
tve reverse transcrlptron PCR ~,\!tIi a 5-HTT cDNA- 
der~ved te~rplate contanng a 172-bp deeton (base 
pars 1633 to 1806) as Internal standard The PCR 
amulficat~on (30 s at 95°C. 30 s at 61 'C. 1 m n  at 
7 2 ' ~  for 35 cycles) of 3 5 5  or327-bp fragments was 
carr~ed o ~ l t  ~ 1 1 t h  the amplners se3 (5'-ATGCA- 
GMGCGATAGCCMCATG base palrs 1437 to 
1459 w t h  respect to the transcrpton n t a t o n  ste) 
and 3re (5'-AGATGAGGTTCCTATGCAGTMC, 
base pars 21 47 to 2: 67). 5-HTT nRNA concentra- 
t~ons of ymphoblast cell Ines vl~t l i  the 111 genotype 
werefrst ttrated aganst ncre~nenta concentratons 
of colnpettve ternpate rangng from 0 01 to 1 .0 ng. 
Tlie concentrailon of the competltlve te~rplate at 
target~te~npate equ l i b r~~ ln  vlas then used to com- 
pare rnRNA concentratlons se~r~q~lant l tat~vely in 
ymphoblast cell Ines 1,\!1th d~fferent genotypes (731 
before and after nduct~on of 3-HTT gene transcr~p- 
t~on  To control for d~tierences In the eti~c~ency of 
reverse transcrpton of mRNA vle perfor~red cDNA 
synthess and s~lbsequent co~rpet t ive  PCR In qua- 
dr~lplcate. The react~on products were electropho- 
resed through 2"0 agarose, v~s~lalzed by ~~Itravolet 
~ll~!m~nation In the presence of ethdihm brolnde, and 
quantfied by denstometric anays~s 

16 nhibtor bndng  to the 5-HTT proten was assayed 
by n c ~ ~ b a t ~ n g  melnbranes f ~ o m  d~tierent ly~rpho-  
blast cell Ines (73) ~\!ith [''sl]RTl-55 (0.05 to 1 nM) for 
1 hour at 37°C as descrbed [J. D. Ramamoolthy et 
a/. J. 5/01 Chein 270 171 89 (1 995)] Nonspec~f~c 
bndng  ),\!as deter~rned In the presence of 3 JAM 
paroxetne. RT-55 [3p-(4-1odophenyl)tropan-2p- 
carboxyc a c d  metliy ester tartrate] IS a cocalne 
analog that potently n h b t s  5-HT ~ ~ p t a k e  and bnds 
to 5-HTT vlitli I igh  sensltlv~ty (8) [J W. Bola et a/. . n 
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Ed. (Dekker, Nevl York. 19941 pp. 61 1-6441. lfl!e 
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Benkert H lfl!etzel, A Szeged~, Int C11n Psycho- 
ol?ar~~;aco/. 8 is~~lsol .  11. 3 (19931 , , ,  , , , 

22 'G. Gr~ebel, Pharn~acol. Tt~er. 65 31 9 (1 995). 
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17 J Benjalnn eta/. ,  Nature Genet 12, 81 11996). 
18. Tvlo independent groLlps of predomnanty male sib- 

Discovering Hig h-Affini ty Ligands for Proteins: 
n g s ,  other fa lny  members, and .Inrelated n d v d u -  
a s  were s t~ lded  (I)  The NIMH sample I! 7 )  was re- 

