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Abstract: Given the three-dimensional (3D) structure of a protein, the binding pose of a ligand can be
determined using distance restraints derived from assigned intra-ligand and protein—ligand nuclear
Overhauser effects (NOEs). A primary limitation of this approach is the need for resonance assignments
of the ligand-bound protein. We have developed an approach that utilizes data from 3D 3C-edited, 3C/
15N-filtered HSQC—NOESY spectra for evaluating ligand binding poses without requiring protein NMR
resonance assignments. Only the *H NMR assignments of the bound ligand are essential. Trial ligand
binding poses are generated by any suitable method (e.g., computational docking). For each trial binding
pose, the 3D C-edited, *C/*>N-filtered HSQC—NOESY spectrum is predicted, and the predicted and
observed patterns of protein—ligand NOEs are matched and scored using a fast, deterministic bipartite
graph matching algorithm. The best scoring (lowest “cost”) poses are identified. Our method can incorporate
any explicit restraints or protein assignment data that are available, and many extensions of the basic
procedure are feasible. Only a single sample is required, and the method can be applied to both slowly
and rapidly exchanging ligands. The method was applied to three test cases: one complex involving muscle
fatty acid-binding protein (MFABP) and two complexes involving the leukocyte function-associated antigen
1 (LFA-1) I-domain. Without using experimental protein NMR assignments, the method identified the known
binding poses with good accuracy. The addition of experimental protein NMR assignments improves the
results. Our “NOE matching” approach is expected to be widely applicable; i.e., it does not appear to depend

on a fortuitous distribution of binding pocket residues.

Introduction

Nuclear magnetic resonance (NMR) spectroscopy is an
important tool in the drug discovery process, contributing to

both lead identification and lead optimizatisrf. For lead
optimization, NMR provides alternatives to X-ray crystal-
lography for obtaining structural information on proteiigand
complexes. Advances in hardware, experimental approdcHes,
and data analysis methdfls!?2 have increased the throughput
and extended the applicability of NMR for protein structure
determination. Nevertheless, even when highly optimiZea,
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full NMR-based structure determination of a proteligand
complex requires a significant commitment of time and re-
sources.

In many cases relevant to lead optimization, one or more
experimental structures of the target protein are available.
Alternatively, the target protein structure can often be ap-
proximated reasonably well by modeling approacHeSiven
a suitable structure of the target protein, the problem of
determining the structure of a protettigand complex reduces
to one of determining the bindingose (i.e., the location,
orientation, and internal conformation) of a bound compound
of interest, possibly accounting for any protein conformational
changes that occur upon binding. To be of optimal value,
binding poses must be determined in a time frame that supports
iterative cycles of structure-based ligand design.

Many NMR-based approaches have been proposed and
developed for rapidly deriving information on binding poses;
these include methods that do not require protein resonance
assignments. Transferred nuclear Overhauser effect (NOE)
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experiment® 18 have long been applied to determine the Chart 1. Compounds Used for the NOE Matching Tests
internal conformations of weakly bound ligands. Long-range Br Br
paramagnetic distance restraints from site-directed spin labeling \

have been explored computationally as a possible appfdach. N O ol o

A method based on saturation transfer differéA¢g8TD) and }\-\N

residue type-specific labeling has been described (termed ) NWO O -
“SOS—-NMR”).2! Another recently described method for ligand ) cl g n cl

