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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 (*°F) 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 °F anisotropic chemical-shift and *°F-H 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 )y, and the fluorine transverse relaxation rate constant,
R», help estimate the exchange rate constant for ligand-binding
equilibria. These exchange rate constants provide estimates of the
ligand dissociation rate constants ko and can thus provide a means
for rank-ordering the binding affinities of ligands identified in phar-
maceutical screens.  © 2001 Academic Press

which translates into both larger binding-induced chemical shif
perturbations and exchange-induced line broadening. Thirdl
the favorable pharmacokinetic properties of fluorinated ligand:
have already establishé¥ as a standard component in medic-
inal chemistry’s “toolkit”; this contrasts with3C or N, for
which difficulties with synthesis or high cost often precludes
their incorporation into nonpeptide ligands. Final§ occurs

at 100% natural abundance and has a gyromagnetic ratio that
competitive with'H. Given these assets, a scrutiny# NMR
parameters for their binding information content is of consider-
able interest for receptor-ligand studies.

NMR relaxation experiments can provide information con-
cerning ligand-binding affinities. In particular, measurements
of the spin—lattice relaxation rate in the rotating frarRg,) can
elucidate the rate constants governing rapid chemical exchan

processes3, 4). The resulting exchange rate constants can thel
give estimates of the correspondilg values, thus providing
measures of binding affinity. However, obtaining accurate ex
change rate constants can be difficult if the nonexchange ve
sus exchange contributionsi®, cannot be distinguished from
one another. This is often the case for the weakly binding lig-
Nuclear magnetic resonance (NMR) spectroscopy is becoamds identified by NMR-based screening methods. Here, w
ing increasingly valued as a screening tool for lead generatipropose methods for alleviating this difficulty for fluorinated
in pharmaceutical drug discovery programs. In response, NMiBands through the measurement of transverse cross-correlat
spectroscopists have intensified their efforts toward optimizidgF relaxation measurements. When combined with the mor
and developing strategies capable of identifying and charactstandard transverse relaxation measurements, they permit t
izing receptor—ligand interaction$)( A large subset of the cur- separate estimation of the nonexchange contributions, thus &
rent strategies screen compound libraries by looking for pdowing for a more accurate definition of the exchange rate con
turbations (e.g., line broadening, chemical shift changes) in thiant. Knowledge of the exchange rate constant gives one tt
NMR spectra of the compounds upon the addition of a receptabhility to estimate the corresponding equilibrium dissociation
These strategies are dominated by protd#) NMR methods. constantKp, which is a measure of ligand-binding affinity.
However, fluorine NMR ¥°F) methods offer some unique ad- Previous'®F studies aimed at ligand—receptor interactions
vantages that merit consideration. First, the absence of enddgave used chemical shift perturbations and relaxation exper
nous fluorine in proteins and nucleic acids means'ffaNMR  ments in both fluorinated proteins or ligands. The relaxatior
yields automatically ligand-selective observation. Secondly, theeasurements have consisted of either standard auto-relaxati
chemical shift range of fluorine is much larger than the proneasurements (i.eR; = 1/Ti, R, = 1/T,, andRy, = 1/Ty,)
ton shift range~900 ppm @), thus increasing the likelihood or heteronucleat®F-*H NOE measurements (see, e.@., 5—
of well-resolved lines. This also means that the fluorine chenii@)). However, studies of cross-correlated fluorine relaxatior
cal shift is much more sensitive to local environmental effectiave been fewer and restricted mainly to theoretical analyse
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(11-13. Accordingly, the studies presented here focus on badiscussed by several grouplE13, 22. Our focus here is to
the theory and measurement of cross-correlated fluorine relaxpound on those theoretical aspects of the fluorine CSA-DI
ation in the context of their potential benefits toward the eluditerference effects relevant for ligand-binding studies.
dation of ligand—binding affinities. Thus, these studies directly Overall molecular tumbling and internal motions modulate
address the growing need for methods that can estimate and ctiva-orientations of the DD and CSA interaction tensors relativ
pare the binding affinities of ligands generated in NMR-based the external fieldB,. In turn, these orientational fluctuations
pharmaceutical screening. establish local fluctuating fields that stimulate the transvers
In what follows, we present pulse schemes that detect aadd longitudinal relaxation of the fluorine spins. Because th
measure transverséF-*H CSA-DD interference effects. We principal axes of the DD and CSA tensors transform identically
then apply these schemes in combination with fluoRgemea- under rotations, their orientational fluctuations are correlatec
surements to estimate the dissociation rate condtgntdnd the This DD-CSA cross-correlation manifests as differential relax:
equilibrium dissociation constankKg) of a small singly fluori- ation rates for the fluorine quartet members. Specifically, quart:
nated aromatic compound that binds reversibly to a 15,400-Deembers associated with proton | spin up will have relaxatio
protein target. rates different than those with proton | spin down. In what fol-
lows, we denote spin up and spin down states for the | proto
Il. THEORY with the superscripts+” and “—”, respectively.Rs and Ry
then indicate fluorine transverse and longitudinal relaxation rat
(i) Cross-correlation between tH&F—H dipole—dipole and constants associated with the two | proton spin states. The tv
19F chemical shift anisotropy relaxation mechanismg/e transverse rate constants may then be written as
are interested in the relaxation interference effects, or, cross-
correlation between #F-H dipole—dipole (DD) interaction, R5 = I'rr = 1y, (1]
and the chemical shift anisotropy (CSA) of tH& nucleus. To
investigate these effects, we focus on e relaxation proper- Where
ties of the singly fluorinated aromatic ring schematized in Fig. 1.
This moiety is a common fragment in “drug-like” molecules Mtr= RS+ Q(RzDD + RYY) + Rex+ p1. (2]
(14). The fluorine NMR spectrum is a quartet defined by scalar
couplings to thertho proton (Jr &~ 12 Hz) and to the remote S The corresponding expressions for the longitudinal rate cor
proton (Jrs &~ 8.6 Hz). The dominamt®F—'H DD interaction is Stants are
with the ortho proton I. Additional DD interactions with other N
ring protons are negligible on account of the greater fluorine— Ry =T £z, (3]
proton distances involved. Thus, in what follows, “DD” refers
specifically to the dipole—dipole interaction between the ﬂug\_/here
rine and therthoproton | unless otherwise stated. Similarly, the
“CSA’interaction is understood to be that of the fluorine nucleus. Mo =Rr%+ §(R1DD +RY) +ar. [4]
Thorough presentations of the fundamental theory of relax-
ation interference effects are abundant in the literatie-2]). Equations [1] and [3] show that the relaxation rate constant
The presence of these effects'itF NMR spectra have beenfor the spin up and spin down populations of proton | are the
sum of contributions from the individual relaxation mechanisms
(the auto-correlation terms), plus interference effects betwee
these mechanisms (the cross-correlation terms). IHieand
I'L terms contain the auto-correlation terms. They include thi
familiar CSA and DD contributions to the longitudinal and trans-
verse rate constani®; andR,, as well as tdR,; andR,,, which
describe the relaxation of two-spin orderk R, and 2,Fy.
The p, term accounts for longitudinal dipolar relaxation of the
ortho proton | by other nearby protons. ThH&y term allows
for the possibility of transverse relaxation enhancements arisir
from time-dependent modulations in th# chemical shift in-
duced by chemical exchange. Here, we restrict our analysis
FIG. 1. Schematic of the aromatic fluorine moiety used in this study. "F'.Ehe “fast”-exchange regime in which on|y a Sing|e fluorine mul-

denotes the fluorine nucleus, while “I,”“S,” and “K” denote protons. The seMiiplet is observed. In this case. the nonexchange relaxation terr
circles indicate connections to other chemical groups (typically aromatic rings). ) !

