σyy = 0 ppm, andσxx = 50 ppm. Figure 1 depicts

he orientations of the CSA principal axes relative to the DD
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akes an angle of 120◦ with rFH and is collinear with the CF
ond.
User-specific models of molecular motion give the spectra

ensity functions analytical forms of varying complexity. Here
e adopt a highly simplified form of the Lipari–Szabo spectra
ensity function that assumes isotropic overall tumbling of th
orinated molecule (24). Additionally, the internal flexibility of
H is assumed to consist of small-amplitude angular excursio
ithin the molecule-fixed frame. The cross-correlation spectra
ensity functions then become

JCD
u (ω) = P2(u · nFH)JDD(ω), [9a]

hereJDD(ω) is given by the scaled Lorentzian distribution

JDD(ω) = 2

5

S2τc

1+ (ωτc)2
. [9b]

DD(ω) is the auto-correlation spectral density function pertain
g to the DD relaxation contributions and represents the fre
uency spectrum for the orientational fluctuations ofrFH rel-
tive to the external magnetic field.P2(x) is the second-order
egendre polynomial 0.5(3x2− 1), nFH is a unit vector that lies
long rFH, andu is a unit vector along theuth principal axis
f the CSA tensor.S2 is the well known generalized order pa-
meter that describes the extent of spatial restriction of therFH

ternuclear vector (24). Internal motion that is completely un-
stricted corresponds toS2 = 0.0 while the complete absence

f internal motion corresponds toS2 = 1.0. The time scale for
e overall isotropic tumbling is set by the correlation timeτc.
onsideration of the CSA and DD parameters and the Lege
re polynomial in Eq. [9a] reveals that the upfield component
f the fluorine multiplet relax more quickly than the downfield
mponents.
The spectral density of Eq. [9a] allows us to consider the var

tion ofηxy andηz with increasing molecular size, or, equiva-
ntly, longerτc. Figures 2A and 2B simulate this variation for
veralB0 field strengths, including 2.4, 7.0, 11.7, and 18.8 T
rresponding to proton resonance frequencies of≈100, 300,

00, and 800 MHz, respectively. The figure assumes the mod
oro-phenyl CSA parameters mentioned above andS2 = 0.85,

hich is the consensus value derived from protein NMR stud
s (25). The transverse rate constantηxy has a nearly lin-
ar dependence onτc as a consequence of the secularJCD

u (0)
rm in Eq. [5]. This implies a more efficientFx,y ↔ 2IzFx,y

oss-relaxation for larger molecules. In contrast,ηz has only a
CD(ωF) dependence. As a result, it has a much smaller ma
itude thanηxy, and peaks atτc ≈ 1/ωF. Suchτc values are
ssociated with high-frequency motions that are characteris
f a rapidly tumbling small molecule (Mr ≤ 500), or a highly
xible 19F fragment that is bound to a large macromolecule

igures 2A and 2B also illustrate the variation ofηxy andηz with

spect to the field strengthBo. Both rate constants have a direct

ependence onBo via the CSA coefficients given in Eq. [7],



5
STUDY OF FLUORINATED LIGAND–RECEPTOR INTERACTIONS 3
FIG. 2. Variations of fluorine CSA-DD cross-correlation rate constants (A)ηxy and (B)ηz with rotational correlation timeτc and field strengthBo. The plots
assume isotropic tumbling of the fluorine moiety and the model CSA pa id

a

c id for
g

line), 7.0 T (long dashed line), 11.7 T (short dashed line), and 18.8 T (d

and an indirect dependence via the spectral density fun
IncreasingBo decreases the contribution of all nonsecular

plings of the spectral density functions; thus, largeBo increase
ηxy but notηz.
rameters of Hiyamaet al. (23). Different magnetic field strengthsBo include 2.4 T (sol
shed–dotted line).

tions.
sam-

(ii) Transverse cross-correlation measurements as an a
characterizing exchange processes.Reversible ligand-bindin
s events constitute exchange processes operating on the micro-
to millisecond time scale. The transverse auto-relaxation rate
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nstantR2 = 1/T2 is sensitive to such processes, as wel
s the faster pico to nanosecond orientational fluctuations r
onsible for the CSA and DD relaxation. For NMR studies o

inding, one therefore needs to be able to identify and qua
y the exchange contributions to R2. To address this need, one
n measure the magnitude ratio|ηxy/R2|. Protein15N relax-

tion studies by Brutscheret al. and Fushman and Cowburn
ave demonstrated the high sensitivity of this ratio to the pres
nce of micro- to millisecond dynamic processes of the protei
ackbone (26, 27).
The high sensitivity of|ηxy/R2| to these “slow” dynamic pro-
sses arises from the divergent responses ofηxy andR2 to chem-

al exchange versus fluctuations in molecular orientation. Fo
discussion of these responses, we consider a small fluorina
and that binds reversibly to a large protein target, and is in fa

xchange between the free and bound states. The fast-excha
enario is appealing not only for its simplicity, but also for
congruence with typical experimental conditions in curren

MR screening protocols (28). We consider first the effects of
emical exchange, and then those of orientational fluctuation
Fast exchange leads to an averagedR2 for the exchanging
and given by (4)

R2,avg= PB R2,B + (1− PB)R2,F+ Rex. [10]

Eq. [10], PB and (1− PB) are the equilibrium fractional pop-
lations of bound and free ligands, respectively.R2,B and R2,F

re bound and free stateR2 values. The additional chemical ex-
ange termRex is the same as in Eq. [2]. For a simple two-state

inding equilibrium,Rex is given by

Rex = 4π2PB(1− PB)(δF− δB)2/kex. [11]

ex depends quadratically on the difference in chemical shift
etween the free and bound states (δB− δF), the bound ligand
action PB, and the exchange rate constantkex. Therefore,Rex

n vanish if the chemical shifts are degenerate, if the popul
ns are skewed, or ifkex is too fast. For proton NMR in typ-

al screening protocols, one of these conditions is often me
contrast, fluorine has a much broader chemical shift spa
900 ppm, (2)) and therefore substantialRex contributions are

ore likely. UnlikeR2, ηxy is unaffected byRex. This is implied
Eqs. [1] and [2], in whichRex effects equally theI + and I −

mponents of the19F multiplet. Sinceηxy is proportional to
e difference ofR+2 and R−2 , it remains free fromRex effects.
xchange therefore leads to a simple population-weighted a
raging of the free and boundηxy rate constants:

ηxy,avg= PBηxy,B + (1− PB)ηxy,F. [12]

To appreciate the effects of orientational fluctuations, we tem
orarily forgetRex, and consider only theR2 andηxy rate con-
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eir expressions in terms of spectral density functions. The e
ression forηxy has been given in Eq. [5]. The corresponding
xpression forR2 is

2 = dFH

2
JDD(0)+ 1

9

{
c2

x JCSA
x (0)+ c2

y JCSA
y (0)

+ 2cxcy JCSA
x (0)

}+ 3dFH

8
JDD(ωF )

+ 1

6

{
c2

x JCSA
x (ωF)+ c2

y JCSA
y (ωF )+ 2cxcy JCSA

xy (ωF)
}

+ dFH

8

{
JDD(ωH −ωF )+ 6JDD(ωH)+ 6JDD(ωH + ωF)

}
.