pose evaluation is based on observed and predicted binding- L 5 3
induced chemical shift changes for ligahd resonance#? the ) ]
chemical shifts are predicted using quantum mechanics in thiseXC|U3'V_e|y NOE peaks between ligafd resonances (along
procedure. the F3 dimension) and proteifH'3C group resonances (along
For proteins with NMR assignments, ligand binding sites can the F1 (*H) andF> (**C) dimensions). _
be localized by ligand-induced line-broadening and/or chemical A main limitation of the isotope-filtered NMR approach is
shift changes of protein resonande$23 Information on bound the need to assign resonances for protein residues lining the
ligand locations and orientations can be obtained by examining Pinding pocket for each protein/ligand complex. (A second
chemical shift changes induced by closely related ligand Major Illmltatlonfth.at of decreasing spectral sensitivity with
analogue#? or by empirically estimating protein chemical shift Increasing protein size- may be addressed by modification of
changes expected for trial orientations of ligand aromatic Ahgs. the approach described herein.) We have hypothesized that, even
Methods that use a limited number of protein NMR assignments Withoutprotein assignments, tfgatternof peaks observed in
have also been developed. SO$MR and chemical shift a 3D X-filtered NOESY spectrum contains sufficient informa-
perturbation mapping have been combined in an approach thation to define the ligand binding pose in most cases, or can at
selects or rejects binding poses on the basis of van der Waald€ast be used to rule out the vast majority of possible poses.
and restraint energi€é Residue type-specific isotopic labeling ~ This hypothesis is baseoi on the observation of characteristic
schemes combined with inferential NMR assignment procedureschemical shift ranges foH'*C groups in amino acid residues, -
have been used to obtain binding pose information on ligands @nd on the heterogeneous composition and spatial distribution
in complex with large proteind. A protocol that uses NOEs ~ ©f amino acids that line binding pockets. o
involving assigned backbone amide protons combined with I-[|‘ere|r.1 we fies?“be in detail a method ( NOE matching”)
docking/annealing calculations has been developed to validatel0r “Scoring” trial binding poses based on matching the observed
ligand binding pose¥ (experimental) pattern of proteiigand NOEs to predicted
With extensive proteirH, 13C, and5N resonance assign- (theoretif:al) patterns of pr_otei*riigand NOEs. The_ matching
ments of binding site residues available, well-defined ligand Process is accomplished with a deterministic algorithm that runs
binding poses can be determined using isotope-filtered NMR N Polynomial time, making it suitable for scoring a very large
method&° to derive NOE distance restraints. A general strategy NuUmber of trial poses. The method was tested on muscle fatty
uses a sample containing a uniformC/5N-labeled protein ~ acid-binding protein (mFABP) and the leukocyte function-
in complex with an unlabeled ligand. Bound or averaged ligand @ssociated antigen 1 I-domain (LFA-1) in complex with small
1H resonances are assigned with two-dimensional @LF- organic compounds (Chart 1). We show that the approach can
13C/15N-filtered TOCSY, COSY, and/or NOESY experimedfs. yield accurate binding pose information even when the “pre-
Intra-ligand distance restraints are obtained from theéF2B,- dicted” protein chemical shifts are simply set to mean values
13C/15N-filtered NOESY data. Intermolecular proteifigand derived from the BioMagResBank (BMRB; diamagnetic protein
distance restraints are derived from a three-dimensional (3D) Statisticsf: The results are shown to improve with more
13C-edited 13C/15N-filtered HSQG-NOESY spectrum (hereafter accurate protein chemical shifts. Approximate NOE intensity

referred to as a 3D X-filtered NOESY). This spectrum contains Pinning is used as well. .
Three test cases were used to develop and evaluate protein
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(16) Clore, G. M.; Gronenborn, A. Ml. Magn. Reson1983 53, 423-442.
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method is a specialized “top-down” approach wherein “...the
main aim is not a completely correct spectral assignment but a
correct three-dimensional structure’2”.

Methods

Target and Trial Poses.Several methods were used to determine

target poses and generate trial binding poses. In the case of o:ompouncfISSIgnIng chemical shifts to the prot

1 (Chart 1) bound to mFABP, the target protein structure for DOCK

and target ligand pose were selected from a high-resolution ensemble

of NMR structures (details on this NMR structure ensemble are included
in the Supporting Information). Trial binding poses for the mFABP/
complex were generated by rigid and flexible ligand docking with the
program DOCK2 (For all DOCK calculations, generic site spheres
were generated with no chemical knowledge to enhance the diversity
of the generated poses.) The original NMR ensemble was also used a
a source of trial poses. In addition, a low-resolution NMR ensemble

was generated by simulated annealfrwgith only 10 arbitrarily picked

protein-ligand NOE distance restraints; these structures were used as

trial poses as well.

For the LFA-12 test case, the X-ray crystallographic structure of
this compleX® served as the target pose. Trial poses for the LFA-1/
complex were generated by both flexible and rigid ligand docking using
DOCK 3 Rather than docking compouidnto the protein coordinates
derived from the LFA-12 X-ray structure, the protein coordinates used
for docking compoun@ were derived from a publicly available X-ray
structure of LFA-1 in complex with lovastafih(PDB code 1CQP) as
a starting point. The protein coordinates were moderately diversified
by selecting residues within 3.5 A of lovastatin, removing lovastatin,
and then performing conformational sampling of the selected residue
side chains using Prime (Schrodinger, Inc.). This yielded 10 protein
coordinate sets for ligand docking. The protein coordinates were then
held fixed for docking. Compoun2lwas held internally rigid for some
docking runs and allowed internal flexibility in other docking runs.