SAR by NMR 
cruted from the N H  and local college campuses by 
adveltsng for pars of brothers and pars of ssters Suzanne B. Shuker, Philip J. Hajdilk, Robert P. Meadows, 
for a s t ~ ~ d y  of personalty trats and cliro~rosomes 
The sa~rp le  cons~sted of 221 sub~ects of !,whom Stephen W. Fesik* 
93% !,were male and 7% !,were femak The average 
age !,was 23 3 I 6 8 years (range 18 to 64 years), the 
average educat~ona eve  ),\!as 15.6 -+ 2 1 years 
(range 12 to 20 years), and the average Knsey score 
vlas 0.2 z 0.7 (range 0 to 5 6 where 0 IS exclus~vely 
heterosexual and 6 1s exclus~vely homosex~la~;. The 
ethnc composton vlas 79 1 % !,white non-Hispanic, 
1 O.OO/O AsaniPacf~c sander, 4.1 % Hspanc/Latno, 
4 1 "A Afrcan A~rercan/BIack, and 2 7% other. The 
family struct~~re of the NIMH sample was 208 s b n g s  
froln 104 f a m e s  and 13 unrelated nd~v~duals 111) 
The NCI sample [D. H. Hamer et a/.. Scie~lce 261. 
321 (1 993), S. Hu et a/., Natul-e Genet. 11. 248 
119951] !,was collected froln N H  cn ics  and local and 
natona ho~nopl i~le organzations for a study of sex- 
.la orentaton, H V  progresson, and psycholog cal 
tralts. Tlie sample cons~sted of 284 subjects of 
w h o ~ r  92"; were male and 8"o !,were felnae. Tlie 
average age was 37.6 -t 9 7 years (range 18 to 72 
years), the average educatona e v e  was 17 3 I 2 6 
years (range 12 to 20 years), and the average Klnsey 
score !,was 4 8 -t 2.0 (range 0 to 61 Tlie etlinc com- 
poston !,\!as 93 6'0 whte  non-Hspanc, 5 3"; H s -  
panicilatino, 0.7% Afr~can Amer~can:Black. 0.4% 
Native Amercan~Aaskan, and 0 4% other. The fan-  
y struct~lre of the N C  salnpe ),\!as 251 s b n g s  from 
106 f a ~ r l e s ,  9 parents and 24 ~~nrelated ndvduals 

19. R. R. McCrae and P T. J Costa, Peiso~iallty 111 
Aculthoon (Guford, Nevl Yo1 k, 19901 

20. P T J. Costa and R. R McCrae, n t ia~idbook of 
Persona/lt)/ lnveiitoi~es, J Cheek and E M 
Donahue, Eds (Plenu~r,  Neb\! York, In press1 

A nuclear magnetic resonance (NMR)- based method is described in which small organic 
molecules that bind to proximal subsites of a protein are ~dentified, optimized, and linked 
together to produce high-affinity ligands. The approach is called "SAR by NMR" because 
structure-activity relationships (SAR) are obtained from NMR. With this techn~que, com- 
pounds with nanomolar affinities for the FK506 b~nding protein were rapidly discovered 
by tethering two ligands with micromolar affinities. The method reduces the amount of 
chemical synthesis and time required for the discovery of high-affinity ligands and 
appears particularly useful in target-directed drug research. 

D r u g s  are typically iIlscovereiI hy identify- 
ing actlye coillpo~lnds from screelling 
c h e ~ l ~ i c a l  libraries or natural products and 
optlinning their properties through the syn- 
thesis of structurally related analogs. This is 
a costly and time-coilsuming process. Snlt- 
,~hle  colnpo~lilds 1 ~ 1 t h  the r e q u i t e  potency. 
compouild a \ -a i lab~l~ty ,  or desired chemical 
and physical properties cannot always be 
found. Furthermore, even  hen such corn- 
pouniis are fonnLj, optilnlratioll often re- 
quires the synthesis of lllally analogs. 

