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1. Introduction

Pharmaceutical and academic nuclear magnetic

resonance (NMR) groups have implemented NMR

screening techniques as a powerful approach to

identify and to investigate protein/ligand inter-

actions. Pharmaceutical groups in particular have

incorporated NMR screening strategies into their

drug discovery and drug design programs. This

stems from the fact that NMR screening is

naturally synergistic with combinatorial or medic-

inal chemistry, high throughput screening (HTS),

structure-based drug design, and genomics [1].

This review will describe progress in the field

since the SAR by NMR (structure – activity

relationship by nuclear magnetic resonance)

approach using 2D 1H–15N HSQC spectra of
15N-labeled proteins was described by Fesik’s

group in 1996 [2]. Others have also written at

length on NMR screening techniques [3–11]. The

focus of this comprehensive review will be to first

provide a physical and mathematical basis of the

various NMR screening techniques and then to

describe examples from the literature where the

techniques have been applied to biological sys-

tems. Emphasis will be placed on applications in

drug discovery and drug design. A discussion on

NMR screening library design is also included,

with particular emphasis on the elegant SHAPES

library and its applications [12]. The review will

conclude with sections on NMR screening’s

impact on chemistry and biology, prospects for

automation and future directions.

2. NMR screening techniques

NMR screening can be defined as the identifi-

cation of small molecule ligands for macromol-

ecular targets by observation of a change in an

NMR parameter that occurs upon their interaction.

NMR screening methods can be divided into those

that detect interactions by observation of either

macromolecule NMR parameters or small mol-

ecule NMR parameters. In the case of macromol-

ecules, the parameter that can be monitored is

limited typically to chemical shifts. For small

molecules, the choice of NMR parameters is more

diverse. These include longitudinal, transverse,

and double-quantum (DQ) relaxation; diffusion

coefficients; and intermolecular and intramolecular

magnetization transfer. The latter includes trans-

ferred NOE, NOE pumping and reverse NOE

pumping, saturation transfer, and WaterLOGSY

(water– ligand observed via gradient spectroscopy)

experiments. Screening methods that monitor the

macromolecular target are exemplified by the SAR

by NMR technique [2] and will be described first.

Screening methods based on small molecule

resonances will be described second.

2.1. Monitoring the macromolecule: SAR by NMR

The SAR by NMR technique [2] is based on

the use of chemical shift changes to screen for

low-affinity ligands, in combination with using

structural information to direct a linked-fragment

approach for achieving binding affinity enhance-

ment. While the method has so far been demon-

strated only for protein targets, it is in principle

applicable to nucleic acid targets as well. A

schematic of the procedure is outlined in Fig. 1

[2]. In the first step, a library of small organic

molecules is screened to identify molecules that

bind to the protein (Fig. 1, Step 1). Binding is

detected by comparing 2D 1H–15N HSQC spectra

of the 15N-enriched target protein in the absence

and presence of ligand to elucidate ligand-induced

changes in chemical shift. Typically, perturbations

are considered significant if Dd . 0.1 ppm for at
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least two peaks in the spectrum [13], where

Binding constants for identified ligands can be

determined by monitoring chemical shift changes

as a function of ligand concentration [14]. Data

are then fitted using a least-squares grid search

varying the values of KD and the chemical shift of

ligand-saturated protein according to

KD ¼ {ð½P�0 2 xÞð½L�0 2 xÞ}=x ð2Þ

where [P]0 and [L]0 are the total molar concen-

trations of target and ligand, respectively, and x is

the molar concentration of the target/ligand

complex given by

x ¼ ðdobs 2 dfreeÞ=D ð3Þ

where dobs and dfree are the chemical shifts for the

target molecule at each ligand concentration and

in the absence of ligand, respectively, and D is the

chemical shift difference at saturating levels of

ligand [15].

Once an initial lead compound is identified,

binding constants or activity measurements for

close analogues are determined in order to

optimize affinity for this site (Fig. 1, Step 2).

Next, a second low-affinity ligand is identified

based on amide 1H/15N chemical shift changes for

a different set of residues in either the initial

screen or in a second screen carried out in the

presence of the optimized ligand from the first

screen (Fig. 1, Step 3). Assaying related analogues

as was done for the first ligand then optimizes the

second ligand (Fig. 1, Step 4). Following identi-

fication of the two lead fragments, their location

and orientation in the ternary complex is deter-

mined experimentally by either isotope-edited or

transfer NOE methods. On the basis of this

information, the two lead compounds are syntheti-

cally linked together in a manner that maintains

the spatial orientation of the two ligands with

respect to each other and to the target protein to

produce the final high-affinity ligand (Fig. 1, Step

5) [2]. The use of SAR by NMR to identify high-

affinity ligands for a wide range of protein targets

is best described by examples. The advantages

afforded by the method will be readily apparent:

lack of background signals from test compounds

because of 15N spectral editing, applicability to

any class of compound (providing that the

aqueous solubility is greater than about 1 mM),

concomitant identification of ligand binding site

location, rapid SAR development, and simple

binding assays with no need to develop functional

assays or to know the target’s function. The

requirements for 15N-labeled target protein, back-

bone 1H–15N resonance assignments (which are

Dd ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½ðdð1H; ppmÞfree 2 dð1H; ppmÞobsÞ

2 þ 0:04ðdð15N; ppmÞfree 2 dð15N; ppmÞobsÞ
2�

q
: ð1Þ

Fig. 1. Outline of the SAR by NMR method. Reprinted with

permission from Shuker et al. [2]. q 1996 American Association for

the Advancement of Science.
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typically limited to proteins with MW , 30 kDa),

and knowledge of the target protein’s structure are

the main disadvantages of this technique. Also, the

2D 1H– 15N HSQC experiments used by this

method typically require a longer acquisition

time than do the experiments used in the various

1D NMR screening methods.

2.1.1. Drug discovery and design

FKBP. The SAR by NMR technique was

demonstrated with the discovery of a compound

that binds to FK506 binding protein (FKBP) with

a KD of 19 nM by linking two molecules with

binding affinities of 2 and 100 mM [2]. FKBP

blocks T-cell activation when complexed to the

immunosuppressant FK506 [16]. To identify the

first ligand, [15N]FKBP was screened against a

,1000-compound library. A number of ligands

were identified in the high mM to low mM affinity

range. A pipecolinic acid derivative (1) with a KD

of 2 mM was selected as the first ligand. Ligand-

induced chemical shift changes indicated that (1)

binds FKBP at the same location as the pipeco-

linic acid moiety of FK506. FKBP with saturating

levels of (1) was then screened against the

compound library. A benzanilide derivative (2)

was identified with a KD of 0.8 mM. Ligand-

induced chemical shift changes indicated that the

binding sites of (1) and (2) are located close to

one another. Limited SAR was then developed for

(2) by testing a number of related proprietary and

commercial compounds for FKBP binding affinity.

The compound (3) ultimately chosen as the

second-site ligand has a KD value of 100 mM. In

order to design a linkage between the two ligands,

a model of the ternary complex of FKBP with (1)

and (3) was derived on the basis of isotope-filtered

NMR experiments. Five linked compounds were

ultimately synthesized, and all were found to have

nM affinity for FKBP. The best compound (4) has

an affinity of 19 nM. Intermolecular NOEs

suggested that the linked compounds bind to

FKBP in the same location as the unlinked pieces,

with only slight variations in position caused by

the linker group.

Stromelysin. Stromelysin is one member of the

matrix metalloproteinase family of enzymes. Since

overexpression or lack of regulation has been

associated with arthritis and tumor metastases, small

molecule inhibitors may have therapeutic value in the

treatment of these disease conditions [17]. When

traditional HTS of 115,000 compounds failed to

identify a non-peptide lead chemical template with

potency greater than 10 mM, the SAR by NMR

technique was used to identify a 15 nM inhibitor [14].

In this case, the first ligand fragment was chosen in

advance, with NMR screening being used to identify

only the second ligand fragment. This was necessary

since stromelysin is a protease and is subject to

autolytic degradation. Acetohydroxamic acid (5) was

selected as the first ligand since many known MMP

inhibitors contain a hydroxamate moiety. NMR

screening was carried out on [15N]stromelysin under

saturating conditions (500 mM) of this 17 mM

inhibitor. The substrate specificity of stromelysin

was also used to direct the screening process. The

search was focused on hydrophobic compounds that

might be predisposed to bind in the largely hydro-

phobic S0
1 stromelysin subsite. Several biphenyls and

biphenyl analogs with high mM to low mM affinities

were identified after screening only 125 compounds.

Limited SAR derived from the identified ligands was

complemented by synthesis of a series of biphenyl

analogs. In order to design linked compounds, the

ternary structure of stromelysin with (5) and one of

B.J. Stockman, C. Dalvit / Progress in Nuclear Magnetic Resonance Spectroscopy 41 (2002) 187–231190



the biaryl screening hits (6) was determined using 3D

NMR methods. NOE data indicated that the biaryl

compounds do in fact bind in the desired S0
1 subsite

and also defined the relative orientation of the

compounds with respect to (5). On the basis of this

structural data and the available biphenyl SAR, a

series of linked compounds exemplified by (7) were

synthesized. The linker length was varied from one to

four carbon atoms, with two carbon atoms found to be

optimal. This compound has an IC50 value of 15 nM.

The linked compounds bind in the expected manner

based on the solution structure determined for one of

the binary complexes. The importance of linker length

was evaluated by determining the enthalpic and

entropic contributions to the binding energy as a

function of the number of linking carbon atoms [18].

It was found that the 2-carbon linker results in

significant gains in enthalpy compared to other linker

lengths, but that there is very little entropic variation

with linker length. Given the extended nature of the

stromelysin active site, it is not unimaginable that

another round of screening could be carried out to

identify a third ligand fragment that would occupy the

S1 or S0
2 subsite. Provided that the final single-

molecule compound retains drug-like properties,

repeated cycles of NMR screening could be used to

maximize affinity and/or specificity for this enzyme.

E2. Human papillomaviruses (HPVs) cause ano-

genital warts, and certain high-risk strains are

implicated in cervical cancers [19]. The E2 protein,

which is required for replication, contains a DNA-

binding domain (DBD) that is functionally competent

as an isolated domain. Small molecules that would

disrupt the ability of this DBD to specifically bind

DNA might be useful therapeutic agents for HPV

infection. NMR screening of [15N]E2-DBD was

carried out using a library of ,2000 small organic

molecules [20]. Since it was desired that the ligands

disrupt the ability to bind DNA, ligand-induced

chemical shift changes were used to locate the ligand

binding sites on the E2-DBD surface. By these

criteria, two classes of ligands exemplified by (8)

and (9) were found to bind in a similar location on the

DNA recognition helix, while a third class was found

to bind the E2-DBD b-barrel. Compounds (8) and (9)

were also shown to disrupt E2-DBD binding to DNA

in filter-binding assays. Conclusive proof of the ligand

binding site was obtained from isotope-edited NMR

experiments on E2-DBD complexed to (8). Series of

derivatives for both compounds were then synthesized

and tested for affinity in order to develop a limited

SAR. Since the two initial leads bind at the same site,

the SAR was combined into a single molecule (10).

This compound was found to have an IC50 value of

10 mM in filter-binding assays. This level of activity

was not found in a traditional high throughput assay of

more than 100,000 compounds. For this target protein,

the ability to identify weak affinity ligands for focused

chemistry efforts was a distinct advantage afforded by

the NMR methodology.

LCK SH2 domain. Src homology 2 (SH2) domains,

which interact with peptides and proteins that contain

phosphotyrosine (11) to mediate signal transduction

pathways, are a potential target to disrupt a number of

biological processes [21]. NMR screening was used in

an attempt to identify novel phosphotyrosine

mimetics as lead chemical templates for medicinal

chemistry [22]. First, the binding site for phosphotyr-

osine was identified based on ligand-induced chemi-

cal shift changes in the Lck [15N]SH2 domain. This

step insured that subsequently identified ligands could

be validated as binding in the desired site by virtue of

inducing chemical shift changes in these same

residues. A library of about 3500 small, diverse

compounds was then screened for binding. At least 15

compounds were identified as ligands that bind in the

phosphotyrosine binding site. Although most ligands

identified exist multiply charged at physiological pH,

compounds (12), (13) and (14) contain only a single

negative charge and bind with only slightly less

affinity than phosphotyrosine. These phthalamate

analogs represent novel phosphotyrosine mimetics

that might have tolerable pharmacokinetic properties
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and good affinity.

Erm methyltransferase. NMR screening was used

to identify novel lead chemical templates for Erm

methyltransferases [23]. This class of enzymes

confers resistance to macrolide–lincosamide–strep-

togramin antibiotics by methylating 23S ribosomal

RNA in the macrolide binding site [24]. Inhibitors of

Erm methyltransferases can sensitize resistant bac-

teria to macrolide antibiotics and may thus provide

part of a combination therapy for these resistant-strain

infections. [15N]ErmAM methyltransferase was

screened against a library of small organic molecules.

Several classes of compounds, including a triazine

compound (15), with affinities in the mM range were

identified. Ligand-induced chemical shift changes

indicated that the identified compounds bind ErmAM

at the same location as the natural inhibitor S-

adenosyl-L-homocysteine (SAH) (16). Limited SAR

was developed around (15) by determining affinities

for related proprietary compounds, ultimately leading

to the synthesis of (17). This compound has a KD

value of less than 100 mM. The triazine series was

further optimized using parallel syntheses to prepare

more than 600 derivatives of (17) with various

substitutions at the three exocyclic positions. A

number of these compounds, including (18) and

(19), have KI values for ErmAM of less than

10 mM. To provide a starting point for structure-

based drug design, the structures of ErmAM com-

plexed to (18) and ErmC0 complexed to (19) were

determined by NMR spectroscopy and X-ray crystal-

lography, respectively. The triazine (18) and amino-

pyrimidine (19) groups were found to overlay the

adenine moiety of SAH. The specific protein–ligand

interactions observed in both complexes are very

similar. For these novel lead chemical templates,

unoccupied portions of the active site compared to

that containing SAH provide opportunities for ligand

extensions in order to obtain improved affinity and/or

better specificity. Importantly, the NMR-derived lead

chemical templates are non-nucleosides and may thus

avoid some of the selectivity problems encountered

with SAH-based derivatives.

Urokinase. Urokinase is implicated in a variety of

malignancies by virtue if its capacity to activate

plasminogen in the cascade mechanism that results in

basement membrane degradation and tumor metas-

tasis [25]. Small molecule inhibitors of urokinase are

thus of interest for cancer therapy. NMR screening

was applied to this enzyme in an attempt to find

suitable lead chemical templates that possess

improved pharmacokinetic properties compared to

available inhibitors [13]. The known inhibitors all

contain either an amidine or guanidine group that

have pKa values greater than 9.0. At physiological pH,

the positive charge of these inhibitors leads to poor

bioavailability. The [15N]urokinase used in this study

was prepared from mammalian cells using selected
15N-labeled amino acids as precursors. This resulted

in approximately 70 1H–15N cross peaks that could be

monitored during the NMR screening process. A

library of ,3000 compounds was then screened for

binding. The binding assays were carried out under

saturating conditions of phenylguanidine (20), a

known inhibitor, to prevent autolytic degradation

during the experiments. Based on the observed pattern

of chemical shift changes, 2-aminobenzimidazole

(21) was identified as a ligand that binds in the same

location as (20). Compound (21) has a pKa of 7.5 and

was found to have an IC50 value of 200 mM.

Medicinal chemistry elaborations of this new template

yielded (22) which retains the improved pKa value and

also lowers the IC50 value to 10 mM. The pKa values

of ,7.5 for this compound class indicate that they

will be uncharged at physiological pH, and thus

represent a lead chemical template with a better
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chance of downstream pharmacokinetic success. As

an entry point for structure-based drug design, the X-

ray crystal structure of urokinase complexed to (22)

was subsequently determined.

