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Abstract: NMR-based binding and functional screening performed with FAXS (fluorine chemical shift
anisotropy and exchange for screening) and 3-FABS (three fluorine atoms for biochemical screening)
represents a potential alternative approach to high-throughput screening for the identification of novel
potential drug candidates. The major limitation of this method in its current status is its intrinsic low sensitivity
that limits the number of tested compounds. One approach for overcoming this problem is the use of a
cryogenically cooled *°F probe that reduces the thermal noise in the receiver circuitry. Sensitivity improvement
in the two screening techniques achieved with the novel cryogenic °F probe technology permits an increased
throughput, detection of weaker binders and inhibitors (relevant in a fragment-based lead discovery program),
detection of slow binders, and reduction in protein and substrate consumption. These aspects are analyzed
with theoretical simulations and experimental quantitative performance evaluation. Application of 3-FABS
combined with the cryogenic °F probe technology to rapid screening at very low enzyme concentrations
and the current detection limits reached with this approach are also presented.

Introduction investing in this technology for identifying and optimizing novel
drug candidates or for performing follow-up screens to confirm
high-throughput screening (HTS) hits. NMR-based screening
can be used to run binding and functional assays. In addition,
it provides accurate measurements of the dissociation binding
constant and inhibitory activity of the identified binders and
inhibitors, respectively, allowing the construction of a meaning-
ful structure-activity relationship (SAR) table. Two of these

¥ Nerviano Medical Sciences experiments, recently introduceGAXS (fluorine chemical shift

* Bruker Biospin AG, ) anisotropy and xchange forscreening}® and 3-FABS (three
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Over the past decade, since the first application of NMR-
based screening to a drug discovery projédhere have been
important technological and technical advances related to this
methodology. Several review articles covering the theory and
application of NMR-based screening have appeared in the
literature3-15 Many industries and academic laboratories are
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or scintillation proximity assay (SPAY,the techniques of choice
often used in HTS. To increase the throughput%f NMR-

As it was previously demonstrated, the fraction of spy
molecule bound to the receptor, [ELJA&1] (where [EL] and

based screening, it is therefore necessary to improve the[Lrtot] are the bound and total spy molecule concentration,
sensitivity of the technique. One proposed approach is the userespectively), in the presence of a competing molecule can be
of substrates and spy molecules with magnetically equivalent calculated from a graph constructed with titration experiments
multiple fluorine atom£° A similar technique has been used performed at different protein concentrations and knowing a
in I%F NMR imaging?! A second approach for achieving this priori the dissociation binding constant of the spy molecule. A
goal is the use of cryogenic probe technol&ggptimized to measurement performed at a single competing molecule con-
19 detection. The gain in sensitivity obtained with this centration allows the determination of the binding constant of
technology has other beneficial effects that go beyond the the identified hit. A more complete analysis requires the
increased throughput. It allows the detection of weaker binders acquisition of several experimental points at different competing
and inhibitors (relevant in a fragment-based lead discovery molecule concentrations.

approach), the identification of slow binders, and a significant ~ The fraction of spy molecule bound to the receptor, [EL)/
reduction in protein and substrate consumption. These aspectgL ro7], in the presence of a competing molecule is then given
are analyzed and discussed in detail with theoretical simulationsby the equatioff—2°

using realistic parameter sets. Application of 3-FABS with the
new cryogenié®F probe technology to rapid screening at a very

2y/(@ — 3b) cosp/3) — a

[EL] _

low enzyme concentration is presented. A quantitative perfor- Lror] = > (1)
mance evaluation and the establishment of detection limits ToT - 3Kp + 2¢/(a” — 3b) cosp/3) — a
reached with this technology are also described.
) ) where

Results and Discussion

Sensitivity Issue. A thorough analysis of the advantages 0= ar co —2a’ + 9ab — 27c )
achieved with a gain in sensitivity in the FAXS and 3-FABS is ZM
discussed in the following sections.