The vectorrgy is the director for the dipole—dipole interaction between thz 'e_" Ri2, pi, andryy ) are understood _to bpopglat!o_n-
fluorine and proton I. The small coordinate frame on the lower right represeM¥é@ighted averagesf rate constants belonging to the individual
the principal axes of th&F CSA tensor as described in the text. states coupled via chemical exchange.
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The transverse and longitudinal cross-correlation terms arakes an angle of 12@ith rgy and is collinear with the CF
nxy andn. Their contributions to the rate constants are of ofipond.
posite sense for the spin ugY and spin down<) populations  User-specific models of molecular motion give the spectra
of proton I; hence, they are the source of the differential rélensity functions analytical forms of varying complexity. Here,
laxation. In a basis of Cartesian product operators, this differeme adopt a highly simplified form of the Lipari—-Szabo spectral
tial relaxation manifests as cross-relaxation between fluorine gfensity function that assumes isotropic overall tumbling of the
phase coherencd ) and antiphasé’F coherence RFxy), fluorinated moleculed). Additionally, the internal flexibility of
as well as between fluorine Zeeman ordEg)(and longitu- rgyis assumed to consist of small-amplitude angular excursion
dinal two-spin order (&F;). The interference termgy, and within the molecule-fixed frame. The cross-correlation spectra
n, are then the rate constants mediating these cross-relaxatiensity functions then become

pathways.
To study the dynamic information of the cross-correlation rate JEP(w) = Po(u- nep) 3PP (), [9a]
constants)yy andn,, we appeal to their formulations in terms
of power spectral density functions, which at& where JPP(w) is given by the scaled Lorentzian distribution
2 cp 1 o DD 2 S
= - - J =—-——. 9b
Nxy CxOrH |:3‘Jx 0)+ 2‘Jx (wF) (@) 51+ (wl’c)z [9b]
+ cdeH[ngD(O) + }\]yCD(wF)i| [5] JPP(w) is the auto-correlation spectral density function pertain-
3 2 ing to the DD relaxation contributions and represents the fre
Nz = CxenICP(wg) + CdeHJyCD(wF). [6] Quency spectrum for the orientational fluctuations gf rel-

ative to the external magnetic fiel&,(x) is the second-order

X > . . :
The coefficientsc, (u = X, y) anddry are the CSA and DD Llegendre poI()j/no_mlal.B(_s’x —1), ”IFH IS ahumr: vector thlat Il_es
interaction strengths, and are aggregates of various phys@&ngr‘:“’ andu1s 2_””” vector along thet principal axis
constants: of the CSA tensors: is the well known generalized order pa-
rameter that describes the extent of spatial restriction afghe

internuclear vector24). Internal motion that is completely un-

Cu = y¢Bolowy — 022) 7] restricted corresponds & = 0.0 while the complete absence
ey = yryeh [8] of internal motion corresponds & = 1.0. The time scale for
rd, the overall isotropic tumbling is set by the correlation time

Consideration of the CSA and DD parameters and the Leger
Both the proton and fluorine gyromagnetic ratios are positieire polynomial in Eq. [9a] reveals that the upfield component:
with ye/yn ~ 0.94. The distance between the fluorine andf the fluorine multiplet relax more quickly than the downfield
proton lisrgy = 2.6 A. In Eq. [7], oy, ando,; indicate the CSA components.
principal values along the (u = x ory) andz axes of the CSA  The spectral density of Eq. [9a] allows us to consider the vari
tensor, respectively. Th&“P(w) functions are cross-correlationation of nxy andn, with increasing molecular size, or, equiva-
power spectral density functions that give the frequency spéently, longerz.. Figures 2A and 2B simulate this variation for
trum for the correlated fluctuations between the DD interactiaeveralBy field strengths, including 2.4, 7.0, 11.7, and 18.8 T
vectorrgy and theuth axis of the CSA tensor. The use of axiseorresponding to proton resonance frequencies 80, 300,
specific spectral densities is consistent with an asymmetric CS80, and 800 MHz, respectively. The figure assumes the mod
tensor for the aromatic fluorine. Solid state measurements ofiro-phenyl CSA parameters mentioned above®ing 0.85,
fluoro-phenyl ring by Hiyamat al. (23 have revealed principal which is the consensus value derived from protein NMR stud
axis values of-75, 0, and 50 ppm, with the most shielded axiges 25). The transverse rate constapt, has a nearly lin-
(450 ppm) normal to the plane of the aromatic ring and the leagtar dependence o as a consequence of the secul&P(0)
shielded axis£75 ppm) lying in the plane of the ring and perterm in Eq. [5]. This implies a more efficieft, y < 2I,Fyy
pendicular to the CF bond vector. Here, we use the fluoro-pheisybss-relaxation for larger molecules. In contragthas only a
CSA data as a reasonable model for tfie CSA properties of JP(wr) dependence. As a result, it has a much smaller mag
the aromatic moiety sketched in Fig. 1. Following the convemitude thannyy, and peaks at; ~ 1/wr. Sucht; values are
tions of Lucket al. (9 we assign the, y, andx principal axes associated with high-frequency motions that are characteristi
of the CSA tensor with corresponding principal valuesgf=  of a rapidly tumbling small moleculeM, < 500), or a highly
—75 ppm,oyy = 0 ppm, andoyx = 50 ppm. Figure 1 depicts flexible 1°F fragment that is bound to a large macromolecule.
the orientations of the CSA principal axes relative to the DBigures 2A and 2B also illustrate the variatiomg§ andn, with
interaction vector 4. Thex principal axis makes an angle ofrespect to the field strengy,. Both rate constants have a direct
90 with rgy and points out of the page. Tlyeprincipal axis dependence oB, via the CSA coefficients given in Eq. [7],
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FIG. 2. Variations of fluorine CSA-DD cross-correlation rate constantsit4)and (B)», with rotational correlation time and field strengttB,. The plots
assume isotropic tumbling of the fluorine moiety and the model CSA parameters of Heyahé23). Different magnetic field strengthy, include 2.4 T (solid
line), 7.0 T (long dashed line), 11.7 T (short dashed line), and 18.8 T (dashed—dotted line).

and an indirect dependence via the spectral density functions(ii) Transverse cross-correlation measurements as an aid fo
IncreasingB, decreases the contribution of all nonsecular saraharacterizing exchange processe&eversible ligand-binding
plings of the spectral density functions; thus, laBggncreases events constitute exchange processes operating on the mic

nxy but nota,. to millisecond time scale. The transverse auto-relaxation rat
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constantR, = 1/T, is sensitive to such processes, as wetheir expressions in terms of spectral density functions. The e»
as the faster pico to nanosecond orientational fluctuations peession fomyy has been given in Eq. [5]. The corresponding
sponsible for the CSA and DD relaxation. For NMR studies @xpression foR; is
binding, one therefore needs to be able to identify and quan-
tify the exchange contributions to,RTo address this need, one dev o 1, 5.csn 5 1CSA
can measure the magnitude ratigy/Re|. Protein®®N relax- Re= —-J (0) + §{Cx3x (0) + ¢y 3,>7(0)
ation studies by Brutscheat al. and Fushman and Cowburn 3
have demonstrated the high sensitivity of this ratio to the pres- ZCXCyJXCSA(O)} + ﬂJDD(wF)
ence of micro- to millisecond dynamic processes of the protein 8
backbone 26, 27). 1, 2.csa 2 1CSA CsA