[13]

he similarity betweenηxy andR2 becomes most apparent if we
se the isotropic spectral density function shown in Eqs. [9a] an
b]. Then we are faced with just one unique spectral densi
nction sinceJCSA

x (ω) = JCSA
y (ω) = 0.5JCSA

xy (ω) = JDD(ω),
nd JCD

u (ω) = P2(u · nFH)JDD(ω). The result is a nearly iden-
al dependence forηxy and R2 on the CSA/DD spectral den-
ty functions evaluated at 0 andωF. The chief differences are
e higher-frequency spectral densitiesJDD(ωH), JDD(ωH±ωF)
at are present inR2 (terms proportional todFH/8 in Eq. [13])

ut absent inηxy. If we can neglect these higher-frequency terms
en the spectral density dependence factors out of the|ηxy/R2|
tio, which then becomes independent from overall rotation

iffusion (26, 27).
The higher-frequency spectral densities may be negligib
r two reasons. For example, for large molecules,JDD(0) À
DD(ωH±ωF) and the latter can therefore be ignored, or the DD
ntributions may be inherently smaller than those of the CS
ntributions. A comparison of the CSA interaction strength
and c2

y with the DD strengthd2
FH in Eqs. [7] and [8] can

uery this possibility. Using the model CSA parameters, a fiel
rength of 11.7 T, and an internuclear distance ofrFH = 2.6 Å,
e find that|dFH/cx|2 ≈ 0.08 and|dFH/cy|2 ≈ 0.04. These

all ratios demonstrate that transverse relaxation of the ar
atic fluorine at 11.7 T is dominated by the CSA mecha
ism; this suggests that the high-frequency spectral densiti
DD(ωH), JDD(ωH ± ωF) of the19F–1H DD interaction may be
eglected in the|ηxy/R2| ratio over a wide range of correlation

esτc.
Figure 3 plots the|ηxy/R2| ratio as a function of overall cor-
lation timeτc for several magnetic field strengths. Two fea-
res are worth nothing. First, the ratio increases withτc and
aches a plateau value above some critical value. This cri
l τc value decreases at higher field strengthBo on account

f the increasing dominance of the CSA relaxation mechanism
econd, the breadth of|ηxy/R2| values becomes increasingly
arrow at higherBo. For example, at 11.7 T, the ratio is ex-

ected to increase only by about 6% asτc increases from 50 ps
50 ns. Thus, if we consider the effects of molecular tumbling
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FIG. 3. Variation of the magnitude ratio|ηxy/R2| in the absence of exchange broadening termsRex with rotational correlation timeτc and field strengthBo. Th
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line). At higher field, the ratio becomes almost independent ofτc over the e

alone, we anticipate little change in the|ηxy/R2| ratio for a19

ligand that goes from a state of free tumbling, to one in w
is bound to a high molecular weight receptor. According
expect|ηxy,F/R2,F| ≈ |ηxy,B/R2,B|. In turn, this near equa
implies that the exchange-averaged ratio will also be ess
unchanged from the free state value.

The dominance of the CSA relaxation mechanism f
aromatic fluorine therefore allows the definition of a ch
teristic ratio, |ηxy/R2|, that is practically independent of
rapid pico- to nanosecond motions associated with o
tional fluctuations. Increases in molecular weight caus
minor or negligibleincreasesin |ηxy/R2|. Exchange proces
lead to averaged rate constants,ηxy,avg and R2,avg. Accor
ingly, we expect that the ratio of the averaged rate con
|ηxy,avg/R2,avg|, to be almost unchanged from those measu
the separate states, providedRex≈ 0. If, however, the chem
exchange does entail a significantRex, then R2,avg will be in
creased byRex but ηxy,avg will not. The ratio |ηxy,avg/R2,av

will then show an “anomalous” decrease. Compariso
this ratio for fluorine moieties in different microenvironm
therefore provide a means for identifying, localizing, and
paring exchange processes. This feature is of specia
est for molecular recognition studies since the dynamic
diating recognition typically operate on these “slower”
scales.
(iii) Cross-correlation measurements as a means for im
ing the accuracy of binding affinity estimates by NMR relax
Once aRex contribution has been identified, various follow
solid line), 7.0 T (long dashed line), 11.7 T (short dashed line), and 18.8 T (dashed–dot
tire range of correlation times.
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strategies may be used to probe for the underlying exchan
constants. One strategy measuresR1ρ , which is the relaxati
rate constant for magnetization along an effective field in t
tating frame. More specifically, one observes the depende
R1ρ on the effective field magnitude (4). This dependence, or d
persion, is then fitted to an analytical function that include
exchange rate constant as one of the fitting parameters. A
rotational fluctuations, the form of the analytical function
pends on the model used to describe the exchange proces
the fluorine effective field is achieved using a continuous-
(CW) radiofrequency spin lock with an (rf) field of magnit
γFBrf . The spin lock is applied on resonance with the exch
averaged fluorine chemical shift,δavg = PBδB + (1 − PB)δF

If we assume the same two-state exchange as above, a
γFBrf > |δF − δB|, thenR1ρ gains a functional dependenc
γFBrf given by (3, 4, 29)

R1ρ(γFBrf ) = RNE
2 +

A/kex

1+ (γFBrf/kex)2
. [14

Equation [14] describes a Lorentzian of half-widthkex squa
ting on a plateau value ofRNE

2 . The desired exchange rate
stant iskex, which is related to the bound ligand fractionPB an
the ligand off-rate via the ratiokex = koff/(1− PB). Under
large ligand excess typical of screening protocols,PB ¿ 1 an
thereforekex well approximateskoff . The amplitude factorA i
related toRex (cf. Eq. [11]) via the productA = Rexkex. From
ation.
-up

the Lorentzian form of Eq. [14], we expect thatR1ρ decreases
asγFBrf increases. In the limit thatγFBrf À kex, one approaches
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NE
2 asymptotically. Note thatRNE

2 contains only the nonex-
hange contributions toR1ρ that stem from the CSA and DD
elaxation mechanisms. Under the reasonable assumption th
he CSA and DD spectral densities satisfyJ(ω± γFBrf ) ≈ J(ω),

NE
2 is then given by theR2,avg in Eq. [10] minus theRex term:

RNE
2 = PB R2,B + (1− PB)R2,F. [15]

ote that the informative dependence ofR1ρ onγFBrf can escape
etection if there is a severe mismatch betweenkex andγFBrf ,
r if Rex becomes too small.
To determine the desired exchange rate constantkex, one fits

he γFBrf dependence ofR1ρ to Eq. [14], usingA, RNE
2 , and

ex as the three adjustable parameters. However, accurate fi
f kex are practically impossible unless the experimentalR1ρ

alues sample the full range of Eq. [14]. In particular, it is cru-
ial to have data that samples thenonexchange contributions
o R1ρ (i.e., the plateau valueRNE