A well-defined NMR ensemble (Supporting Information) of the LFA-
1/3 complex was derived by using proteitigand NOE restraints to
place the compound into the publicly available X-ray structure of LFA-
136 (1CQP) by simulated annealif$jA single member of the ensemble
was selected as the target pose. Trial poses of LRBAw&fe generated
by removing compoun@ from the binding site in the target coordinate
set and then using the DOCK progrénto generate alternate poses.
Two separate DOCK runs were performed, vdtheing held internally
rigid in the first run and flexibly docked in the second run.

Preparation of Experimental 3D X-Filtered NOESY Peak Lists.
Using a modified version of the FELIX program (Hare Research, Inc.;
M. S. Friedrichs, unpublished), peaks in the 3D X-filtered NOESY
spectra were picked interactively, and files containing information on
the peak intensities, chemical shifts, and peak assignments were written
(Only the ligandtH chemical shift assignments are absolutely required
for NOE matching). The experimental intensities were classified as
very strong, strong, medium, or weak. For reason described below,
the intensity classes were assigned “integer intensity” values of 4, 3,
2, or 1, respectively. To enhance the digital resolution in the 3D
X-filtered NOESY spectra, they were recorded using 25.0 ppm sweep
widths in theF; (*C) dimensions, resulting in greater than 1-fold peak
aliasing” in some cases. Heuristic rules were used to determine the
actual (“unaliased”) peakC chemical shifts. For our test cases, these
rules were found to be reliable on the basis of the known protein

(33) Ewing, T. J.; Makino, S.; Skillman, A. G.; Kuntz, I. D. Comput.-Aided
Mol. Des.200Q 15, 411-428.

(34) Nilges, M.; Gronenborn, A. M.; Bnger, A. T.; Clore, G. MProtein Eng.
1988 2, 27—-38.
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(36) Kallen, J.; Welzenbach, K.; Ramage, P.; Geyl, D.; Kriwacki, R.; Legge,
G.; Cottens, S.; Weitz-Schmidt, G.; Hommel, 1U.Mol. Biol. 1999 292,

9
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NMR Spectroscopy: Principles and Practi¢éeademic Press: New York,
1996; pp 235-236.
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assignments. (Alternatively, spectra can be recorded with a Wi@er
sweep width (e.g., 60.0 ppm); this results in at most 1-fold peak aliasing
and allows for straightforward determination of the pé¥k chemical
shifts.) For some tests, an idealized synthetic “experimental” spectrum
was derived from the target pose by predicting intensities on the basis
of the inter-proton distances observed in this pose, and by randomly
€iH1°C groups.

Prediction of 3D X-Filtered NOESY Spectra. We are currently
using a very simple and fast procedure for predicting the 3D X-filtered
NOESY spectrum for a given binding pose. The predicted spectra are
based on user-defined distance cutoffs. Effective distdhédsetween
ligand *H groups and protei#*C-attachedH groups were computed
for each pose, neglecting the effects of fast internal methyl rotatfons.
For all test cases, upper bound cutoffs of 2.5, 3.0, 4.0, and 5.0 A were

sed to predict very strong, strong, medium, and weak NOEs,

respectively. As with the experimental NOES, the predicted intensities
were assigned integer intensity values of 4 (very strong), 3 (strong), 2
(medium), or 1 (weak). Using the above-mentioned cutoffs, for all test
systems a greater number of peaks were predicted for the target poses
than were experimentally observed. The number of predicted peaks is
determined by the cutoffs; for reasons discussed below, we generally
want the number of predicted peaks to be greater than or equal to the
number of observed peaks (see Spectrum Matching and Pose Scoring
section below) for plausible poses. The experimentally determined
ligand *H resonance assignments were used for the predicted spectra.
While chemical shift predictions for the protetri3C groups could
potentially be obtained by a variety of approactfe$} we based most
protein chemical shift predictions simply on the mean residue/atom
chemical shifts for diamagnetic proteins available from the BMRB.
The BMRB-derived shifts can be overwritten with any actual experi-
mental (or more accurately predicted) chemical shifts that are available.
Experimentally determined proteti and*3C resonance assignments
were used for the predicted spectra in some tests.

