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Abstract: An NMR-based alternative to traditional X-ray crystallography and NMR methods for structure-
based drug design is described that enables the structure determination of ligands complexed to virtually
any biomolecular target regardless of size, composition, or oligomeric state. The method utilizes saturation
transfer difference (STD) NMR spectroscopy performed on a ligand complexed to a series of target samples
that have been deuterated everywhere except for specific amino acid types. In this way, the amino acid
composition of the ligand-binding site can be defined, and, given the three-dimensional structure of the
protein target, the three-dimensional structure of the protein—ligand complex can be determined. Unlike
earlier NMR methods for solving the structures of protein—ligand complexes, no protein resonance
assignments are necessary. Thus, the approach has broad potential applications — especially in cases
where X-ray crystallography and traditional NMR methods have failed to produce structural data. The method
is called SOS-NMR for structural information using Overhauser effects and selective labeling and is validated
on two protein—ligand complexes: FKBP complexed to 2-(3'-pyridyl)-benzimidazole and MurA complexed
to uridine diphosphate N-acetylglucosamine.

Introduction In the absence of high-resolution structural data on pretein

o . ligand complexes, computational docking strategies can be used
Structure-based drug design is a powerful tool for accelerating ., attempt prediction of not only the ligand-binding <ité but

drug discovery. On the basis of the structurgs of pretégand. ~also the structure of the protettigand complex for use in
complexes, new compounds can be designed that optimizeyctyre-based desighin these cases, the structure of the target
intermolecular interactions and/or improve the physical char- piomolecule for use in the docking simulations must be obtained
acteristics of a lead compound without disrupting physical gjther from the experimentally derived structure of the target
association between the drug and the target. Two of the mostyotein itself (either unliganded or complexed to a substrate or
successful techniques for obtaining structural information on gpstrate analogue) or from homology modeling. However,
protein-ligand complexes are X-ray crystallography and NMR - computational algorithms for predicting structures of protein
spectroscopy. One major disadvantage of X-ray crystallography jigand complexes are still maturing and often give rise to
is the need to obtain suitable crystals of the protdigand multiple solutions that cannot be reliably discriminated on the
complex. Despite the advances in the field of crystallography pasis of the predicted binding energiés.

over the past decade, the production of crystals suitable for Here, we describe an NMR-based strategy for deriving
structure-based design continues to be a major hireligh- structural information on protein:ligand complexes that provides
resolution structure determination using NMR spectroscopy also an alternative to traditional X-ray crystallography and NMR
suffers from many disadvantag&é$The greatest limitation is  methods for structure-based drug design. The method is called
the need to observe, resolve, and assign the many signals tha§0S-NMR for structural information using Overhauser effects
arise from the protein resonances. In practice, this limits the and selective labeling and relies on performing saturation
application of high-resolution NMR structural studies to those transfer difference (STD) experimett®n a ligand complexed
targets that have molecular weights less than about 30 kDa.to a series of selectively labeled protein samples. The data from
NMR approaches that utilize extensive deuteration can be SOS-NMR define the amino acid composition of the ligand-
applied to larger systent$, but the need to observe and assign
the protein resonances still remains a major hurdle.
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Figure 1. 1D proton NMR spectra showing the aliphatic region for (A) A ~~ —~

unlabeled FKBP, (B) perdeuterated, lle-protonated FKBP, (C) perdeuterated,

Val-protonated FKBP, (D) perdeuterated, Leu-protonated FKBP, (E) + ! ! ; !

perdeuterated, Met-protonated FKBP, and (F) perdeuterated FKBP. Dashed 9.0 75

lines indicate the positions of well-resolved peaks for each amino acid type, H (ppm)

indicating little to no biosynthetic scrambling between these amino acid Figure 2. STD-NMR spectra of 2-(3pyridyl)-benzimidazole 1) in the
ty(fr?jse.u/t\(lesrgtgzinortgt:esir:h%gﬁ:rztri)rlleteegg:ﬁtri‘gﬁ O(f: sr'gnl‘zlt? é';itseegggﬁm of the yresence of (A) unlabeled FKBP, (B) perdeuterated, lle-protonated FKBP,
p P ’ 9 y p : (C) perdeuterated, Val-protonated FKBP, (D) perdeuterated, Leu-protonated
binding site and, given the three-dimensional structure of the FKBP, (E) perdeuterated, Met-protonated FKBP, and (F) perdeuterated
protein target, can be used to determine the structure of theFKBP' The resonances corresponding to the ligand are indicated.

protein-ligand complex. This approach is demonstrated on two portions of the ligand are in contact with the protein. This is in

protein-ligand complexes: FKBP complexed to 2-(8/ridyl)- sharp contrast to the selectively protonated samples, where the
benzimidazoleX) and MurA complexed to uridine diphosphate NOE intensities are nonuniform and indicative of specific

N-acetylglucosamine (UDP-GICNA®). contacts between the ligand and the protein. For example,
Results enhancements for the lle-protonated sample (Figure 2B) are