2 ) since the fittedkex value is
xtremely sensitive to that ofRNE

2 . In principal,RNE
2 can be ex-

racted directly from theR1ρ data, providedγFBrf can be made
ufficiently strong to satisfyγFBrf À kex. In practice, such strong
f-field strengths are often impossible due to considerations o
ample integrity or hardware limitations. Moreover, the weakly
inding ligands detected by NMR screening can havekex val-
es that exceed the acceptable range of rf-field strengths. W

herefore need an alternate means of estimatingRNE
2 that does

ot rely onR1ρ . Measurements of the|ηxy/R2| ratio can pro-
ide this means. Specifically, we can first measure|ηxy,F/R2,F|
or the free ligand. Assuming an absence of exchange broa
ning in the free state, this ratio reflects only the CSA and DD
elaxation. Under the aforementioned caveats, we then explo
he insensitivity of this ratio to changes in rotational correla-
ion time, and assert that this ratio is maintained in the boun
tate, i.e.,|ηxy,B/R2,B| ≈ |ηxy,F/R2,F|. Substitution of this re-
tion into the fast-exchange expressions of Eqs. [12] and [15

hen yields|ηxy,F/R2,F| ≈ |ηxy,avg/RNE
2 |. This last relation then

llows one to estimateRNE
2 independently fromR1ρ through

easurements of the free stateηxy,F andR2,F, and the exchange-
veragedηxy,avg. The transverse cross-correlation measuremen
herefore enable the estimation of the nonexchange contributio
o R1ρ , which is crucial for the accurate estimations of thekex

xchange rate constants. As such, the|ηxy/R2,F| ratio can be a
owerful aid for accurate analysis ofR1ρ measurements aimed
t rank-ordering binding affinities.

III. PULSE SCHEMES AND RESULTS

As discussed above, the transverse cross-correlation rate co
tantηxy is more sensitive thanηz to changes in overall molecular
umbling. Additionally, it can help pinpoint exchange processes
hus, from the standpoint of ligand–receptor interactionsηxy is
f greater interest, and we present below three pulse schem
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rrelation spectra. The third scheme measuresηxy for subse-
ent use in ligand-binding experiments.

(i) 1H detected cross-correlation.The simple pulse scheme
Fig. 4A provides evidence of the transverse19F–1H CSA-DD

FIG. 4. 19F–1H pulse schemes for detecting and quantifying transvers
ss-correlation effects. Thin and thick vertical bars indicate 90◦ and 180◦
lses, respectively. Pulses without explicit phase symbols are along+x.
) Fluorine to proton transfer via transverse cross-correlated cross-relaxatio
ase cycling is as follows:φ1=+y,−y, φ2= 2(+y), 2(−y), φsl= x, and

c=+x,−x,−x,+x. The low shaded pulses are low-powered 2-ms rect-
gular 180◦ pulses of phase opposite from that of the adjacent hard 180◦
lses. The proton signal is recorded with fluorine decoupling. Rectangu

gradients are applied along thez axis with the following durations
d strengths: g1= 1 ms,−12.5 G/cm; g2= 1 ms, 13.7 G/cm; g3= 800µs,
G/cm; g4 = 800 µs, 15.3 G/cm. (B) Proton to fluorine transfer via

nsverse cross-correlated cross-relaxation. Phase cycling is as follow
= 4(+y), 4(−y), φ2= 2(+y), 2(−y), φsl=+x,−x, and φrec= 2(+x),
x), 2(+x). The signal is detected with proton decoupling. Rectangu
gradients are applied along thez axis with the following durations

d strengths g1= 1 ms, −13 G/cm; g2= 800 µs, 9.5 G/cm; g3= 1 ms
.3 G/cm. (C) Measurement ofηxy. Phase cycling is as follows:φ1=+y,
, φ2= 4(+y), 4(−y), 4(−x), 4(+x), φsl= 2(+x), 4(−x), 2(+x), 2(+y),
y), 2(+y), andφrec= 2(−y,+y), 2(+y,−y), 2(+x,−x), 2(−x,+x). For

wnfield selection,φ3= − y and for upfield selectionφ3= + y. Delays are
= 23 ms andδ = 19 ms. The delayδ was varied until optimal suppression of

unwanted doublet member was achieved. Gradients were rectangular pul
th the following durations and strengths: g1= 500µs, 7 G/cm; g2= 1 ms,
.1 G/cm; g3= 500µs, 12.4 G/cm; g4= 1 ms, 14.9 G/cm. For all experiments,

imple CW long pulse of lengthTlock and strengthγFB1 ≈ 2 kHz was used
spin locking.
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STUDY OF FLUORINATED L

cross-correlation. In brief, the scheme generates proton
ence from the19F magnetization by way of the CSA-DD cr
relaxation pathwayFx,y↔ 2IzFx,y. The initial proton 90◦ is fo
lowed by a purge gradient to ensure that no signal orig
from the proton equilibrium magnetization. A19F 90 pulse th
places the19F magnetization alternately on the±x axis. Sub
quent spin locking along thex axis suppresses chemical shi
scalar coupling evolution while encouraging the cross-cor
cross-relaxation. Just after the spin lock, we have an adm
of Fx and 2IzFx. Application of the last pair of 90◦ pulses tra
fers fluorine 2IzFx coherence to proton 2FzI y coherence. T
concluding two spin echoes refocus the antiphase 2FzI y to I
via INEPT (30), while simultaneously suppressing wate
the excitation sculpting method of Hwang and Shaka (31). Th
total INEPT refocusing time is1. Due to the small proto
fluorine scalar coupling constants (8–12 Hz), rather long
1 are necessary and proton–proton scalar coupling ev
causes some defocusing. The proton signal is read out w19

decoupling. Longitudinal cross-correlation is detected
analogous pulse sequence in which the spin lock is repla
a simple relaxation delay, and the first19F 90◦ is replaced
90◦x(F)–90◦±x(F). Application of this sequence to the comp
containing the molecular fragment of Fig. 1 yields a single
at 7.07 ppm corresponding to proton I (data not shown).