FAXS. FAXS!®is a ligand-based binding competition screen- a=Kg+ K, + [Lror + [ = [Exor] ©)

ing experimeri®-25 that utilizes a weak affinity spy molecule
containing a Ck or CF moiety and®F as the nucleus of
detection. A library of fluorine-containing molecules that are
well characterized, are chemically stable, and have high aqueous 5)
solubility is first tested in mixtures against the receptor of interest

for the identification of potential spy molecules. The FAXS  andK, are the dissociation binding constants of the spy and
approach has some distinct advantages. The absence of OVerlaE’ompeting molecules, respectively, 1] and []] are the

permits the screening of large chemical mixtures and allows ¢, centrations of the spy and competing molecules, respectively,
for automated analysis of the spectra. The large chemical shift [Eor] is the concentration of the protein.

ar_lisotropy (CSA) of fluorine re_sults in a large difference in line Figure 1 shows a simulation performed with eq 1 representing
width for the spy molecule in the free and bound states, , ynical experimental condition in a FAXS experiment where

especially at the hi_gh magnetic fields currently useq. This the ratio [Lrotl/[Etor] = 50 and theKp of the spy molecule is
phenomenon, combined with the large exchange contribution, 1 ,\. 1t is evident that if the competing molecule is a strong

allows for the selection of a weak-affinity spy molecule, thus - qer (lowK;), then a low concentration can displace com-

_resul_ti!wg in bOth_ a lower binding affi_nity threshqld for the pletely the spy molecule. When the competing molecule is a

identified NMR hits and a lower protein consumpuon_. weak binder, it is necessary to use a high concentration to

. The observed parameter of the spy molecule, typically the 5chieve a detectable reduction in the fraction of bound spy
F signal intensity after a spirecho filter, is studied in the  gjecyle. The fraction of bound spy molecule in the FAXS

absence and in the presence of a competing molecule. SOmeg, yariments, as it can be appreciated in Figure 1, is small due

times the signal intensity is compared to the signal intensity of ;4 iha \weak affinity of the spy molecule and its high excess
a fluorine-containing control molecule present in the solution compared to the protein concentration. These experimental
or to an electronically generated signal of a defined frequency, ,ngitions are different when compared to a fluorescence
line width, and amplitude, known also as an ERETIC sighal. polarization (FP) assay, where the fraction of bound spy
molecule is high and the ratio frl/[Etor] < 1 in order to
reduce interferences originating from the fluorescence of the
free spy molecule.

Figure 2 shows the fraction of bound spy molecule as a
function ofKp and [Lrot]. This is calculated with eq 1 by setting
[I] to O. As it is evident, the use of a lower spy molecule
concentration, possible with a sensitivity improvement in the
technique, results in a higher fraction of bound spy molecule.

b= {[l] = [Erorl}Kp *{[Lror] — [Evor}K| + KpK; (4)

¢ = —KpK|[Ero7]
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) ) ) _[I] in uM ) ) Figure 3. Simulation performed with eq 1, showing the percentage
Figure 1. Simulation performed with eq 1, showing the fraction of bound  reduction of the fraction of bound spy molecule as a function of the binding
spy molecule as a function of the concentration of the competing molecule constantk, of the competing molecule for different concentrations of the
[1] for different values of the binding constal{i of the competing molecule. spy molecule. Thép of the spy molecule was %M, and the concentration

The Kp and the concentration of the spy molecule were 10 angM0 of the competing molecule and protein was 50 angdM, respectively.
respectively, and the concentration of the protein wasvil The horizontal line drawn at 30% reduction in [EL]fs] represents a
conservative detection limit of a FAXS run. For this value, the detection
008 Eror=1 uM limit of K is 57, 33, and 1M for [Ltor] of 10, 25, and 50uM,
respectively.

0.08
] T, between the free and bound states. The concentration of the
tested molecules is 5@M, and for a spy molecule with Kp

0.07 4

006 of 10 uM it is possible to detect binders with; < 19 uM if

% 0.05- we use [L]= 50 uM, but the limit is extended t&; < 57 uM

é— 0,04 if we use [L] = 10 uM. Therefore, it is evident that the lower

o ] Lror=10 uM spy molecule concentration feasible with the sensitivity increase
0037 L,or=25 uM allows the detection of weaker binders. This is important in
0.02 4 L;or=50 uM fragment-based lead discovery programs at academic institutions
001 1 and small pharmaceutical companies where no HTS screening

] capacity is available. In this approach it is not the throughput

0.00 ' ‘ that is relevant, but the possibility of detecting chemical

20 40 60 .
K_in uM fragments that bind weakly to the receptor.
D
Figure 2. Simulation performed with eq 1 and B} 0, showing the fraction . 3 FABS' 3-FABSis a rpbust fu.nCtlonal assay that Ide.ntlfl(:f\s
of bound spy molecule [ELJ/[tor] as a function ofp and [Lror]. The inhibitors of an enzymatic reaction ano_l measures Wl_th high
protein concentration was AM. The vertical line is drawn aKp = 10 accuracy their 16 values (i.e., the inhibitor concentration at
#M. For this value, [EL)/[Lror] is 0.049, 0.029, and 0.017 for {&1] of which 50% inhibition of the enzymatic reaction is achieved).