FKBP. The FK506 binding protein (FKBP) is a 14 kDa present only for the Kland H, positions on the pyridyl group

protein that forms a complex with the potent immunosuppressantancI the it pqsition on the_ benzimidazole,_indicat?ng that_ these
FK50613 We have previously reported the results of NMR- protons are in contact with at least one isoleucine residue. In
based screening to identify a number of ligands for this target. c.ont.rgst, the Val-protonated sample (Figure 1C) shows a
One of these compounds, 2-3ridyl)-benzimidazole 1, see significant contact only to bl For the Leu- and Met-protonated
Figure 2), binds to FKBP with Ko value of 26QuM and, based samples (Figure 1D, E), no significant enhancements beyond
on chemical shift changes, binds to the FK506 binding site on the deuterated control were observed, indicating that no portion
FKBP. To demonstrate the applicability of SOS-NMR to define of 1is in contact V_V!th any of thesm_a_ res_ldues on th_e protein.
the structure of a proteirligand complex, six samples of FKBP These NOE intensities were quantified into normalized SOS-

were prepared. Samples of unlabeled and perdeuterated proteiﬁ\”(\)/IR T}tensmeij (SOS,E)’ by;calllng the f,r actlophofrt]he ol‘i)ser.ve?
served as positive and negative controls. Next, four additional NOE that can be atinibuted to interaction with the selectively

samples of perdeuterated FKBP were prepared in which theprotonated amitr:o aCii fby trr:e W?igbhtle% STD':\IMR intensr,]it)g
amino acids lle, Val, Leu, and Met were selectively protonated. |(STD-NMRY), observed for the unlabeled sample (see Methods

Inspection of théH NMR spectra of the selectively protonated forAdetalls). The rtlasultsho:‘jtfrls .anafIyS|s are shown n Tabple L.
protein samples indicated that a high level of specific incorpora- s conventional methodologies for generating recombinant,

tion was achieved for each amino acid (Figure 1). EnhancementsiSQtOpica"y labeled prote_ir_ls will inf:orporate any given amino
of the magnetization transfer between the ligand and any of acid at all sequence positions coding for that residue type, the

these four selectively protonated samples (relative to the "€SUlting NOE mformaTlorll must be defllnelgl as an arlnblguogs
perdeuterated control) can be interpreted as a direct contactestraintin strgc_ture calculation protoco S. For example, the
between the ligand and at least one residue of that amino acigProton of1 exhibited NOE enhancement with the lle-protonated
type sample and is allowed to make potential contact with tlhe H
The results of the saturation transfer difference experiments HB, or Hy of any valine residue in FKBP (Val23, Val24, Val55,
on the benzimidazold and the FKBP samples are shown in /63, Val6s, val9s, or Vall01). In contrast, thelroton of
Figure 2. Large and uniform NOEs are observed between thel did not exhibit any enhancement with the Leu- or Met-

ligand and unlabeled FKBP (Figure 2A), indicating that all protonated samples and therefore cannot make contact with any
' proton of any leucine or methionine residue in FKBP (Leu30,

(13) Liu, J.; Farmer, J. D., Jr.; Lane, W. S.; Friedman, J.; Weissman, I.; Schreiber, Leu50, Leu74, Leu97, Leul03, Leul104, Leul06, Met29, Met49,

S. L. Cell 1991, 66, 807-815. . . :
(14) Muegge, .. Martin, Y. C.; Hajduk, P. J.: Fesik, S. WMed. Chem1999 and Met66): Amb|guous dlstan0(=T restraints were generated from
42, 2498-2503. the magnetization transfer data in a manner analogous to NMR
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Table 1. Spectral Intensities and Derived Distance Restraints for 1 in the Presence of FKBP?

1(SOS)
Dint. U-2H-{ 1H-1}- U-2H-{1H-V}- U-2H-{1H-L}- U-2H-{H-M} -
proton U-H-FKBP® I(STD-NMRY)? U-'H-FKBP U-H-FKBP FKBP FKBP FKBP FKBP
HA 7.7 94 94 0 40 3 8 6
(721y (0) (307) (22) (65) (47)
{<4 A} {>5A} {-} {-}
HB 5.2 56 56 0 0 3 0 0
(292) (73) (76) (84) (0) (0)
{>5A} {>5A} {>5A} {>5A}
HC 6.0 64 64 0 0 0 9 0
(385) (0) (0) () (52) (0)
{>5A} {>5A} {-} {>5A}
HD 4.6 100 100 0 15 36 0 0
(455) (44) (107) (190) (0) (0)
{<5A} {<4 A} {>5A} {>5A}
HE 12.8 89 89 0 10 0 0 5
(1141) ) (123) 0) (0) (63)
{-}e {>5A} {>5A} {>5A}
HF 14.7 81 81 0 27 0 5 6
(1191) (0) (400) (0) (75) (87)
{<a Xy {>5A} {>5A} {1}

a All spectra were recorded with 1.0 midand 2.5uM FKBP. The saturation time was 1.4 s, and the CPMG relaxation delay was 1ONosmalized
SOS-NMR intensities calculated as described in the fextensity (arbitrary units) observed in a one-dimensional (1Bfilflered spectrum acquired under
conditions identical to those of the STD-NMR experiment. 1D intensities were identical for all safptastional normalized STD-NMR intensity calculated
as described in the textValues in parentheses are the actual intensities (arbitrary units) observed in the STD-NMR Spedies in brackets are distance
restraints (in A) derived from the NOE intensity da¥@®eaks with normalized NOE intensities in the range 61.5% were not used to assign a distance
restraint because this is close to the experimental error.