19
(ii) F detected cross-correlation.Figure 4B shows an al-
ternativ
gradien

For ligand dynamics studies, we need methods for quantify-
e accomplish

which one simply

e method using fluorine observation. Initially, a 90◦

x(F)–
t combination ensures that the observed signal stems only

ing ηxy in order to estimate the|ηxy/R2| ratio. W
this using a fluorine-detection approach in
FIG. 5. An example of 2D19F–1H correlation spectra usi
AND–RECEPTOR INTERACTIONS 3
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peak

from proton magnetization. An INEPT spin-echo period
creates proton coherence that becomes antiphase with
to the fluorine and other scalar coupled protons. As befo
INEPT delay uses1′ = 1 = 1/4JIF ≈ 21 ms. This fixed de
period can be converted into a constant-time proton ch
shift evolution period, thereby converting the sequence
two-dimensional (2D)19F–1H correlation experiment driven
cross-correlated transfer. In this case1′ becomes 1/4JIF− t1/
and1 becomes 1/4JIF+ t1/2. Before the second proton 90◦(H)
we have an admixture ofI y and 2Ix Fz. The subsequent pai
90◦ pulses converts antiphase 2Ix Fz to 2IzFx. Spin locking
the antiphase coherence leads to the growth of in-phaseFx vi
cross-correlated cross-relaxation. The latter operator is d
in the presence of proton decoupling. An example of th
version of this experiment is shown in Fig. 5 for the fl
nated aromatic compound of Fig. 1. This molecule gives
a single cross peak since we have only one significan19F
1H dipolar interaction. In the more general case, we may
multiple 19F–1H dipolar interactions leading to multiple C
DD cross-relaxation pathways. In these cases, the 2D sp
is advantageous in that the various cross-correlations ca
solved via the proton chemical shift.

(iii) Pulse scheme for measurements ofηxy via transver
relaxation measurements of individual multiplet compo
ng cross-correlated cross-relaxation and the pulse scheme of Fig. 4B.
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easures the relaxation rates for the individual multiplet com-
onents. To enhance the accuracy of these measurements, we
sequence that edits for specific members of the fluorine qua
t by creating an appropriate admixture of the equilibrium19F

nd1H magnetizations. The sequence is shown in Fig. 4C. The
pproach is based on the TROSY methods for aromatic13C–1H
orrelation spectra proposed by Pervushinet al. (32). Note that
ince|γF/γH|2 = 0.88, the19F and1H equilibrium magnetiza-
ons are comparable. The sequence begins with an initial INEP
eriod to create proton coherence that is antiphase with respe
the fluorine. Simultaneously, the INEPT block merely inverts
e fluorine equilibrium magnetization. After the second proton
0◦, a gradientz-filter selects for longitudinal fluorine magne-
zation that includes both the two-spin orders 2IzFz, 2SzFz,
riginating from the1H equilibrium magnetization, as well as
imple Zeeman (one-spin) fluorine magnetization. A 90◦

±y(F)
ulse then transforms these operators into a superposition
ur transverse magnetizations along the±x axis, where each
agnetization corresponds to a particular member of the flu
rine quartet. The transverse magnetizations corresponding
e outer and inner quartet lines evolve with effective coupling

onstants that are the sum and difference of theJIF and JSF

oupling constants, respectively. After a total evolution time of
≈ 1/2(JIF + JSF), the outer quartet member magnetizations

re along the±y axis while the inner lines have rotated only
arginally away from the±x axis. A 90◦x(F) pulse then stores
e majority of the outer lines on the±z axis while leaving the
ner lines nearly unaffected. A gradient pulse (g5) preferen-

ally dephases the inner line magnetizations and the following
0◦y(F) pulse returns the outer line magnetizations to the trans
erse plane. Their relative magnitudes depend on the value o
3. A density operator description articulates this dependence
pecifically, the components of the density operator correspond
g to these transverse magnetizations can be expressed in ter
f projector operators that refer to the specific quartet member
3). As before, using “+” for spin up and “−” for spin down,

nd the identities

P++ = 1

4
(E + 2Iz+ 2Sz+ 4IzSz) [16]

P−− = 1

4
(E − 2Iz− 2Sz+ 4IzSz), [17]

e relevant terms of the density operator at pointC are

σ (C) = sinα
(
(−)nMeq

H ε(1)− Meq
F

)
P++Fx

+ sinα
(
(−)nMeq

H ε(1)+ Meq
F

)
P−−Fx, [18]

here
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Eqs. [16] and [17],E, I , andSare the identity, I proton, and
proton operators, respectively. In Eq. [18], the product ope
orsP++Fx andP−Fx refer tox magnetizations for the outer
es of the fluorine quartet. The symbolsMeq

H andMeq
F are the

uilibrium z magnetizations for proton and fluorine, respec
ely. The argument of the sine function isα = π (JIF + JSF)δ.
e exponentn is 1 or 2, if φ3 is +y or −y, respectively. If
= 1, the signals stemming from the proton and fluorine equ
rium magnetizations add for theP++Fx quartet member and
btract for theP−Fx member, thereby selecting forP++Fx.

lternatively, the choice ofφ3 = −y setsn = 2, and we
hanceP−Fx and attenuateP++Fx. We found that a delay
1≈ 12.5 ms produced optimal suppression for either sce
rio. The stacked 1D-fluorine spectra of Fig. 6 illustrate th
lection process described. The top and middle traces sh
e spectra obtained from the pulse sequence of Fig. 4C ju
ior to the spin lock (pointC) with φ3 = −y (top) and+y
iddle). These traces may be compared to the standard proto
upled 1D spectrum shown in the bottom trace. Whereas t
ttom trace displays the full fluorine quartet, the top and middl
ces show selection for only the downfield and upfield qua

t members, respectively. Primarily the outer lines are retaine
++Fx, P−−Fx) with lesser contributions from the inner lines
+−Fx, P−+Fx).
Having achieved the appropriate quartet member selectio
e application of a fluorine spin lock along thex-axis after
int C then allows measurement of the associated transver
laxation rate. The resulting signals are detected without pr
n decoupling. As noted above, the SF dipolar interaction
gligible compared to the IF interaction. Thus, for CSA-DD
oss-correlation effects here, the state of the S spin is irrel
nt and the transverse relaxation rate constants forP++Fx and
+−Fx are given byR+2 and those forP−+Fx and P−−Fx are
ven by R−2 (cf. Eq [1]). The magnitude difference of the two
te constantsR+2 andR−2 gives an estimate of 2|ηxy|.
The above strategy may be compared to the current met
s for measuringηxy for 15N–1H spin systems (18, 19). These

ethods employ multiple INEPT periods of duration 1/2JNH

detect separately auto-relaxation of Nx and cross-correlated
oss-relaxation betweenNx and 2IzNx. These methods are sen-
tive for 15N–1H spin systems due to the large heteronuclea
alar coupling constant,JNH≈ 90 Hz, which allows ample IN-

PT transfer with minimal transverse relaxation losses. How
er, for the aromatic19F–1H spin system,JIF = 12 Hz, lead-
g to INEPT periods of≈42 ms. Such long delays are not
ell suited for the fluorine work presented here. In particula
e high sensitivity of19F to exchange broadening exacerbate
e transverse relaxation losses during INEPT spin-echo se
ents. The method described above involves transverse fluor
agnetization for≈1/4JFH as opposed to 1/2JFH, and therefore
tains greater sensitivity.
(iv) Observed behavior of|ηxy/R2| versusτc. To study the
havior of |ηxy/R2| as a function of the overall rotational
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FIG. 6. Example of quartet component selection using the pulse scheme of Fig. 4C. Top and middle traces correspond to the downfield (A) and upfield
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(B) quartet components selected by settingφ3 = −y and+y, respectively
spectrum (C).

correlation time,τc, we measured both parameters for a
fluorinated compound (Mr = 242) containing the arom
schematic of Fig. 1 as its core. To access longer corr
times, the compound was dissolved in a buffer containin
(v/v) d-glycerol. We used the sequence of Fig. 4C to es
ηxy, and a compensated CPMG sequence (16, 34) to meas
R2. We further supplemented these measurements with
resonance19F R1ρ measurements using rf field strengths o
and 771 Hz. The experiments were recorded at three te
tures including 22, 14, and 10◦C, and the results are liste
Table 1.