Adenosine kinase. Inhibitors of adenosine kinase,

an enzyme that is involved in the metabolism of

adenosine, may have therapeutic use as anticonvul-

sants and antinociceptives [26]. Although some

inhibitors of adenosine kinase are available, they

have properties that make them poor drugs. For

instance, (23) is very potent with an in vitro IC50 value

of 1.7 nM, but has poor solubility and undesirable side

effects. Rather than start from scratch, an NMR

screening approach was taken where replacements for

one ligand fragment of (23) were identified and then

linked back to the rest of the inhibitor [27]. The goal

was to identify a new lead chemical template that

retains the potency but loses the liabilities of the

original compound. Compound (23) can be fragmen-

ted into (24) and (25). NMR screening in the presence

of one fragment should identify compounds that bind

in the unoccupied portion of the active site. To find

replacements for (25), adenosine kinase was screened

against ,2000 compounds in the presence of

saturating amounts of (26). Compound (26), which

is a fragment from another high-affinity adenosine

kinase inhibitor, was used instead of (24) in order to

make sure that there would be no steric interference to

prevent ligand binding at the unoccupied site. Prior to

carrying out the screening experiments, residues of

the protein in this unoccupied portion of the active site

were identified based on differential chemical shifts

observed for the binding of compound pairs such as

(23) and (24). A number of compounds were

identified as ligands in the NMR screen that bound

in the unoccupied portion of the active site, including

(27). Competition binding experiments and simple

modeling studies were used to suggest ways to link

(24) and (27) into a single-molecule inhibitor.

Compound (28) was one of the linked compounds

created. It has an in vitro IC50 value of 10 nM,

promising in vivo activity, and may have improved

pharmacokinetic properties compared to (23). The

approach described here provides a very rapid method

to explore chemistry space in part of an active site

without having to synthesize a large number of

compounds. In fact, only two compounds were

synthesized in this study. By first identifying ligand

fragments from a library of desirable molecules,

medicinal chemistry resources are focused on com-

pounds with the greatest potential.

LFA-1/ICAM-1. Leukocyte function-associated

antigen-1 (LFA-1) is a cell surface adhesion receptor

involved in inflammatory and specific T-cell immune

responses [28]. These processes are mediated by

interaction with intracellular adhesion molecules

(ICAMs) located on endothelial and antigen-present-

ing cells [29]. In particular, it is known that the LFA-1

I domain, consisting of ,200 amino acids, is required

for binding to ICAMs [28]. Preventing the LFA-1/

ICAM interaction may have therapeutic value for

treating inflammatory diseases [30]. Using HTS, p-

arylthio cinnamide compounds were identified as

antagonists of the LFA-1/ICAM-1 interaction [31].

For example, (29) has an IC50 value of 44 nM, but it

has poor solubility and oral bioavailability. Fragment-

based NMR screening was applied to improve the

pharmaceutical properties of these compounds [32].

That the p-arylthio cinnamide compounds do in fact

bind to the I domain was indicated by chemical shift

changes induced in [15N]I domain in the presence of

these compounds. Protein–ligand NOEs were then

used to ascertain that (29) binds in a hydrophobic
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pocket of the I domain allosteric site in a similar

manner as does Lovastatin [33] and structurally

related molecules. The isopropyl phenyl group was

found to bind in a relatively hydrophilic portion of the

binding site, suggesting that modifications to this part

of the antagonist might improve potency and other

properties. To identify possible replacements for the

isopropyl phenyl group, [15N]I domain was screened

against ,2500 compounds with molecular weight

less than 150 Da under saturating levels of a truncated

inhibitor (30). Several classes of ligands with KD

values in the mM range were identified. Structural

studies on ternary complexes containing I domain,

(30) and one of the identified ligands (31) indicated

that each binds in the desired portion of the binding

site. A linking strategy based on prior chemical SAR

was used to create a number of compounds. Several of

these are quite potent, including (32) which has an

IC50 value of 40 nM. Importantly, (32) has increased

solubility and oral bioavailability compared to (29).

Other identified ligands provide further opportunities

for chemical diversity exploration.

Other targets. Although not yet described in detail

in the literature, 15N-based NMR screening has been

carried out at least to the point of identifying ligands

for several other protein targets [15,34,35]. These

include the Ras-binding domain of the RAF protein

[15], the receptor binding domain of the vascular

endothelial growth factor [36], the DBD of NFATc

[37], the peptidyl prolyl cis– trans isomerase Pin-1

[38], the antiapoptotic proteins Bcl-xL [39] and Bcl-2

[40], the phosphotyrosyl phosphatase PTP-1B [41],

and cyclophilin A [35].

2.1.2. Practical considerations

Details of the SAR by NMR process have been

described in various published applications [2,13–15,

20,22,23,27,32]. Some key points are summarized

here. Stock solutions of each compound are made in

1 M DMSO. If necessary, the pH of the 1 M stock

solution is adjusted with acetic acid or ethanolamine

so that no pH change is observed upon a 1/10 dilution

into phosphate buffer. This is important since small

changes in pH can lead to chemical shift changes that

could complicate analysis of the spectra. Reference

spectra of the target can also be collected at slightly

different pH values in order to distinguish pH-induced

chemical shift changes from ligand-induced chemical

shift changes [9]. Stock solutions are then prepared in

DMSO that contain 8–10 compounds at a concen-

tration of 100 mM each. For the screening, NMR

samples are prepared by adding 4 mL of this DMSO

stock solution to 0.4 mL buffered protein solution.

Typically, the final concentration of protein is 0.3 mM

and the final concentration of each organic compound

is 1 mM. Using a sample changer, 100–120 1H–15N

HSQC spectra can be collected in a 24 h period, thus

allowing about 1000 compounds to be screened per

day. In cases where addition of the mixture of 8–10

compounds results in differences in the 1H–15N

HSQC spectrum, each compound is screened separ-

ately to identify which specific compound or com-

pounds in the mixture binds to the target protein. If

desired, the KD for identified ligands, including the

second ligand in the presence of the first, can be

determined in the fast exchange regime according to

Eq. (2) by titrating ligand into the protein solution and

measuring the changes in chemical shift as a function

of protein/ligand ratio.

In order to be a truly high-throughput screening

technique, it should be possible to screen more than

100,000 compounds in about a week. This could be

achieved by screening 50 mM protein solutions

against mixtures of 100 compounds at 50 mM each

in about 10 min using cryoprobe technology [42]. The

concentrations of protein and small molecules must be

reduced to these levels so that the total combined

concentration of all 100 compounds will still be at a

practical level of 5 mM. The sensitivity advantage of

the cryoprobe compared to a normal probe makes

these concentrations detectable without lengthening

the total experiment time. The 10-fold gain in

throughput increases the total number of compounds

that can be screened to about 10,000 per day. The
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reduction in protein and compound concentrations

used has two other important ramifications. First, the

relatively high solubility requirements originally

imposed on the small molecules can be relaxed. The

compounds no longer possess aqueous solubilities

greater than 1 mM. Lowering the solubility require-

ment down to around 100 mM increases the diversity

of compounds suitable for screening. Second, the

affinity cutoff for a compound to be detected as a

binding ligand is reduced to ,150 mM. This com-

pares to ,1 mM at the higher concentrations of

protein and ligand typically used. Greater stringency

is important since otherwise the hit rate would be too

high for screening such a large compound library. A

low hit rate is important in order to minimize time

spent deconvoluting the 100-compound mixtures to

identify the ligands.

The potential for 13C-based NMR screening has

also been demonstrated [43]. This approach extends

the applicability of target-based NMR screening to

larger systems because of the favorable relaxation

properties of 13C in methyl groups. 2D 1H–13C

spectra collected on proteins are analyzed analogous

to the 2D 1H–15N spectra of traditional SAR by NMR.

Rather than having all possible C–H groups 13C-

labeled, only a subset of methyl groups are labeled.

An isotopic enrichment method that was developed

previously to produce valine, leucine and isoleucine

(d1) methyl-protonated 15N-, 13C-, 2H-labeled pro-

teins [44] was adapted to result in 13C-labeling of only

valine, leucine and isoleucine (d1) methyl groups.

This labeling pattern reduces spectral complexity,

and, since there are three protons on each 13C and

there is no one-bond 13C–13C coupling interactions,

the sensitivity is potentially threefold higher than the
1H–15N approach. Based on a study of 191 non-

degenerate X-ray crystallographic structures of pro-

tein/ligand complexes, this labeling pattern also

provides sufficient coverage of the protein surface so

that ligand binding can be detected. In that retro-

spective study, 92% of the ligands had a heavy atom

within 6 Å of a methyl group that would be 13C-

labeled. This compares favorably with only 82% of

the ligands having a heavy atom within 6 Å of a

backbone 15N atom. The enrichment protocol devel-

oped for preparing the 13C-labeled proteins resulted in

a cost that is comparable to that of 15N-labeled

protein. The bacterial expression protocol uses

[3-13C]-a-ketobutyrate and [3,30-13C]-a-ketoisovale-

rate as 13C sources. Synthetic routes to produce these

two precursors in a cost effective manner were

developed. For proteins with molecular weight less

than 30 kDa, the 13C-based technique was found to be

three times more sensitive than the 15N-based method.

2D 1H–13C HSQC spectra could be collected in

10 min on a 50 mM protein sample. 1H–15N HSQC

spectra suitable for screening cannot be collected in

this short amount of time unless a cryoprobe is used.

For larger proteins with molecular weight greater than

40 kDa, the 13C-based technique is still more sensitive

than the 15N-based method, but the overall sensitivity

is not sufficient for screening. However, required

sensitivity could be recovered by also perdeuterating

the 13C-labeled protein. In this situation 1H–13C

HSQC spectra suitable for screening were obtained on

a 300 mM solution of a 100 kDa protein in 30 min

Fig. 2. Comparison of the (a) 1H/13C-HSQC and (b) 1H/15N-TROSY spectra collected at 800 MHz on a 50 mM sample of
13C(methyl)/U-15N,2H-labeled maltose binding protein. The total experiment time was 10 min for each spectrum. Reprinted with permission

from Hajduk et al. [43]. q 2000 American Chemical Society.
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using a cryoprobe on a 500 MHz spectrometer. In this

case, the sensitivity of the 13C-based method was

sevenfold greater than the 15N-based method. Similar

comparisons to 1H–15N TROSY experiments indi-

cated that the 13C-based method is substantially more

sensitive. This is clearly demonstrated in Fig. 2 [43]

which compares 1H–13C HSQC and 1H–15N TROSY

spectra acquired in 10 min at 800 MHz on a 50 mM

sample of [13C-methyl, 15N, 2H]maltose binding

protein.

Larger proteins can also be made amenable to
1H–15N HSQC-based screening through the introduc-

tion of selective labels. Using the 13Ci –
15Niþ1

labeling strategy (where i corresponds to the residue

number in the linear amino acid sequence) of

Kainosho and Tsuji [45], the 1H–15N correlation for

V115 in the active site of fatty acid binding protein-4

(FABP-4) was identified [46]. The 1H–15N HSQC

spectrum for this 16.4 kDa protein contains only

valine resonances since only [13C, 15N]valine was

used in the growth media, drastically simplifying the

spectrum. The occurrence of a unique valine–valine

pair at V114–V115 led to the easy assignment of

V115 and thus a single active site resonance to follow

during screening. Binding of one component from a

mixture was demonstrated by observed perturbations

of V115 in the 1H–15N HSQC spectrum. Perturbation

of the V115 resonance is indicative of not only ligand

binding, but ligand binding in the active site. With the

labeling strategy used, the V115 resonance could be

monitored with either 1H–15N HSQC or 1H–15N–13C

HNCO spectra.

The SAR by NMR technique is a powerful

combination of NMR techniques to first screen for

weak binding ligands and then to structurally

direct the linkage of two low-affinity ligands to

create a high-affinity ligand. In contrast to

combinatorial chemistry, which is also a building

block approach in the design of molecules, the

SAR by NMR technique requires much less

synthetic chemistry resources [2,47]. In the SAR

by NMR paradigm, medicinal chemistry efforts are

concentrated on those molecules demonstrated to

bind to the target receptor, and are directed by

structural information regarding the location and

orientation of the small molecule fragments [2,47].

Portions of the SAR by NMR process may also

prove useful in situations where a lead molecule

has been discovered by traditional screening

methods or some method other than NMR

spectroscopy. Traditional NMR methods can then

be used to locate its binding site on the target

molecule and the SAR by NMR process could

then be used to find low-affinity molecular

fragments to link to the original lead compound

to increase binding affinity. This may be particu-

larly useful if optimization of the original lead

compound proves difficult by traditional medicinal

chemistry.

Anecdotal and conference reports suggest that
1H–15N HSQC-based screening to identify initial

hits has found some application in the pharma-

ceutical industry [48,49]. Academic groups have

also employed 1H–15N HSQC-based screening to

investigate complex biological systems. Targeting

of the Vam7 PX domain to yeast vacuoles, which

is one component of protein sorting and mem-

brane trafficking, has been studied by screening

lipids for binding to the Vam7 PX domain [50].

To define the structural basis for specific mem-

brane binding by Vam7, a set of soluble lipids

was screened for interactions with the PX domain.

Only dibutanoyl phosphatidylinositol 3-phosphate

was found to induce chemical shift changes in the

PX domain, suggesting that only this specific

interaction has biological relevance. Chemical

shift perturbations in the PX domain bound to

dibutanoyl phosphatidylinositol 3-phosphate

induced by addition of dodecylphosphocholine

identified residues thought to interact with the

interface and interior of the lipid bilayer. Signal

transduction regulation by small molecules has

also been studied by screening a library of 850

compounds for binding to PAS-A, a domain of

PAS kinase [51]. Ligands with KD values ranging

from low mM to low mM were identified.

Ligand-induced chemical shift changes provide

a quick way to locate the ligand’s binding site

provided that resonance assignments have been

made for the protein. More detailed information

regarding ligand orientation and specific protein–

ligand interactions is then derived from protein–

ligand NOEs. In some cases, such as for weak

affinity or poorly soluble ligands, or for resonance

degeneracies, protein – ligand NOEs cannot be

obtained. Ligand orientation information, however,
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can be obtained through analysis of differential

chemical shifts [52] or simulations of chemical

shift perturbations [53].

The differential chemical shifts method relies on

comparison of induced chemical shift changes for a

series of closely related analogs of the ligand in

question [52]. The largest differences in ligand-

induced chemical shift changes will occur for the

protein residues that interact with the portion of the

ligand that is chemically varied. Conversely, similar

ligand-induced chemical shift changes will occur for

protein residues that interact with the portion of each

ligand held constant. This method was demonstrated

using a series of ascomycin analogs that bind to FKBP

and a series of alanine mutant Bak peptides that bind

to Bcl-xL [52]. This technique not only identifies

which portions of a ligand interact with which protein

residues, but also which portions of a ligand do not

interact with protein and instead point away from the

binding site. In the latter case, lack of differential

chemical shifts indicates that the chemically varied

portion of the ligand does not contact the protein. This

type of information is useful since it defines portions

of the ligand that can be modified to improve

solubility or pharmacokinetic properties without

losing affinity.

Weakly interacting ligands can also be aligned to

protein surfaces using simulations of chemical shift

perturbations [53]. In this technique, calculated

chemical shift perturbations are compared to those

measured experimentally. The position of the ligand is

then iterated to achieve the best match between the

calculated and experimental chemical shift pertur-

bations. In contrast to differential chemical shifts, this

method does not require analogs of the compound in

question. However, in its simplest form only ring

current contributions to chemical shift changes are

used. This limits its applicability to ligands with

aromatic groups. For simplification, common aro-

matic groups are used to mimic more complex ligand

aromatic groups. For example, the binding site of the

W-7 ligand was mapped onto Ca2þ-bound calmodulin

using a tryptophan ring system to mimic the W-7

naphthalene ring system [53]. As parameterization

methods improve, calculations involving the real

ligand and more encompassing contributions to

chemical shift can be envisioned. The mapped probe

position can be represented in coordinate space by an

electron current density termed the j-surface [49]. If

analogs of a compound are available, their j-surfaces

can be compared to deduce the binding orientation

[49]. Chemical shift perturbations along with

restraints from residual dipolar coupling have also

been used to dock protein–protein complexes [54].