Figure 3. Binding site determination fot on FKBP using the SOS-NMR data as described in the text. (A) Complete protein surface. (B) Surface area
within 10 A of any isoleucine residue. (C) Surface area from (B) that is also within 10 A of any valine residue. (D) Surface area from (C) that is not within
5 A of any leucine residue. (E) Surface area from (D) that is not withA of any methionine residue.

structure calculations in the case of spectral degeneracy orcode 1FKJ). As DOCK requires a known binding site, the
missing assignment§.Distance restraints of 3, 4, 5, art A binding site forl on FKBP was determined using the SOS-
were assigned to protons witkiSOS) values of>50%, 25- NMR data. Starting from the total solvent accessible surface
49%, 15-25%, and<5%, respectively. Resonances wi(8OS) area of the protein (Figure 3A), regions of the surface were
values between 5% and 15% were considered in the range ofcumulatively rejected when not in proximity to lle (Figure 3B),
the experimental error and not used in the simulations. The and lle and Val (Figure 3C). Regions of the surface were also
results of this process fdr complexed to FKBP are shown in  rejected that were in proximity to Leu (Figure 3D) and Met
Table 1. (Figure 3E). After this analysis, only a single contiguous surface
To calculate the structure of the complex using the SOS- remains (Figure 3E) that corresponds to the FK506 binding site
NMR data, the program DOCK 40was implemented using  on FKBP (see Methods for details). The benzimidazoleas
the protein structure determined in complex with FK506 (PDB  then docked to this binding site, and the resulting 34 low energy
(15) Nilges, M.; Odonoghue, S. Prog. Nucl. Magn. Reson. Spectro4€9§ Conformqtions were a_SSig_nEd a_m NOE penalty on the basis of
32,107-139. the ambiguous restraint list. Figure 4 shows the low energy
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Figure 4. Conformations ofl (green carbon atoms) complexed to the FK506 binding site of FKBP (gray ribbons, orange surface) generated using the
program DOCK. Low energy conformations are shown (A) before and (B) after filtering with the SOS-NMR data.

%

Figure 5. Structure of FKBP complexed tb(green carbon atoms) as determined using the SOS-NMR constraints. (A) Positive SOS-NMR contacts to lle
and Val residues are fulfilled by V55 (cyan carbon atoms) and 156, 191, and 190 (yellow carbon atoms). The lockfiemb$erved by X-ray crystallography

is shown with orange carbons. (B) Negative SOS-NMR contacts to Leu and Met residues are also fulfilled, as the nearest residues (L97 and M29, yellow
carbon atoms) are more & A from the ligand.

conformations identified before (Figure 4A) and after (Figure N-acetylglucosamine (UDP-GIcNAc®(see Figure 63¢ MurA
4B) application of the ambiguous restraint list. Only a single is a 48 kDa protein involved in bacterial cell wall synthesis
low energy conformation remains. and would not typically be amenable to structural analysis using
A detailed view of the interactions betweé&rand FKBP is NMR. For the SOS-NMR studies, five samples of MurA were
shown in Figure 5. The pyridyl moiety df is near lle56 and  prepared. Samples of unlabeled and perdeuterated protein were
Val55, while the benzimidazole group is near 11€90 and 1le91 prepared to serve as positive and negative controls. Next, three
(Figure 5A). No portion of the ligand is near a leucine or additional samples of perdeuterated MurA were prepared in
methionine, as the nearest of these residues is more than 5 Awhich the amino acids Trp, Phe, and His were selectively
from the ligand (Figure 5B). This is in excellent agreement with protonated.
the SOS-NMR data shown in Figure 2 and is also in agreement The results of the saturation transfer difference experiments
with the structure of the FKBR/complex determined by X-ray  on the UDP-GIcNAc and MurA samples are shown in Figure
crystallography (Figure 5). The pairwise rmsd foas deter- 6, and the spectral intensities and derived distance restraints
mined by the SOS-NMR data and the X-ray crystal structure is are given in Table 2. As with FKBP, large and uniform NOEs
1.2 A for all heavy atoms. Significantly, this difference is due are observed between the ligand and unlabeled MurA, while
primarily to a 1.1 A shift in the position of His87 (labeled in the NOE intensities for the selectively protonated samples are
Figure 5) in the structure of FKBP when complexed to FK506 nonuniform and indicative of specific contacts between the
versus1l. Not surprisingly, SOS-NMR docking of to the ligand and the protein. For example, enhancements for the His-
protein structure determined in complex withesulted in rmsd protonated sample are present only for the uridine ring (Figure
values<1 A (data not shown). However, even with the observed 6B). Likewise, the Trp-protonated sample only exhibits NOEs
conformational changes, the structure derived from the SOS-to the methyl protons on thé-acetyl group (Figure 6C), while
NMR approach is in good correspondence with the information the Phe-protonated sample shows enhancements for the ribose
derived from traditional high-resolution methods. and pyranose ring protons (Figure 6D). Construction of the
MurA. An additional example of the use of SOS-NMR to binding surface and docking to MurA again yielded only a single
obtain structural information on prott_emiganq complexes is (16) Skarzynski, T.; Mistry, A.; Wonacott, A.; Hutchinson, S. E.; Kelly, V. A;
shown on the complex of MurA with uridine diphosphate Duncan, K.Structure1996 4, 1465-1474.
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Table 2. 1D and STD-NMR NOE Intensities for 2 in the Presence of MurA2