The high sensitivity ofnxy/ R to these “slow” dynamic pro- + 6 {c5 M wr) + €5 37N (wF) + 264y 37N (wr) |
cesses arises from the divergent responsgg,@hdR; to chem- d
ical exchange versus fluctuations in mole)%/ular orientation. For  + %{JDD(CUH — wr) +63°°(0n) + 63 (wn + wF)}'
a discussion of these responses, we consider a small fluorinated [13]
ligand that binds reversibly to a large protein target, and is in fast
exchange between the free and bound states. The fast-exchange
scenario is appealing not only for its simplicity, but also foff he similarity betweeny, andR, becomes most apparent if we
its congruence with typical experimental conditions in curremise the isotropic spectral density function shownin Egs. [9a] an
NMR screening protocol2g). We consider first the effects of [9b]. Then we are faced with just one unique spectral densit;
chemical exchange, and then those of orientational fluctuatiofigction sincel¢S4(w) = J7%4(w) = 0.5J53(w) = IPP(w),

Fast exchange leads to an averagdfor the exchanging and JP(w) = Pa(u - ngy)JPP(w). The result is a nearly iden-

ligand given by 4) tical dependence fay,y and R, on the CSA/DD spectral den-
sity functions evaluated at O argt. The chief differences are
Roavg= PsRos + (1 — Pe)Ror + Rex. [10] the higher-frequency spectral densitl¥® (wy), JPP (wy + wF)

that are present i, (terms proportional tary/8 in Eq. [13])
In Eq. [10], P and (1— Pg) are the equilibrium fractional pop- but absent imyy. If we can neglect these higher-frequency terms,
ulations of bound and free ligands, respectivélys andR,r  then the spectral density dependence factors out dfiilj¢Ro|
are bound and free stal® values. The additional chemical ex-ratio, which then becomes independent from overall rotationa
change ternR is the same as in Eg. [2]. For a simple two-statdiffusion (26, 27).

binding equilibrium,Rx is given by The higher-frequency spectral densities may be negligibls
for two reasons. For example, for large molecul@3?(0) >
« = 472Ps(1 — Pg)(8r — 88)?/ Kex. [11] JPP(wy + we) and the latter can therefore be ignored, or the DD

contributions may be inherently smaller than those of the CS/
Rex depends quadratically on the difference in chemical shift®ntributions. A comparison of the CSA interaction strengths
between the free and bound stat&s 5¢), the bound ligand ¢2 and c§ with the DD strengthdZ, in Egs. [7] and [8] can
fraction P, and the exchange rate constlgt ThereforeRex  query this possibility. Using the model CSA parameters, a fielc
can vanish if the chemical shifts are degenerate, if the popusarength of 11.7 T, and an internuclear distance-gf= 2.6 A,
tions are skewed, or K is too fast. For proton NMR in typ- we find that|dry/ck|?> ~ 0.08 and|dep/cy|? ~ 0.04. These
ical screening protocols, one of these conditions is often memall ratios demonstrate that transverse relaxation of the ar
In contrast, fluorine has a much broader chemical shift sparatic fluorine at 11.7 T is dominated by the CSA mecha-
(=900 ppm, R)) and therefore substantiB., contributions are nism; this suggests that the high-frequency spectral densitie
more likely. UnlikeRy, nxy is unaffected byRex. This isimplied  JPP(wy), I°P(wy + wg) of the®F-H DD interaction may be
in Egs. [1] and [2], in whichRey effects equally thé * andl =  neglected in thényy/R,| ratio over a wide range of correlation
components of thé°F multiplet. Sincery, is proportional to timesrte.
the difference ofR} andR;, it remains free fronRe effects. Figure 3 plots thenyy/Ry| ratio as a function of overall cor-
Exchange therefore leads to a simple population-weighted agtation timez. for several magnetic field strengths. Two fea-

eraging of the free and boungl, rate constants: tures are worth nothing. First, the ratio increases witland
reaches a plateau value above some critical value. This crit
Nxy,avg = Panxy.s + (1 — Pa)nxy.r. [12] cal . value decreases at higher field strenghon account

of the increasing dominance of the CSA relaxation mechanisry
To appreciate the effects of orientational fluctuations, we terfSecond, the breadth ¢#y/R»| values becomes increasingly
porarily forgetRey, and consider only th&, andxyy rate con- narrow at higherB,. For example, at 11.7 T, the ratio is ex-
stants for the free and bound states. Bgthand R, have sim- pected to increase only by about 6%aéncreases from 50 ps
ilar responses to orientational fluctuations, as is evident fram50 ns. Thus, if we consider the effects of molecular tumbling
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FIG.3. Variation of the magnitude rati@yy/R| in the absence of exchange broadening teRaswith rotational correlation time. and field strengtls,. The
plot assumes rigid isotropic tumbling and field strengths including 2.4 T (solid line), 7.0 T (long dashed line), 11.7 T (short dashed line), addst&8-dptted
line). At higher field, the ratio becomes almost independent ofver the entire range of correlation times.

along we anticipate little change in theyy/R,| ratio for a*°F strategies may be used to probe for the underlying exchange re
ligand that goes from a state of free tumbling, to one in whichgonstants. One strategy measuRgs, which is the relaxation
is bound to a high molecular weight receptor. Accordingly, wigate constant for magnetization along an effective field in the ro
expect|nxy.r/RoFl ~ |nxy.s/Resl. In turn, this near equality tating frame. More specifically, one observes the dependence
implies that the exchange-averaged ratio will also be essentidfy, on the effective field magnitudd). This dependence, or dis-
unchanged from the free state value. persion, is then fitted to an analytical function that includes th
The dominance of the CSA relaxation mechanism for tiexchange rate constant as one of the fitting parameters. As wi
aromatic fluorine therefore allows the definition of a chara¢otational fluctuations, the form of the analytical function de-
teristic ratio, |nxy/Re|, that is practically independent of thepends on the model used to describe the exchange process. H
rapid pico- to nanosecond motions associated with orientie fluorine effective field is achieved using a continuous-wav
tional fluctuations. Increases in molecular weight cause orfgW) radiofrequency spin lock with an (rf) field of magnitude
minor or negligibleincreasesn |nxy/Ro|. Exchange processesyrBit. The spin lock is applied on resonance with the exchange
lead to averaged rate constanigy ag and Ry ayg Accord- averaged fluorine chemical shiftayg = Pgds + (1 — Ps)ér.
ingly, we expect that the ratio of the averaged rate constarlfswe assume the same two-state exchange as above, and t
|11xy.avg/ Re.avgl, t0 be almost unchanged from those measuredinBr > 8¢ — dgl, thenRy, gains a functional dependence on
the separate states, providBg, ~ 0. If, however, the chemical y=Br given by @, 4, 29
exchange does entail a significaRix, then Ry ayg will be in-
creased byRex but Txy.avg will not. The ratio [nxy.avg/ Re.avgl R, (vFBr) = RY® + A/ Kex _ [14]
will then show an “anomalous” decrease. Comparisons of 1+ (YeBi/ Kex)?
this ratio for fluorine moieties in different microenvironments
therefore provide a means for identifying, localizing, and confequation [14] describes a Lorentzian of half-widt squat-
paring exchange processes. This feature is of special intérg on a plateau value d®)=. The desired exchange rate con-
est for molecular recognition studies since the dynamics nant iskex, which is related to the bound ligand fracti®g and
diating recognition typically operate on these “slower” timéhe ligand off-rate via the rati@ex = kort/(1 — Pg). Under a
scales. large ligand excess typical of screening protoc8is,« 1 and
thereforeke, well approximates,;. The amplitude factoA is
(iii) Cross-correlation measurements as a means for improvelated toRe, (cf. EQ. [11]) via the producA = Rgykex. From
ing the accuracy of binding affinity estimates by NMR relaxatiothe Lorentzian form of Eq. [14], we expect thgf, decreases
Once aRe contribution has been identified, various follow-umsye Bt increases. In the limit thak By > ke, One approaches
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RYE asymptotically. Note thaR)E contains only the nonex- correlation_sp_ectra. 'I_'he_ third sch_eme measyigdor subse-
change contributions t&;, that stem from the CSA and DD quent use in ligand-binding experiments.

