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mined. In addition, since many analogs of met, because many water-soluble com- to play an important role in tumor 
such small molecule leads are often commer- pounds with diverse functional groups are metastases (7). Thus, the inhibitors 
cially available, useful structure-activity re- available from commercial sources. 

C 
discovered using SAR by NMR (or analogs 

lationships can be typically obtained with- Does the SAR-by-NMR method work in of these compounds) may prove useful in 
out chemical synthesis. practice? We now have several examples the fight against cancer, In our most recent 

Is NMR practical for screening relatively that demonstrate the utility of this tech- example, an NMR-based screen was used to 
large libraries of compounds? For the NMR- nique. In our first example, a molecule that identify compounds that bind to the DNA- 
based screen, a 2D HSQC spectrum of an binds tightly (& = 19 nM) to the FK506 binding domain of human papillomavirus 
15N-labeled protein at a concentration of bindmg protein (FKBP) was discovered by E2, a protein that is required for viral repli- 
0.3 mM can generally be acquired in less tethering two fragments that only bind cation (8). Biphenyl and biphenyl ethers 
than 15 min on a 500-MHz NMR spectrom- weakly (Kd = 2 pM and 100 pM) to this containing a carboxylic acid bind to a site 
eter. To efficiently screen our library of protein (4). The two fragments were rapidly near the DNA recognition helix and in- 
compounds, we test the molecules in groups identified and optimized (less than 2 hibit the binding of the E2 protein to DNA. 
of 10. This allows 1000 compounds to be By combining information on 
screened in 1 day with an automatic the structure-activity relation- 
sample changer. Currently, our li- ships for both series of mol- 
brary consists of a diverse set of ecules, a compound was synthe- 
more than 10,000 small molecules sized that represents a new lead 
dissolved in perdeuterated dim- + for the development of an anti- 
ethyl sulfoxide. Although this , viral agent against the human 
number of compounds may appear * 

5 '  papillomavirus. It is important 
to be small relative to the hun- k ' to note that conventional 
dreds of thousands typically con- e I high-throughput screening of more 
tained in corporate databases or U. + than 100,000 compounds against 
combinatorial libraries, these *=* stromelysin and E2 failed to produce in- 
10,000 small molecules only rep- * m e  I + * - *  hibitors with potencies better than 
resent fragments of the linked t Fragment 

10 pM. 
compounds that can be prepared. Fig. 2. Comparison of diierent building-block a p  In the relatively short time since its in- 
For example, if assembled painvise preaches. With chemistry, many linked ception, we have demonstrated that SAR 
with only 10 linkers, our collec- compounds [(fragment 1) x (fragment 2) x (different link- by NMR is a useful method for rapidly dis- 
tion of 10,000 fragments repre- ers)] are synthesized that contain all combinations of frag- covering high-affinity Iigands for proteins. 
sents a virtual library of one bil- ments and linkers. In contrast, with SAR by NMR, only a In the future, it should be ~ossible to ex- 
lion compounds ( F ~ ~ :  2). synthe- few compounds need to be synthesized (yellow high- 
sis and analysis of a real library of lighted boxes) because the fragments that bind to the pro- 

tein are ~dentified before linking (arrows), and the linkers 
this size be an and are selected on the basis of structural information. 
costly task. 

The limitations of the SAR- 
by-NMR method are that it requires high- months), and only five linked molecules 
field NMR spectrometers, large amounts of were synthesized. All five compounds ex- 
pure 15N-labeled protein (>200 mg), and hibited nanomolar affinities for FKBP. The 
biomolecular targets with a molecular mass SAR-by-NMR technique was also used to 
less than 40 kD that are water soluble at discover potent, nonpeptide inhibitors of 
concentrations of -0.2 mM. Fortunately, stromelysin (6). This enzyme is a member of 
many proteins that serve as drug targets are the family of matrix metalloproteinases 
small or contain small functional domains which, when overexpressed or disregulated, 
and can be overexpressed in bacteria, 15N- are associated with pathological conditions 
labeled, and prepared in sufficient quanti- 
ties. For those target proteins that do not 
meet these criteria, we have developed 1D 
NMR methods that exploit the changes in 
relaxation or diffusion rates of small mol- 
ecules that occur upon complexation (5 ) .  
Because these methods depend on the de- 
tection of uncomplexed molecules rather 
than the 15N-labeled protein, they can be 
used with very large biomolecules. Further- 
more, the 1D technique may be used to di- 
rectly identify ligands from a complex mix- 
ture of compounds, reducing the amount of 
time needed for NMR-based screening. 
Another requirement of SAR by NMR (or 
any method used for detecting weakly 
bound ligands) is that the compounds must 
be soluble at millimolar concentrations in 
aqueous solution. This requirement is easily 

such as arthritis and tumor metastases. 
Acetohydroxamic acid and a biphenyl-con- 
taining compound were found to bind to 
adjacent sites on stromelysin with affinities 
of 17 mM and 0.02 mM, respectively. 
Guided by the NMR structure of two 
ligands bound to stromelysin, fragments 
were linked together to produce nanomolar 
inhibitors of this enzyme. Only 6 months 
were required for the entire process, since 
the chemistry was highly focused on linking 
together molecules that were optimized for 
binding to the protein. The structure-activ- 
ity relationships observed for the unlinked 
molecules were found to correlate well with 
those observed for the linked compounds 
(6). In addition to inhibiting stromelysin, 
the linked compounds are potent inhibitors 
of gelatinase A, an enzyme that is thought 

tend the applicability of thk technique to 
larger proteins and other biomolecular tar- 
gets such as RNA. It may also be possible to 
use SAR by NMR to help overcome prob- 
lems in bioavailability and metabolic sta- 
bility by suggesting new fragments with 
improved properties as replacements for 

>hose that cause unwanted effects. Our ex- 
~erience indicates that SAR bv NMR is 
emerging as a useful tool that complements 
existing methods for tackling the chal- 
lenging problem of drug discovery. 

References 

1 M A Gallop, R W Barrett, W J Dower, S P A 
Fodor, E M Gordon, J Med Chem. 37, 1233 
(1994), D J Ecker and S T Crooke, Biotechnol- 
ogy 13,351 (1995) 

2. W. P Jencks, Proc Natl Acad SCI U S A  78, 
4046 (1981) 

3 C L M J Verllnde, G Rudenko, W G J Hol, J 
Comput Aided Mol Des. 6, 131 (1992), H -J 
Bbhm, !bid, p 61, 1 D Kuntz, Science257, 1078 
(1 992) 

4 S B Shuker, P J Hajduk, R P Meadows, S W 
Fes~k, Sclence 274, 1531 (1996) 

5 P J Hajduk, E T Olejn~czak, S W Fes~k, J Am 
Chem Soc , In press 

6 P J Hajduk et a / ,  [bid 119, 5818 (1997)- E T 
Olejn~czak eta/, /bid , p 5828 

7 G G~annell~, J Falk-Marz~ll~er. 0 Schirald~, W G 
Stetler-Stevenson, V Quaranta, Science 2TI, 225 
(1 997) 

8 P J Hajduk et a1 . J Med Chem 40,3144 (1 997) 

TechWire Forum: 

www.sciencemag.org SCIENCE VOL. 278 17  OCTOBER 1997 