I(SOS)°
1D int. U-2H-{*H-H} - U-2H-{H-W} - U-2H-{*H-F}-
proton U-tH-MurA® I(STD-NMR)? U-*H-MurA U-2H-MurA MurA MurA MurA
HA 4.1 38 38 0 38 0 0
(20y (0) (20) (0) (0)
{<4 A} {>54; {>54)
HB 4.8 100 100 0 0 0 0
(60) 0 (0) (0) (0)
{>5A} {>5A} {(>5 A}
HC 4.0 95 95 0 0 6 0
(48) (0) (0) ®3) (0)
{>5A} {1 {(>5A}
HD 6.0 51 51 0 0 0 26
(38) 0) () (0) 19)
{>5A} {>54; {<4 A}
HE 6.0 51 51 0 0 0 26
(38) (0) (0) (0) (19)
{>5A} {>5A} {<4A}
HF 151 54 54 0 0 21 0
(104) ) (0) (40) (0)
{>5A} {<5 A} {(>5 A}

a All spectra were recorded with 0.5 m®land 20uM MurA. The saturation time was 1.0 $Normalized NOE intensities calculated as described in the
text. ¢ Intensity (arbitrary units) observed in a one-dimensional (1Rjiliered spectrum acquired under conditions identical to those of the STD-NMR
experiment. 1D intensities were identical for all sampfe&ractional normalized STD-NMR intensity calculated as described in theftéaiues in parentheses
are the actual intensities (arbitrary units) observed in the STD-NMR spébtatues in brackets are distance restraints (in A) derived from the NOE

intensity data? Peaks with normalized NOE intensities in the range 6fL5% were not used to assign a distance restraint because this is close to the
experimental error.

8.0 7.0 . X 3.0 2.0
'H (ppm)
Figure 6. STD-NMR spectra of UDP-GIcNACc2) in the presence of (A) oo

unlabeled MurA, (B) perdeuterated, His-protonated MurA, (C) perdeuterated, i e 7 (A) Allow indin rf hown in oran n MurA
Trp-protonated MurA, and (D) perdeuterated, Phe-protonated MurA. The us%rL:gethe é(gs-l\?Msddgtadasgdseuscarli%ee((jsinothe te)?t.aAlgs?sﬁégwn irli (A) are
resonances corresponding to UDP-GIcNAc are indicated. Peaks marked with.,\tormations of2 (green carbon atoms) generated using the program
an asterisk are protein peaks (histidine resonances in (B) and phenylalaningy i (B) Structure of MurA complexed t@ (green carbon atoms) as
resonances in (D)). determined using the SOS-NMR constraints. Only a single conformation
of 2is allowed after filtering with the SOS data. Positive SOS-NMR contacts

conformation consistent with the SOS-NMR data (Figure 7A) to Trp, His, and Phe residues are fulfilled by W95, H125, and F328 (yellow
9 " carbon atoms). The location &fas observed in the X-ray crystal structure

The results are in excellent agreement with the X-ray crystal of MurA complexed to UDP-GIcNAc (PDB LUAE) is shown with orange
structure of MurA complexed to UDP-GIcNAc (pairwise rmsd  carbons.
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Table 3. Analysis of Amino Acid Composition of Ligand-Binding Sites

side-chain enrichment in biosynthetic
amino total on total in surface binding enrichment in protein—protein scrambling of
acid surface? binding site” (%) site (%) ligand-binding site® interfaces’ side chain¢
Ala 3691 190 6.2 5.3 0.85 Val, Leu, others
Arg 4076 207 6.9 5.8 0.84 2.47
Asn 3164 173 54 4.8 0.90 0.93 Asp
Asp 4602 252 7.8 7.0 0.90 1.67 Asn, Met, Thr, Lys
Cys 516 58 0.9 1.6 1.85 0.00
GIn 2987 133 51 3.7 0.73 0.58 Glu, His
Glu 5613 205 9.5 5.7 0.60 0.68 GlIn, Pro, Arg
Gly 0 0 0 0 0.45
His 1835 180 3.1 5.0 1.62 1.49
lle 2522 218 4.3 6.1 1.43 1.79
Leu 4490 339 7.6 9.5 1.25 0.01
Lys 5090 197 8.6 55 0.64 1.17
Met 1215 131 2.1 3.7 1.78 0.54
Phe 2158 225 3.7 6.3 1.72 0.56 Tyr
Pro 3205 95 54 2.7 0.49 1.25
Ser 3806 214 6.4 6.0 0.93 0.21 Cys, Gly
Thr 3650 209 6.2 5.8 0.94 0.28 lle
Trp 945 131 1.6 3.7 2.29 3.91
Tyr 2367 192 4.0 5.4 1.34 2.29
Val 3165 233 54 6.5 1.21 0.00

total 59 097 3582

aThe total number of times at least one side-chain heavy atom of a particular amino acid was on the surface of the protein in the set of 272 crystal
structures analyzed.The total number of times at least one side-chain heavy atom of a particular amino acid wasswhtbi atleast one heavy atom of
the ligand in the set of 272 crystal structures analy2&f. all surface amino acids identified in this analysis (tetab9 097), percentage that the side chain
of a particular amino acid occurs on the surface of the protedf.all amino acids identified in the ligand-binding sites (totaB582), percentage that the
side chain of a particular amino acid occurs in the ligand-binding $Ratio of binding site to surface frequendylaken from ref 239 Taken from ref 28.

of 0.6 A for all heavy atoms) In this structure, Trp95 is located 100
in the binding site and is near tieacetyl group, while His125 8 80
is located near the uridine moiety. The only phenylalanine in g 60
the substrate-binding pocket, Phe328, is located near the 3 40
diphosphate moiety and is within NOE distance of both the 22 ¢

ribose and the pyranose rings of UDP-GIcNAc (see Figure 7B),
consistent with the SOS-NMR data.