At all temperatures, only a single fluorine multiplet i
served. The magnitudes ofηxy and R2 both increase with
creasing temperature. This is consistent with longerτc valu
caused by the increased viscosity at lower temperature.
tion of Table 1 shows that|ηxy| andR2 both approximately d
ble when going to 10 from 22◦C. However, give the estim
errors, their ratios show no significant changes. To plac
bounds on the overall correlation timeτc, a proton NOESY w
run on the same sample at 11.7 T, 10◦C, with 100 ms mixing tim
The cross peaks are of the same sign as the diagonal, su
a τc value greater than≈370 ps/rad. The two19F R1ρ measu
ments act as a coarse-grained probe for the presence of e

dynamics. At all temperatures, theR1ρ values show no signi
cant change fromγFBrf/2π = 770 to 4330 Hz, thereby sugge
ing an absence of exchange processes in this frequency
For comparison, the bottom-most trace shows the standard proton-coupled
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Taken together, the data suggests that the free molecule
tions are a reasonable approximation of an exchange-free
and that the|ηxy/R2| ratio demonstrates the expected insens
ity to changes in rotational diffusion (τc) as simulated by Fig.

(v) Estimation of the binding affinity (KD) of a small lig-
and to a protein receptor target usingηxy and R1ρ . We then

TABLE 1
Magnitudes of Ratios of CSA-DD Transverse Cross-relaxation
Rates ηxy and the Transverse Auto-relaxation Rate R2 at 11.7 T

Temperature
Samplea (◦C) |ηxy| (s−1) R2 (s−1)b |ηxy/R2|c

1 mM ligand 50% 10 2.91± 0.10 10.04± 0.04 0.29± 0.01
v/v d-glycerol

1 mM ligand, 50% 14 2.27± 0.06 7.92± 0.02 0.29± 0.01
v/v d-glycerol

1 mM ligand, 50% 22 1.67± 0.06 5.64± 0.02 0.30± 0.01
v/v d-glycerol

1 mM ligand 22 0.36± 0.05 1.45± 0.02 0.25± 0.04
1 mM ligand+ 22 1.42± 0.08 14.7± 0.22 0.10± 0.01

70 µM receptor

a Ligand has a molecular weight of 242 Da and contains the singly fluor
moiety shown in Fig. 1. The receptor is a 15,400-Da protein.
fi-
st-
range.

b Measured using compensated CPMG sequence.
c For the ligand and receptor mixture, theηxy andR2 are exchange-averaged

rate constants.
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vestigated how the binding interaction between the compou
nd a known protein receptor influencesηxy andR2. Two 500-
l samples were prepared: one containing a free compound a
M, and another containing a compound at 1 mM in the pre
nce of the protein target at 70µM. The |ηxy/R2| ratios were
etermined using the same procedures as above, and the res
re given in Table 1.
Both samples yield a single19F quartet, with the protein-

ontaining sample showing a broader linewidth. This sugges
at the compound exchanges rapidly between the free a
ound states. The exchange toggles the relaxation properties
e fluorine between those of the freely tumbling small molecu
hortτc), and those of the large protein–ligand complex (lon

c). Following the Theory section, in the absence ofRex contri-
utions, we expect that the ratio for the exchanging compound
main unchanged, or increase only slightly from that of the fre

ompound:|ηxy,avg/R2,avg| ≈ |ηxy,F|/R2,F|. Alternatively, if the
et R2 for the exchanging ligand does harbor aRex term, then
e observed ratio for the exchanging ligand should decrea
lative to the free compound.
A comparison of the|ηxy,F/R2,F| and |ηxy,avg/R2,avg| ratios
r the free and exchanging compounds shows that the pre
nce of protein decreases the|ηxy,avg/R2,avg| ratio to≈40% of
e free compound value. The magnitude of the decrease e

eeds the estimated statistical errors, and points to a signific
ex contribution toR2,avg. Since the contribution is induced by
e presence of protein, its most probable cause is the bindi

xchange that modulates the fluorine chemical shift.
We would like to determine what fraction ofR2,avg can be

ttributed toRex. The insensitivity of|ηxy/R2| to changes inτc

rovides a means for ascertaining this. Specifically, we can es
ateRNE

2 (cf. Eq. [11]), which is the nonexchange contribution
R2,avg, by exploiting the relation|ηxy,F|/R2,F| ≈ |ηxy,B/R2,B|.

he latter equivalence implies that|ηxy,F/R2,F| ≈ |ηxy,avg/RNE
2 |,

nd one can then solve forRNE
2 . Using results of Table 1, we es-

mate thatRNE
2 ≈ 5.9± 0.9 s−1 for the exchanging compound.

he residualRex contribution (which is partially attenuated
y the CPMG sequence used) is then given by the differen
ex ≈ R2,avg− RNE

2 ≈ 8.8± 0.9 s−1. Having this estimate en-
bles one to separate the contributions of chemical exchan
ersus orientational fluctuations to the total fluorine linewidt
f the exchanging ligand.
To articulate the exchange rate constants responsible for

bservedRex contribution, one can use rotating frameR1ρ mea-
urements. Recalling Eqs. [14] and [15], in limit thatγFBrf be-
omes infinitely strong,R1ρ reduces to the nonexchange contri
ution,RNE

2 . Of course, one cannot increaseγFBrf to arbitrarily
tense powers lest one risk irreversible damage to the sam
r rf coil. Instead, we are limited to someγFBrf,max. Therefore,
e expect thatR1ρ (γFBrf,max) should be greater than or equal to
e RNE

2 value estimated via the|ηxy/R2| ratios. To verify this,
e performed on-resonance CWR measurements on both the
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181, 1168, 2356, 3328 (x2), and 4701 Hz. TheR1ρ values show
o dispersion with effective field strength for the free compound
urthermore, within the estimated errors, theR1ρ values for the
ee ligand are identical to the CPMGR2 values. This is consis-
nt with the free ligand sample acting as an exchange-free ref
nce. In contrast, the exchanging ligand shows a clear dispersi
hich is illustrated in Fig. 7. AfterγFBrf/2π ≈ 4700 Hz, the
1ρ value reaches an apparent plateau value of 6.5± 0.1 s−1.
he cross-correlation measurements predict anRNE

2 value of
9± 0.9 s−1. Given the estimated errors, these values compa
vorably. Their proximity suggests that (i) the use of|ηxy/R2|
defineRNE