2.2. Monitoring the small molecules

When monitoring small molecules, the choice of

physical mechanisms manifested in measurable NMR

parameters is diverse. These include longitudinal,

transverse, and DQ relaxation; diffusion coefficients;

and intermolecular and intramolecular magnetization

transfer. The latter includes transferred NOE, NOE

pumping and reverse NOE pumping, saturation

transfer, and WaterLOGSY experiments. The main

advantage of monitoring the small molecule reson-

ances is that there is no need to isotopically enrich the

target macromolecule and no upper limit to the size of

target that can be screened. Also, unlike the target-

based SAR by NMR method, the identity of a ligand

contained in a mixture of compounds can often be

obtained directly from the screening data without the

need to deconvolute the mixture. The main disadvan-

tages are that ligands with high affinity will be missed

and that no information regarding ligand binding sites

is directly available from the screening data. This

stems from the fact that the binding interaction is

manifested in the signals observed for free ligand. The

ligand must be in medium to fast exchange between

the free and bound states for the binding interaction to

be detected, thus ligands in slow exchange will appear

as non-binders. Recently, however, competition

binding versions for several of these experiments

have been developed that allow the detection of high-

affinity ligands and their binding site locations.

Competition binding experiments also make possible

extremely HTS. Descriptions of each method are

presented along with selected applications in drug

discovery.

2.2.1. Longitudinal relaxation

The observed longitudinal relaxation rate R1,obs for

a resonance of a small molecule interacting with a
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macromolecule is given by the equation [55]

R1;obs ¼
½EL�

½LTOT�
R1;bound þ 1 2

½EL�

½LTOT�

� �
R1;free ð4Þ

where [LTOT] and [EL] are the total ligand concen-

tration and the bound ligand concentration, respect-

ively. R1,bound and R1,free are the longitudinal

relaxation rates for the ligand in the bound and free

states, respectively. Longitudinal relaxation exper-

iments can be performed either by inverting all

resonances contained in a spectrum or by selectively

inverting one single resonance. The former will be

referred to as the longitudinal non-selective relaxation

rate R1,ns, while the latter will be referred to as the

longitudinal selective relaxation rate R1,s.

The R1,ns and R1,s for a proton i refer to a sum of

uncorrelated pairwise proton dipole–dipole inter-

actions, and the possible contribution by other

relaxation mechanisms are grouped into an extra

term, rpi

Ri
1;ns ¼

X
j–i

rij þ
X
j–i

sij þ rpi ð5Þ

Ri
1;s ¼

X
j–i

rij þ rpi ð6Þ

where rij and sij are the self- and cross-relaxation

rates for any Hi – Hj dipole –dipole interaction,

respectively, and the sum is extended to all protons

that are dipolar coupled to proton i.

Eqs. (5) and (6) can be written in terms of spectral

densities [56] obtaining

Ri
1;ns ¼

X
j–i

g4"2

10r6
ij

3tc

1 þ v2t2
c

þ
12tc

1 þ 4v2t2
c

� �
ð7Þ

Ri
1;s ¼

X
j–i

g4"2

10r6
ij

3tc

1 þ v2t2
c

þ
6tc

1 þ 4v2t2
c

þ tc

� �
ð8Þ

where " is the reduced Planck constant, g is the proton

gyromagnetic ratio, v is the proton Larmor frequency,

tc is the correlation time, and rij is the internuclear

distance between protons i and j.

The plot of R1,ns and R1,s as a function of the

correlation time obtained from Eqs. (7) and (8) is

shown in Fig. 3. When a small molecule is bound to a

large macromolecule with slow reorientation

(vtc q 1), there is a substantial contribution to R1,s.

It is thus evident that R1,s experiments can be used to

monitor binding of small molecules to a receptor.

According to Eq. (7) and the diagram of Fig. 3, R1,ns

lacks a direct tc dependence and therefore cannot be

used for screening purposes.

R1,s experiments are carried out with the selective

inversion of one ligand resonance. This methodology

has been applied to the study of single molecules as

well as to pairs of molecules interacting with a

receptor [55,57–63]. Measured R1,s changes upon

complexation to the target biomolecule can provide

useful information about the binding mode. In

addition, measured R1,s values can be used to extract

the binding constant. A Lineweaver–Burk type plot

of 1/DR1,s vs. [LTOT], where DR1,s is the difference

between the observed R1,s in the presence and absence

of the protein, permits one to extrapolate the values of

KD since 1=DR1;s ¼ 0 at ½LTOT� ¼ 2KD [64]. This is

clearly valid only in the limit of fast exchange and for

½LTOT�q ½ETOT�; where [ETOT] is the total protein

concentration.

Although these experiments are very powerful,

they have not been used in NMR screening because of

the problems of achieving selective excitation for a

large library of chemically diverse compounds. In

Section 2.2.7, it will be shown that the R1,s experiment

can be used in an efficient way to perform HTS.

2.2.2. Transverse relaxation

In the moderately fast exchange limit the observed

transverse relaxation rate, R2,obs, for a resonance of a

Fig. 3. Plot of R1,ns, R1,s and R2 as a function of correlation time

obtained from Eqs. (7), (8) and (10). In the diagram k ¼ "2g4
H=10r6

ij:

A proton Larmor frequency of 600 MHz was used for the

simulation.
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small molecule interacting with a macromolecule is

provided by the equation [65]

R2;obs ¼
½EL�

½LTOT�
R2;bound þ 1 2

½EL�

½LTOT�

� �
R2;free

þ
½EL�

½LTOT�

� 1 2
½EL�

½LTOT�

� �2 4p2ðdfree 2 dboundÞ
2

K21

ð9Þ

where R2,bound and R2,free are the transverse relaxation

rate constants for the ligand in the bound and free

states, respectively, dbound and dfree are the chemical

shifts for the resonance of the ligand in the bound and

free states, respectively, and 1/K21 is the residence

time of the ligand bound to the protein. The last term

disappears in the true fast exchange limit.

In terms of spectral densities, the transverse

relaxation rate, R2, for in-phase magnetization is

given by the equation [56,66]:

Ri
2 ¼

X
j–i

g4"2

10r6
ij

�
15tc

2ð1 þ v2t2
cÞ

þ
3tc

1 þ 4v2t2
c

þ
9

2
tc

� �
: ð10Þ

The third term contains the direct tc dependence (i.e.

spectral density calculated at zero frequency) that can

be used for the screening. The plot of R2 as a function

of the correlation time is shown in Fig. 3. It should be

pointed out that Eq. (10) is an approximation. For

multiplet resonances, dipole–dipole and CSA–dipole

cross correlation terms must also be considered. These

terms contain spectral densities calculated at zero

frequency and therefore for long tc they will

contribute to the observed differential linewidth of

the lines comprising a multiplet [67]. The last term in

Eq. (9) accounts for exchange broadening in the

intermediate exchange regime. This contribution is

very small and is therefore safely neglected for

molecules with weak binding affinity (high mM) and

when the ligand concentration is in high excess

compared to the protein concentration. However, this

term can be efficiently used in the competition binding

experiments discussed later.

Compounds interacting with a receptor display an

enhanced R2 value. Since the linewidth is equal to

R2/p, the resonances of a binding molecule display an

increased broadening. Often this is visible from a

simple inspection of the 1D 1H spectrum. The

broadening effects are more pronounced with large

receptors or with receptors bound to a solid matrix

(i.e. macromolecules that have a long overall

correlation time tc). This results from the significant

contribution of the third term of Eq. (10) that is

proportional to tc. For lower molecular weight

receptors the broadening may not be as large. In

these cases, binders can be identified using the so-

called T2- (or T1r-) filtered experiments that have

been used for many years to suppress background

Fig. 4. Identification by 500 MHz 1H NMR spectra of a ligand for

FKBP from a mixture containing eight other non-binding

compounds using transverse relaxation-editing. (a) Transverse

relaxation-edited 1H NMR spectrum of the nine compounds in the

absence of FKBP. (b) Transverse relaxation-edited 1H NMR

spectrum of the nine compounds in the presence of FKBP after

subtracting a similar spectrum recorded on just FKBP. (c)

Difference spectrum of (a) minus (b). (d) Reference spectrum of

the ligand. (e) Difference spectrum similar to spectrum (c) recorded

on solutions containing only the eight non-binding compounds.

Dashed lines in (c) and (d) correspond to the ligand resonances.

Reprinted with permission from Hajduk et al. [70]. q 1997

American Chemical Society.
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macromolecule resonances in mixtures containing

macromolecules and small molecules [68,69].

The potential of these methods for NMR screening

has been documented by Fesik and coworkers [70].

Fig. 4 [70] shows how a ligand for FKBP with an

affinity of 200 mM was identified from a mixture

containing eight other compounds that were known

not to bind FKBP. This method has also been utilized

as part of a flow-injection screening process to

identify ligands [8]. A Carr–Purcell–Meiboom–Gill

(CPMG) spin echo train sequence [71] is introduced

before the acquisition period in order to reduce or

eliminate the signals of the protein and bound ligands,

without significantly affecting the signals of unbound

molecules. If the CPMG sequence is used, the delay

between successive 1808 pulses, tCPMG, must satisfy

l4pJHHtCPMGlp 1 in order to minimize scalar

coupling (J HH) evolution [72]. Short spin echo train

durations will preferentially detect high-affinity

ligands, while longer spin echo train durations are

used for the detection of weaker binding ligands.

High-affinity ligands can be detected with this method

only when the concentration of the ligand and protein

are comparable. The experiments require the acqui-

sition of the spectra of the chemical mixture in the

absence and presence of the protein. The two spectra

must be acquired with the same experimental

conditions in order to allow for a direct comparison.

2.2.3. Transverse relaxation with spin labels

A very sensitive R2 experiment for NMR screening

utilizes spin labels covalently attached to the side

chain of certain amino acids of the protein. In the fast

exchange limit the observed transverse relaxation

rate, R2,obs, for a resonance of a nucleus in a small

molecule interacting with a spin-labeled macromol-

ecule is provided by the equation [73]

R2;obs ¼
½EL�

½LTOT�
R2;bound þ 1 2

½EL�

½LTOT�

� �
R2;free

þ
½EL�

½LTOT�

� 1 2
½EL�

½LTOT�

� �2 4p2ðdfree 2 dboundÞ
2

K21

þ
½EL�

½LTOT�
R2;para ð11Þ

where R2,para describes additional transverse relax-

ation resulting from paramagnetic relaxation enhance-

ment when the ligand is bound to the spin-labeled

target protein. Spin–spin relaxation rates are pro-

portional to the product of the squares of the

gyromagnetic ratios of the two spins. Since the

gyromagnetic ratio of an unpaired electron is 658

times greater than that of a proton, an unpaired

electron will have a drastically greater relaxation

effect on nearby protons than will another proton. A

spin label incorporated strategically onto the surface

of a protein can thus be used to identify ligands that

bind in proximity to this location [73]. Likewise, a

spin label appropriately placed on a known ligand can

be used to identify ligands that bind simultaneously

with and in close proximity to the spin-labeled ligand

[74].

The principle of second-site screening by using a

spin-labeled first-site ligand is illustrated for the

antiapoptotic protein Bcl-xL in Fig. 5 [74]. In this

example, HTS had already identified (33) as an

inhibitor with a KI value of 140 mM for the disruption

of Bcl-xL/Bax association. Traditional medicinal

chemistry was not successful in improving the affinity

of this lead compound. However, since NMR methods

had determined that (33) occupies only a portion of

the natural antagonist’s binding location, NMR

screening experiments were designed to identify

Fig. 5. Principle of second-site screening using a spin-labeled first

ligand. Spin-labeled ligand, denoted by compound (34), occupies

part of the Bcl-xL binding site. Ligands that bind in an adjacent

location, denoted by compound (35), experience a paramagnetic

relaxation enhancement. Reprinted with permission from Jahnke

et al. [74]. q 2000 American Chemical Society.
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ligand fragments that would bind in the remainder of

the active site. The low solubility of (33) prevented

screening Bcl-xL under saturating conditions of (33)

that would block this portion of the binding site. As an

alternative, (34) was synthesized. This compound is

an adduct of (33) with a TEMPO spin label that retains

similar affinity to Bcl-xL. The binding mode of (34)

was determined by NMR and indicated that the spin

label is properly positioned toward the empty part of

the binding site. A library of eight compounds was

then screened for simultaneous binding with (34) to

Bcl-xL using 1D 1H relaxation-editing techniques. In

these experiments, library compounds, (34) and Bcl-

xL were present at 500, 50 and 100 mM, respectively.

Second-site ligands were identified by paramagnetic

relaxation enhancement. In control experiments with-

out Bcl-xL, no paramagnetic relaxation enhancement

was observed. This indicates that the second-site

ligand and (34) must be binding simultaneously to

Bcl-xL. One of the second-site ligands identified was

(35) which has an affinity of about 1 mM. Chemical

shift analyses and protein–ligand NOEs confirmed

that (35) does in fact bind in the desired part of the

active site. The orientation of (35) with respect to (34)

was determined by analyzing the paramagnetic

relaxation enhancements for the individual protons

of (35). This orientation is that shown in Fig. 5 and

suggests that (33) and (35) could be linked by an

appropriate spacer to form (36) in an attempt to create

a single-compound inhibitor of Bcl-xL/Bax associ-

ation. To test the limits of this technique, the authors

carried out a series of experiments and model

calculations. These indicated that (35) would have

been detected at Bcl-xL concentrations as low as

10 mM. Moreover, ligands with higher affinity or that

bind closer to the spin label would result in a further

drop in required protein concentrations. With cryop-

robes, the necessary protein concentration could drop

into the nM range. The main advantages of this

method are the requirement for simultaneous ligand

binding and the first-site/second-site ligand orien-

tation information obtained. Simultaneous binding

rules out false-positive compounds that might be

binding in the unsaturated first-site instead of the

desired site. This is most critical when saturating

concentrations of the first-site ligand cannot be

obtained because of poor solubility. This technique

is also extremely sensitive, amenable to automation,

and insensitive to slight ligand-induced variations in

sample condition such as pH. The big disadvantage of

this method is the need to synthesize a spin-labeled

derivative of the first ligand that retains good binding

Fig. 6. Identification of p-hydroxybenzanilid as a ligand for FKBP from a mixture containing four other non-binding compounds using

transverse relaxation-editing enhanced by spin labels. Transverse relaxation-edited 1H NMR spectra were recorded at 600 MHz with 10 ms (top

row) and 200 ms (bottom row) spin-lock periods. Solutions contained either no FKBP (left), unmodified FKBP (middle), or spin-labeled FKBP

(right). Solid arrows identify resonances arising from p-hydroxybenzanilid, while dashed arrows identify resonances arising from a second,

weakly binding compound. Reprinted with permission from Jahnke et al. [73]. q 2001 American Chemical Society.
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affinity.