Spectrum Matching and Pose ScoringThe predicted peaks are
associated with specific proteitd3C groups, whereas the observed
peaks, in general, are not. The first step in matching the observed and
predicted 3D X-filtered NOESY spectra is to identify proté'sC
groups in the experimental data set. This is accomplished by grouping
the observed peaks using the obsertt¢dF;) and*3C (F,) chemical
shift positions, as illustrated below. This procedure reduces the problem
of matching peaks to peaks to one of matchilg*C groups to'H3C
groups. For a given pose, we obtain the optimal self-consistent matching
between the patterns of observed and predicted peaks. Due to the
combinatorial complexity N!), the search for the optimal matching
cannot be done exhaustively. Fortunately, the matching problem
described above can be cast as an equally partitioned bipartite graph
weighted matching probleft,which can be solved deterministically
in polynomial O(N2)) time.

An equally partitioned bipartite graph is a graph whose nodes are
partitioned into two subsets, each containdgiodes. A completely
connected bipartite graph is shown in Figure 1A, wherein each kode
in one subset is connected by an edge to each gadéhe other subset.
There are no edges between nodes in the same subset. Each edge is
associated with an edge cd@3tk,q); the edge costs define thé x N
cost matrix. A matching of an equally partitioned bipartite graph is a

(38) Constantine, K. L.; Friedrichs, M. S.; Detlefson, D.; Nishio, M.; Tsunakawa,

M.; Furumai, T.; Ohkuma, H.; Oki, T.; Hill, S.; Bruccoleri, R. E.; Lin,

P.-F.; Mueller, L.J. Biomol. NMR1995 5, 271—-286.

(39) Fletcher, C. M.; Jones, D. N. M.; Diamond, R.; Neuhaus,) DBiomol.

NMR 1996 8, 292-310.

(40) Osapay, K.; Case, D. Al. Am. Chem. S0d.99], 113 9436-9444.

(41) Sitkoff, D.; Case, D. AJ. Am. Chem. S0d.997, 119 12262-12273.

(42) Iwadate, M.; Asakura, T.; Williamson, M. B. Biomol. NMR1999 13,

199-211.

(43) Xu, X. P.; Case, D. AJ. Biomol. NMR2001, 21, 321—333.

(44) Wang, B.; Brothers, E. N.; Vaart, A. v. d.; Merz, K. M., JrChem. Phys.
2004 120, 11392-11400.

(45) Papadimitriou, C. H.; Steiglitz, KCombinatorial Optimization: Algorithms
and ComplexityDover Publications: Mineola, NY, 1982; pp 24255.
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B used® requires an equally partitioned graph. Also, we require the option
of mapping any or all of the P nodes to “unassigned” if no other suitable
match is found. To facilitate these requirements, “unassigned” nodes
(identified by “U” in Figure 2) are added to both node subsets. In the
example of Figure 2, there are eight experimentally observed peaks,
and nine peaks are predicted by the given pose. One possible optimal
complete matching, linking experimentally identifigd*C groups with
predicted HC groups, is also shown in Figure 2.

Figure 1. Bipartite graphs witiN = 5. Node subsets are distinguished by The process of identifying proteitti**C groups in an experimental

color. (A) A completely connected graph. (B) A completely matched graph. 3D X-filtered NOESY spectrum is illustrated by Figure 3, which shows

data for the LFA-13 complex. The peaks labeled with the blue asterisk
all have nearly identicdt, andF, chemical shifts 0f~0.02 and~70.6

observed ppm (20.6 ppm unaliased), respectively. Grouping of these peaks on
Ll x x o x x x x x X the basis of theiF; andF, chemical shifts identifies 8H13C group in
2l o o o o X X X X X the experimental spectrum and defines a node on the observed side of
o the bipartite graph. (This group is the upfielemethyl of Leu302.)

In designing a functiorC(k,q) to define the edge costs, one must
TH13C spin account for experimental peaks that are not predicted and for predicted
systems peaks that are not observed. We give more weight to observed peaks
than to predicted peaks, and we give more weight to more intense peaks.
o o o o o o o o o HE groups This approach reflects experimental factors that can attenuate NOE
intensities, and possible protein resonance chemical shift overlaps, that
can reduce the number of observed peaks. We allow for significant
uncertainty when matching intensities. Uncertainties arise due to the

effects of spin diffusion, dynamics, and relaxation on the NOE
predicted intensities. Also, obtaining a suitable reference dist&nite scaling

Figure 2. Equally partitioned bipartite graph representing a hypothetical intermolecular NOEs is problemapc. . .
instance of the 3D X-filtered NOESY bipartite graph-weighted matching ~ The elements of the asymmetiic x N cost matrix are given by
problem, withN = 9. See the main text for additional details.