2 is reasonable, and that (ii) we are notmissing
gnificantly greaterR1ρ dispersions at higher rf field strengths.
We performed a three-parameter fit of theR1ρ data to Eq. [14].

he three adjustable parameters includedRNE
2 , the amplitude

ctor A, and the exchange rate constant,kex. We used the
xy/R2| measurements to provide the initial estimate for th
NE
2 plateau value. The final fits gave an exchange rate consta
f kex = 5800± 180 s−1.
In our R1ρ dispersion study, we were fortunate that the spin
ck field strengthsγFBrf were able to exceedkex, and thereby
efine theRNE

2 value. However, in general, this need not be true
nd it is for these more general situations that the utility of th
xy/R2|measurements is greatest. More specifically, problem
ssociated with rf heating can restrict the maximalγFBrf to val-
es substantially less thankex. In such cases, one cannot define
NE
2 experimentally. This lack of definition can compromise the
ccuracy of the three-parameter fits to Eq. [14], leading to err
eous estimates ofkex. In these situations, measurements of th
xy/R2| ratio can help improve the accuracy of the fits by pro
ding an independent estimate ofRNE

2 . In effect, the|ηxy/R2|
tio absolvesγFBrf from the sole responsibility of exceeding
ea priori unknownkex, and therefore accurate exchange rat
nstants can still be obtained even if the spin lock field streng
limited.
The exchange rate constantkex is of keen interest since
approximateskoff , which is the unimolecular dissociation
te constant for the ligand–receptor complex. As stated, f
e one-step binding equilibrium, [L]+ [E]↔ [EL], we have
x= koff/(1− PB) wherePB is the bound ligand fraction. Since

ur sample conditions are such thatPB is¿1, we havekex ≈ koff .
ote thatkoff reflects the strength of interactions between th
and and receptor, and its inverse may be regarded as t
ean life time for the ligand–receptor complex. A compariso
f kex ≈ koff values for a series of ligands to a common recepto
erefore allows for a comparison of the relative “tightness” a
e respective ligand–receptor interfaces.
If we know the association rate constantkon, then we can

stimate the equilibrium dissociation constant,KD using the ra-
KD= koff/kon≈ kex/kon. An assumption often used in phar-

aceutical screens of small molecule (Mr ≤ 500) libraries
gainst large enzymatic targets (Mr > 10,000) is thatkon is

s,iffusion-controlled. If we assume akonvalue of 1×109 M−1 s−1,
en we get aKD estimate similar to that obtained by isothermal
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FIG. 7. 19F R1ρ dispersion for the ligand–receptor mixture (ligand at 1 mM, receptor protein at 70µM). The dotted line is the fitted functional dependence
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with a correspondingkex of 5800± 180 s−1. The horizontal line with error
quotient of the exchange-averaged cross-relaxation rate,ηxy,avg, and the free

titration calorimetry (ITC). Specifically, the ratiokex/

1× 109 M−1 s−1 gives an NMR estimate ofKD= 5.8± 0.2µM
while the calorimetry study yieldsKD= 4.8 ± 0.9 µM
(M. Parker, personal communication, 2001). Thus, the
and 19F NMR results are mutually consistent insofa
kon= 1× 109 M−1 s−1 is reasonable. Simple collision mod
estimate the upper-limit for a diffusion-controlledkon at room
temperature to be≈1× 1010 M−1 s−1 (35,36), while typical exp
erimental values forkon are≈1× 109 M−1 s−1 (37). Thus, ou
use ofkon ≈ 1× 109 M−1 s−1 is reasonable for the diffusio
controlled encounter between the small compound (Mr = 242
under study and the much larger protein target (Mr ≈ 15,400)

IV. DISCUSSION AND CONCLUSIONS

Fluorinated compounds have desirable properties both
pharmaceutical and spectroscopic standpoint. We have a
elaborated on the spectroscopic advantages of19F NMR. Th
pharmaceutical advantages include improved pharmaco
properties for biologically active compounds (14). These factor
along with the growing focus of biological NMR on scree
(28), have motivated our investigations into fluorine NMR
tool for characterizing ligand–receptor binding. Often, a si
comparison of the fluorine spectra for a mixture of compo

provides sufficient evidence to expose the binding compou
or, “hits.” The 19F relaxation methods presented here aid
forts to rank-order the affinities of these hits. Such meth
ar indicates the nonexchange contribution,RNE
2 = 5.9± 0.9 s−1, obtained from t

ompound ratio|ηxy/R2|.

ITC
as

els

-
r
n-

om a
lready

gical
,
ing
s a
ple
nds

include the detection and quantification of the rate constaηxy

which arises from the cross-correlation between the19F CSA
and 19F–1H DD relaxation mechanisms, and mediates c
relaxation between transverse in-phase and antiphase
magnetization.

We have pointed to several useful properties ofηxy from th
standpoint of ligand-binding studies. First,ηxy has a strong d
pendence on the overall rotational correlation time of th
orinated compound. This arises from the secular spectra
sity contributionJCD

u (0) shown in Eq. [5]. As a conseque
the magnitude ofηxy increases with slower molecular tumb
(longer correlation time), and becomes amplified in the b
state. For a mixture of compounds in the presence of a giv
ceptor, we therefore expect an|ηxy|enhancement for compou
that bind, since they transiently adopt the slow tumbling o
high-molecular-weight receptor. The rate constantηxy therefor
has similar utility as the protonR2 and the1H–1H NOE in tha
it acts as a diagnostic of binding.

A second useful property ofηxy is its ability to expose che
ical exchange contributions toR2. The dependence ofηxy an
R2 on the19F CSA spectral density functions is quite sim
Under conditions in which the CSA dominates the19F relax
ation, the ratio|ηxy/R2| becomes highly insensitive to chan
in the overall rotational correlation time,τc, of the molecul
nds,
ef-
ods

This insensitivity translates into high sensitivity to the presence
of exchange contributions toR2. However,R2 can also be laden
with exchange contributionsRex while ηxy cannot. Exchange
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off/kon. The ligand-based NMR screening protocols use a large
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erefore leads to decreases in the|ηxy/R2| ratio. The range
f correlation times over which|ηxy/R2| is insensitive toτc is
roader than that of15N for the same field strength; this is at-
ibuted to the greater dominance of the CSA relaxation mech
nism in the case of19F than in the case of15N.
We note that the above behavior of|ηxy/R2| with respect to

c andRex is predicated on the simple proportionality between
e cross-correlation spectral density functionJCD

x,y (ω), and the
uto-correlation spectral densitiesJDD(ω) andJCC(ω). In turn,
is proportionality is a convenient consequence of the isotropi
tor spectral density function shown in Eq. [9b]. This is obvi-

usly a highly simplified description of the orientational fluctu-
tions experienced by the fluorinated compound. It fails to tak
to account the possibility of significant internal flexibility of
e ligand (smallerS2 with associated longer internal correlation