Spin labels incorporated into proteins and used as

probes for primary NMR screening have the potential

to drastically reduce the quantity of a protein needed

for the primary screen [73]. The SLAPSTIC method

(spin labels attached to protein side chains as a tool to

identify interacting compounds) has recently been

described using FKBP as a model system [73]. For

this technique to work, the spin-labeled side chain

must be reasonably close to the desired ligand binding

site, thus some structural information must already be

known about the target protein. For FKBP, the authors

chose to spin label lysine side chains since there are

several within 12–15 Å of the binding site of the

pipecolinic acid moiety. Mixtures containing p-

hydroxybenzanilid, a known ligand with an affinity

of ,1.1 mM, and four non-binding compounds were

then screened against spin-labeled FKBP using 1D 1H

relaxation-editing techniques. In these experiments,

the compounds and spin-labeled FKBP were present

at 50 and 20 mM, respectively. Binding of p-

hydroxybenzanilid was easily detected by complete

reduction of its resonances as shown in Fig. 6 [73]. In

the presence of 60 mM FKBP that was not spin-

labeled, p-hydroxybenzanilid resonances were also

noticeably reduced. A similar level of reduction was

observed using a 1 mM solution of spin-labeled

FKBP, suggesting that the spin-labeling technique

can reduce protein quantity needs by a factor of 50.

Compound concentrations of ,50 mM are sufficient

to detect binding in as little as 2 min per mixture.

Disadvantages of the SLAPSTIC method include the

necessity for appropriately spin-labeled protein tar-

gets that retain their biochemical integrity and

function, and, as with other ligand-based techniques,

its inability to detect tight-binding ligands and to

obtain information about ligand binding sites.

2.2.4. Double-quantum relaxation

In the fast exchange limit the observed DQ

relaxation rate RDQ,obs for two scalar coupled protons

i and j of a small molecule interacting with a

macromolecule is provided by the equation

RDQ;obs ¼
½EL�

½LTOT�
RDQ;bound þ

 
1 2
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where RDQ,bound and RDQ,free are the DQ relaxation

rate constants for the ligand in the bound and free

states, respectively. di
bound; d

j
bound and di

free; d
j
free are the

chemical shifts for the resonances of the protons i and

j of the ligand in the bound and free states,

respectively.

Neglecting dipole–dipole and CSA–dipole cross

correlation, the DQ relaxation rate is provided by

RDQ ¼
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where k are all of the protons that are dipolar coupled

with the ligand proton i, and l are all of the protons

with a dipolar interaction with the ligand proton j

[75–78]. Like R2, DQ relaxation has a direct

dependence upon the correlation time of the molecule.

This contribution does not come from the dipolar
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interaction between the two protons i and j directly

involved in the DQ coherence. Instead, it originates

from all of the dipolar interactions that these two

protons experience with other protons. A significant

difference between the two relaxation rates is

represented by the exchange contribution [79–82].

For DQ coherence three terms contribute to the

relaxation. In addition to the exchange terms deriving

from each proton, there is a cross term. When the

chemical shift difference of the resonances of the two

protons i and j have the same sign (i.e. both

resonances are shifted upfield or downfield for the

ligand bound to the protein), all three terms will add

and the exchange term can become significant. When

the two chemical shift differences have opposite sign

(i.e. one resonance is shifted upfield and the other

downfield for the ligand bound to the protein), the

exchange term is reduced.

The DQ experiments require first the creation

of DQ coherence via antiphase magnetization and

then its conversion to single quantum (SQ)

coherence for detection. Therefore these exper-

iments are more appropriately defined as trans-

verse SQ and DQ relaxation filter experiments.

The spectra can be recorded in 1D or 2D versions.

The sensitivity improvement of the 1D vs. the 2D

version of the DQ experiment is only
ffiffi
2

p
. In

addition, problems of overlap and the absence of

information about the spin networks in the 1D

spectrum limits its utilization to only simple

mixtures comprised of a few compounds. The

scalar connectivities observed in the 2D DQ

spectrum allow the direct identification of the

molecules interacting with the target protein

without the need to deconvolute the complex

mixture. Suppression of the protein signals is very

efficient not only because of the presence of the

excitation DQ period and the relaxation of DQ

coherence during t1, but also because of the

antiphase character of the multiplets along v2. The

large linewidth of the protein resonances results in

extensive cancellation of the positive and negative

lobes along v2.

The 2D DQ experiment is a cosine modulated

experiment and therefore maximum signal is observed

in the first t1 increments. The experiment can be

recorded rapidly by acquiring only a limited number

of t1 increments. Linear prediction can then be applied

in the t1 dimension for improving the resolution.

Extensive folding can also be performed in v1 thereby

reducing the spectral width and the number of t1
increments. The pulse sequences for these exper-

iments are shown in Fig. 7 [83]. Coherence selection

field gradients are used for good solvent suppression

and for reducing artefacts, thus allowing a direct

comparison of the different DQ spectra. Remarkable

Fig. 7. 2D 1H (a) z- or magic angle pulsed field gradient DQ and (b) DQC relaxation weighted DQ pulse sequences. Gradients G1 to G3 are

coherence selection gradients and should be applied at the magic angle if triple-axis gradient hardware is available. The first two weak PFGs are

used for suppression of radiation damping. The delay t is set between 30 and 50 ms whereas the delay t1 is set between 10 and 100 ms. A very

weak (,20 Hz) H2O presaturation field can be applied before the excitation DQ period in the z-PFG version of the DQ experiment if the H2O

suppression is not optimal. Technical details of the experiments have been reported in a recent review article [83].
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multiple solvent suppression is then achieved with

coherence selection gradients tilted at the magic angle

[83]. This becomes particularly relevant in the

observation of very dilute samples used in NMR

screening, where the dynamic range of the receiver

needs to be maximized in an optimal way. An

advantage of using samples dissolved in H2O is the

observation of the NH doublet resonances. The NH

proton signals are in a spectral region with little or no

overlap with other signals and therefore can be used

for assignment purposes in complicated mixtures.

Furthermore, the chemical shift difference of a ligand

NH proton free in solution and when hydrogen

bonded to a protein is typically large. Therefore the

exchange terms in Eq. (12) can make a large

contribution to the DQ relaxation.

Fig. 8. Panel (a) depicts the fingerprint region of the 2D DQ 600 MHz 1H spectrum of a three compound mixture: Ac-Tyr-Val-Asn-Val-OH

(resonances A), Ac-Tyr(PO3H2)-Val-NH2 (resonances B) and Ac-(N-Me)Phe( p-CH2PO3H2)-Val-Asn-NH-CH2-CH(CH3)2 (resonances C) in

the absence of the target protein. Panel (b) depicts the same 2D DQ fingerprint region of the mixture in the presence of the Grb2 SH2 domain.

Each of the molecules is present at a molar ratio to the target protein of 2:1 (100 mM:50 mM). The rectangles in (b) indicate the positions of the

missing cross peaks. The spectra were recorded with the pulse sequence of Fig. 7a.

Fig. 9. Panel (a) depicts the fingerprint region of the 2D DQ 600 MHz 1H spectrum of the four compound mixture containing Ac-Tyr-Val-Asn-

Val-OH (resonances A), Ac-Tyr(PO3H2)-Val-NH2 (resonances B), indole (resonances C) and Ac-Tyr(PO3H2)-Val-NH-CH2-CH2-CONH2

(resonances D). The resonances of indole are not visible in this spectral region. Panel (b) depicts the same 2D DQ fingerprint region of the four

compound mixture in the presence of the Grb2-SH2 domain. Panel (c) depicts the 2D difference spectrum obtained by subtracting the two 2D

DQ spectra in (a) and (b). Each of the molecules is present at a molar ratio to the target protein of 6:1 (300 mM:50 mM). The resonances of the

indole are not affected by the presence of the protein (data not shown).
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Fig. 8 shows the DQ fingerprint region of a

compound mixture recorded with the pulse sequence

of Fig. 7a in the absence and presence of the Grb2-

SH2 domain. This represents a challenging test case

because of the small size of the protein employed

ðMW ¼ 11:8 kDaÞ: Close comparison of the two

spectra allows rapid identification of Ac-(N-

Me)Phe( p-CH2PO3H2)-Val-Asn-NH-CH2-CH(CH3)2

(resonances labeled C) as a ligand for Grb2-SH2. The

experiment, in particular the versions recorded with

b ¼ 458=1358 or b ¼ 608=1208; represents the most

sensitive 2D NMR experiment for detection of

binding of small and medium size molecules.

Furthermore, the absence of strong diagonal peaks

and singlet resonances with the concomitant absence

of t1 noise and excellent solvent suppression in DQ

spectra, allows a more precise and reliable use of the

2D subtraction technique. This can be appreciated in

Fig. 9, which shows an expanded region of the DQ

spectra recorded on a four compound mixture. Despite

the strong overlap of cross peaks A and D (Fig. 9a), it

is possible to identify peak D in the DQ difference

spectrum (Fig. 9c) as the cross peak that is affected by

the presence of the protein. A drawback of this

methodology is the requirement for the presence of

two doublets in the spectrum of the molecule to be

screened.

2.2.5. Diffusion experiments

The translational diffusion rate can also be used to

detect complex formation. For a sphere of radius r in a

continuous medium of viscosity h, the translational

diffusion rate D is provided by the Stokes–Einstein

equation [84]

D ¼
KT

6phr
ð14Þ

where K is the Boltzmann constant and T is the

absolute temperature.

Owing to the 1/r dependence, small molecules that

do not aggregate have D values which are about an

order of magnitude larger compared to the D value of

a large macromolecule. When a small molecule binds

to a large macromolecule it will transiently have the D

value of the receptor. In the fast exchange limit the

observed translation diffusion coefficient Dobs is then

given by the equation

Dobs ¼
½EL�

½LTOT�
Dbound þ 1 2

½EL�

½LTOT�

� �
Dfree ð15Þ

where Dbound and Dfree are the diffusion coefficients of

the ligand in the bound and free states, respectively.

For high molecular weight targets, the Dbound

contribution to the equation becomes negligible. D

values can be measured using either the pulsed field

gradient spin echo (PFG-SE) [85] or the pulsed field

gradient stimulated echo (PFG-STE) [86] methods.

The former uses a spin echo scheme with the

defocusing gradient applied immediately after the

first hard 908 pulse and the refocusing gradient applied

just before acquisition. The latter uses the 908–908–

908 scheme with the defocusing gradient applied

immediately after the first rf pulse and the refocusing

gradient applied after the third rf pulse. An advantage

of the stimulated echo experiment is that the

magnetization is placed for most of the time along

the z-axis, thus avoiding extensive signal losses

resulting from rapid transverse relaxation in those

experiments that require long diffusion delays.

However, the stimulated echo suffers from the

drawback that only half of the signal is detected.

Technical improvements such as the use of bipolar

gradients and the use of the longitudinal eddy-current

delay (LED) sequence in the stimulated echo version

reduce artifacts originating from eddy currents [87].

The D value is calculated according to the equation

[88]

ln
IðGÞ

Ið0Þ
¼ 2g2G2Dd2 D2

d

3

� �
ð16Þ

for gradients G of rectangular shape and

ln
IðGÞ

Ið0Þ
¼ 2g2G2Dd2 4D2 d

p2

� �
ð17Þ

for gradients G of sine shape.

IðGÞ and Ið0Þ are the signal intensities measured in

the presence and absence of gradients, respectively, g

is the proton gyromagnetic ratio, G and d are the

amplitude and duration of the two PFGs, respectively,

and D is the time between the rising edges of the two

gradients. NMR spectra are acquired with different

gradient amplitudes. A plot of the natural logarithm of

the signal intensity versus G 2 yields a straight line

B.J. Stockman, C. Dalvit / Progress in Nuclear Magnetic Resonance Spectroscopy 41 (2002) 187–231 205



whose slope can be used to calculate the self-diffusion

coefficient according to Eqs. (16) or (17).

Instead of a quantitative analysis, a qualitative one

serves most purposes in the early stages of NMR

screening to identify compounds that bind to a

receptor from a mixture of non-binding molecules

[70]. First, a PFG-STE or PFG-SE spectrum of the

chemical mixture in the absence of the protein is

recorded at a low gradient strength. Next, the same

spectra for the chemical mixture in the presence of the

protein are recorded at low and high gradient strengths

and subtracted to produce a spectrum that contains

only the signals of the compounds not interacting with

the protein. The resulting subtracted spectrum is then

subtracted from the spectrum of the chemical mixture

recorded in the absence of the protein to obtain a

spectrum that contains only the signals of the

molecule that binds to the receptor. The utility of

diffusion editing has been demonstrated using this

procedure with stromelysin [70] as shown in Fig. 10.

4-Cyano-40-hydroxybiphenyl, which binds to strome-

lysin with a dissociation constant of 20 mM in the

presence of (5), was easily identified from a mixture

containing eight other non-binding compounds.

Simpler approaches directly compare the residual

ligand signals in diffusion edited spectra recorded

with strong gradients in the absence and presence of

receptor, or spectra recorded with weak and strong

gradients in the presence of receptor [89]. Clearly this

is possible only if there is no strong overlap of the

resonances of the different ligands comprising the

mixture. The effectiveness of these methods has been

demonstrated by detecting known tetrapeptide ligands

for vancomycin from a mixture containing eight other

non-binding tetrapeptides [90], and by detecting the

binding of a known ligand to a DNA dodecamer from

a mixture containing three other non-binding small

molecules [91]. A 2D experiment known as diffusion

encoded spectroscopy (DECODES) that combines

diffusion editing with TOCSY permits determination

of the ligand structures [92]. This could be quite

useful in situations where the compounds in the

mixtures are not completely characterized in advance,

such as might be the case for plant and fungi extracts

or for combinatorial chemistry libraries. Diffusion-

editing has also been used to identify small molecules

that interact with polymers [93].

A variant of the experiment is the coupling of the

diffusion filter with an isotope filter experiment. The

proton signals of 13C/15N-labeled protein are sup-

pressed with an isotope filter allowing the measure-

ment, without interference from the protein signals, of

the diffusion coefficient of the unlabeled ligand [94,

95]. The method was demonstrated using 13C/15N-

labeled stromelysin by detection of only known ligand

resonances from a mixture containing one other non-

binding small molecule [95]. Resonances arising from

the protein and non-binding small molecule were

suppressed.

NMR screening with the diffusion-based approach

Fig. 10. Identification by 500 MHz 1H NMR spectra of 4-cyano-40-

hydroxybiphenyl as a ligand for stromelysin from a mixture

containing eight other non-binding compounds using diffusion-

editing. (a) Diffusion-edited 1H NMR spectrum of the nine

compounds in the absence of stromelysin recorded with low

gradient strength. (b) Diffusion-edited 1H NMR spectrum of the

nine compounds in the presence of stromelysin recorded with low

gradient strength after subtracting a similar spectrum recorded with

high gradient strength (to remove the protein signals). (c) Difference

spectrum of (a) minus (b). (d) Reference spectrum of the ligand. (e)

Difference spectrum similar to spectrum (c) recorded on solutions

containing only the eight non-binding compounds. Dashed lines in

(c) and (d) correspond to the ligand resonances. Buffer impurities

are denoted with asterisks. Reprinted with permission from Hajduk

et al. [70]. q 1997 American Chemical Society.
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suffers from some important limitations. In the

approach described above a signal reduction of more

than fourfold is observed compared to the acquisition

of a normal 1D spectrum. A factor of two is lost in the

PFG-STE experiment and another factor of two is lost

in the two spectral subtraction procedures. In addition

there are signal losses originating from longitudinal

relaxation during the diffusion period. Differences in

diffusion coefficients are also not very large. For

example, hemoglobin, a protein of MW , 65 kDa,

has a D value of 0.69 £ 1026 cm2/s [84], which is

only seven times smaller compared to sucrose ðD ¼

5:2 £ 1026 cm2=sÞ and 12 times smaller compared to

alanine ðD ¼ 8:6 £ 1026 cm2=sÞ [96]. Therefore it is

necessary to acquire diffusion-filtered spectra with a

high signal-to-noise ratio in order to detect small

changes in the diffusion coefficient of a small

molecule interacting with a protein. Molecules

binding weakly to the receptor are difficult to detect

since the fraction of bound ligand in the NMR

screening experiments will be very small, unless a

high protein concentration and a small [LTOT]/[ETOT]

ratio are used.