W e  non. descrlbe a lnethocl for iclentify- 
ing hlgh-affinity ligancis that can aici in the 
drug discovery prcjcess. T h e  techi~ic~ue,  
~ v h l c h  1s called "SAR by NXIR," is a linked- 
tragment approach ~ l h e r e i n  llgancis are con- 
structed froln l~uilding hlocks that have 
Ixen  optilluzeci for biildlilg t c  individual 
protell1 sul~sites (Fig. 1). In the flrst step of 
this process, a library of lon. molecular 
~veiqht  compounds ( 1 )  1s screeneci to liien- 
tify illolecules that hlllci to the protein. 
Billding is cieterllliiled by the observation of 
"N- or 'H-amiiie chemical s h ~ f t  chan,oes in 

21 G. R. HenlngerI Ps~cho~l~arrnaco'ogy TIE Fo~ l / i h  pharmaceut.ca Disco!~ery Dlvlsion Abbott Laboratores, t\\.o-ciimensio~~al ' i N - l ~ e t e r o n ~ c l e a r  single- 
Gene~at~on of Piogress. F E Bloom and D J. Abbott Park, lL 60064 USA 
Kupfer, Eds (Raven, Nevl York, 1995), p.  471 D. L. q ~ ~ , l n t u i n  correlation ("N-HSjZC) spectra 
Murphy et a1 in Seroto~i~i i  F , a i ~  Cell Biology to 'To whom correspondence should be addressed ( 2 )  (Flg. 2 )  upon the aciciitlon of a ligallci to 
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an I5N-labeled   rote in. These sDectra can 
be rapidly obtained, making it possible to 
screen a large number of compounds (3). 
Once a lead molecule is identified, analogs 
are screened to optimize binding to this site 
(Fig. 1, step 2). Next, a ligand is sought that 
interacts with a nearby site. Binding to a 
second ~ o c k e t  is determined by observing 
changes in a different set of amide chemical 
shifts in either the original screen or a 
screen conducted in the presence of the first 
fragment (Fig. 1, step 3). From an analysis 
of the chemical shift changes, the approxi- 
mate location of the second ligand is iden- 
tified. Optimization of the second ligand for 
binding to this site is then carried out bv 

u 

screening structurally related compounds 
(Fig. 1, step 4). When two "lead" fragments 
have been selected, their location and ori- 
entation in the ternary complex are deter- 
mined experimentally either by NMR spec- 
troscopy or by x-ray crystallography. Final- 

+ 1. Screen for first ligand 

4 2. Optimize first ligand 

+ 4. Optimize second [ i i d  

4 5. Link ligands 

ly, on the basis of this structural informa- 
tion, compounds are synthesized in which 
the two fragments are linked together (Fig. 
1, step 5) with the goal of producing a high- 
affinity ligand. 

The SAR by NMR method is illustrat- 
ed in the discovery of ligands that bind 
tightly to a protein that forms a complex 
with the potent immunosuppressant 
FK506 (1). This protein, which is called 

the FK506 binding protein (FKBP), inhibits 
calcineurin (a serine-threonine phospha- 
tase) and blocks T cell activation (4) when 
it is complexed to FK506. Using NMR spec- 
troscopy, we screened FKBP against our 
library of compounds (5). Many compounds 
were found that bound weakly to FKBP, 
including methyl-3-isoquinolinecarboxylate 
(Kd = 1.0 mM), 4-carbethoxy-3-methyl- 
2-cyclohexen-1-one (Kd = 0.5 mM), and 
2-phenylimidazole (Kd = 0.2 mM). The tri- 
methoxyphenyl pipecolinic acid derivative, 
2, showed the highest affinity for FKBP (Kd 
= 2.0 pM), which is consistent with earlier 
reports on the avidity of pipecolinic acid 
derivatives for FKBP (6). This compound 
was chosen for study without further optimi- 
zation. The binding site for 2 is the same as 
that of the pipecolinic acid moiety of FK506 

(7), as evidenced by the amide chemical 
shift changes of FKBP (Fig. 3). 