relaxation mechanisms. Under the reasonable assumption that) 'H detected cross-correlation.The simple pulse scheme

the CSA and DD spectral densities satidfy + yrBy) ~ J(w),  of Fig. 4A provides evidence of the transvet¥-H CSA-DD
R)E is then given by theR avg in Eq. [10] minus theRex term:

RYE = PgRyg + (1 — Pg)Rar. [15]

A) H I L%L

Note that the informative dependenceRaf, onyeB;s can escape O, 4 @

detection if there is a severe mismatch betwkgrand ye By, J ml A4 IA/4

or if Rex becomes too small. F '
To determine the desired exchange rate congtanbne fits g & g, g,

the yeBy dependence oR;, to Eq. [14], usingA, RYE, and G, —ng nll [l 0 [

kex as the three adjustable parameters. However, accurate fi

of kex are practically impossible unless the experimeriRg) o,

values sample the full range of Eq. [14]. In particular, it is cru- I L | '

cial to have data that samples therexchange contributions ® H °

to Ry, (i.e., the plateau valuR)F) since the fittekey value is ) S

extremely sensitive to that &)= In principal, RYE can be ex- F I & I " I Spin lock {¢>

tracted directly from thdR;, data, providedB; can be made &

sufficiently strong to satisfyrBis > Key. In practice, such strong G, & 01 1l

rf-field strengths are often impossible due to considerations a i &

sample integrity or hardware limitations. Moreover, the weakly

binding ligands detected by NMR screening can hiayeval- @,

ues that exceed the acceptable range of rf-field strengths. W I A2 I AR I I

therefore need an alternate means of estimaf{g that does o H

not rely onRy,. Measurements of thigy/Ry| ratio can pro- @ D gy ®

vide this means. Specifically, we can first meagyigr/ Ry ¢| F I ISI2 IE’/2 I I Spin lock >

for the free ligand. Assuming an absence of exchange broac \C

ening in the free state, this ratio reflects only the CSA and DC e & & & D

relaxation. Under the aforementioned caveats, we then explo G, E‘ 11 Ig_’| o1

the insensitivity of this ratio to changes in rotational correla-

tion time, and assert that this ratio is maintained in the boundrIG. 4. 19F-H pulse schemes for detecting and quantifying transverse

state, i-e-,|77xy,B/R2,B| ~ |7)xy,F/ RZ,F|- Substitution of this re- cross-correlatior_l effects. Thin and thick v_eftical bars indicate &0 180

lation into the fast-exchange expressions of Egs. [12] and [ ses, r_espectlvely. Pulses vv_lthout explicit phase symbols are afong _

then yields|nyy.r/ RaFl & [nxy.avg/ RSIEL This last relation then (A) Fluorine to proton transfervEl transverseEross-correlated crgss-relaxauon

R Y Phase cycling is as followsp; =+y, =V, ¢2 =2(+Y), 2(—Y), ¢s1=X, and

allows one to estimat®)c independently fromRy, through brec=+X, —X, —X, +X. The low shaded pulses are low-powered 2-ms rect-

measurements of the free stafg r andR; r, and the exchange- angular 180 pulses of phase opposite from that of the adjacent hard 180

averagedyy avg. The transverse cross-correlation measuremeitgses. The proton signal is recorded with fluorine decoupling. Rectangu

therefore enable the estimation of the nonexchange contribut!a?%rragrad'e”ts are applied along the axis with the following durations

L. . . . strengths: .g=1 ms,—125 G/cm; @ =1 ms, 13.7 G/cm; g=800 us,
to Rlﬂ' which is crucial for the accurate estimations of g 20 G/cm; @ = 800 us, 15.3 G/cm. (B) Proton to fluorine transfer via

exchange rate constants. As such, [thg/ Ry | ratio can be a transverse cross-correlated cross-relaxation. Phase cycling is as follow
powerful aid for accurate analysis B, measurements aimede; =4(+y), 4(-y), ¢2=2(+y), 2(-y), ¢si=+xX, —X, and ¢rec=2(+X),
at rank-ordering binding affinities. 4(—Xx), 2(+x). The signal is detected with proton decoupling. Rectangu-
lar gradients are applied along the axis with the following durations
and strengths g=1 ms, —13 G/cm; ¢ =800 us, 9.5 G/cm; g=1 ms
14.3 G/cm. (C) Measurement @ky. Phase cycling is as followst; = +y,
. . =Y, $2=4(+Y), 4(=Y), 4=X), 4(+X), ¢s1=2(+X), 4(=X), 2(+x), 2(+Y),

As discussed above, the transverse cross-correlation rate gy 2(+y), and ¢rec=2(—y, +), 2(+y, —y), 2(+X, —), 2(X, +X). For
stantyyy is more sensitive tham, to changes in overall moleculardownfield selectiongs = — y and for upfield selectioths = + y. Delays are
tumbling. Additionally, it can help pinpoint exchange processe$ =23 ms and = 19 ms. The delay was varied until optimal suppression of

Thus. from the standpoint of Iigand—receptor interactbq;@sjs the unwanted doublet member was achieved. Gradients were rectangular puls
' with the following durations and strengths; g 500 us, 7 G/cm; g=1 ms,

of greater interest, and we present below three pulse SChe%?G/cm; g=>500us, 12.4 G/cm; g=1ms, 14.9 G/cm. For all experiments,

that focus on its exploitation. The first two sequences use th&mple cw long pulse of lengffioek and strengthyeBy ~ 2 kHz was used
CSA-DD cross correlation as a means for generatffigH  for spin locking.