me), as well as overall anisotropic tumbling of the protein–
gand complex. Additionally, the extent of internal flexibility
ay change between the free and bound states of the com
ound. Either of these “real-life” effects will inevitably com-
licate the relationship between the cross- and auto-correlatio
pectral densities. However, it is not immediately obvious how
ignificant an effect they would have on the behavior of|ηxy/R2|
s a function of overall molecular tumbling. We are currently
imulating the effects of more exotic spectral density functions

account for the possibilities of large anisotropy in the overal
ydrodynamic rotational diffusion, as well as internal flexibility.
n the other hand, the prevailing dogma of inhibitor design is to
liminate the internal flexibility of the ligand in order to mini-
ize the entropy losses upon binding. From such a conservativ
erspective, the effects of internal flexibility in “real” drugs do
ot elicit great concern or interest.
In typical pharmaceutical settings, NMR is only one of nu-
erous biophysical techniques available for generating and op

mizing lead compounds. To maximize the efficiency by which
MR screening data can be integrated with data from other tech
iques, it is desirable to correlate the NMR screening data wit
stimates of relative binding affinity. In this context, the19F ηxy

xperiments are appealing since their measurement along wi
1ρ provide a means for rank ordering the tightness of ligand
inding under the same conditions as the NMR screen. Rotatin
ame relaxation measurements (R1ρ) have long been used to
easure exchange rate constants that then enable estimates
inding affinity parameters such askoff andKD. However, the ac-
urate extraction of the exchange rate constants relies critical
n having a fullR1ρ dispersion such that the nonexchange contri-
utions toR1ρ are well characterized by the data. Unfortunately,
is can be very difficult or impossible to obtain, and the lack of
na priori estimate of the nonexchange contributions leads to
rroneous exchange rates. The|ηxy/R2| ratio provides a conve-
ient remedy. If the ratio|ηxy/R2| for the free ligand is exempt
om Rex effects, then the crucial nonexchange contributions to
1ρ can be estimated from the quotient of the excahnge-average
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xy and the free state ratio. Thus, the|ηxy/R2| measurements lig
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prove the accuracy of exchange rate constants that can be
ined from theR1ρ measurements, and thus provide for more
curate estimates of the dissociation rate constantkoff . In lieu
R1ρ measurements, the ratio allows one to estimate theRex

change contribution to anR2 measurement. A comparison of
ese exchange contributions for a series of related ligands m
erefore help rank order their corresponding affinities.
In principal, equilibrium dissociation constantsKD can be
tained by observing changes in NMR relaxation paramete
.g., R1, R2, transferred NOE, ROE) during the course of a
ration. However, within the confines of pharmaceutical NMR
reening protocols, such titrations are not always practical. F
ample, ligand titrations often require the persistent additio
compounds dissolved in organic solvents hostile to the in

grity of the protein. Additionally, protein titrations can lead
aggregation at the higher concentrations needed for chara

rizing weaker binders. Finally, titrations involving relaxation
easurements can seriously decrease throughput since a re
ion series must be performed for each ligand or protein co
ntration. From this viewpoint, thekoff values provided by the
y andR1ρ measurements are attractive since they comprise
trationless” means for extracting binding affinity information.
It should be noted that translational diffusion measuremen
r ligands via pulsed field gradient experiments offer an alte
tive “titrationless” means for estimating binding affinity. A

stinct advantage of diffusion methods is thatKD can be de-
rmined directly, as opposed tokoff (28, 38). The disadvantage
diffusion methods is the decrease in experimental sensiti
. Specifically, in the fast-exchange regime, we observe th
pulation-weighted average of the bound and free ligand di

sion coefficients. However, the bound ligand diffusion coeffi
nt is smaller than the free ligand diffusion coefficient. Thus, t
tect binding, we must work with nearly equimolar amounts o
and and receptor (see, e.g., results in (1, 28)). These conditions
ntrast with the large ligand excesses typical of NMR scree
g. If the receptor concentration is limited (e.g., because of po
lubility or expression), then correspondingly low ligand con
ntrations are called for, and the sensitivity of the experime
ffers. Additionally, the popular diffusion experiments use th

imulated echo, which refocuses only half of the original co
rence (see, e.g., (39)), thus further compromising sensitivity.
te that the bound state reduction of the translational diffusio
efficient contrasts sharply with the bound state enhanceme
ηxy andR1ρ . The latter enhancement is of course what allow
to observe binding effects even in the presence of large liga
cess.
By itself, koff provides information about the tightness by
ich a given receptor binds a ligand. A comparison ofkoff val-
s for a set of ligands to the same receptor provides insig

to the strength of intermolecular interactions at the recepto
and interface. To go further and estimateKD, we need the ratio
and excess because they detect binding via perturbations in
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the ligand NMR spectral parameters (1). Due to this excess, t
kex values from the19F relaxation measurements essentially
uskoff . In contrast,kon must be obtained by other means. Fo
present study, the assumption ofkon= 1× 109 M−1 s−1 leads t
an estimatedKD that is consistent with theKD obtained from
isothermal-titration calorimetry. The assumed value lies w
the range ofkon values reasonable for a diffusion-contro
reaction between the small ligand (Mr = 242) and the mu
larger target molecule (Mr = 15,400) (37). In general, how
ever,kon may be considerably slower than that appropriat
diffusion-controlled encounters due to presence of activatio
ergy barriers or multistep binding. Even within the confine
diffusion-controlled binding,kon can still span several orders
magnitude due to electrostatic or conformational gating e
(36). Without additional measurements for determiningkon, the
KD estimates are obviously vulnerable to the potential erro
herent in thekon assumptions. Nonetheless, these uncerta
need not destroy our ability to rank order ligand-binding a
ties via the19F relaxation measurements. In particular, if
variation inkoff is much stronger than the variation inkon then
a rank-ordering ofkoff yields an accurate rank-ordering ofKD

Such can be the case if we consider a series of ligands b
ing to the same enzyme target. Alternatively, we may choo
articulate the ligand-binding mechanism, and comparekon val
ues for a ligand series. This is possible ifKD values are alrea
known from independent measurements. We can then es
thekon rate constant fromKD/koff . Clearly, this value should n
exceed what is reasonable for a diffusion-limitedkon.