To identify molecules that interact with 
FKBP at a nearby site (Fig. 1, step 3), we 
screened our library of compounds in the 
presence of saturating amounts of 2 (8). We 
found an initial candidate (3) that bound to 
FKBP with an affinity of 0.8 mM (Fig. 4) as 
measured from the changes in the 15N- 
HSQC spectrum of uniformly I5N-labeled 
FKBP upon binding 3 (Fig. 2). An analysis 
of these chemical shift changes indicated 
that the binding site for 3 is near the bind- 
ing site for 2 (Fig. 3). 

To  probe the structural requirements 
for the binding of benzanilide derivatives 
to the second site (Fig. 1, step 4),  we 
obtained analogs of 3 from our corporate 
sample collection and commercial sources 
and tested these compounds for binding to 
FKBP by NMR. From the structure-activ- 
ity relationships (SAR) that are observed, 
it appears that both aromatic rings and the 
amide linkage are important for binding to 
FKBP, as evidenced by the decrease in 
affinity for analogs lacking these chemical 
moieties (9). The para-hydroxyl group 
(Fig. 4, R1) on the aniline ring is also 
important for binding (4); whereas, the 
hydroxyl group on the benzoyl ring at R2 
does not contribute to the binding affinity 
(5). However, when R3 ( 6 )  or R4 (7) is a 
hydroxyl group, an increase in binding 
affinity is observed relative to the parent 
compound (8). Thus, both substituted 
para-hydroxyl substituents (R, and R4) ap- 
pear to contribute to the binding to FKBP. 
The benzanilide containing two para hy- 
droxyls, 9, was not commercially available 

+ 3. Screen for gecond ligand 

I 

a*,. o 
* **  

R 
Fig. 3. A surface representation of FKBP showlng 

4 the locations of 2 and 9, as determ~ned from 15N- 

C D  
t 13C-filtered NOE data (1 1). Resldues that exhibited 

$150 
l 7  the largest chemical shlft changes on the binding of 
i+ 2,9, or both 2 and 9 are colored in magenta, cyan, 

and yellow, respectively. Chemlcal shft changes 
. L or 9 (cyan and yellow) are those observed on the 

Fig. 2. A superposltlon or '-~-nsuti spectra for additlon of 9 to FKBP in the presence of saturating 
FKBP in the absence (magenta contours) and amounts of 2 (2.0 mM). Welghted averaged chem- 
presence (black contours) of compound 3. Both ical shifts were used (A6('H, 15N) = IA6(lH)I + 
spectra were acquired In the presence of saturat- 0.2*1A6(15N)I), and colored resldues are those for 
ing amounts of 2 (2.0 mM). Significant chemical which AG(lH, 15N) exceeded 0.15 and 0.05 ppm 

Fig. 1. An outline of the SAR by NMR method. shifts changes are observed for labeled resldues. for 2 and 9, respectively. 
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but was readily synthesized (10) and 
served as our best ligand for the second 
site (Kd = 100 FM). 

A model of the ternary complex of 2,9 ,  
and FKBP was generated on the basis of 
isotope-filtered NMR studies (Fig. 3)  (1 1 ). 
In this model, the methyl ester of 2 is close 
to the hydroxyl group on the benzoyl ring 
of 9. Thus, we designed linkers that would 
attach to these groups, span the distance 
between the two fragments, and have no 
steric clashes with the protein. Four com- 
pounds were synthesized (1 2) in which the 
pipecolinic acid moiety of 2 is connected 
to the hydroxyl group on the benzoyl ring 
of 9 with linkers of different lengths (10 
to 13). In addition, a compound, 14, in 
which the benzoyl ring of 9 is linked at a 
position ortho to the hydroxyl group was 
synthesized (13) to explore a different re- 
giochemical linkage. The binding affini- 
ties of these five compounds for FKBP 
were measured in a fluorescence-based as- 
say (14), and all of the compounds exhibit 
nanomolar affinities for binding to FKBP 
(Fig. 4). 