SN

gs

I11. PULSE SCHEMES AND RESULTS
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cross-correlation. In brief, the scheme generates proton coHenm proton magnetization. An INEPT spin-echo period ther
ence from thé®F magnetization by way of the CSA-DD cross<reates proton coherence that becomes antiphase with resp
relaxation pathwayy y <> 21, Fy y. The initial proton 90is fol-  to the fluorine and other scalar coupled protons. As before, tf
lowed by a purge gradient to ensure that no signal originatd$EPT delay used’ = A = 1/4Jr ~ 21 ms. This fixed delay
from the proton equilibrium magnetization.*8F 90 pulse then period can be converted into a constant-time proton chemic
places thé®F magnetization alternately on thex axis. Subse- shift evolution period, thereby converting the sequence into
quent spin locking along theaxis suppresses chemical shift andwo-dimensional (2D}°F-*H correlation experiment driven by
scalar coupling evolution while encouraging the cross-correlatexss-correlated transfer. In this casebecomes 14J —t1/2
cross-relaxation. Just after the spin lock, we have an admixtaedA becomes 14J +t; /2. Before the second protonqi),
of F, and 24, F,. Application of the last pair of 90pulses trans- we have an admixture df, and 2 F,. The subsequent pair of
fers fluorine 2,F, coherence to protonR2l, coherence. The 90° pulses converts antiphasé ¥, to 21,F,. Spin locking of
concluding two spin echoes refocus the antiphasd 2to Iy the antiphase coherence leads to the growth of in-pRasea
via INEPT @30), while simultaneously suppressing water viaross-correlated cross-relaxation. The latter operator is detect
the excitation sculpting method of Hwang and Sh&&g.(The in the presence of proton decoupling. An example of the 2L
total INEPT refocusing time i\. Due to the small proton— version of this experiment is shown in Fig. 5 for the fluori-
fluorine scalar coupling constants (8—12 Hz), rather long delayated aromatic compound of Fig. 1. This molecule gives onl
A are necessary and proton—proton scalar coupling evolutiarsingle cross peak since we have only one signifi¢3at
causes some defocusing. The proton signal is read out#ith *H dipolar interaction. In the more general case, we may hav
decoupling. Longitudinal cross-correlation is detected by tmaultiple 1°FH dipolar interactions leading to multiple CSA-
analogous pulse sequence in which the spin lock is replacedy cross-relaxation pathways. In these cases, the 2D spectri
a simple relaxation delay, and the filf8F 90 is replaced by is advantageous in that the various cross-correlations can be |
90; (F)—90,, (F). Application of this sequence to the compoundolved via the proton chemical shift.
containing the molecular fragment of Fig. 1 yields a single peak(iii) Pulse scheme for measurementsygf via transverse
at 7.07 ppm corresponding to proton | (data not shown).  rejaxation measurements of individual multiplet components
(i) '°F detected cross-correlation.Figure 4B shows an al- For ligand dynamics studies, we need methods for quantify
ternative method using fluorine observation. Initially, §@)— ing 7y in order to estimate thgxy/Ry| ratio. We accomplish
gradient combination ensures thatthe observed signal stems ahly using a fluorine-detection approach in which one simply
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FIG.5. Anexample of 2D'F-H correlation spectra using cross-correlated cross-relaxation and the pulse scheme of Fig. 4B.
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measures the relaxation rates for the individual multiplet corim Egs. [16] and [17]E, |, andSare the identity, | proton, and
ponents. To enhance the accuracy of these measurements, w&ys®ton operators, respectively. In Eq. [18], the product oper
a sequence that edits for specific members of the fluorine quatersP** F, and P~ F, refer tox magnetizations for the outer
tet by creating an appropriate admixture of the equilibridf lines of the fluorine quartet. The symbadW” and MZ% are the
and'H magnetizations. The sequence is shown in Fig. 4C. Tkquilibrium z magnetizations for proton and fluorine, respec-
approach is based on the TROSY methods for aroméie'H tively. The argument of the sine functiondas= 7 (J;r + Jsg)s.
correlation spectra proposed by Pervugitial. (32). Note that The exponenh is 1 or 2, if ¢3 is +Yy or —y, respectively. If
since|yg/yul? = 0.88, thel®F and'H equilibrium magnetiza- n = 1, the signals stemming from the proton and fluorine equi-
tions are comparable. The sequence begins with an initial INERGrium magnetizations add for tHe** F, quartet member and
period to create proton coherence that is antiphase with respmdbtract for theP~F, member, thereby selecting fét+ Fy.
to the fluorine. Simultaneously, the INEPT block merely invertalternatively, the choice ofpj3 = —y setsn = 2, and we
the fluorine equilibrium magnetization. After the second protaenhanceP~ F, and attenuatd®*+F,. We found that a delay
90, a gradientz-filter selects for longitudinal fluorine magne-of A =125 ms produced optimal suppression for either sce:
tization that includes both the two-spin orders 2, 2S,F,, nario. The stacked 1D-fluorine spectra of Fig. 6 illustrate the
originating from the'H equilibrium magnetization, as well asselection process described. The top and middle traces shc
simple Zeeman (one-spin) fluorine magnetization. A 4B) the spectra obtained from the pulse sequence of Fig. 4C ju:
pulse then transforms these operators into a superpositionpdbr to the spin lock (poinC) with ¢3 = —y (top) and+y
four transverse magnetizations along the axis, where each (middle). These traces may be compared to the standard proto
magnetization corresponds to a particular member of the flecoupled 1D spectrum shown in the bottom trace. Whereas tr
orine quartet. The transverse magnetizations correspondindtdtom trace displays the full fluorine quartet, the top and middle
the outer and inner quartet lines evolve with effective couplirtgaces show selection for only the downfield and upfield quar
constants that are the sum and difference of Jpeand Jsg tet members, respectively. Primarily the outer lines are retaine
coupling constants, respectively. After a total evolution time ¢P+* F,, P~ F4) with lesser contributions from the inner lines
8 ~ 1/2(Jr + Jsp), the outer quartet member magnetizationP+~ F, P~ Fy).
are along thety axis while the inner lines have rotated only Having achieved the appropriate quartet member selectior
marginally away from thetx axis. A 9GQ(F) pulse then stores the application of a fluorine spin lock along tixeaxis after
the majority of the outer lines on thez axis while leaving the point C then allows measurement of the associated transvers
inner lines nearly unaffected. A gradient pulsg)(greferen- relaxation rate. The resulting signals are detected without prc
tially dephases the inner line magnetizations and the followitgn decoupling. As noted above, the SF dipolar interaction i
90;(F) pulse returns the outer line magnetizations to the tramgegligible compared to the IF interaction. Thus, for CSA-DD
verse plane. Their relative magnitudes depend on the valuecobss-correlation effects here, the state of the S spin is irrele
¢3. A density operator description articulates this dependens@nt and the transverse relaxation rate constant® fdrF, and
Specifically, the components of the density operator corresporRit~ Fy are given byR} and those folP~F, and P~ F, are
ing to these transverse magnetizations can be expressed in tegiven by R, (cf. Eq [1]). The magnitude difference of the two
of projector operators that refer to the specific quartet membease constant®; andR; gives an estimate of|#y|.
(33). As before, using+” for spin up and “-” for spin down, The above strategy may be compared to the current mett
and the identities ods for measuringxy for X5N—tH spin systems1@, 19). These
methods employ multiple INEPT periods of duratiof2Iyy
1 to detect separately auto-relaxation of &hd cross-correlated
= Z(E + 21+ 25 + 41,S) [16] cross-relaxation betweey, and 2,N,. These methods are sen-
1 sitive for 1>’N—'H spin systems due to the large heteronuclea
P~ = Z(E —2l,—2S,+ 4l,S), [17] scalar coupling constandyy = 90 Hz, which allows ample IN-
4 EPT transfer with minimal transverse relaxation losses. How
ever, for the aromati¢®F—'H spin systemJr = 12 Hz, lead-
the relevant terms of the density operator at pQirare ing to INEPT periods of42 ms. Such long delays are not
well suited for the fluorine work presented here. In particular,
o nnaed e\ o++ the high sensitivity of°F to exchange broadening exacerbates
o(C) = sma((—) Mire(a) = MFq)P P the transverse relaxation losses during INEPT spin-echo sel
+ sina((—=)"M%e(A) + ME)P~"F,, [18] ments. The method described above involves transverse fluorir
magnetization forc1/4Jry as opposed to/R ey, and therefore
Where retains greater sensitivity.
(iv) Observed behavior dfjyy/Ro| versusrc. To study the
e(A) = sinm Jg A + sinm JspA cosm JskA. [19] behavior of|nxy/Rz| 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
(B) quartet components selected by setiing= —y and+y, respectively. For comparison, the bottom-most trace shows the standard proton-coupled fluo
spectrum (C).

correlation time;t., we measured both parameters for a smallaken together, the data suggests that the free molecule con
fluorinated compoundM; = 242) containing the aromatic tions are a reasonable approximation of an exchange-free sta
schematic of Fig. 1 as its core. To access longer correlatiand that thenyy/R| ratio demonstrates the expected insensitiv-
times, the compound was dissolved in a buffer containing 50% to changes in rotational diffusiony) as simulated by Fig. 3.
(v/v) d-glycerol. We used the sequence of Fig. 4C to estimate(v) Estimation of the binding affinity () of a small lig-

nxy, and a compensated CPMG sequerité, 84 to measure 5,4 to 4 protein receptor target using, and R,. We then
R,. We further supplemented these measurements with CW on-

resonancé’F R;, measurements using rf field strengths of 4335

and 771 Hz. The experiments were recorded at three tempera- TABLE 1

tures including 22, 14, and 1G, and the results are listed in Magnitudes of Ratios of CSA-DD Transverse Cross-relaxation