We have presented pulse sequences that demonstrate19F
CSA-DD cross-correlation effect via19F and1H chemical shif
correlation spectra. Such sequences exploit the cross-cor
cross-relaxation pathwayFxy↔ 2IzFxy to achieve polarizatio
transfer between fluorine and proton. The use of CSA-DD c
correlation for polarization transfer has recently been ana
in detail for protein amide15N–1H spin systems by Rieket al
(21). Analogous approaches might also be advantageous
orinated compounds. In particular, for the aromatic fluorine
ety examined here, the heteronuclear scalar coupling con
are small. As the overall molecular tumbling time increa
the transverse auto-relaxation rate constants increase wh
scalar coupling constants remain fixed; these trends lead
creasing efficiency of INEPT-style polarization transfer m
ods. In contrast, the magnitude ofηxy increases with molecu
weight, and may therefore prove more efficient for fluor
proton polarization transfer in slowly tumbling compounds

The increase ofηxy with Bo and molecular size depicted
Fig. 2A leads one to consider possible advantages of TR
pulse sequence methods (20) in 19F spectroscopy. In the TRO
approach, one exploits the aforementioned differential t
verse relaxation by observing only the slowest relaxing
ponent of the chosen multiplet. For15N-enriched proteins ha

ing large rotational correlation times, this has led to dram
gains in sensitivity and resolution. Optimal TROSY condit
AND–RECEPTOR INTERACTIONS 4
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are those for which the interaction strengths of the CS
DD mechanisms cancel one another. This requires that th
constantCuu of Eq. [7] be of magnitude similar to that ofdF

of Eq. [8]. Cancellation also requires that the19F CSA tens
be axially symmetric, with the symmetry axis collinear wit
DD interaction vector,rFH. Unfortunately, the19F–1H spin sy
tem under consideration falls short of these criteria due
disparity between the DD and CSA interaction strength
the asymmetry of the19F CSA tensor. An additional hindra
is the small scalarJFH coupling constant in the aromatic r
TROSY pulse schemes use a number of spin-echo sandw
achieve the correct multiplet selection. For the aromatic flu
the analogous spin echoes would entail delays of≈30–40 m
thus turning TROSY into an effective but unwanted relax
filter. To achieve TROSY gains, we need to increase the
bution of the DD relaxation relative to the CSA relaxation.
can be achieved by working at lowerBo. Use of Eqs. [7] a
[8] show that aBo corresponding to a1H resonance freque
of ≈136 MHz would be ideal. Alternatively, one can also s
19F–1H spin systems with shorterrFH distances. Equations
and [8] indicate that therFH distance of≈ 1.8 Å would elic
significant TROSY gains at theBo used in this study (11.7
Thus, molecules containing geminal19F–1H spin pairs wou
be much more promising TROSY candidates than the ar
spin pair considered here.

We have also proposed pulse sequences to measure th
verse cross-correlation rate constantηxy. The small scalar c
pling constantsJFH precludes the use of methods designe
15N-enriched proteins; we have therefore tried a differe
proach in which we measure the transverse relaxation ra
stants of individual quartet members. In our analysis of thηx

data, we have omitted the effects of proton–proton cross-
tion that can ensue between the transverse magnetiza
the various quartet members. This cross-relaxation intens
proportion to the local proton density of the protons that
significant dipolar coupling to the fluorine. At present, the
sequences have initial conditions such that only the d
quartet member is excited. This reduces but does not eli
the cross-relaxation effects, and improved techniques are
study.

We note that theR1ρ rate constants obtained via the simple
pulse scheme are partially corrupted by theηxy cross-relaxati
during the spin lock, leading to erroneously shorter rate
stants. Unfortunately, the hardware did not permit simulta
19F and1H pulsing, and we were therefore unable to qu
the CSA-DD cross-relaxation via the compensatory1H 180◦’
used in the CPMG sequences (16, 34). However, in practice,
correct rate constants differ only by≈5% from the measu
rate constants, and therefore, the error is not severe. Th
verified by comparing the difference in compensated CPMR
with the “uncompensated”R1ρ for the free ligand at 10, 14,
atic
ions

22◦C. Such small differences are not expected to alter signifi-
cantly theR1ρ dispersion and the conclusions drawn thereof.
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he use of adiabatic spin locks (40, 41) may help mitigate
ese complications, as well as those arising from resonan
ffset effects incurred by the use of low rf field strengths tha
re≤|δF− δB| (3, 42). Such studies are in progress.
Although the studies here have focused on exchange pr
sses associated with binding, the methods presented could
nceivably expanded to describe other exchange processes.

xample, internal ligand flexibility on the micro- to millisecond
e scale might also be of interest. Also, given the advent o
ld probes, the methods presented here are conceivably tra
rable to aromatic13C nuclei. Investigations along these lines

re in progress.

V. EXPERIMENTAL

Primarily two samples were used in this study: one consistin
f the free ligand at 1 mM, and another containing 1 mM ligand
the presence of 70µM protein. Both molecules were dissolved
a D2O buffer containing 100 mM phosphate and 1 mM DTT
H 7.0, uncorrected). Measurements were performed at 11.7

n a Bruker DRX system equipped with a QNP probe and
ngle-axis gradient. Additional samples included the free ligan
ixed with 50% v/v deutero-glycerol (Isotec, Inc.), dissolved in
e same buffer described above. For the protein–ligand intera
n studies, the temperature was fixed at 22◦C. Additional re-

xation measurements on the free compound codissolved wi
lycerol were performed at 22, 14, and 10◦C.
Fluorine R2 measurements used a compensated CPMG s

uence (16, 34). Successive19F 180◦ pulses were separated
y 5 ms. Relaxation delays included 20.2, 40.4, 60.6, 80.8
01.0, 121.2, 141.4, 161.6, and 181.8 ms. On-resonance fl
rine R1ρ measurements used a simple CW spin lock in the se
uence 90◦(F)y–(Spin lock)±x–Detect. The spin lock strengths
ere calibrated by measuring the residual19F–1H scalar cou-
ling (proton I, Fig. 1) in the proton spectrum as a function of
e19F CW decoupling carrier offset. For the measurements i
lycerol, the spin lock lengths were matched to the CPMG de
ys given above. For the fluorineR1ρ dispersion study on the
and–protein sample, a series ofR1ρ measurements was con-

ucted at seven spin lock strengths including 4701, 3328 (x2
356, 1668, 1181, and 836 Hz. Each field strength include
4 spin lock lengths of 8(x2), 12, 26, 35, 48, 60, 70(x2), 80, 90
00, 114(x2) ms. Measurements ofηxy were carried out using the
ulse scheme of Fig. 4c. Measurements used 14 spin lock dela
cluding 10(x2), 15, 20(x2), 25, 30, 40, 50, 60, 70, 80, 90, 100
s and aB1 field of 4.3 kHz. All relaxation spectra used 128 tran-
ents per relaxation delay, resulting in 7.5 min per 1D spectrum
Relaxation rate constants were estimated by a two-paramet
of the 1D peak intensities to the single exponential
∗ exp(−RT) using the Levenburg–Marquardt algorithm for
onlinear least squares fitting (43). Statistical errors in the fit-
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d rate constants amplitude factor,A, and the relaxation rate
nstantR were estimated using standard Monte Carlo meth-

ds (see, e.g., (44)). Statistical errors in the ratio|ηxy/R2| were
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timated using standard error propagation rules. TheR1ρ dis-
rsion data were fitted using the offset Lorentzian functio
Eq. [14]. Initial values for the constantsA, kex, and RNE

2
ere obtained by fixingRNE

2 at the value predicted by the cross-
rrelation measurements and allowingA andkex to vary in a

mple grid search (43). These results were then used as initia
nditions for the Levenburg–Marquardt algorithm, in which al
ree parameters were allowed to vary. Final errors were es
ated using the aforementioned Monte Carlo methods.
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