Binding Pocket Analysis.To assess the generality of SOS- ) )

NMR to identify ligand-binding sites, an analysis was performed Figure 8. Simulated SOS-NMR analysis on X-ray crystal structures of
9 g o _y X p =Y 272 unique proteins complexed to either natural ligands or synthetic

on crystal structures of 272 unique proteins in complex with inhibitors. Plotted is the percentage of proteins in the test set for which the

either their natural ligands or synthetic inhibitors. In the first ligand-binding site was uniquely defined as a function of amino acids types

step of this analysis, potential ligand-binding sites (referred to US€d in the analysis.

as centroids) on each protein were simulated by the systematicpiscussion

placement of solvent molecules along the entire protein surface

(see Methods). Next, the minimum distance of each centroid to dqt ina th i ¢ ligands that mak tact with
each of the 20 amino acid types was calculated. These data wer&"d for me;pplng € eprtopes ot igands that make contact wi
the target’ Because the technique monitors modulation of the

then used to ascertain whether the centroid corresponding toIi and resonances upon selective saturation of the protein, it
the crystallographically observed binding site could be distin- 9 o P . . pre '
guished from all other sites as the number of amino acids usedhas the significant advantage of being eppllcable t(.) IV|rtuaIIy
in the analysis was increased. The order of addition of the amino any blomo_lecular ta_rget regardless of size, compo_smon (_e.g.,
acids was the following: (1) Val, (2) Leu, (3) lle, (4) Met, (5) glycoproteins, proteirRNA complexes, etc.), or oligomeric
Lys, (6) Arg, (7) Pro (85 Thr (9),Ala (105 Cys (’11) Trp ’(12) state. In addition, only a small amount of protein target is
Phe (13) Hie (14) ler (15) ’Glu (163 Gin (17)' Asp (18') Asn required te perform the experiments (each example presented
(19)’GI (20’) Ser Srylown i I,:i ure 8 i’s the er’centa o (;f here required less than 1 mg of protein per amino acid label).
Y, ) 9 P 9 However, STD-NMR on unlabeled proteins does not yield

protlejlrés |.r:jthe.f<'ja(';aset f?r W?'Ch t?ehactual tl)lgan?l-mn'dlng sge information about the specific region of the protein that is in
could be identinied as a function of the number of amino aclds .o spatial proximity to the ligand or about the three-

used n th? simulated SOS'NMR ana_ly3|s. AS can be ObserVQddimensionaI structure of the protettigand complex. This is
from this figure, an average of six amino acids is necessary for due to the fact that, although only a small number of protein

SOS-NMR to unambiguously identify ligand-binding sites, protons are saturated directly by the selective pulse, all protons

comprising the set o{\_/al, Leu,_ ”?' Met, Lys, and Arg. In on the protein are subsequently saturated due to efficient spin-
addition to this analysis, a statistical survey of the occurrence diffusion processes that occur in large biomolecules. The use
of individual amino acid side chains in the ligand-binding site

was performed, and the results are shown in Table 3. (17) Mayer, M.; Meyer, BJ. Am. Chem. So@001, 123 6108-6117.

1 3 5 7 9 1 13 15 17 19

# amino acids

STD-NMR is a powerful tool for monitoring ligand binding
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of saturation transfer NMR with highly deuterated proteins has

NMR, we have shown that the active site of MurA can be

been shown to improve ligand screening and reduce the effectsdifferentiated from all other sites using only three amino acids

of nonspecific binding, provided that the binding site on the

(Trp, Phe, and His). However, the simulation required eight

protein and the amino acids that make contact with the ligand amino acids (comprising the set ¢¥al, Leu, lle, Met, Lys,

are knownt SOS-NMR further exploits the benefits of extensive

Arg, Pro, Th}). The order used in this analysis reflects

deuteration to generate ambiguous restraints for a series ofpragmatic concerns such as ease of incorporation and minimiza-
selectively protonated protein samples so that both the bindingtion of side-chain scrambling, and in most applications the

site and the three-dimensional structure of the pretégand
complex can potentially be defined. Significantly, even in the

judicious choice of amino acids for SOS-NMR study should
reduce the number of amino acids that need to be considered.

absence of the target structure, the SOS-NMR data can still beThe amino acid preferences at ligand-binding sites are different

used to construct the amino acid composition of the ligand-
binding site, yielding the location of polar and nonpolar amino
acids that are in contact with the ligand. This type of information
can be extremely valuable in medicinal chemistry efforts to

than those observed for proteiprotein interactiong324espe-
cially with regards to the hydrophobic amino acids Leu, Met,
and Val and the charged amino acids Arg, Asp, and Lys. Thus,
the distribution of amino acids that comprise ligand-binding sites

optimize lead compounds. is not reflective of the relative abundance of amino acids either
Selective deuteration has long been used to improve thein the primary sequence or at proteiprotein interfaces,
quality of protein spectré and even to probe the interfaces suggesting unique and conserved preferences for particular
between proteirprotein® and proteir-ligand complexe$:2° amino acids in ligand binding. Significantly, the amino acids
However, all of these techniques require the observation andthat are found at statistically higher frequencies in ligand-binding
assignment of the protein resonances, limiting their application sites (e.g., Cys, His, lle, Leu, Met, Phe, Trp, and Tyr) are those
to highly soluble, low molecular weight systems. SOS-NMR that can be selectively labeled B Coli without significant
overcomes these limitations and allows for structure determi- biosynthetic scrambling.
nation of protein-ligand complexes without direct observation Conventional STD-NMR relies on efficient spin-diffusion of
of the biomolecular target. Future technological improvements the saturation throughout the biomolecule. In highly deuterated
promise to extend the applicability of SOS-NMR and resolve systems, this may not be the case, and care must be taken to
some of the ambiguities that result from labeling all amino acids ensure that all proton spin systems on the target are efficiently
of a particular type. For example, the routine and cost-effective saturated. For example, methyl group chemical shifts can vary
production of highly deuterated proteins from yeast and bacu- by more than 2 ppm. If a continuous network of methylethyl
lovirus systems promises to extend the range of accessiblecontacts that involves all protonated methyl groups in the protein
targets beyond that which can be obtained from bacterial does not exist, then irradiation at a single frequency may not
systems. Cell-free expression systems can also enable the studige sufficient to saturate all methyl resonances. This can be tested
of additional targets, but holds the unique potential of labeling experimentally by inspection of the STD-NMR spectrum in the
a single amino acid in the primary sequence through the use ofabsence of a JFfilter to ensure that a difference signal is