To determine whether the linked com- 
pounds bind to the same site as the unteth- 
ered compounds, we compared the intermo- 
lecular nuclear Overhauser effects (NOEs) 
observed in the NMR structure of the 
FKBP-14 complex (15) (Fig. 5) to those 

Fig. 4. Summary of the SAR by 
NMR method as applied to FKBP. 
Compounds with affinities from 19 
to 228 nM were obtained from two 
fragment leads with affinities of 2 
and 100 wM. 

observed in the ternary complex composed 
of 2, 9, and FKBP. The pipecolinic acid 
moieties and trimethoxyphenyl groups of 2 
and 14 bind to the same FKBP binding site 
and form hydrophobic interactions with the 
protein (Fig. 5). In addition, the benzani- 
lide moieties of 9 and 14 bind in similar 
locations in the linked and unlinked com- 
pounds (Fig. 5). However, several NOES 
were observed between the benzoyl ring of 
9 and Gln53. and A ~ P ~ ~  which were 
not detected between the liiked compound 
(14) and FKBP. This suggests that although 
the benzanilide moieties of 9 and 14 are in 
verv similar locations in the two com~lexes. 
the introduction of the linket causes a small 
shift (approximately 1 to 2 A) in the posi- 
tion of this group. 

As demonstrated here, SAR by NMR is 
useful for discovering high-affinity ligands 
with experimentally derived information. 
Although the small untethered molecules u 

might only bind in the micromolar to 
millimolar range to the target protein, the 
binding affinity of a linked compound is, 
in principle, the product of the binding 
constants of the individual fragments plus 
a term that accounts for the changes in .., 
binding affinity that are due to linking 
(1 6). Thus, molecules with submicromolar . . 
affinity can be obtained by linking two 
compounds that bind in the millimolar 

6 H H O H  H 1.4mM 

14 
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range. In the application that we describe, 
a compound that binds to FKBP with a Kd 
= 19 nM was synthesized by linking two 
molecules with binding affinities of 2 pM 
and 100 pM. These two fragments were 
rapidly identified and optimized (less than 
2 months), and only five linked molecules 
were synthesized, all of which exhibit 
nanomolar affinities for FKBP. 

One of the advantages of SAR by NMR 
is the use of 15N-HSQC spectra to detect 
the binding of small, weakly bound ligands 
to an I5N-labeled target protein. Because of 
the 15N spectral editing, no signal from the 
ligand is observed. Thus, binding can be 
detected even at high compound concen- 
trations. This is an important advantage 
over conventional screening assays, such as 
fluorimetric or colorimetric assays, where 
high compound concentrations can give 
rise to large background signals. Another 
advantage of the use of I5N-HSQC spectra 
is the ability to rapidly determine the dif- 
ferent binding site locations of the frag- 
ments, which is critical for interpreting 
structure-activity relationships and for guid- 
ing the synthesis of linked compounds. 

A number of linked-framnent based aD- 
w 

proaches that utilize molecular modeling 
have been described (17). However. com- 
puter-based methods have difficulties' in re- 
liably predicting which fragments will inter- 
act with the protein and the manner in 
which they bind. This kind of task is chal- 
lenging because of (i) possible conformation- 
a1 changes of the protein and ligand when 
complexes are formed, (ii) the difficulties in 
treating bound water and counter ions, (iii) 
the neglect of entropy, and (iv) the use of 
relatively simple force fields (17). To cir- 
cumvent these limitations, the SAR by 
NMR method uses experimentally derived 
information to guide fragment selection, op- 
timization, and linking. An experimental ap- 
proach for mapping the binding surface of 
proteins has been described (18), which in- 

Fig. 5. Ribbon (23) depiction of the structure of 
FKBP (gray) when complexed to 14 (green carbon 
atoms). Shown in yellow are those residues that 
have NOEs to the ligand. 



volves s o l v ~ ~ ~ u ~ l l ~ ~ l t i ~ l e  x-ray crystal itruc- , , 

tures of a protell-i 111 dlfkrel-it solvei-iti. With  
t l ~ s  metlloii, hon.e~.er, 0111)- organic solvents 
are e sa~ l l lnc~ l  as pcitent~al ligal-iiis, and the 
hlniiil-ig atilllltles are 11ot mea>ureii. 