Table 1. Rates 7., and the Transverse Auto-relaxation Rate R, at 11.7 T
At all temperatures, only a single fluorine multiplet is ob- Temperature

serveq. The magnitudes qiy_ and Ro both increase with de-  gampie ©C) ol 6D RSP lnxy/Rel

creasing temperature. This is consistent with longevalues

caused by the increased viscosity at lower temperature. Inspg&M ligand 50% 10 $1+010 1004+004 Q29+001

. . v/v d-glycerol
tion of Table 1 shows thafxy| andR; both approximately dou- , -/ ligand, 50% 14 P74006 7924002 0294001

ble when going to 10 from 2Z. However, give the estimated y d-giycerol

errors, their ratios show no significant changes. To place somem ligand, 50% 22 B7+006 564+0.02 030+0.01

bounds on the overall correlation timg a proton NOESY was  v/v d-glycerol

runonthe same sample at 11.7 °@Owith 100 ms mixing time. 1 MM ligand 22 086+£005 145£002 025+004
1.mM ligandt 22 1424008 147+0.22 01040.01

The cross peaks are of the same sign as the diagonal, suggest

art value greater thar:370 ps/rad. The tw&F R;, measure-

ments act as a coarse-grained probe for the presence of EXChana igand has a molecular weight of 242 Da and contains the singly fluorinate
mo

. — ty shown in Fig. 1. The receptor is a 15,400-Da protein.
dynamics. At all temperatures, tiig, values show no signifi- Mgasured using Compensate% CPMG Sequencep

cant change fromeBys /27 = 770 to 4330 Hz, thereby suggest- < ror the ligand and receptor mixture, thg, andR, are exchange-averaged
ing an absence of exchange processes in this frequency rarggeconstants.

%QMM receptor
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investigated how the binding interaction between the compouhi81, 1168, 2356, 3328 (x2), and 4701 Hz. Rig values show
and a known protein receptor influenogg and R,. Two 500- no dispersion with effective field strength for the free compound
wl samples were prepared: one containing a free compound d&rthermore, within the estimated errors, fRg values for the
mM, and another containing a compound at 1 mM in the presee ligand are identical to the CPM values. This is consis-
ence of the protein target at #0M. The |nyy/R| ratios were tentwith the free ligand sample acting as an exchange-free refe
determined using the same procedures as above, and the resulte. In contrast, the exchanging ligand shows a clear dispersic
are given in Table 1. which is illustrated in Fig. 7. AfteyeBys/27r ~ 4700 Hz, the
Both samples yield a sing®F quartet, with the protein- Ry, value reaches an apparent plateau value.®860.1 s™2.
containing sample showing a broader linewidth. This suggedise cross-correlation measurements predicﬂ%ﬁ value of
that the compound exchanges rapidly between the free @mfl+ 0.9 s 1. Given the estimated errors, these values compar
bound states. The exchange toggles the relaxation propertiefa@brably. Their proximity suggests that (i) the usgmf,/ Ro|
the fluorine between those of the freely tumbling small molecule define RYE is reasonable, and that (ii) we are motssing
(shortrc), and those of the large protein—ligand complex (lonsignificantly greateR;, dispersions at higher rf field strengths.
7). Following the Theory section, in the absencedgf contri- We performed a three-parameter fit of Rg data to Eq. [14].
butions, we expect that the ratio for the exchanging compoundTbe three adjustable parameters includ®tF, the amplitude
remain unchanged, or increase only slightly from that of the frégctor A, and the exchange rate constakt, We used the
compound]nyy,avg/ Ro.avgl 2 |n1xy.Fl/ Ra.Fl. Alternatively, if the  [1yy/Rs| measurements to provide the initial estimate for the
net R, for the exchanging ligand does harboRg, term, then R}E plateau value. The final fits gave an exchange rate consta
the observed ratio for the exchanging ligand should decreadek., = 5800+ 180 s.
relative to the free compound. In our Ry, dispersion study, we were fortunate that the spin
A comparison of thényy.r/ Rz rl and|nyy.avg/ Re avgl ratios lock field strengthseBs were able to exceekky, and thereby
for the free and exchanging compounds shows that the prdsfine theR)E value. However, in general, this need not be true,
ence of protein decreases thgy,avg/ R2 avgl ratio to~40% of and it is for these more general situations that the utility of the
the free compound value. The magnitude of the decrease gxy/R>| measurements is greatest. More specifically, problem
ceeds the estimated statistical errors, and points to a significassociated with rf heating can restrict the maximd,; to val-
Rex contribution toR avg. Since the contribution is induced byues substantially less th&a,. In such cases, one cannot define
the presence of protein, its most probable cause is the bindiRlF experimentally. This lack of definition can compromise the
exchange that modulates the fluorine chemical shift. accuracy of the three-parameter fits to Eq. [14], leading to erro
We would like to determine what fraction &, ayg Can be neous estimates &y. In these situations, measurements of the
attributed toRey. The insensitivity oflnyy/Ry| to changes ine  |nxy/Ro| ratio can help improve the accuracy of the fits by pro-
provides a means for ascertaining this. Specifically, we can estiding an independent estimate B}E. In effect, the|nxy/Ro|
mateR)E (cf. Eqg. [11]), which is the nonexchange contributiomatio absolveseBy from the sole responsibility of exceeding
to Ry avg, Dy exploiting the relatiofyy r|/ Ror| & |nxys/Rogl.  thea priori unknownke,, and therefore accurate exchange rate
The latter equivalence implies thaky r/ Ro.rl ~ [1xy,avg/ R;\‘E|, constants can still be obtained even if the spin lock field strengt
and one can then solve f&)F. Using results of Table 1, we es-is limited.
timate thatR’z\'E%S.9i0.9 s! for the exchanging compound. The exchange rate constakd, is of keen interest since
The residualRex contribution (which is partially attenuatedit approximateskys, which is the unimolecular dissociation
by the CPMG sequence used) is then given by the differen@ge constant for the ligand—receptor complex. As stated, fc
Rex & Rpavg— RYFA 8.8 £ 0.9 s~1. Having this estimate en- the one-step binding equilibrium, [k} [E] <> [EL], we have
ables one to separate the contributions of chemical exchamge= ko /(1 — Pg) wherePg is the bound ligand fraction. Since
versus orientational fluctuations to the total fluorine linewidtbur sample conditions are such tifatis <1, we havekey ~ K.
of the exchanging ligand. Note thatk. reflects the strength of interactions between the
To articulate the exchange rate constants responsible forligand and receptor, and its inverse may be regarded as tt
observedR, contribution, one can use rotating fraRg, mea- mean life time for the ligand—receptor complex. A comparisor
surements. Recalling Egs. [14] and [15], in limit tha@B; be- of kex & kot Values for a series of ligands to a common receptol
comes infinitely strongR;, reduces to the nonexchange contritherefore allows for a comparison of the relative “tightness” a
bution, RYE. Of course, one cannot increageBy to arbitrarily the respective ligand-receptor interfaces.
intense powers lest one risk irreversible damage to the sampléf we know the association rate constdgt, then we can
or rf coil. Instead, we are limited to someB; max- Therefore, estimate the equilibrium dissociation constay, using the ra-
we expect thaRy, (yrBi,max) should be greater than or equal tdio Kp = Kot / Kon & Kex/ kon. AN assumption often used in phar-
the R)E value estimated via thiexy/ Ry| ratios. To verify this, maceutical screens of small molecul®( < 500) libraries
we performed on-resonance CRY/, measurements on both theagainst large enzymatic targetsl{> 10,000) is thatk,, is
free and exchanging compound at seven spin lock field strengftigfusion-controlled. If we assumekg, value of 1x 10° M~1 s,
including effective field strengths, includingB/27 ~ 836, thenwe get & estimate similar to that obtained by isothermal
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FIG. 7. 1°F Ry, dispersion for the ligand—receptor mixture (ligand at 1 mM, receptor protein aM)OThe dotted line is the fitted functional dependence
with a correspondingex of 5800+ 180 s°1. The horizontal line with error bar indicates the nonexchange contribufh,= 5.9 + 0.9 s™2, obtained from the
quotient of the exchange-averaged cross-relaxation@jgvg and the free compound ratigyy/Ro|.