amber codons and modified transfer RNfA42 This approach
eliminates the possibility of observing NOE intensity from
multiple binding sites, which at present must be confirmed
through competition experiments with alternative ligands.
For FKBP and MurA, only five and three amino acids,

observed for every peak that is observed in the 1D spectrum.
In instances where this is not the case, the frequency of
irradiation or the length of the selective pulse can be changed,
or saturation at multiple frequencies may be necessary. For
example, simultaneous irradiation at 0.5 and 2.0 ppm was

respectively, were necessary for unambiguous identification of sufficient for complete saturation of all protein resonances for
the ligand-binding site. The generality of the SOS-NMR each selectively protonated FKBP sample based on inspection
approach is highlighted in Figure 8, where it is observed that of the STD-NMR spectra (data not shown). In contrast, a unique
an average of six amino acids are required for the SOS-NMR saturation frequency was utilized for each MurA sample based
approach to unambiguously discriminate the ligand-binding on the label (see Methods). Irradiation strategies will have to
surface from the total surface area of the protein. In fact, the be tailored on the basis of the labeling pattern and ligand
range of three to nine amino acids is sufficient to identify the employed to ensure efficient saturation of the biomolecule and
ligand-binding sites of more than 90% of the proteins in the avoid direct saturation of the ligand resonances with the selective
test set. It is significant to note that, because a fixed order of pulses.

amino acids was used in the analysis, the actual number of Conformational changes in the target upon ligand binding
amino acids required to identify the ligand-binding site for many are common and must be considered in any strategy that
proteins will be much lower than that calculated using this involves docking a ligand to a static target conformation.
analysis. This is due to the fact that each protein active site Significantly, the SOS-NMR data provide experimental contacts
will in fact have a unique minimal set of amino acids that to residues that reflect the bioactive conformation. Thus, these
differentiate it from all other sites and that is not represented experimental contacts can be used to exclude target conforma-
by the order of amino acids used here. For example, using SOS-tions that do not present the required amino acid types in the
context of a pocket that can accommodate the ligand. More
subtle conformational changes, such as side-chain motions, will
certainly affect the docked orientation of the ligand. This was
in fact the case for FKBP, where a 1.1 A shift in the position

(18) LeMaster, D. MQ. Rev. Biophys.199Q 23, 133-174.

(19) Takahashi, H.; Nakanishi, T.; Kami, K.; Arata, Y.; ShimadaJat. Struct.
Biol. 200Q 7, 220-223.

(20) Ramesh, V.; Syed, S. E. H.; Frederick, R. O.; Sutcliffe, M. J.; Barnes, M.;
Roberts, G. C. KEur. J. Biochem1996 235 804-813.

(21) Ellman, J. A.; Volkman, B. F.; Mendel, G.; Schultz, P. GAm. Chem.
So0c.1992 114, 7959-7961.

(22) Weigelt, J.; Wikstrom, M.; Schultz, J.; van Dongen,GAmb. Chem. High
Throughput Screening002 5, 623-630.

(23) Bogan, A. A.; Thorn, K. SJ. Mol. Biol. 1998 280, 1-9.
(24) Hu, Z.; Ma, B.; Wolfson, H.; Nussinov, Rroteins: Struct., Funct., Genet.
200Q 39, 331-342.
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of His87 (see Figure 5) significantly contributed to a net 1.2 A delays of 10 ms, and a total recycle time of 2.0 s. For MurA, all NMR
shift of the ligand as compared to the crystallographic result. experiments were performed at 300 K on a Bruker DRX800 NMR
Such changes can potentially be addressed by incorporatingSPectrometer. On-resonance irradiation of the protein was performed
protein side-chain flexibility and/or superior scoring functions PY Using a train of Gauss-shaped pulses of 28 ms length separated by
into the docking simulation&: However, as was the case for a 7 ms delay. On-r_esonance irradiation was applied at 6.81, 7.02, and
FKBP, it is expected that such subtle conformational changes7'16 ppm for the His-, Trp-, and Phe-protonated samples, respectively.

il | Vi d h in li dori . dth Off-resonance irradiation was applied-é2.8 ppm. A total of 30 shaped
will result only in modest changes in ligand orientation and that pulses were used in the pulse train, leading to a total saturation time of

the resulting structures will still be extremely useful for lead 1 g5 5. Al spectra were acquired with 8192 complex points, 1536 scans,
characterization and optimization. a'H sweep width of 10 000 Hz, a total recycle time of 2.0 s, and without
In summary, an NMR-based strategy is described for deriving a Txfilter. All NMR spectra were processed and analyzed on Silicon
structural information on ligands complexed to virtually any Graphics computers using in-house-written software.
biomolecule that can be isotopically labeled, including protein ~ Calculation of Distance Restraints. Distance restraints were
targets of high molecular weight and heterogeneous 0"gomericcalculated according to the following procedure. First, normalized STD-
complexes. What is required is a moderately soluble ligand that NMR intensities) (STD-NMR), were obtained by dividing the intensity
is in fast exchange on the NMR time scale (typicafly > 1 of each peak observed in the STD-NMR spectruri of the presence