A useful application of the diffusion coefficient D

is in the determination of the dissociation binding

constant of weak affinity ligands. This is possible from

the knowledge of the concentration of bound ligand

calculated with Eq. (15). KD is then given by the

expression:

KD ¼
½ETOT�½LTOT�2 ½ETOT�½EL� þ ½EL�2 2 ½LTOT�½EL�

½EL�
:

ð18Þ

2.2.6. Intermolecular and intramolecular

magnetization transfer

2.2.6.1. Transferred NOE. The 1D and 2D transferred

NOE experiments have been used extensively to

determine the conformation of weak to medium

affinity ligands when bound to a large protein

[97–100]. Recently the method has been proposed

as a tool for performing NMR screening [101]. The

observed ligand intramolecular cross-relaxation rate

sNOE,obs is given by the equation

sNOE;obs ¼
½EL�

½LTOT�
sNOE;bound

þ 1 2
½EL�

½LTOT�

� �
sNOE;free ð19Þ

where sNOE,free and sNOE,bound are the cross

relaxation rates for the ligand in the free and

bound states, respectively, and sNOE is provided

Fig. 11. 2D 500 MHz 1H NOESY spectra of a 15-member oligosaccharide library in the (a) absence and (b) presence of agglutinin. Observed

NOEs are positive in (a) and negative in (b). In (b), a spin-lock filter was used to remove protein resonances, and transfer NOE correlations are

observed only for the oligosaccharide a-L-Fuc-(1 ! 6)-b-D-GlcNAc-OMe. Reprinted with permission from Meyer et al. [101]. q 1997

Federation of European Biochemical Societies.
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by the equation [56]

sNOE ¼
g4"2

10r6
ij

6tc

1 þ 4v2t2
c

2 tc

� �
ð20Þ

where rij is the distance between the two ligand

protons.

From this equation two important considerations

can be made. First, for small molecules the cross

relaxation rate for the bound ligand is of opposite sign

to the cross relaxation rate for the free ligand. Second,

the absolute magnitude of the rate is significantly

larger for the bound state. Thus in an equilibrium of

bound and free ligand molecules, the total intramo-

lecular ligand NOE is predominantly determined by

the bound form. Fig. 11 shows the first use of the

transferred NOE method to identify a ligand for a

macromolecule from a mixture of small molecules

[101]. The oligosaccharide a-L-Fuc-(1 ! 6)-b-D-

GlcNAc-OMe was identified as a ligand for agglutinin

from two separate mixtures of oligosaccharides. The

method has also been used to screen mixtures of

polysaccharides against the protein E-selectin [102].

In the latter, 2D TrNOE spectra were recorded for the

mixture in the absence and presence of the protein.

Close comparison of the two spectra allowed the

identification of the NOE cross peaks that change sign

or intensity. Analysis of all cross peak patterns

identified the active component (37) in the mixture,

which is a mimetic of the known ligand sialyl Lewisx

(38). The bioactive conformation of (37) had been

determined previously from similar TrNOE exper-

iments [103]. This suggests that in the absence of

severe overlap with signals from other compounds, it

is also possible to determine the bound conformation

of the ligand from the same 2D spectrum collected to

identify the ligand. To reduce problems of overlap, a

3D-TOCSY-TrNOESY experiment has also been

proposed [104]. This 3D variant of the experiment is

currently not of routine application, but may be useful

for the deconvolution of large chemical mixtures.

A drawback of this method is the requirement of

large ligand concentrations. Therefore it is not

suitable for the identification of ligands with poor

solubilities. Another disadvantage is the presence in

the spectrum of strong diagonal peaks that hamper the

observation of cross peaks between ligand resonances

having similar chemical shifts. In addition, the strong

diagonal peaks may introduce t1 noise or baseline

problems that interfere with the observation of weak

cross peaks.

2.2.6.2. NOE pumping and reverse NOE pumping.

The 1D NOE pumping experiment and its related

reverse NOE pumping experiment have been pro-

posed by Chen and Shapiro [105,106] as a method for

primary NMR screening. In the former, magnetization

transfer from the receptor to the ligand is observed,

and in the latter, the reverse process of magnetization

transfer from the ligand to the receptor is monitored.

A diffusion filter is introduced in the NOE pumping

experiment before the NOE mixing time to destroy

completely the ligand magnetization while preserving

most of the receptor magnetization. During the mixing

time the Zeeman magnetization of the receptor will

relax and part of the magnetization will be transferred

via intermolecular cross relaxation to the ligand. The

choice of the optimal mixing time depends upon the

protein longitudinal relaxation value. The method was

demonstrated on a solution containing human serum

albumin (HSA) and a mixture of three compounds:

salicylic acid, L-ascorbic acid, and glucose [105].

Signals for salicylic acid, which is a known binding

ligand, and water were observed. Signals for L-

ascorbic acid and glucose were not observed.

Standard diffusion experiments failed to distinguish

Fig. 12. Pulse sequences used in the reverse NOE pumping

experiment. Reprinted with permission from Chen and Shapiro

[106]. q 2000 American Chemical Society.
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salicylic acid as the ligand in this mixture because the

apparent diffusion coefficients for the three small

molecules were nearly identical. For the identification

of weak affinity ligands, the NOE pumping exper-

iment is more robust than standard diffusion exper-

iments [105].

The reverse NOE pumping experiment requires the

acquisition of two experiments using the pulse

sequences shown in Fig. 12 [106]. The first exper-

iment uses a transverse relaxation filter followed by

the NOE mixing time and the detection pulse. The

relaxation filter suppresses all of the protein signals

while inverting the ligand proton signals. During the

mixing time the ligand magnetization will be partially

transferred via intermolecular cross relaxation to the

receptor. A second experiment is then recorded where

the order of the mixing time and transverse relaxation

filter is reversed. In this experiment, no net magne-

tization transfer from the ligand to the receptor takes

place. Therefore the magnetization of a binding

molecule decays at a slower rate when compared to

the first experiment. A subtraction of the two spectra,

recorded with interleaved acquisition, results in a

spectrum containing only the signals of the molecules

interacting with the protein. The method was demon-

strated on HSA solutions containing the non-binding

small molecule glucose and one of a series of

unbranched fatty acid molecules that are known

ligands as shown in Fig. 13 [106]. Only signals for

the fatty acid molecules were observed. The amount

of signal pumped increased with fatty acid chain

length, indicative of increasing affinity, suggesting

that a series of ligands can be ranked-ordered by

affinity using this technique [106].

2.2.6.3. Saturation transfer experiments. The satur-

ation transfer experiments developed in the early

1960s [107] have recently been applied to NMR

screening with good results [108,109]. In these

experiments an rf field is applied selectively to a

resonance for a long time in order to equilibrate the

populations of the two energy levels. Selective

saturation of some protein proton resonances results

in saturation of all protein protons via flip-flop energy

transitions. The rate of these transitions is directly

proportional to the protein correlation time (second

Fig. 13. Reverse NOE pumping 500 MHz 1H spectra of a mixture

containing octanoic acid, glucose and HSA recorded with the pulse

sequences shown in (a) Fig. 12b and (b) Fig. 12a. The difference

spectrum of (a) minus (b) is shown in (c). Reprinted with permission

from Chen and Shapiro [106]. q 2000 American Chemical Society. Fig. 14. Identification of methyl b-D-galactopyranoside as a ligand

for the RCA120 lectin using STD 1H NMR spectroscopy at

500 MHz. (a) Reference 1D 1H NMR spectrum of RCA120 lectin.

(b) STD NMR spectrum of RCA120 lectin. (c) Reference 1D 1H

NMR spectrum of RCA120 lectin recorded with a spin-lock filter. (d)

Reference 1D 1H NMR spectrum of RCA120 lectin in the presence

of a 30-fold excess of methyl b-D-galactopyranoside. (e) STD NMR

spectrum of RCA120 lectin plus methyl b-D-galactopyranoside. (f)

STD NMR spectrum as in (e) but with the addition of a spin-lock

filter. Reprinted with permission from Mayer and Meyer [113]. q

2001 American Chemical Society.
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term of Eq. (20)), and therefore for large proteins or

proteins coupled to a solid matrix the spreading of

magnetization throughout the protein is rapid [110,

111]. The pulse sequence of the 1D saturation transfer

difference (STD) method corresponds to the 1D

truncated driven NOE difference experiment [112].

Spectra are acquired with selective saturation of some

protein proton resonances (on-resonance), typically

the upfield shifted methyl group resonances, and with

selective saturation in an empty spectral region (off-

resonance). The subtraction of the spectra is per-

formed internally via phase cycling after every scan to

minimize the subtraction artifacts. The resulting

subtracted spectrum contains only the signals of the

molecules interacting with the protein. The signals of

the protein are suppressed with the use of a transverse

relaxation filter applied before the acquisition. An

example is shown in Fig. 14 for the interaction of

methyl b-D-galactopyranoside with the RCA120 lectin

[113]. The efficiency of STD for NMR screening has

been demonstrated by detection of N-acetylglucosa-

mine as a ligand for wheat germ agglutinin from a

mixture containing six other non-binding saccharides

[108]. The STD scheme can also be implemented as a

2D homonuclear 1H– 1H [108] or heteronuclear
1H–13C [114] experiment. Recording of 2D STD

spectra allows unambiguous identification of ligand

molecules directly from mixtures.

The fractional STD effect (I0 2 Isat)/I0 (where I0 is

the intensity of one signal in the off-resonance

spectrum and Isat is the intensity of the same signal

in the on-resonance spectrum) expresses the signal

intensity in the STD spectrum as a fraction of the

intensity in an unsaturated reference spectrum. A

better description of the observed phenomenon is

provided by the STD amplification factor (STDaf)

defined as the fractional STD effect multiplied by the

ligand excess, [LTOT]/[ETOT]). The size of STDaf is

not directly correlated to the affinity of the ligand.

Tight binders may produce a small STDaf because of

their low K21 (i.e. long residence time of the ligand

bound to the protein), whereas a weak affinity ligand

could produce a larger STDaf. Analysis of the different

STDaf for all of the proton resonances of a ligand will

provide important structural information to discern

the ligand surface that is directly in contact with the

protein [113]. This epitope mapping is possible only

for weak affinity ligands. If the residence time of the

ligand is long compared to the longitudinal relaxation

of the ligand in the bound state, then spreading of the

magnetization over many protons is observed, result-

ing in very small differential STD effects.

Titration and competition binding experiments can

also be performed with STD [113]. Both experiments

can be used to derive a value for the binding constant

of a ligand. In the titration binding experiment the

STDaf is plotted against [LTOT] as shown in Fig. 15. A

dose response curve is obtained and the KD can be

extracted by fitting the data with the equation

STDaf ¼
2STDmax

af

1 þ
L

KD

� � þ STDmax
af ð21Þ

where STDaf
max is the maximum STDaf effect, and L is

the ligand concentration.

It is also possible to derive the KD value of a ligand

from the IC50 value of a competitive molecule with a

known dissociation constant KI according to the

equation [115]

KD ¼
½L�KI

IC50 2 KI

ð22Þ

where [L] is the ligand concentration for which the KD

should be calculated, and IC50 is the concentration of

the competitive inhibitor at which the STDaf observed

for L is reduced by half. The IC50 is calculated from

STD experiments performed at a fixed ligand

concentration [L] and increasing competitive inhibitor

concentrations. Eq. (22) was derived with the

approximation that [L] is in high excess compared

to the protein and KD. In Section 2.2.7, a more general

equation will be described that allows determination

Fig. 15. Titration curve showing the STD amplification factor of a

given ligand proton versus the ligand concentration. Reprinted with

permission from Mayer and Meyer [113]. q 2001 American

Chemical Society.
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of the binding constant from a single-point

measurement.

2.2.6.4. WaterLOGSY. The WaterLOGSY (Water–

ligand observed via gradient spectroscopy) exper-

iment [116,117] utilizes the large bulk water magne-

tization to transfer magnetization via the protein–

ligand complex to the free ligand in a selective

manner. In this experiment, the resonances of non-

binding compounds appear with opposite sign and

tend to be weaker than those of the interacting ligands.

In all of the high resolution X-ray structures of

protein–ligand complexes, water molecules are found

linking the ligand to the protein, with most of the

water molecules (,80%) making three or more

hydrogen bonds [118]. In addition to the bridging

water molecules, other water molecules are identified

at the binding site. These water molecules occupy

small hydrophobic voids or holes left unfilled by the

imperfect matching of the ligand and protein surfaces.

The residence times of water in protein cavities

invariably seem to range between a few ns to a few

hundred ms [119–126]. As shown in Fig. 16, this time

span is long compared to the effective correlation time

where intermolecular water–protein NOEs change

sign (ca. 300 ps) at 600 MHz, and short compared to

the chemical shift time scale, where a separate

resonance for the bound water would be observed

(ms). Thus, selective excitation of the water signal

followed by NOE mixing effectively transfers mag-

netization from the bulk water to the protein with the

same sign as the starting magnetization. The transfer

of magnetization from bound water to nearby protons

of the protein is more efficient for longer water

residence times and for larger proteins (i.e. longer

correlation times) as shown in Fig. 16.

A second important mechanism for magnetization

transfer from water to the protein–ligand complex is

by chemical exchange with labile carboxyl, amino,

hydroxyl, imidazole, guanidinium and amide protons

[112,127,128]. In physiological solutions typically

used in the NMR screening experiments, this

exchange is very rapid for the solvent exposed protons

of the protein. Like the intermolecular NOE with

buried water molecules, this magnetization transfer

pathway conserves the sign of the magnetization.

Both processes act constructively to transfer magne-

tization from the bulk water to the protein. The large

number of exchangeable protons and buried, yet

exchangeable, water molecules in a protein–ligand

Fig. 16. Plot of the intermolecular cross-relaxation rate s versus water residence time for macromolecules with correlation times of 5, 10, 20 and

40 ns. A proton Larmor frequency of 600 MHz was used for the simulation. Reprinted with permission from Dalvit et al. [117]. q 2001 Kluwer

Academic Publishers.
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complex could explain the high sensitivity of the

WaterLOGSY experiment for the selective detection

of ligands. The method is a powerful tool for primary

screening of compound mixtures by NMR.

WaterLOGSY experiments are performed by

either selective decoupling or inversion of the water

signal. Selective inversion of the water signal can be

achieved in different modes [124]. ePHOGSY [129,

130], which is based on a water-selective 1808

refocusing pulse between two pulsed field gradients

as shown in Fig. 17, is one of the technically most

robust schemes to achieve efficient selective water

Fig. 17. Pulse sequences used in the WaterLOGSY experiment. The sequences are based on the ePHOGSY experiment without (upper) and with

(lower) a water flip-back pulse [157]. Reprinted with permission from Dalvit et al. [117]. q 2001 Kluwer Academic Publishers.

Fig. 18. Identification of a ligand using the WaterLOGSY technique. Top is an expanded region of the 1D 1H NMR reference spectrum at

600 MHz of a mixture of 10 compounds in the absence of protein. Bottom is the corresponding WaterLOGSY spectrum in the presence of the

protein cdk2. The positive intensity signal indicated by an arrow in the WaterLOGSY spectrum identifies this compound as a ligand for cdk2.
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excitation. The scheme effectively suppresses radi-

ation damping that interferes with the selective

excitation and contributes to introduction of artifacts

in the spectrum. In addition, the scheme defocuses the

magnetization of all resonances that are not near the

water chemical shift. WaterLOGSY spectra obtained

with this method are devoid of artifacts, and even

small effects can be analyzed with confidence. As

shown in Fig. 18, non-binders are characterized by

negative intensity in WaterLOGSY spectra, while

ligands are characterized by positive intensity.