13| © o] X o o] X X X X

Clka@) = Mika); i=1,N, @
subset of edges with the property that no two edges share the same '
node. A complete matching is a matching withedges (Figure 1B).
The combinatorial optimization algoritHffinds an optimal complete
matching; i.e., a permutation that minimizes the total (summed) cost
of the complete matching. Bipartite graph matching has been applied
previously to the protein NMR assignment probléirfé Related
nondeterministic approaches have also been applied to automated . .
protein NMR assignmefftand protein fold recognition/refinemettt. M;(X.X) =0 (no experimental peak, no predicted peak) (2)
We now describe how pose scoring based on 3D X-filtered NOESY _ 2
data is cast as an equally partitioned bipartite graph weighted matchingMi(O’X) = Ky(IE)
problem. To assist in this description, a hypothetical example is depicted (experimental peak present, no predicted peak) (3)
in Figure 2. In this example, the ligand contains three resolved, assignedM_(X 0)=K (IP-)Z
1H groups (L1, L2, and L3) that each give rise to one or more observed "~ A ) )
NOEs. (Cases of ligantH equivalence and accidental degeneracy are (no experimental peak, predicted peak present) (4)
handled by simply placing the equivalent/degenerate protons into the M,(O,0): (experimental peak present, predicted peak present)
same group. For example, tloetho- and para-protons on themeta
dichloro ring of compoun@® (Chart 1) are all assigned to 7.10 ppm in  |f IE, > IP,
the bound state, and all three of these protons are placed into a single _ 2 2 L 2
group.) In Figure 2, observed or predicted peaks are represented by M;(O.0) = Ky (f(H)IoH)” + K (H(C)IoC)" + K4(f ()" (5)
“O” symbols, whereas missing peaks (not observed, or not predicted) _ 2 2 IV 2
are represented by “X” symbols. Green nodes containing a “P” representEISe Mi(0.0)= Ky (f(H)/oH)” + Kc((C)oC)+ Ky (D)
experimental proteinHC groups that give rise to one or more End If
observed NOE peaks. Red nodes containing a “P” represent protein
HC groups that are predicted to give rise to one or more NOEs on the  |p; and IE are the integer intensities of predicted and experimental
basis of the proteinligand effective distances derived from the given  peaksi, respectively. ThesH andoC values aréH and*3C chemical
pose. shift uncertainties. These can be set to user-defined values, or they can
In Figure 2, there are four green (observed) P nodes, and there arepe set to some multiple of the relevant standard deviation, such as that
five red (predicted) P nodes. As noted above, the matching algorithm gptained from the BMRB (BMRBy). TheK’s are adjustable param-
eters. Defaults values atg; = 1, Kc =1, K; = 12,K; = 6, K3 = 3,

whereN_ is the number of resolved, assigned ligdhtigroups (e.g.,

N = 3in Figure 2). Referring to Figure 2, the matching dddbetween

an experimental peak and a predicted peak is defined by the following
expressions:

(46) Xu,Y.; Xu, D.; Kim, D.; Olman, V.; Razumovskaya, J.; JiangCbmput

Sci. Eng.2002 4, 50-60. ’ andK, = 1. The intensity term&'(l) are implemented using two (“tight”
(47) Hus, J.-C.; Prompers, J. J.; Bahweiler, R J. Magn. Resan2002, 157, and “loose”) functional formsjIP; — IE;| or argmax(0)(P; — IEi| —1)).
119-123. In the latter case (“loose” function)!(1) is non-zero only if the integer

(48) Langemeade, C.; Donald, B. R.Biomol. NMR2004 29, 111-138.
(49) Bartels, C.; Gentert, P.; Billeter, M.; Wthrich, K.J. Comput. Cheni997,

18, 139-149. (51) Neuhaus, D.; Williamson, M. PThe Nuclear @erhauser Effect in
(50) Meiler, J.; Baker, DProc. Natl. Acad. Sci. U.S.£2003 100, 15404~ Structural and Conformational Analysi¥CH Publishers: New York,
154009. 1989; p 109.
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Figure 3. Portions ofF; (ligand'H) planes from the 3D X-filtered NOESYs§ = 100 ms) of LFA-1B. Planes at théH chemical shifts ofmeta (7.31 ppm)

and ortho-protons (6.88 ppm) of thpara-bromo ring, and of a proton group (3.12 ppm) from the proprietary core ring, are shown. Positive peaks (black

contours) are aliased an even number of times, and negative peaks (red contours) are aliased an odd number d¥ tifReakénlabeled by the blue

asterisk all arise from the same protéi'3C group (example case).