M hich is of h for “leadlike” ds which of unlabeled protein by the intensity observed in a one-dimensional
#M), which is often the case for “leadlike” compounds whic To-filtered spectrum acquired under identical conditions. The fractional

tend to be small and only moderately pot&m® Thus, SOS- intensities were then normalized by scaling the maximum value to 100.
NMR is expected to have its greatest impact at the early stagesrhis procedure is identical to that employed in group epitope magping,
of the drug discovery process, where initial structural informa- and the fractional intensities give a relative indication of the proximity
tion can greatly facilitate the optimization of a lead series into of each proton on the ligand to the protein. Next, normalized NOE

more potent compounds. intensities, 1(SOS), for each selectively protonated sample were
calculated as the fraction of the observed NOE that can be attributed
Methods to interaction with the selectively protonated amino acid, scaled by

. . . the normalized STD-NMR intensity(STD-NMR), using the following
Sample Preparation.FKBP?” was prepared as previously described. equation:

The coding sequence of MurA was amplified by PCR with primers

encoding 5 and 3- restriction sites. The PCR product was digested I(SL) — I(2H)
ligated into theNcd and Xhd sites of the pET21df) plasmid 1(SOS)= n 5 I(STD — NMR)
(Novagen, Madison). The MurA protein used for structural studies was [(CH) = I(°H)

expressed ife. coli BL21(DE3) grown on M9 media and was purified

using a NiNTA affinity chromatography. Selectivély labeled samples ~ Wherel(SL), I(*H), andI(*H) are the intensities observed in the STD-
were grown in?H,0, on minimal medium containing [@H]glucose NMR spectra of the selectively labeled, perdeuterated, and unlabeled
(CIL) with the protonated amino acid being added to a concentration Samples, respectively.

of 100 mg/L 1 h prior to induction with 1 mM IPTG. No adaptation of These NOE intensities were then converted into distance restraints
the cells to deuterated media was necessary, with inoculation beingfor use in structural calculations in the following manner. For any given
performed by the addition of 1 mL of LB culture (grown to @ amino acid type and ligand resonance, normalized NOE intensities less
values between 1 and 2) added directiyltL of deuterated medium. ~ than 5% were treated as having no interaction. Therefore, distances
Based on'H NMR spectra (see Figure 1), essentially complete Detween that ligand atom and all protons on all amino acids of that
perdeuteration was achieved, and no scrambling between the aminoSPecific type were set at greater than 5 A. For NOE intensities greater
acid types was observed. The final conditions for FKBP were 1.0 mM than 15%, ambiguous distance restraints were assigned. Normalized
1and 2.5«M FKBP in a 100% DO buffer comprised of 10 mM Na NOE intensities between 15% and 25% were treated as weak inter-
PQ,, 140 mM NaCl, 5% DMSQds, pH 7.4. Final conditions for MurA actions, and at least one distance between that ligand atom and at least
were 500uM 2 and 20uM MurA in a 100% DO buffer comprised of one proton from an amino acid of that specific type should be less
50 mM NaPO,, 5 mM 2H-dithiothreitol (CIL), pH 7.0. than 5 A. Normalized NOE intensities between 25% and 45% were
treated as moderate interactions, and at least one distance between that
ligand atom and at least one proton from an amino acid of that specific
type should be less than 4 A. Normalized NOE intensities greater than
&5% were treated as strong interactions, and at least one distance

performed internally, and a WATERGATE sequence was used for between that ligand atom and at least one proton from an amino acid
suppression of the residual solvent signal. For FKBP, all NMR of that specific type should be less than 3 A. Peaks with normalized

experiments were performed at 300 K on a Bruker Avance DRX500 N_OE intensitie_s in the range of-8.5% were not .us_ed to assig_n a
system equipped with a CryoProbe. On-resonance irradiation of the distance restraint because this was considered within the experimental

protein was performed using a train of Gauss-shaped pulses of 2.5 msError. Note that incomplete incorporation of the protonated amino acid

length separated by a 2.5 ms delay, and alternating on-resonancaVill decrease the observed NOE intensities and potentially result in

irradiation was applied. On-resonance radiation was applied at 0.5 andV€aker distance constraints.

2.0 ppm for all samples, with off-resonance irradiation applied 2.0 Generation of Binging Surfaces. The .allowed ligand-binding
ppm. A total of 280 shaped pulses were used in the pulse train, |eadingsurfaces were determined by the cu_mulatlve removal of the Connolly
to a total saturation time of 1.4 s. All spectra were acquired with 1024 Surface area for those atoms that violated the SOS-NMR data. Thus,

for those residue types for which no proton on the ligand was in contact,
the surfaces for all atoms withi5 A of anyproton on these residues
were removed. For example, as no contacts were observed between

NMR Spectroscopy. The pulse sequence for the 1D STD-NMR
spectra was as described by Mayer and M&yexcept that a CPMG
T-filter was used instead of aFilter to remove background protein
resonances. Subtraction of the on- and off-resonance spectra wa

complex points, 1024 scans!d sweep width of 8333 Hz, afilter

(25) Oprea, T. |.; Davis, A. M.; Teague, S. J.; Leeson, PJDChem. Inf.