Titration binding experiments can be performed in

order to extract an approximate value of the binding

constant of weak affinity ligands. However, particular

care must be taken in the analysis of the titration

experiments, since the signal intensity in the Water-

LOGSY spectra contains an off-setting effect deriving

from the hydration of the free ligand. This contri-

bution can be calculated in a complementary exper-

iment recorded for the ligand in the absence of the

protein. The subtraction of this experimentally

derived contribution from the measured Water-

LOGSY signals in the presence of the protein permits

the calculation of the binding constant [117]. A

drawback of the method is that very low-affinity

ligands cannot be detected when the ratio [LTOT]/

[ETOT] is high because of the competing effect arising

from hydration of the free ligand. This effect is more

pronounced for protons adjacent to ligand exchange-

able protons. However, weak affinity ligands are

usually not interesting since they are not specific and

they may simply interact transiently with the surface

of the protein. When screening large libraries, one is

more interested in the detection of medium or high-

affinity ligands suitable for combinatorial chemistry

or medicinal chemistry follow-up.

2.2.7. Competition binding experiments

The Achilles’ heel of all the ligand-observed NMR

screening techniques is their inability to detect

strongly binding ligands with slow dissociation

rates. This stems from the fact that the experiments

are carried out with a greater than 10-fold excess of

ligand over protein. In the crude approximation of a

diffusion-limited on-rate (Kon) of 108 M21 s21 [131],

the upper limit of detection, in the most favorable

case, is represented by molecules with dissociation

binding constants in the 100 nM range. Compounds

binding tighter to the protein, compounds that have a

slow on rate, and compounds that bind covalently to

Fig. 19. Diagram of the approach used for HTS with the competition binding experiments.
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the protein will not be detected because the residence

time of these compounds within the protein is long

and therefore the turnover between free and bound

state of the ligand is slow. Additionally, compounds

with poor solubilities that are potential ligands are

difficult to detect since the methods require the

observation of the ligand signals.

Competition binding experiments have been used

to test the specificity of an identified ligand and for

extracting with titration experiments the dissociation

binding constant according to Eq. (22). Recently, it

has been shown that these experiments, when properly

designed, can be utilized efficiently to perform HTS

without the drawbacks associated with direct ligand

detection [132,133]. In addition, these experiments

provide a rapid estimate of the binding constant of the

detected ligand.

The HTS with NMR strategy is diagrammed in Fig.

19. The strategy requires first the identification of a

weak affinity ligand and, when possible, its full

characterization. In our laboratory, a small library

containing a few hundred soluble, well-characterized

molecules is first screened using the WaterLOGSY

method shown in Fig. 18. The identified binders are

subsequently studied with isothermal titrating calori-

metry (ITC) in order to determine their binding

constants. One of these compounds, based on its

binding constant, NMR spectrum, and, when avail-

able, on its X-ray structure complexed with the

protein, is then selected as the reference compound for

the competition binding experiments. Additional

preliminary NMR experiments are performed on this

molecule in the presence of the protein to optimize the

experimental conditions for screening and for quanti-

fying, according to binding strength, the hits originat-

ing from the next round of screening. Chemical

mixtures are then screened against the target macro-

molecule in the presence of the reference compound.

Fig. 20. Series of 1D WaterLOGSY 1H NMR spectra recorded at 600 MHz for (a) 50 mM 6-CH3 D,L-Trp, (b) 50 mM 6-CH3 D,L-Trp with 5 mM

HSA, (c) 50 mM 6-CH3 D,L-Trp with 5 mM HSA and the three compound mixture of 10 mM sucrose, 10 mM 7-CH3 D,L-Trp and 10 mM

diazepam, (d) 50 mM 6-CH3 D,L-Trp with 5 mM HSA, (e) 50 mM 6-CH3 D,L-Trp with 5 mM HSA and 10 mM sucrose, (f) 50 mM 6-CH3 D,L-Trp

with 5 mM HSA and 10 mM 7-CH3 D,L-Trp, and (g) 50 mM 6-CH3 D,L-Trp with 5 mM HSA and 10 mM diazepam. The displayed spectral

regions contain the 6-CH3 signal of the tryptophan derivative. The length of the double spin echo was 25.2 ms in order to destroy most of the

protein signals and obtain a flat baseline. Reprinted with permission from Dalvit et al. [132]. q 2002 American Chemical Society.
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2.2.7.1. C-WaterLOGSY. The C (Competition)-

WaterLOGSY experiments are particularly suited

for the detection of high-affinity ligands. In the

presence of a competitive inhibitor the protein-

bound concentration of the reference compound

diminishes [131]. The WaterLOGSY signal intensity

ratio for a reference compound in the presence and

absence of a competitor is given by the equation [132]

where IWLOGSY(þ ) and IWLOGSY(2 ) are the exper-

imentally corrected (i.e. after subtracting the contri-

bution of the hydration of the free ligand) intensity of

the reference compound in the presence and absence

of the competitive small molecule, respectively. The

quantities [ETOT], [LTOT], and [I] are the protein,

reference compound, and competitive compound

concentrations, respectively. The quantities KD and

KI are the dissociation binding constants for the

reference compound and the competitive ligand,

respectively. The equation is valid only in the

assumption of a simple competitive mechanism.

A WaterLOGSY spectrum is first acquired for the

selected reference compound in the absence of the

protein. This is necessary for extracting the hydration

correction term discussed above. Then, an identical

spectrum is acquired for the selected reference

compound in the presence of the protein. These two

spectra need to be acquired only once. NMR screening

experiments with c-WaterLOGSY are then performed

on different chemical mixtures against a macromolecu-

lar target. Fig. 20 shows this concept with a series of

spectra that demonstrate the binding of diazepam to

HSA. Fig. 20b indicates that 6-CH3 D,L-Trp binds to

HSA and can be used as the reference compound.

WaterLOGSY signal attenuation of the reference

Fig. 21. Plot of WaterLOGSY signal attenuation of the reference compound as a function of the dissociation binding constant KI of the

competing compound. The simulation was performed using Eq. (23) with a competitor concentration of 50 mM. The protein and reference

compound concentrations were 2 and 50 mM, respectively. The value of 1 on the y-axis corresponds to the signal of the reference compound

observed in the absence of the competing compound plus the offset arising from the hydration of the free ligand. The value of 0 on the y-axis

corresponds, in the approximation of only one protein binding site for the reference compound, to the WaterLOGSY signal of the reference

compound in the absence of the protein. Simulations were performed for four reference compound KD values as indicated on the graph.

IWLOGSYðþÞ

IWLOGSYð2Þ
¼

½ETOT� þ ½LTOT� þ KD 1 þ
½I�

KI

� �
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½ETOT� þ ½LTOT� þ KD 1 þ

½I�

KI

� �� �2

24½ETOT�½LTOT�

s

½ETOT� þ ½LTOT� þ KD 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
{½ETOT� þ ½LTOT� þ KD}2 2 4½ETOT�½LTOT�

p ð23Þ
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compound in the presence of a three compound mixture

(Fig. 20c) is an indication that one or more compounds

comprising the mixture is a potent ligand and displaces

the reference compound from the protein. A simple

deconvolution (Fig. 20e–g) of the chemical mixture

performed with c-WaterLOGSY permits the identifi-

cation of the active molecule in the mixture.

The calculation of the signal reduction (with the

proper correction) and the knowledge of the dis-

sociation binding constant of the reference compound

provide an estimation or a lower limit, according to

Eq. (23) and graph shown in Fig. 21, of the

dissociation binding constant of the identified ligand.

Protein and ligand concentrations as low as 2 and

5 mM, respectively, can be used. This permits the

identification of strong inhibitors that are only

marginally soluble. Eq. (23) is not limited to the c-

WaterLOGSY experiments. It can also be used for

STD-based competition binding experiments by

simply replacing IWLOGSY(þ ) with STDaf(þ ) and

IWLOGSY(2 ) with STDaf(2 ).

A simulation according to Eq. (23) of the Water-

LOGSY signal of the reference compound as a function

of KD and KI permits the proper choice of the reference

compound. Therefore it is possible to detect indirectly

the presence of a strong inhibitor in a chemical mixture

simply by monitoring the WaterLOGSY signal of a

reference compound. The lower limit in affinity strength

for the detection can be tuned by properly selecting the

reference compound (i.e. different KD) and/or different

[ITOT]/[LTOT] ratios according to Eq. (23).

2.2.7.2. Transverse relaxation. A different approach

is used with the transverse and selective longitudi-

nal relaxation competition binding experiments

[133]. The strategy requires first the acquisition of

R2 or R1,s experiments for the reference molecule

in the presence of the protein at different ligand

concentrations as shown in Fig. 22, or at different

protein concentrations. The latter is preferred when

the reference compound is not soluble at high

concentrations or when the molecule has a second

low-affinity binding site that will start to be

partially populated at high concentrations. Broad-

ening is most clearly observed for the ligand

resonance at 7.13 ppm. The observed linewidth, the

R2 value measured with CPMG, the signal intensity

ratio of a resonance in two R2-filtered experiments

Fig. 22. Expanded region of the 1D 1H NMR spectra at 600 MHz recorded at different ligand concentrations in the presence of 1.5 mM p21-

activated kinase (PAK). The ligand concentrations used were (a) 40 mM, (b) 80 mM, and (c) 140 mM. Reprinted with permission from Dalvit

et al. [133]. q 2002 American Chemical Society.
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recorded with different CPMG spin echo train

durations, or, as in the example of Fig. 23, the

intensity ratio of one resonance in the fast

exchange regime and one in the intermediate

exchange regime, is plotted against the ratio

[EL]/[LTOT]. This ratio can be calculated with the

knowledge of the ligand binding constant derived

from an ITC measurement and the total protein

[ETOT] and ligand [LTOT] concentrations according

to the equation:

NMR screening competition experiments are per-

formed at a fixed protein and reference molecule

concentration. The presence in a chemical mixture

of a competing molecule, I, will result in a

decrease of [EL]. This can be appreciated in Fig.

24b, which shows the NMR spectrum of the

reference molecule in the presence of a seven

compound chemical mixture. The significant shar-

pening of the resonance at 7.13 ppm, compared to

the corresponding spectrum recorded in the absence

of the seven compound mixture shown in Fig. 24a,

reveals the presence of a strong binder in the

mixture. Deconvolution in the presence of the

reference compound allows the identification of the

high-affinity ligand as shown in Fig. 24c and d.

At the concentration of ligand employed in the

screening, complete displacement of the reference

compound is achieved with high-affinity ligands

(Fig. 24), and partial displacement is achieved

with medium to weak affinity ligands. For deriving

the binding constant of the strong inhibitor and

not simply a lower limit of its KI, it is sometimes

necessary to record another spectrum with lower

competing molecule concentration. The measured

parameter is then analyzed according to the graph

obtained from the titration experiments for the

reference compound. Since [LTOT] in the NMR

screening experiments is known and fixed, the

concentration of [EL] for the reference compound

in the presence of the competing molecule can be

calculated from the fitting function of Fig. 23. The

knowledge of [LTOT], [EL], and [ETOT] permits

determination of the apparent dissociation binding

constant KD
app of the reference compound in the

presence of the competing molecule according to

the equation:

K
app
D ¼

½ETOT�½LTOT�2 ½ETOT�½EL� þ ½EL�2 2 ½LTOT�½EL�

½EL�
:

ð25Þ

In the assumption of a simple competitive

mechanism, the KD
app is then used to extract the

binding constant KI of the competitive ligand

according to the equation [131]

KI ¼
½I�KD

K
app
D 2 KD

ð26Þ

where [I] is the concentration of the competing

molecule. In our studies, binding constants for two

compounds with binding affinities in the mM to

nM range were determined by both NMR and ITC

measurements. Although the NMR-derived values

were extracted using a single point measurement,

there is good agreement with the values obtained

by a complete ITC measurement (2.9 mM com-

pared to 2.5 mM and 0.15 mM compared to

0.25 mM).

Another method that can be used with competition

binding experiments is the single or multiple-selective

R2 experiment described in Fig. 25 (top). In this

experiment, the same resonance or resonances of the

reference molecule are selectively inverted using a

shaped 1808 pulse. Typically two spectra are

recorded, one with a short spin echo period and

another with a longer period that is close to the R2 of

the reference molecule in the presence of the protein.

The intensity ratios of the signals extracted from the

two spectra are used for the titration measurements

and for the screening process as described above. For

the system used in Fig. 22, it was sufficient to record

selective R2 experiments with a single spin echo

period (data not shown). This was possible because of

the differential R2 of the two selectively inverted

ligand resonances at 6.65 and 7.13 ppm. The signal

intensity ratios of these two resonances extracted from

½EL�

½LTOT�
¼

½ETOT� þ ½LTOT� þ KD 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð½ETOT� þ ½LTOT� þ KDÞ

2 2 4½ETOT�½LTOT�
p

2½LTOT�
ð24Þ
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the selective R2 experiments was used as described

above.

Finally, the 1D selective or multiselective TOCSY

or COSY experiments can also be used in association

with the competition binding experiments. These

experiments are useful in cases of severe overlap.

However, it is applicable only if the reference

compound contains scalar coupled spin systems. The

selective excitation is achieved with the same scheme

used in the selective R2 experiment. For the TOCSY,

two experiments with fixed spin-lock periods are

recorded, one with t ¼ 0 and the other with a long t

duration.

2.2.7.3. Selective longitudinal relaxation. Although

R1,s experiments have not been used in ligand-based

screening because of the problems mentioned earlier,

they are particularly well-suited for performing NMR

screening with competition binding experiments

[133]. The pulse sequence for these experiments

recorded in aqueous solutions is shown in Fig. 25

(bottom). In the experiments it is sufficient to

selectively invert the same resonance of the reference

molecule for every mixture screened. Because the

reference molecule is in excess compared to the

protein and the molecule is a weak to medium affinity

ligand, the observed chemical shifts of the ligand

resonances correspond to the chemical shifts of the

free ligand. This permits acquisition of the exper-

iments in automation using the same excitation

frequency for the selective inversion. For greater

sensitivity of the experiment, the resonance to be

selectively inverted should be chosen to be one of the

ligand resonances that displays the largest difference

Fig. 23. Plot of the signal intensity ratio of the two ligand

resonances, I7.13/I6.65, shown in Fig. 22, as a function of the ratio

[EL]/[LTOT]. The resonance at 7.13 ppm is a singlet (one proton)

that undergoes significant exchange broadening in the presence of

the protein, while the resonance at 6.65 ppm is a doublet (one

proton) with a small J. The ratio [EL]/[LTOT] was calculated using

an ITC-derived KD value of 7.1 mM for the ligand. The first point on

the left corresponds to the value in the absence of protein. The curve

represents the best fit of the experimental points. Similar results

were obtained using the signal intensity ratio of the two ligand

resonances extracted from multiple-selective R2 spectra (with

selective inversion of the resonances at 7.13 and 6.65 ppm)

recorded with the pulse sequence of Fig. 25 (top). Reprinted with

permission from Dalvit et al. [133]. q 2002 American Chemical

Society.

Fig. 24. NMR screening and deconvolution performed with 50 mM

reference ligand in the presence of 2 mM PAK. Expanded region of

the 1D 1H NMR spectra at 600 MHz recorded in the (a) absence of

any additional compounds, (b) presence of a seven compound

mixture with each molecule at 20 mM, (c) presence of the same

chemical mixture but without SU-13901, and (d) presence of only

SU-13901. The spectra were acquired with 128 scans and a 2.82 s

repetition time. An arrow at 7.13 ppm indicates the resonance of the

reference compound that experiences significant broadening in the

presence of the protein. Reprinted with permission from Dalvit et al.

[133]. q 2002 American Chemical Society.
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of R1,s in the free and bound states. When possible, a

singlet resonance is preferred because of the greater

intensity and reduced problems of overlap. It is

possible, however, to determine the presence of a

ligand in both the R2 and R1,s experiments even in the

presence of overlap. In these particular cases it is also

necessary to acquire the same experiments for the

mixture in the absence of the reference compound.