titration calorimetry (ITC). Specifically, the ratiokey/ include the detection and quantification of the rate constgnt
1x 10° M~ s ! gives an NMR estimate ¢, =5.84+0.2 M which arises from the cross-correlation between'flie CSA
while the calorimetry study yieldsKp=4.8 + 0.9 uM and!®F-H DD relaxation mechanisms, and mediates cross
(M. Parker, personal communication, 2001). Thus, the IT@laxation between transverse in-phase and antiphase fluori
and %F NMR results are mutually consistent insofar asagnetization.

kon=1x 10° M~! s is reasonable. Simple collision models We have pointed to several useful propertieggffrom the
estimate the upper-limit for a diffusion-controllég, at room standpoint of ligand-binding studies. Firs§y has a strong de-
temperature tobe 1 x 10'°M~1s1(35,36), while typical exp- pendence on the overall rotational correlation time of the flu
erimental values fok,, are~1 x 10° M~1 s71 (37). Thus, our orinated compound. This arises from the secular spectral de
use ofkon &~ 1 x 10° M~1 s71 is reasonable for the diffusion- sity contributionJP (0) shown in Eq. [5]. As a consequence,

controlled encounter between the small compouvid-£ 242)
under study and the much larger protein tardét & 15,400).

IV. DISCUSSION AND CONCLUSIONS

the magnitude ofy increases with slower molecular tumbling
(longer correlation time), and becomes amplified in the boun
state. For a mixture of compounds in the presence of a given ri
ceptor, we therefore expect giy| enhancement for compounds