Comput. Sci2001, 41, 1308-1315. and any leucine residues of FKBP, the surfaces for all atoms within 5
(gg) Earr, %;A]h?_ﬁ' HDr#QMDﬁSI_QQJeryHTP&a)/ZOOZh7,E5?':?5§7~S W.: Hol A of any leucine residue were removed. In a similar manner, for those
e7) ngﬁéidch'ém?gt?{;l’gé?; 32 'igg’e_igzgfayos b=, Fest, S W HoZman,  residue types for which at least one proton on the ligand was in contact,

(28) Stryer, LBiochemistry3rd ed.; W. H. Freeman and Co.: New York, 1988.  the surfaces for all atoms not within a scaled distance of any proton
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on any residue of this type were removed. For example, as positive in the list. The order of addition of the amino acids was the following:
contacts were observed betwekand at least one isoleucine residue (1) Val, (2) Leu, (3) lle, (4) Met, (5) Lys, (6) Arg, (7) Pro, (8) Thr, (9)
of FKBP, the surfaces for all atoms not within 10 A of any atom of an  Ala, (10) Cys, (11) Trp, (12) Phe, (13) His, (14) Tyr, (15) Glu, (16)
isoleucine residue were removed. The larger distance used for theGln, (17) Asp, (18) Asn, (19) Gly, (20) Ser.
positive contacts reflects the length of the ligand, as the binding pocket  To assess enrichment of the amino acids within the ligand-binding
is allowed to accommodate the entire molecule. The end-to-end lengthssites, the surfaces of all proteins were generated within Insightll
of 1and2 are approximately 8.7 and 13.2 A, respectively, and positive (Accelerys), and the surface atoms were stored. Next, residues that had
contact distances of 10 and 14 A were used in the surface generationat least one side-chain heavy atom in the list of surface atoms were
Structure Calculations. DOCK 4.0 was used with default  tabulated by residue type. This same list of surface atoms was then
parameters. After docking, all low energy conformations were assigned examined for contact distances.0 A) to the ligand and again
NOE energies calculated in the usual manner using the ambiguoustabulated by residue type. These results are given in Table 1. The
restraint list. frequency with which a particular amino acid occurred either on the
Binding Site Analysis. For the simulated SOS-NMR analysis, surface or in the binding site was taken as the ratio of occurrence for
putative ligand-binding sites on a set of 272 protein surfaces (see that particular amino acid over all occurrences for all amino acids. For
Supporting Information) were determined in the following manner. First, example, at least one side-chain heavy atom of alanine occurred on
each protein (in the absence of ligand) was solvated within Insightll the surface 3691 times over all 272 proteins in the set, while alanine
(Accelerys). Next, the number of protein atoms within 5.6 A of each occurred in the ligand-binding site 190 times. Given total surface and
water molecule was calculated. The solvent molecule with the highest binding-site amino acid occurrences of 59 097 and 3582, respectively,
number of contacts (i.e., most deeply buried in the protein surface) this results in a surface frequency of 6.2% and a binding-site frequency
was chosen as a “centroid” to represent a putative ligand-binding site, of 5.3% for alanine, yielding an enrichment factor of 0.85.
and all solvent molecules with 5.6 A of this centroid were removed. X-ray Crystallography. Crystals of FKBP complexed tt were
The solvent molecule with the next highest number of contacts was obtained by cocrystallization using a solution mixture of 0.5 mM FKBP
chosen as the next centroid, and this process was repeated until alland 10 mM1 in 5 mM Tris buffer, pH 7.4. The well solution of the
solvent molecules were analyzed. Solvent molecules with fewer than cocrystallization plates was 55% saturation ammonium sulfate in 1 M
five contacts to the protein were discarded from the analysis as they Tris buffer, pH 8.4. The hanging drop was a 1:1 mixture of the well
did not represent invaginations into the protein surface and were solution and the FKBR- mixture. Diffraction data were collected at
therefore not potential ligand-binding sites. For the set of 272 pretein 100 K with mineral oil as cryoprotectant at the Advanced Photon Source
ligand complexes, an average of 18 centroids were found, and the actua{Argonne National Laboratories). The resolution was 1.7 A, Byl
ligand-binding site was represented by a centroid in all cases. A figure was 4.6%. The space group wak with a = 33.877 Ab = 31.845 A,
depicting this process is given in the Supporting Information. c=31.845 A, andx = 104.33, f = 96.88, y = 113.83. There were
After identification of the centroids that represented potential ligand- two FKBP molecules in the unit cell. A total of 292 water molecules
binding sites, the ability of SOS-NMR to discriminate the actual ligand- were included in the refinement. The finRland R e values were
binding site versus all other putative sites was accomplished in the 25 794 and 34.2%, respectively.
following manner. First, the centroid nearest the geometric average of
the ligand was identified as the centroid representing the actual ligand-  Acknowledgment. The authors would like to thank Dr.
binding site. Next, a single amino acid was chosen, and each centroidRobert Meadows for valuable discussions regarding the use of
was assessed as either making contact or not making contact to thaambiguous distance restraints in binding site identification and
amino acid type on the basis of whether the minimum distance to any strycture determination.
carbon atom of that amino acid type (excluding carbonyl carbons) was
<5.6 A. It was then ascertained whether the centroid representing the ~ Supporting Information Available: A figure depicting the
actual ligand-binding site could be distinguished from all others on process of centroid generation as described in the Methods
the basis of this contact. Another amino acid was then added, contactssection and a table listing all of the proteiligand complexes
were measured, and it was again ascertained whether the centroiqysed in the binding site analysis (PDF). This material is available

representing the actual ligand-binding site could be distinguished from free of charge via the Internet at http://pubs.acs.org
all others on the basis of these two contacts. This was repeated an ' T

additional 18 times until the full set of 20 amino acids were included JA039480V
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