Subtraction of the spectra recorded in the presence

and absence of the reference compound then allows

for the detection of a ligand.

The calculated selective R1,s, the signal intensity

ratio of an inverted resonance compared to a non-

inverted resonance in an R1,s experiment recorded

with a single t value, or the signal intensity ratio of an

inverted resonance in two R1,s experiments recorded

with different t values, for the reference molecule is

plotted as a function of the ratio [EL]/[LTOT] in the

same way as for R2. The titration experiments are

performed either by keeping the protein concentration

fixed and varying the reference compound or by

keeping the ligand concentration fixed and varying the

protein concentration. This is shown in the example of

L-Trp in the presence of HSA in Fig. 26 where the L-

Trp concentration was kept constant and the protein

concentration was varied. Screening is performed

using an R1,s experiment recorded with either a single

or two t values. We refer to these experiments as the

Fig. 26. Plot of the signal intensity ratio of the inverted resonance

(Trp C2-H) in two R1,s filtered experiments recorded with t ¼ 1:91

s and t ¼ 0:48 s (top) and plot of the signal intensity ratio for the

Trp C2-H and C4-H resonances in an R1,s filtered experiment

(inversion of the C2-H resonance) recorded with t ¼ 1:91 s versus

the ratio [EL]/[LTOT]. The L-Trp concentration was kept constant at

100 mM and the protein (HSA) concentration was varied from 0 to

12 mM. For the top diagram the magnetization is positive with t ¼

1:91 s and negative with t ¼ 0:48 s: The concentration ratio

[EL]/[LTOT] was calculated using the equilibrium dialysis-derived

KD value of 23.0 mM for Trp measured at 20 8C [159]. The first

point on the left corresponds to the value in the absence of protein.

The curves represent the best fits of the experimental points.

Fig. 25. Pulse sequences used for the selective R2 (top) and R1

(bottom) experiments performed in aqueous solution. Selective

inversion of single or multiple resonances of the ligand is performed

with shaped pulses. A short gradient can be applied in the R1 filter

experiment immediately after the selective 1808 pulse in order to

destroy magnetization not aligned along the z-axis. Particular care

should be taken when selective inversion with shifted laminar

pulses is applied simultaneously to multiple ligand resonances. In

the R1 experiments, the ligand resonances simultaneously inverted

should correspond to protons that are not close in space. In the R2

experiments, the resonances to be simultaneously inverted should

not be mutually scalar coupled in order to avoid evolution under

scalar coupling during the spin echo period (i.e. for a two proton

spin system with scalar coupling it will be possible to invert only

one of the two protons). Water suppression is performed with the

double spin echo scheme [158].
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R1,s filtered experiments. For maximum sensitivity,

this delay should correspond to the t value at which

the largest intensity difference is observed between

the R1,s measurements for the reference compound in

the absence and presence of the macromolecular

target. For rapid visual inspection, the t value

corresponding to the null point (i.e.

1 2 2 expð2tR1;sÞ ¼ 0) can also be selected as

shown in Fig. 27a. The presence in the chemical

mixture of a competing molecule will result in an R1,s

filtered spectrum with a residual negative signal (Fig.

27b). The R1,s of the reference compound becomes

smaller because of partial displacement of the

reference compound from the protein. Deconvolution

of the mixture carried out with the same selective R1,s

filtered experiment identifies the competitive inhibitor

(Fig. 27d). A measurement of the R1,s, the signal

intensity ratio of an inverted resonance compared to a

non-inverted resonance in an R1,s filtered experiment

recorded with a single t value, or the signal intensity

ratio of an inverted resonance in two R1,s filtered

experiments recorded with different t values, for the

reference molecule in the presence of the competing

molecule permits, according to the diagram of Fig. 26

and following the same procedure described for the

transverse relaxation experiment, an estimate of the

binding constant of the competing molecule [133].

When problems of overlap are encountered it is

possible to use the R1,s filtered selective TOCSY

experiment. However, this method can be applied

only if the inverted resonance is a multiplet.

A drawback of the R1,s competition binding

experiments is the detection of only molecules

competing with the reference molecule for the same

protein binding site (in the absence of allosteric

effects). The other two competition binding tech-

niques, R2 and c-WaterLOGSY, permit the simul-

taneous detection of weak to medium affinity ligands

binding at different sites. This is clearly possible if the

concentration of the compounds comprising the

mixture is comparable to the concentration of the

reference molecule. It is also conceivable to combine

the R1,s and R2 schemes into a single experiment. This

could be achieved by inserting a CPMG period into

the pulse sequence of Fig. 25 before the double spin

echo portion.

The competition binding experiments for per-

forming HTS and for deriving the binding

constants of the NMR hits [133] are clearly not

limited to 1H detection. When the reference

molecule contains a fluorine atom, it is possible

to perform exactly the same competition binding

experiments using 19F NMR [134]. The longitudi-

nal relaxation of 19F is not a good parameter for

the competition binding experiments since it lacks

the direct tc dependence needed for identifying

small molecules interacting with a macromolecule.

However, 19F transverse relaxation represents an

excellent parameter for the competition binding

experiments since it contains spectral densities

calculated at zero frequency for the heteronuclear
19F– 1H dipolar interactions and for the 19F CSA

interaction. Since the CSA of 19F is large, the

latter spectral density will contribute significantly

to the transverse relaxation of the fraction of

bound ligand [135]. CSA contribution to relax-

ation is directly proportional to the square of the

magnetic field. Therefore, the effect is more

pronounced at higher magnetic fields. The titration

experiments for the reference molecule as a

Fig. 27. NMR screening and deconvolution performed with a 1D

600 MHz 1H R1,s filtered experiment for 100 mM Trp in the

presence of 8 mM HSA. Expanded spectral regions containing only

the selectively inverted Trp C2-H resonance recorded in the (a)

absence of any additional compounds, (b) presence of a four

compound mixture with each molecule at 30 mM, (c) presence of

the same chemical mixture but without diazepam, (d) presence of

only diazepam, and (e) absence of HSA and any additional

compounds. The spectra were acquired with 128 scans and a 5.82 s

repetition time. The t value was 0.955 s, which corresponds closely

to the null point for the spectrum in (a). Reprinted with permission

from Dalvit et al. [133]. q 2002 American Chemical Society.
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function of the fraction of bound ligand are

performed by either acquiring 1D 19F R2 filtered

experiments or simply 1D 19F experiments with
1H decoupling. Screening is then carried out by

monitoring changes in the transverse relaxation

(either via the R2 filtered experiments or via

analysis of the linewidth) of the 19F signal of the

reference molecule as described above for the 1H

experiments [134].

The competition binding experiments can also be

carried out with the use of two compounds, one

representing the reference molecule and the other

representing a small molecule that does not interact

with the receptor. The latter serves as an internal

standard that is used for quantitating, with a single

experiment, changes in the signal of the reference

compound [134].

Approaches that are based on properly designed

competition binding experiments permit rapid screen-

ing of thousands of compounds against protein or

DNA and RNA fragments in a short period of time.

The methodology can also be applied to the screening

of plant and fungi extracts. As can be appreciated

from Figs. 23 and 26, the quantity of protein required

for screening is small and protein concentrations as

low as 500 nM to 1 mM can be used. The use of

cryoprobe technology will further speed up the

screening process. It is expected that in this case the

limiting step will be represented simply by the

time required to change the sample, to equilibrate

the temperature and to shim each sample in the

magnet. Indeed, for the simple 1D 1H NMR

experiments used in the transverse relaxation with

competition binding, mixtures of 10 compounds

can be screened in a total time of less than two

minutes per mixture. This translates into ,7000

compounds per day. If mixtures of up to 100

compounds were used, the throughput would

exceed ,70,000 compounds per day. Since the

concentration of each compound in the mixture to

be screened is typically less than 10 mM, mixtures

containing 100 compounds will only have a total

small molecule concentration of 1 mM. The low

compound concentrations used by these techniques

permits screening of compounds with poor solu-

bility. This increases the chemical diversity of

compounds amenable to NMR screening.

3. Design of small molecule screening libraries

3.1. General considerations

A common feature of all NMR screening para-

digms is the need for a collection of small molecules

to comprise a screening library. The greater amounts

of both target molecules and screening compounds

needed compared to traditional HTS limits the

number of compounds that can be efficiently screened.

As a result, published NMR screens have used

compound libraries containing typically less than

,10,000 compounds. Although the recently intro-

duced competition binding NMR screening methods

[133] may provide for efficient screening of a much

greater number of compounds than this, if one could

find suitable hits from a smaller collection of well-

chosen compounds it may not be necessary to expend

the time and chemical resources to screen an entire

corporate compound library against every single

target. Hits so identified could then be used to focus

further screening efforts or to direct combinatorial

syntheses, saving both time and chemical resources

[8].

Library design for NMR-based screening has

recently been reviewed, including both primary

screening and follow-up libraries [136]. Certain key

aspects of primary screening libraries will be

discussed here. In general terms, several types of

libraries can be envisioned: broad screening libraries

applicable to many types of target proteins; directed

libraries that are designed with the common features

of an active site in mind that might be useful for

screening a series of targets from the same protein

class, such as protease enzymes; and ‘functional

genomics’ libraries composed of known substrates,

cofactors and inhibitors for a diverse array of enzymes

that might be useful for defining the function of

genomics-identified targets. Rather than just ran-

domly choosing compounds for a broad screening

library, several rationale approaches have been

implemented. These include diversity libraries

designed using various chemical informatics tools

and the SHAPES library developed by Fejzo and

coworkers that is composed largely of molecules that

represent frameworks commonly found in known

drug molecules [12].

Having a choice for which molecules to include in
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a screening library is a luxury that should not be

wasted. In addition to structural diversity, there

are other important characteristics to consider

when selecting the subset molecules. These

include purity, identity, reactivity, toxicological

properties, molecular weight, water solubility, and

suitability for chemical elaboration by traditional

or combinatorial chemistry methods. It makes

sense to populate the screening library with

compounds of high integrity that are not destined

for failure down the road. Time spent upfront to

insure purity, stability, and identity with LC-MS

or LC-NMR analyses will save resources down-

stream. Filtering tools should be used to avoid

compounds that are known to be highly reactive,

toxic or to have poor metabolic properties. Lack

of reactivity is critical since compounds can be

screened more efficiently as mixtures. Most labs

typically pool their selected small molecules into

mixtures of up to 10 compounds for screening.

Compounds for diversity-based NMR screening

libraries can be selected based on their drug-like

character. Using this protocol, which selects

compounds that have similar characteristics as

known drugs, hits are predisposed to have

desirable pharmacokinetic characteristics [136].

Compounds with drug-like characteristics can

also be selected based on scaffolds that occur

frequently in known drugs. This approach, known

as the SHAPES method, is described in detail

below. Since primary NMR screens typically

identify low-affinity binders, diversity libraries

that consist of lead-like as opposed to drug-like

molecules [137] may actually be best. It is often

the case that chemical elaborations to improve

affinity also increase molecular weight and

decrease solubility [137]. The molecular weight

of the compounds therefore should not exceed

350. Since most hits obtained will have affinities

for their target in the ,100 mM range, low

molecular weight will leave room for chemical

elaboration to build in more affinity and selectiv-

ity. Using larger molecular weight drug-like

compounds would not substantially improve affi-

nity of the hits and could easily preclude

obtaining lead chemical templates of reasonable

size. By contrast, lead-like hits that are reasonably

water soluble allow for chemical elaboration that

results in modest increased lipophilicity of the

final therapeutic entity [137]. Water solubility is

also important since it enhances the potential

success of downstream studies such as calorime-

try, enzymology, co-crystallization and NMR

structural studies. Compound solubility is

especially important for flow-injection NMR

methods in order to prevent clogging of the

capillary lines [8].

Compounds should also be chosen with their

suitability for chemical elaboration by traditional

or combinatorial chemistry methods in mind. Hits

with facile handles for synthetic chemistry will be

of more interest and will allow more efficient use

of medicinal chemistry resources. An example of

this is the ‘SHAPES linking library’ which

consists of compounds containing scaffolds along

with linkers and side chains that are accessible

using reactions implemented by the combinatorial

chemistry group at Vertex [136]. Libraries con-

structed using the retrosynthetic combinatorial

analysis procedure (RECAP) offer a similar

approach [138]. Databases of biologically active

molecules are fragmented around bonds formed by

common combinatorial chemistry reactions into

their biologically relevant or privileged motifs.

The compounds thus include a combinatorial

handle that allows rapid expansion around a

given motif once it is identified as a weak affinity

ligand. Finally, input from medicinal chemists

regarding which compounds to include is critical.

From an extreme perspective, favorite compounds

suggested by chemists should be included in the

screening library.

3.2. SHAPES screening library: design and

application

The SHAPES strategy is an NMR-based

approach to lead generation that includes the

rational design of a compound library, collection

and analysis of NMR screening data sets, and

follow-up screening and/or medicinal chemistry

[12]. Unlabeled target molecules and library

compounds are used. The SHAPES library is a

small collection of diverse, low molecular weight,

water soluble compounds whose molecular shapes
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represent those most commonly found in known

drug molecules [139]. From an analysis of the

comprehensive medicinal chemistry (CMC) data-

base, it was determined that 32 different frame-

works describe ,50% of all known drugs [139].

When atom type was included, 41 frameworks

describe 24% of all known drugs. Framework

classification was combined with similar data on

the most common drug side chains [140] to create

the SHAPES library. The 132 compounds in the

original SHAPES library are based on the

molecular frameworks shown in Fig. 28 [12]. All

compounds were commercially available, soluble,

non-aggregated at 1 mM, chemically and isomeri-

cally pure, and non-reactive. It should also be

pointed out that many frameworks from the CMC

analysis were NOT incorporated into the SHAPES

library because of either synthetic complexity or

poor solubility. The molecular weight range of the

selected compounds is 68–341 Da. Compounds

were also required to have at least two protons

within 5 Å apart in order to be amenable to

transfer NOE-based screening. For screening, the

compounds were pooled into mixtures of 1–4

compounds. A subsequent SHAPES library con-

tained ,500 compounds, each with a combichem-

accessible linker or side chain [136].

Two screening methods are used in the SHAPES

approach: 1D 1H line broadening and 2D transfer

NOE. Both methods rely on fast exchange between

the free and bound species of any ligand present. Line

broadening methods, like relaxation-editing, have the

disadvantage that chemical shift differences between the

free and bound forms can complicate the analysis.

Nevertheless, Fig. 29 [12] shows the line broadening

observed for a ligand in the presence of the 224 kDa

protein inosine-50-monophosphate dehydrogenase

(IMPDH). SHAPES screens are typically collected at

concentrations of 50 mM protein and 1 mM small

molecule. The total time to screen the SHAPES library

using 2D transfer NOE spectra is only a few days. Since

neither method of binding detection can distinguish

between specific and non-specific binding, competition

experiments or enzymatic assays must be carried out to

Fig. 28. Molecular frameworks used for selecting compounds in the original SHAPES library. Sidechain attachment points are denoted by single

electrons or lone pairs. X represents a C, N, O or S atom. Reprinted with permission from Fejzo et al. [12]. q 1999 Elsevier Science.
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confirm identified hits. If a known high-affinity ligand

exists for the target of interest, repeating the binding

experiment in its presence should eliminate the binding

observed for the weaker affinity SHAPES ligand. In

cases where more than one SHAPES hit is identified, it

can be quite useful to rank order their affinities. A

straightforward manner to accomplish this without the

need for time-intensive titration experiments is with

NMR diffusion measurements [12,141].