that bind, since they transiently adopt the slow tumbling of the

Fluorinated compounds have desirable properties both frorhigh-molecular-weight receptor. The rate consiggtherefore
pharmaceutical and spectroscopic standpoint. We have alrehdg similar utility as the protoR, and the!H-'H NOE in that
elaborated on the spectroscopic advantage§FoNMR. The it acts as a diagnostic of binding.
pharmaceutical advantages include improved pharmacologicah second useful property afy is its ability to expose chem-
properties for biologically active compoundgj. These factors, ical exchange contributions t8,. The dependence ajf, and
along with the growing focus of biological NMR on screenindR, on the®F CSA spectral density functions is quite similar.
(28), have motivated our investigations into fluorine NMR as Ender conditions in which the CSA dominates #E relax-
tool for characterizing ligand-receptor binding. Often, a simphgion, the ratidnyy/Rz| becomes highly insensitive to changes
comparison of the fluorine spectra for a mixture of compounds the overall rotational correlation times, of the molecule.
provides sufficient evidence to expose the binding compounddiis insensitivity translates into high sensitivity to the presenc
or, “hits.” The 1%F relaxation methods presented here aid e6f exchange contributions #&,. However,R, can also be laden
forts to rank-order the affinities of these hits. Such methosisth exchange contributionRex while n,, cannot. Exchange
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therefore leads to decreases in thgy/R;| ratio. The range improve the accuracy of exchange rate constants that can be ¢
of correlation times over whiclyyy/Ry| is insensitive tor; is  tained from theR,, measurements, and thus provide for more
broader than that 0N for the same field strength; this is at-accurate estimates of the dissociation rate conganin lieu
tributed to the greater dominance of the CSA relaxation meabf R;, measurements, the ratio allows one to estimateRfe
anism in the case dfF than in the case dfN. exchange contribution to aR, measurement. A comparison of
We note that the above behavior|gf,/R.| with respect to these exchange contributions for a series of related ligands m:
7. and Rey is predicated on the simple proportionality betweetherefore help rank order their corresponding affinities.
the cross-correlation spectral density functi]ﬁﬁ(w), and the In principal, equilibrium dissociation constanks, can be
auto-correlation spectral densitid8P (w) and J°“(w). In turn, obtained by observing changes in NMR relaxation parameter
this proportionality is a convenient consequence of the isotroffieg., Ri, Ry, transferred NOE, ROE) during the course of a
rotor spectral density function shown in Eq. [9b]. This is obvititration. However, within the confines of pharmaceutical NMR
ously a highly simplified description of the orientational fluctuscreening protocols, such titrations are not always practical. F
ations experienced by the fluorinated compound. It fails to takgample, ligand titrations often require the persistent additio
into account the possibility of significant internal flexibility ofof compounds dissolved in organic solvents hostile to the in
the ligand (smalle®? with associated longer internal correlatiortegrity of the protein. Additionally, protein titrations can lead
time), as well as overall anisotropic tumbling of the proteinto aggregation at the higher concentrations needed for chara
ligand complex. Additionally, the extent of internal flexibilityterizing weaker binders. Finally, titrations involving relaxation
may change between the free and bound states of the caneasurements can seriously decrease throughput since a rel
pound. Either of these “real-life” effects will inevitably com-ation series must be performed for each ligand or protein cor
plicate the relationship between the cross- and auto-correlat@@ntration. From this viewpoint, theg values provided by the
spectral densities. However, it is not immediately obvious hogy and Ry, measurements are attractive since they comprise
significant an effect they would have on the behavidngf/R,|  “titrationless” means for extracting binding affinity information.
as a function of overall molecular tumbling. We are currently It should be noted that translational diffusion measurement
simulating the effects of more exotic spectral density functioriier ligands via pulsed field gradient experiments offer an alter:
to account for the possibilities of large anisotropy in the overaliative “titrationless” means for estimating binding affinity. A
hydrodynamic rotational diffusion, as well as internal flexibilitydistinct advantage of diffusion methods is th&$ can be de-
On the other hand, the prevailing dogma of inhibitor design is termined directly, as opposedkg: (28, 38. The disadvantage
eliminate the internal flexibility of the ligand in order to mini-of diffusion methods is the decrease in experimental sensitiv
mize the entropy losses upon binding. From such a conservaiitye Specifically, in the fast-exchange regime, we observe th
perspective, the effects of internal flexibility in “real” drugs dgopulation-weighted average of the bound and free ligand dif
not elicit great concern or interest. fusion coefficients. However, the bound ligand diffusion coeffi-
In typical pharmaceutical settings, NMR is only one of nueientis smaller than the free ligand diffusion coefficient. Thus, tc
merous biophysical techniques available for generating and @letect binding, we must work with nearly equimolar amounts of
timizing lead compounds. To maximize the efficiency by whicligand and receptor (see, e.g., resultdir?8). These conditions
NMR screening data can be integrated with data from other tedontrast with the large ligand excesses typical of NMR screen
niques, it is desirable to correlate the NMR screening data withy. If the receptor concentration is limited (e.g., because of poc
estimates of relative binding affinity. In this context, #E nx, solubility or expression), then correspondingly low ligand con-
experiments are appealing since their measurement along vegimtrations are called for, and the sensitivity of the experimer
Ri, provide a means for rank ordering the tightness of ligarsliffers. Additionally, the popular diffusion experiments use the
binding under the same conditions as the NMR screen. Rotatstgnulated echo, which refocuses only half of the original co-
frame relaxation measurement’;f) have long been used toherence (see, e.939)), thus further compromising sensitivity.
measure exchange rate constants that then enable estimat®otd that the bound state reduction of the translational diffusiol
binding affinity parameters suchlag andKp. However, the ac- coefficient contrasts sharply with the bound state enhanceme
curate extraction of the exchange rate constants relies criticadly;,, andR;,. The latter enhancement is of course what allows
on having a fullRy, dispersion such that the nonexchange contiits to observe binding effects even in the presence of large ligar
butions toR;, are well characterized by the data. Unfortunatelgxcess.
this can be very difficult or impossible to obtain, and the lack of By itself, ko provides information about the tightness by
ana priori estimate of the nonexchange contributions leads ¥hich a given receptor binds a ligand. A comparisokgfval-
erroneous exchange rates. Thg,/Ry| ratio provides a conve- ues for a set of ligands to the same receptor provides insigt
nient remedy. If the ratidnyy/Ro| for the free ligand is exempt into the strength of intermolecular interactions at the receptor.
from Rey effects, then the crucial nonexchange contributions figand interface. To go further and estimétg, we need the ratio
Ri1, can be estimated from the quotient of the excahnge-averaggg/ kon. The ligand-based NMR screening protocols use a larg
nxy and the free state ratio. Thus, thgy/R:| measurements ligand excess because they detect binding via perturbations
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the ligand NMR spectral parametef§.(Due to this excess, the are those for which the interaction strengths of the CSA an
kex values from thé®F relaxation measurements essentially givBD mechanisms cancel one another. This requires that the CS
uskeg. In contrastk,, must be obtained by other means. For theonstantC,, of Eq. [7] be of magnitude similar to that ofy
present study, the assumptionkgf =1 x 10° M—1 s~ leads to of Eq. [8]. Cancellation also requires that tH& CSA tensor
an estimatedp that is consistent with th&p obtained from be axially symmetric, with the symmetry axis collinear with the
isothermal-titration calorimetry. The assumed value lies withidD interaction vecton g. Unfortunately, thé®F-tH spin sys-
the range ofk,, values reasonable for a diffusion-controlledem under consideration falls short of these criteria due to th
reaction between the small ligan{ = 242) and the much disparity between the DD and CSA interaction strengths an
larger target moleculeM, = 15,400) 7). In general, how- the asymmetry of th&’F CSA tensor. An additional hindrance
ever,kon may be considerably slower than that appropriate fig the small scaladqy coupling constant in the aromatic ring.
diffusion-controlled encounters due to presence of activation EFROSY pulse schemes use a number of spin-echo sandwiches
ergy barriers or multistep binding. Even within the confines @fchieve the correct multiplet selection. For the aromatic fluorine
diffusion-controlled bindingkyn can still span several orders ofthe analogous spin echoes would entail delays:80—-40 ms,
magnitude due to electrostatic or conformational gating effedtsus turning TROSY into an effective but unwanted relaxatior
(36). Without additional measurements for determinkgg the filter. To achieve TROSY gains, we need to increase the contr
Kp estimates are obviously vulnerable to the potential errors ibdtion of the DD relaxation relative to the CSA relaxation. This
herent in thek,, assumptions. Nonetheless, these uncertaintiean be achieved by working at low&,. Use of Egs. [7] and
need not destroy our ability to rank order ligand-binding affin{8] show that aB, corresponding to &H resonance frequency
ties via the!®F relaxation measurements. In particular, if thef ~136 MHz would be ideal. Alternatively, one can also study
variation inkeg is much stronger than the variationkg, then '°F—H spin systems with shortegy distances, Equations [7]
a rank-ordering ok yields an accurate rank-ordering §h. and [8] indicate that thery distance of~ 1.8 Awould elicit
Such can be the case if we consider a series of ligands belosigmificant TROSY gains at thB, used in this study (11.7 T).
ing to the same enzyme target. Alternatively, we may chooseTbus, molecules containing gemindF-*H spin pairs would
articulate the ligand-binding mechanism, and compgseval- be much more promising TROSY candidates than the aromat
ues for a ligand series. This is possibl&if values are already spin pair considered here.
known from independent measurements. We can then estimati#/e have also proposed pulse sequences to measure the tre
theko, rate constant fronkp / kot . Clearly, this value should not verse cross-correlation rate constant. The small scalar cou-
exceed what is reasonable for a diffusion-limiteg pling constantslry precludes the use of methods designed fo
We have presented pulse sequences that demonstrafiEthé®N-enriched proteins; we have therefore tried a different ap
CSA-DD cross-correlation effect vidF and'H chemical shifts proach in which we measure the transverse relaxation rate co
correlation spectra. Such sequences exploit the cross-correlstedits of individual quartet members. In our analysis ofithe
cross-relaxation pathwaly <> 21,Fyy to achieve polarization data, we have omitted the effects of proton—proton cross-relax
transfer between fluorine and proton. The use of CSA-DD crogion that can ensue between the transverse magnetizations
correlation for polarization transfer has recently been analyz#é various quartet members. This cross-relaxation intensifies
in detail for protein amidé>N—'H spin systems by Riekt al  proportion to the local proton density of the protons that hav:
(21). Analogous approaches might also be advantageous for fignificant dipolar coupling to the fluorine. At present, the pulse
orinated compounds. In particular, for the aromatic fluorine matequences have initial conditions such that only the desire
ety examined here, the heteronuclear scalar coupling constantartet member is excited. This reduces but does not elimina
are small. As the overall molecular tumbling time increasethe cross-relaxation effects, and improved techniques are und
the transverse auto-relaxation rate constants increase whilegtusly.
scalar coupling constants remain fixed; these trends lead to de#e note that th&®;, rate constants obtained via the simple CW
creasing efficiency of INEPT-style polarization transfer mettpulse scheme are partially corrupted by thgcross-relaxation
ods. In contrast, the magnitude pf, increases with molecular during the spin lock, leading to erroneously shorter rate con
weight, and may therefore prove more efficient for fluorinestants. Unfortunately, the hardware did not permit simultaneou
proton polarization transfer in slowly tumbling compounds. *°F and!H pulsing, and we were therefore unable to quenct
The increase ofiy with B, and molecular size depicted inthe CSA-DD cross-relaxation via the compensatoty180°’s
Fig. 2A leads one to consider possible advantages of TRO&8%ed in the CPMG sequencd$(34. However, in practice, the
pulse sequence metho@)in 1°F spectroscopy. Inthe TROSY correct rate constants differ only y5% from the measured
approach, one exploits the aforementioned differential tramrste constants, and therefore, the error is not severe. This w
verse relaxation by observing only the slowest relaxing comaerified by comparing the difference in compensated CPRAG
ponent of the chosen multiplet. F&iN-enriched proteins hav- with the “uncompensatedR,, for the free ligand at 10, 14, and
ing large rotational correlation times, this has led to dramat&2°C. Such small differences are not expected to alter signifi
gains in sensitivity and resolution. Optimal TROSY conditionsantly theR;, dispersion and the conclusions drawn thereof
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The use of adiabatic spin lockd@, 41 may help mitigate estimated using standard error propagation rules. Ripelis-
these complications, as well as those arising from resonan@sion data were fitted using the offset Lorentzian functior
offset effects incurred by the use of low rf field strengths thaf Eq. [14]. Initial values for the constant&, ke, and RYE
are<|ér — 8g| (3, 49. Such studies are in progress. were obtained by fixingR)E at the value predicted by the cross-

Although the studies here have focused on exchange peotrelation measurements and allowiAgandke to vary in a
cesses associated with binding, the methods presented couldib®le grid search4@). These results were then used as initial
conceivably expanded to describe other exchange processescBaditions for the Levenburg—Marquardt algorithm, in which all
example, internal ligand flexibility on the micro- to millisecondhree parameters were allowed to vary. Final errors were est
time scale might also be of interest. Also, given the advent ofated using the aforementioned Monte Carlo methods.
cold probes, the methods presented here are conceivably trans-
ferable to aromatié¢3C nuclei. Investigations along these lines ACKNOWLEDGMENTS
are in progress.
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