10, 25, and 5QuM, respectively. The substrate is tagged with a £foiety, and fluorine NMR

For example, with &p of 10 uM, the [EL}/[Lror] is 0.017 spectroscopy is used as the method of detection.

with [Lror] of 50 xM, but it becomes 0.049 with for] of 10 If the substrate has. a low Michaelis constdﬁm, itis qot
uM. The increase in [EL]/[kot] results in a more sensitive pra.ctlcable.to use a high substratg cqncentratlor\, as this would
method, thereby extending its application to small proteins and limit detection only to very strong inhibitors. An improvement
requiring a shortef, filter. However, as it has been demon- N sensitivity allgws a redugtlon in the concentrat!on of the
strated previously, it is possible with FAXS to work at a very Substrate used in the experiments, therefore making possible
low fraction of bound spy molecule. In this case the protein the detection of weak- and medium-affinity inhibitors.
concentration can be lowered and the sensitivity improvement ~ Another experimental situation where the improvement in
further reduces the protein consumption necessary for the FAXSsensitivity is useful is in the kinetic measurements. Some
run. inhibitors display slow kinetics deriving from a slow on-rate.
In the competition binding experiments, a percentage of An on-line (real-time) kinetics measurement allows the iden-
reduction of the fraction of bound spy molecule is typically tification and characterization of these “slow binders”. However,
defined as the threshold above which the molecules arethese experiments require the rapid acquisition of spectra at
considered as hits. Figure 3 shows a diagram of the percentagéjiﬁerent Iag times from the start of the reaction. This is Clearly
of reduction of the fraction of bound spy molecule as a function Possible only when the sensitivity of the experiment is high.
of the K, of the competing molecule and the concentration of  As is the case with other techniques used in HTS, two
the spy molecule. In a typical FAXS run we can set the detection experimental factors can be used to define the quality of a
limit of the experiments to 30%, which is easily achievable with 3-FABS run. These are the signal-to-noise ratio, S/N, defined
19 NMR due to the large difference in the transverse relaxation as

13382 J. AM. CHEM. SOC. = VOL. 127, NO. 38, 2005
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whereU and L represent the two plateaus (intensities of the
substrate or product signals) obtained from the 3-FABS experi- ) )

Figure 4. 1°F NMR spectra of only 5:M AKTide3! CFs-tagged peptide

. PR
ments with 0 and 100% inhibition and whesg andoy are b\ oF e AF(3.CR)SFGHHA) recorded with a SEF CryoProbe (a) with
their standard deviations. The equations (6) and (7) apply alsoand (b) without proton decoupling and (c) with a conventidfgiselective

to the FAXS experiments where and U correspond to the probe. The spectra were recorded af@@with 256 scans and 2.8 s repetition

intensity of the spy molecule signal with 0 and 100% displace- mﬁ élme'L”IJXt%' %Cguiigggg?;)ég\qeﬂnsy??ﬁ g??tig”mwﬁiﬂp?;’med
mer_]t' respectively. The bgs_t co_ndmons for the scree_nlng ar€ and 50 mM Tris pH 7?5. The reaction was ’quenchedreé‘tb and 28 mi’n
achieved when the S/N ratio is high and when the quality factor with 20 uM staurosporin. Substrate and product of the kinase reaction
lies between 0.5 and 1. These conditions can be reached by(phosphorylated peptide) are indicated with the letters S and P, respectively.
improving the sensitivity of the experiment. The signal intensities are (a) 1.2, (b) 1, and (c) 0.3.
Finally, to perform the screening in the initial linear region P S
of the enzymatic reaction, it is sometimes necessary to quench
the reaction when only a small fraction of substrate has been
transformed to product. In this case the sensitivity improvement
makes possible the detection of the miniscule amount of product.
How To Improve the Sensitivity. The use of a Cf
containing spy or substrate molecule provides high sensitivity,
but it is not always sufficient as discussed above. A 2- to 4-fold
sensitivity improvement is obtained with the use of magnetically
equivalent multiple Cgfragments properly introduced in the
substrate or spy molecut In this case the increase in S/N is %
achieved by enhancing the differeride- L in eq 6. However,
it is not always possible to use such an approach because the
introduction of the multiple Cgchemical moiety in the substrate
or spy molecule either can require troublesome chemical

synthesis or could interfere with the binding to the receptor and e 5. F NMR 1va of 15M CFst d peptide (ARKRERAF