Screening hits from the SHAPES library are used

to direct further screening by choosing existing

proprietary or acquirable compounds to be assayed

enzymatically, choosing compounds from virtual

screens to be acquired and assayed, or suggesting

combinatorial or medicinal chemistry elaborations. If

there is more than one SHAPES hit that can be

confirmed to bind at the same location, limited SAR

may already be apparent to select or synthesize the

next set of compounds to screen. The SHAPES hits

can also serve as input for substructure searches. The

core of the SHAPES hit is held reasonably constant

but is extended by addition of common rings and

linkers. The greater number of potential interactions

with the target will lead to some of the resulting larger

molecules having increased affinity compared to the

original NMR hit. In six SHAPES screens carried out

at Vertex [12], hit rates of 10–20% have been

observed. Of these hits, 30–40% were subsequently

determined to be true inhibitors with IC50 values

ranging from 150 mM to 5 mM. When follow-up

libraries of 100–300 compounds were assayed

enzymatically at 30 mM, the hit rate was 5–6%.

This represented a 3–5 fold enhancement compared

to non-SHAPES compounds in the same assay.

Structures of several of the most potent hits

complexed to their target were determined by X-ray

crystallography. In a retrospective analysis of HTS

data, it was determined that compounds containing

scaffolds from SHAPES hits had a 2.5–4 fold higher

hit rate at the 30% inhibition level and an 8–10 fold

higher hit rate at 50% inhibition. The hit-enrichment

observed suggests that SHAPES-directed screening

can save substantial time and chemical resources in

high throughput assays.

SHAPES hits can also lead directly into ligand

design. For example [12], SHAPES hits (39) and (40)

have low mM affinities for p38 MAP kinase.

Synthesized compounds (41) and (42) have affinities

in the ,200 mM range. Consolidating (41) and (42)

into (43) resulted in an inhibitor with a KI value of

200 nM. SHAPES hits can also be linked together in a

similar manner as in the SAR by NMR method if two

SHAPES hits give rise to interligand NOEs in the

transfer NOE spectrum. Provided that the interligand

NOEs observed arise from direct magnetization

transfer, the two ligands are in close proximity and

can be chemically linked together. Much like the SAR

by NMR method, one SHAPES hit could be used to

saturate the target and re-screen for a second site

SHAPES hit. The best SHAPES success story to date

has been with JNK3 MAP kinase [142]. No leads were

found in the HTS assay, but 17 SHAPES hits were

identified. Based on the SHAPES hits, about 100

compounds were identified for follow-up assays. Of

these, eight had IC50 values less than 20 mM.

Subsequent medicinal chemistry efforts resulted in

lead compounds with 1 mM and 3 nM potency, with

an X-ray crystallographic structure of at least one

Fig. 29. 1D 800 MHz 1H NMR spectra of a small molecule free in

solution (bottom spectrum) and in the presence of inosine-50-

monophosphate dehydrogenase (top spectrum). Reprinted with

permission from Fejzo et al. [12]. q 1999 Elsevier Science.
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complex now determined.

Documented applications of the SHAPES approach

have been limited to soluble proteins. Since only ligand

signals are used to monitor binding, the same method-

ology should be just as applicable to membrane-bound

proteins in micelles or detergents, nucleic acids,

subcellular structures, and targets cross-linked to a

solid support [12]. SHAPES screening of a structured

RNA target using the WaterLOGSY technique has been

reported [142]. The SHAPES strategy offers several

advantages compared to the SAR by NMR method:

isotopically enriched protein is not required, proteins of

any molecular weight are suitable (in fact, larger is

better), and the structure or identity of the target is not

required. The main disadvantage of the SHAPES

strategy compared to SAR by NMR is that no

information about the ligand binding site location or

protein–ligand interactions is directly obtained. As the

SHAPES inventors note, the most important advantage

of SHAPES is its applicability to very large proteins

[12]. If the majority of drug targets turn out to have

molecular weights greater than 30 kDa, this will be an

important distinction for NMR labs involved in drug

discovery research. Experimentally derived data from

SHAPES screening can leverage computational

methods such as virtual screening, making the latter

more information-based [12]. The synergistic use of

SHAPES, computational chemistry and medicinal

chemistry provides for the most comprehensive use of

each individual technique.

4. Impacting chemistry and biology

4.1. Privileged molecules

The Abbott group has screened a sufficiently large

number of targets that a retrospective analysis

identified certain motifs, termed privileged molecules,

that are preferred for protein binding [34]. This

statistical analysis involved screening results for 11

protein targets against a diversity-based screening

library of 10,080 compounds having an average

molecular weight of 200 Da. The screening library

compounds were first broken down into 104 frag-

ments using a modification of the RECAP algorithm

[138]. Of these fragments, a total of 12 were found to

bind with significantly higher frequency to at least one

of the target proteins. In particular, the carboxylic acid

(44), biphenyl (45) and diphenylmethane (46) sub-

structures were found to preferentially bind to six, five

and three of the target proteins, respectively. Most of

the protein targets that preferentially bind to the

carboxylic acid motif have DNA, RNA or phosphory-

lated peptides as their natural substrates. Chemical

shift analyses indicated that the carboxylic acid

ligands do in fact bind in the substrate binding site,

suggesting that the negative charge of the carboxylic

acid mimics that of the natural substrate. By contrast,

preferential biphenyl binding was observed for a

diverse set of protein targets. In each case, chemical

shift analyses indicated binding of the biphenyl

ligands at or near the natural substrate site. Interest-

ingly, the same set of biphenyl compounds did not

preferentially bind to each of the five proteins.

Instead, specific and distinct biphenyl SAR was

observed. This indicates that the biphenyl motif

provides an excellent starting point for both high

affinity and specificity for a wide range of protein

targets [34].

4.2. NMR screening as a secondary assay

In addition to their role as a primary screening

assay, NMR-based binding experiments can be very

useful as a secondary assay. Hits resulting from

completion of a traditional high throughput screen are

often triaged in some manner before consideration as

lead chemical templates. For instance, if the HTS

assay is multicomponent, one would like to know
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whether the hits actually bind to the target of interest.

NMR-binding assays using the isolated target protein

and the HTS hits can provide this distinction.

Moreover, if the target has more than one binding

site, such as for substrate and cofactor, NMR-binding

assays can be used to distinguish between them.

Simple yes/no answers from secondary NMR-binding

assays can be an important aspect of the triage funnel.

NMR-derived KD values can also be used to rank

order HTS hits. For enzyme targets, this data can

corroborate KI values. For non-enzyme targets or for

enzyme targets difficult to assay, this data may not be

obtainable using other methods. Identification of

novel DNA gyrase inhibitors is an excellent example

of where NMR was used in a secondary assay sense

[143]. In this study, HTS hits were screened using
1H–15N HSQC spectra to test not only for binding, but

also for binding at the targeted ATP binding site.

Several compound classes were ruled out because of

lack of binding to the ATP site. Selected hits from

remaining compound classes were then rank ordered

by affinity using NMR-derived KD values. NMR

screening can also be used to validate or complement

virtual screening results. For example, compounds

selected in a virtual screen can be tested for binding to

the target. Compounds that pass the NMR-binding test

can then be used to direct similarity or substructure

searches to identify a larger set of compounds for

testing in HTS assays. It has been demonstrated using

FKBP as the test protein that NMR-derived KD values

can be used to validate virtual screening scoring

functions [144]. A good correlation between scoring

rank and KD value validates the virtual screen. For a

novel target, it may be beneficial to test 5–10% of the

virtual screening hits (over a wide scoring range) in an

NMR-based binding assay in order to validate the

virtual screen prior to acquiring any of the identified

compounds for HTS assay.

4.3. Selecting for minimal HSA binding

NMR-binding assays have recently been intro-

duced for rational design of compounds that retain

their desired potency but have minimal HSA binding

propensity [145]. HSA binds to a wide range of

compounds, and, since it is the most abundant protein

in serum plasma, it can drastically affect the

distribution and efficacy of pharmacological mol-

ecules [146]. In this pioneering work, the binding sites

of diflunisal on HSA were determined using triple-

resonance NMR methods in conjunction with the

HSA X-ray crystal structure [147]. Based on this

structure, derivatives of diflunisal with anticipated

reduced HSA affinities were synthesized. NMR-

derived dissociation constants for these compounds

were measured using chemical shift titrations. Com-

pounds that retained good activity but had reduced

HSA binding were identified. Often times, one has an

assortment of compounds with nearly equal potency.

Competition binding experiments [132–134] can also

be used as an efficient and rapid method to rank order

the compounds of a given class for HSA binding

affinity. This information would be highly valuable in

drug development.

4.4. Genomics-derived proteins of unknown function

In today’s era of high throughput genome sequen-

cing, complete genomes of tens of organisms have

already been sequenced and work on hundreds more is

in progress.1 This has led to identification of

thousands of new proteins. However, the potential

of these proteins as drug targets cannot be fully

assessed without knowledge regarding their function

and importance in biological processes. It may be

possible to infer function by determining the struc-

tures of these proteins. It may also be possible to infer

the function of these proteins based upon what types

of small molecules that they bind. Specific inter-

actions between macromolecules and smaller mol-

ecular weight ligands are important in all biochemical

processes. Enzymes require specific binding of

cofactors and/or substrates to carry out the reactions

that they catalyze. Inhibitors are designed to specifi-

cally bind enzymes and receptors in or around the

active site, and they often are analogous to substrates

or cofactors. A functional genomics library of about

200 small molecule ligands that consists of known

cofactors, substrates, substrate analogs and inhibitors

of proteins of known function could prove quite useful

for NMR screening against proteins of unknown

function [148]. Binding of one or more compounds to

the unknown function protein may provide clues

about its functional characteristics. A similar

1 http://wit.integratedgenomics.com/GOLD/.
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approach has been developed for use with the

ThermoFluorw screening technology [149]. The

potential for this type of screening to impact biology

has been demonstrated for the unknown function

protein HI0719 from Haemophilus influenzae [150].

The structure of this protein provided no clues to its

function. However, biological evidence suggested

that it might be involved in regulation of isoleucine

biosynthesis and related pathways. NMR screening of

small molecules in these pathways, as well as

commonly occurring small molecules in cells, pro-

vided functional insights. From the 1H–15N HSQC

screens, a-ketobutyrate and several analogs were

identified as ligands [150].

5. Prospects for automation

As NMR screening methods become more

prevalent in the pharmaceutical industry, it is

highly desirable to automate as much of the

process as possible. Ross and Senn have recently

parsed NMR screening into seven steps for

automation: just-in-time sample preparation, trans-

fer of the sample to the magnet, preparation for

data collection, data collection, sample recovery,

data processing, and data analysis [9]. Just-in-time

sample preparation is important to prevent any

time-dependent changes in small molecules (aggre-

gation, chemical reactions) or target molecule

(precipitation, loss of activity) that might occur

after mixing the small molecule and target

solutions but prior to data collection. Methods to

accomplish this include using a Gilson liquids

handler coupled via capillary tubing to a flow-

injection probe [8] or a Genesis sample-handling

robot to mix the samples in an NMR tube [9].

Transfer of the just-mixed sample to the magnet is

accomplished by either a capillary line leading to a

flow-injection probe or by a robotic sample arm in

the case of individual NMR tubes. Once the sample

is in place and sufficient time has elapsed for

temperature equilibration, automated locking and

shimming are carried out in advance of data

collection. Then, a simple 1D 1H spectrum can

be acquired to provide a reference spectrum to

monitor shimming, sample integrity and even pH.

This is followed by automated collection of the

desired 1D or 2D screening data sets. After data

acquisition, sample is recovered via the capillary

lines or robotic transfer. This cycle can be repeated

until the entire screening library has been com-

pleted. Automated data processing can be accom-

plished with a variety of software packages. These

tend to work well on 2D spectra, but 1D spectra

typically require manual intervention because of the

large solvent resonance [9]. Automated data

analysis of 1D spectra works best for methods

where binding is detected by appearance of a

ligand signal, such as in the WaterLOGSY

experiment or the competition binding experiments

described above. For 2D spectra, several methods

of automated analysis have been proven effective

[9,151].

A series of 2D 1H–15N HSQC spectra can be

automatically compared for chemical shift pertur-

bations indicative of ligand binding using several

approaches. These include non-statistical methods

based on scalar products of data vectors, statistical

methods based on principal component analysis, and

methods based on peak matching [9]. The first two

approaches were applied to a series of ,300 2D
1H–15N HSQC spectra, each collected on an 15N-

labeled protein in the presence of a single, different

test compound [151]. Bucketing calculations, which

divide spectra into small regions termed buckets and

extract the information content, were used for data

reduction. A table ranked by the correlation coeffi-

cients was generated, but no clear correlations were

observed using this non-statistical method. Sub-

sequently, integration patterns for all 300 small

molecule spectra were analyzed to generate a data

matrix of N integration regions times 300. A statistical

software package was then used to analyze this data

matrix using principal component analysis. Of the two

classes of spectral changes that emerged, one was

found to correspond to pH changes caused by certain

small molecules while the other corresponded to small

molecules binding to the target protein [151].

6. Future directions

Continued advances in instrumentation and meth-

odologies will lead to faster throughput and to the

application of NMR screening to ever larger systems.
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Screening proteins in living cells will also provide

novel information for drug discovery.

The potential for cryoprobe technology to increase

throughput [42] has already been discussed. Through-

put can also be increased by simultaneous data

collection on multiple samples. This has been

demonstrated using 19 capillary lines formed into a

bundle that is 5 mm in diameter [9]. Each capillary

contains target and a different screening library

mixture. NMR screening data sets are collected for

each capillary independently using chemical shift

imaging-based methods [152]. Increased throughput

could also be achieved by using a recently described

four-coil, flow-through multiplex sample NMR probe

[153].

The SEA-TROSY (solvent exposed amides with

TROSY) method may extend the applicability of 15N-

based SAR by NMR to much higher molecular weight

proteins [154]. In this experiment, only backbone

amide groups that are in fast exchange with solvent

are observed. Even for a very large protein, this

selected subset of 1H–15N resonances results in

significant spectral simplification. Since most pro-

tein–ligand interactions involve surface residues, this

subset of amide groups is sufficient to detect binding

interactions. In favorable cases, ligand binding sites

may be located by combining the SEA element with

triple resonance TROSY-type experiments to sequen-

tially assign stretches of exchangeable amide groups

[154].

The recently described nuclear magnetic resonance

docking of compounds (NMR-DOC) method may

also extend NMR screening to larger systems [155]. In

this strategy, protein is selectively labeled with
13C1/1H methionine, 13Cd/1H isoleucine and 13C/1H

threonine in an otherwise deuterated background.

Perturbations of the observed 1H–13C correlations

with known ligands or inhibitors are used to assign

active site resonances. New ligands are then identified

using saturation transfer methods. Since the majority

of the protein is deuterated, saturation transfer is quite

specific for ligand binding near the protonated

residues. Identified ligands can then be docked to

the protein via transfer NOEs to the protonated

residues. The related method, nuclear magnetic

resonance structurally oriented library valency engin-

eering, (NMR-SOLVE) has the potential to design

inhibitors, even in the absence of target structural

information, for targets that possess two adjacent

ligand binding pockets [155]. Identification of NOEs

between a target interface residue and two ligands,

one on each side of the interface, indicates that the two

ligands could potentially be linked to form a single,

high-affinity ligand. Ligand/ligand orientation infor-

mation could also be used to explore the two binding

pockets with combinatorial chemistry.

The SAR by NMR methodology may also be

applicable to proteins within living cells [156]. This

was demonstrated by selective 15N-labeling and

overexpression of the N-terminal metal-binding

domain of MerA in Escherichia coli cells. A 2D
1H–15N HSQC spectrum with good resolution could

be acquired in 10 min on a 15% bacterial slurry. An

attractive feature to this method is that proteins can be

studied in the presence of other proteins and

endogenous small molecules, which represents more

physiologically correct conditions. The authors pro-

pose using this method to study membrane per-

meability and target protein affinity of potential drugs

[156].
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