T h e  S X R  b\- NlMR metl-iiid is ci>~lcc~-7- 
tunlly silllilar to ci>ll-ihinati>rial chem~s t ry  
( 1  9) ill that  both  tecl-in~i~nes ~ ~ t l l l z e  a 
I ~ u i l ~ l ~ n g  hlock approach 111 t he  construc- 
tli>n cif m o l e c ~ ~ l e s .  Ho~vever ,  111 practlce, 
the  two are quite ciifferent. I11 combli-iato- 
rial chemijtry,  ligand discovery requires 
the  prep,li-ation ai-iil teitii-ig of a large IILII~I -  

her of lii-ikeii compouniis. Unfortunately,  
the  ilevelopment (if synthetic proti~cols 
;u-iii assays to iclel~tify active c o m p o ~ ~ n i l s  is 
t;.equentl\- d i t f i c ~ ~ l t  and t ime-cons~~ming .  
F ~ ~ r t h e r m o r e ,  the  need for relative1)- uni- 
torlll and s t r a igh t fo r \vd  couplil-ig coniii- 
tii11-i~ lilniti the  range of u s e f ~ ~ l  ~~-ioleculai- 
huiliiii-ig blocks and compo~11lJ iliversity. 
In  contrast, n-hen S A R  1~y NLIR is LISCJ, 
only a fe\v compo~lnili  need to  be syntl-ie- 
sizeil h e c a ~ ~ s e  the  nntetl-iereii ligai-iiis are 
opt imi~ei i  prior to  Ilnking. In  principle, 
t he  l ~ ~ l i i e d  compounds are selecteci from a 
large virtual library ci>mposeL1 of all corn- 
hinations of the  fi-~igments. For example, 
for a pri>teii-i wit11 two illiiepelliieilt bind- 
iilg sites, a compound collectii~n contai1-i- 
ills loi fragments representi a virtual li- 
hrary c ~ f  mi)re than  1C"nelllhers ( I ? ) .  
Actual chemistry, hL>wever, is higl-ily fo- 
cuseLi 011 1inki1-i~ o11l\- those mL>lecules that  
have heen shown to hind ti, the  protein 
a i d  is guideti by s t ruct~~r , l l  inforlllatloil 011 

their re1,ltive locntiiins ,inii orientations. 
Furthermore, ~11111ke comhii-iatorial chem- 
istr\-, the  range of small m o l e s ~ ~ l e s  in the  
screenii-ig lil~rarv in S A R  1.y NLIR is lim- 
ited only b\- the  r eq~~~ren le i - i t  for aqueous 
solnhility a t  mi l l~malar  collcelltratic>ns, se- 
suiting in a diverse sample collection o t  
c o m p o ~ ~ n d s .  

Xltl-ii)ugh the  S A R  I7y N M R  m e t l ~ i > ~ l  1s 
only app l l~ah le  to slllall hiomc)lecules 
(h1W < 30 kD) that  can he ohrained in 
large quailtitlei (2200 mg) ( 2  1 ) ,  many 
small proteins or protein domains fit these 
criteria and may serve a i  d r q  t,lrgets ( 2 2 ) .  
W h e n  applieii t o  these 1 ~ r o t e ~ n s ,  S X R  1~y 
WMR can play a n  illlportant role in ilnlg 
Jiscovery. Iniieeii, prelill-ill-iary [lie i ~ f  this 
technique x i t h  other protems i i l J~cates  
that  the  111ethoii ~ ~ 1 1 1  he applicable to  a 
variety <>f protein tareets and a11 extremely 
vah~ah le  toi)l 111 drug reiearch. 
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