. . . L. . igure 5. spectra o 3-laggeda peptide -
with the enzymatic reaction. In addition, the presence of multiple (3.CF)SFGHHA) recorded with a SEF CryoProbe. The spectra were
CF; groups renders the molecule more hydrophobic, therefore acquired at 20°C with 16 scans and 2.8 s repetition time (45 s total
introducing solubility and aggregation problems. acquisition time). The enzymatic reaction was performed with 5 nM PKA

Another r h for improvina th nsitivity is th f in the presence of 6aM ATP, 1 mM DTT, 5 mM MgCh, and 50 mM

0 e apl; O?C h 0 | pro i g 3%8';3 t % N le tJhS.e 0 Tris pH 7.5. Substrate and product of the reaction (phosphorylated peptide)

CryOgen'C_prO e e(.: no Ogy op 'm'ze. etec |0n.. nts are indicated with the letters S and P, respectively. In the presence of 20
case the increase in S/N is accomplished by reduaingnd uM N-(2-{[(2E)-3-(4-bromophenyl)prop-2-enyllamihethyl)isoquinoline-
oL in eq 6. The new 5-mm SEF Z-Gradief¥{H—2H} 5-sulfonamide, known as H89 (lower spectrum), no product formation is
CryoProbe developed by Bruker is equipped with cryogenically °PServed:

o f 0 .
.cooled preamplllfl.ers for ?" nugle#(l_:, H, andH). This resu!ts in sensitivity obtained with the cryogenically cooled probe when
in a 4-fold sens.|t|V|ty galn.fm1 F with respect to that possible compared to the sensitivity of a conventional probe is about
with a conventional fluolrlne observe probe-head and also a3 ¢q14. An additional 20% sensitivity improvement is attained

2-fold sensitivity gain forH compared to that possible with a it the use of composite pulse proton decoupling, as shown
conventional inverse probe-head. The high sensitivity ofithe in Figure 4a. This is simply due to the presence of small

lock channel allows for optimal stability and long-time perfor- |, \-o<qved heteronuclear long-rarfgscalar couplings between
mance even in perturbed environments. Fully software controlled .o aromatic protons H2 and H4 and thes@F the modified

automatic tuning and matching (ATM) is available for all nuclei. phenylalanine residue. A typical screening run with 3-FABS in
Gradient shimming, together with ATM, allows full automation 4,4 presence of 5 nM PKA and 18Vl CFxtagged substrate

and high-throughput NMR screening at optimal performance o.qrded with the cryogenically cooled probe, is shown in Figure
levels without manual interference. 5. Only 16 scans, amounting to an acquisition time of 45 s,

Figure 4 shows the experimental sensitivity improvement in o6 necessary for recording the spectra, thus allowing the rapid
the 3-FABS experiment achieved with the new cryogenic probe .| iaction of many samples.

technology. The C¥tagged substrate, phosphorylated by the |+ \ya5 demonstrated that 3-FABS is a reliable and robust

cyclic AMP-dependent human protein kinase A (PKA), i 500104017 This was ascribed to the simplicity of the assay and
present at a concentration of only®. The experimental gain

5 '°F

T T T T T T T T T T T T T T T T T !
13.45 13.40 13.35 ppm
5 °F

(31) Obata, T.; Yaffe, M. B.; Leparc, G. G.; Piro, E. T.; Maegawa, H.;
(30) zZhang, J. H.; Chung, T. D.; Oldenburg, K. R.Biomol. Screenind999 Kashiwagi, A.; Kikkawa, R.; Cantley, L. CJ. Biol. Chem 200Q 46,
4, 67-73. 36108-36115.
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3.5% T 0.2% P

L - I Ll *

9 |_§ 7 6 5 4 3 2 ppm
Figure 6. 1D H presaturation (using a composite read pulse) experiment ——
acquired with 64 scans (4 min experimental time) at 14.09 T (600 MHz) 12.85 12.80 12.75 49 PPD
with the 5 mm SEPR®F {1H-2H} Z-Gradient CryoProbe. The strong signal o °F

originates from the Tris buffer present at a concentration of 50 mM. The Figure 7. 3-FABS of 10 uM PFG-ARA-NH, recorded with a SEF
values at the position of the two strongest peaks, residual water signal andCryoProbe. The spectra were acquired with 1 scan and 0.8 s total

Tris signal, correspond to the percentage of the total signal intensities o, nerimental time. The enzymatic reaction was performed with 5 pM trypsin
displayed in the plotted spectrum. The inset shows a zoom-in of the aromatici, 50 mMm Tris pH 7.5. Substrate and product of the reaction (cleaved

spectral region displaying some signals of the inhibitor H89 and ATP.  hentide) are indicated with the letters S and P, respectively. The reaction
was stopped after 22 h. In the presence ofiRDieupeptin (lower spectrum),

to the absence of interferences with the detection system," Product formation is observed.

However, the main advantage of the 3-FABS approach com- S

pared to other techniques used in HTS is the direct measurement

of the sample concentration, sample purity, compound identity,

solubility in aqueous solution, aggregation state, and chemical

stability. The characterization of these properties is paramount

for deriving accurate values of §gand for identifying false P

positives and potential false negatives. These measurements are

obtained with the acquisition of 1EH spectra and sometimes

1D WaterLOGSY (for determining the aggregation state) of the

identified hits. The spectra are recorded in the presence of a \M

water-soluble reference molecule of known concentration. The

SEF CryoProbe allows the automated acquisition with high

sensitivity of thelH spectra after the acquisition of tHéF *

spectra. A typical 1BH presaturation experiment acquired with

64 scans (4 min experimental time) is shown in Figure 6. The

inset shows a zoom-in on the aromatic spectral region containing | | | , | '

the signals of the scregned mo_IecNe_(Z—{_[(2E)-3-(4-brom_o- 12.82  12.80  12.78 ppm

phenyl)prop-2-enylJaminjethyl)isoquinoline-5-sulfonamide, § 19F

known as H89. i FABS of 10 uM PFG-ARA-N ded with EF

The_ us? of magnetically eq_uivalent multiple JRoieties in glr%/Lcl)rSrft')e.?rhe eriyﬁwatig :Zzactionc\;/vas perfg:zmgijcv?/?theonI\;/VEOOE:‘MStrypsin
combination with the cryogenically coolé8 probe results in in 50 mM Tris pH 7.5. The spectra were recorded af@0with 256 scans
o e T s ks S st s o'
.thrOL.JghpUt' This can be appreCIatgd in the screening run Showng;]% g?respectively. The tiny amoupnt?i)oo nM) of product is clearly visible
in Figure 7, performed with trypsin and the N-capped poly- in the upper spectrum, whereas in the presence pf\20eupeptin (lower
fluorinated glycine peptide PFG-ARA-NHThe spectra were  spectrum), no product formation is observed.
recorded with a single scan, corresponding to 0.8 s acquisition
time. In this case it is evident that the throughput with 3-FABS 8. Despite the low amount of the cleaved peptid®&Q0 nM),
is not limited by the acquisition time. The bottleneck is itis possible to perform the screening and identify inhibitors in
represented by the time required to introduce the sample in thea reasonable experimental time. In this particular case, only
magnet, and the time to shim the magnet. Improvements in the0.235ug of enzyme would be needed for screening 100 000
speed of these operations will significantly increase the through- single compounds. This compares favorably with the amount
put achievable with 3-FABS. of enzyme used by other techniques applied to HTS.

The sensitivity gain obtained with the SEF CryoProbe allows
also the detection of a small amount of product formation. This
is relevant when the enzyme is present at very low concentration, The sensitivity improvement in thé®F NMR detection
for a cell-based 3-FABS application, or for a potential diagnostic experiments described in this work has pushed the limit of the
utilization of 3-FABS. An example of a 3-FABS run performed NMR-based screening technology. It is now possible to perform
at an enzyme concentration of only 200 fM is shown in Figure robust and reproducible screening of many samples in a short

Conclusion
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time with very low enzyme consumption. The flexibility of the  synthesized according to the procedures described previtushe
novel SEF CryoProbe with automated acquisition of bi§th Ser/Thr cyclic AMP-dependent protein kinase A (PKA) was purchased
and'H spectra permits identification of reliable hits, accurate from PanVera (Invitrogen, P2912), and the protease trypsin was
determination of theiKp or ICsg values, and characterization purchased from Roche (Roche Molecular Biochemical catalog no.
of their chemical and physical properties. The quality of these 1418475). .

data is fundamental for the selection and optimization of ~ The NMR spectra were recorded at 20 with a Bruker 600 MHz

meaningful lead compounds, thus avoiding squandered time andYMR spectrometer operating at# Larmor frequency of 564 MHz.
resources in the pursuit of unsuitable molecules. The data were recorded with a spectral width of 12 000 Hz, an

acquisition time of 0.8 s, and a relaxation delay of 2.8 s. Chemical
Material and Methods shifts are referenced to trifluoroacetic acid. The simulations were
The peptide ARKRERAR-CF)SFGHHA was synthesized at performed using the Origin 5.0 and Microsoft Excel software packages.

Bachem. The tetrapeptide PFG-ARA-NHPFG, polyfluorinated gly-
cine, or [bis(3,5-bis-trifluoromethyl-benzyl)aminolacetic acid) was JA0542385
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