intensity difference magnitude is 2 or 3. THe chemical shift term
f(H) is implemented as

f(H) = (He — UHp)
fH)=0
f(H) = (LHp — Hp)

for Hg > UHp

for UH, = Hg = LH,p (6)

for Hg < LHp

where H: is the experimentdH chemical shift, UK is the upper bound
on the predicted chemical shift (i Hp (predictedH chemical shift)
+ oH), and LH-is the lower bound on the predictéd chemical shift
(LHp = Hp — oH). The'3C chemical shift term is implemented in an

analogous fashion. The total cost of a given pose corresponds to an

optimal solution of the complete matching problem, which is a
permutatione of {1, 2, ...,N} that minimizes:

COST,

pose ™

> Cle@): j=1.N ™)
]

Results

Target PosesNMR assignments and details of the structure
calculations for the NMR ensembles of the mFABRAd LFA-
1/3 complexes are given in the Supporting Information. In the
case of mFABPY, a full NMR-based structure determination
of the protein-ligand complex was performed, as described in

superimpose with a RMSD of 1.19 A. The main differences
between the poses df are due to protein conformational
differences within the flexible ligand-entry “portal” regions of
the two proteing354

For LFA-1 with 2 bound, the X-ray structure of the complex
(Figure S2A, Supporting Information) served as the target
binding pose. In the case of LFA-1 in complex wiha well-
defined binding pose ensemble (Figure S2B, Supporting Infor-
mation) was determined using an available X-ray structure of
LFA-1 (PDB entry 1CQP) and proteirligand NOE restraints,
as described in the Supporting Information. After superposition
over the protein backbone atoms of residues-1296, the
average RMSD to the mean coordinates for all ligand heavy
atoms is 0.19 A. The target binding pose (Figure S2B,
Supporting Information) was selected from this ensemble. An
X-ray structure of LFA-1 in complex with a compound that is
similar to compound® and3 has been describé8.

Trial Poses.For the trial poses, our main goal was to obtain
a wide sampling, in terms of RMSDs to the target poses, within
the known binding pockets. Both proteins contain only one
suitable pocket for high-affinity binding to organic compounds
in the relevant size range, so alternate binding sites were not
considered in the generation of trial poses. For mFAB#®ial
poses were derived both from XPLOR-ba¥edimulated

the Supporting Information. The target pose was selected from @nnealing* and with DOCK33 The remaining 20 (non-target)

this well-defined ensemble (Figure S1A, Supporting Informa- Structures from the original well-resolved NMR ensemble were
tion). After superposition over the protein backbone atoms, the rétained as trial poses; the minimum and maximum RMSDs to
average root_mean_square deV|at|on (RMSD) to the mean the tal’get pOSG are 020 and 078 A, respeCtlve|¥, f0r th|S set.
coordinates for all ligand heavy atoms is 0.42 A. The accuracy (Unless stated otherwise, RMSDs correspond to ligand heavy-
of this binding pose is supported by comparison to an X-ray
structuré? of a related protein, adipocyte lipid-binding protein
i i i i 3 1998 37, 7965-7980.

(aLBP), in complex withl (Figure S1B, Supporting Informa- {04 q0n VP E “Cistola, b. miochemistry1997 36, 2278-2290.
tion). The sequences of aLBP and mFABP are 65% identical, (55) Lastl;Barney, K.; Dafvidson, W.; Cardozo, M.; Frye, L. L.; Grygon, C. A;;

i fndi H Hopkins, J. L.; Jeanfavre, D. D.; Pav, S.; Qian, C.; Stevenson, J. M.; Tong,
and they have similar binding pocké&The protein backbones L_;pzmde", R Kelly, T. A.J. Am. Chem.QSoQOO:L 123 56435650, 9

(56) Bringer, A. T.X-PLOR Version 3.1 ManugYale University Press: New
Haven, CT 1992.

(53) Constantine, K. L.; Friedrichs, M. S.; Wittekind, M.; Jamil, H.; Chu, C.-
H.; Parker, R. A.; Goldfarb, V.; Mueller, L.; Farmer, B. T., Biochemistry

(52) Jacobson, B. L. Unpublished results.
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Table 1. NOE Matching for mFABP/1 with Ideal Synthetic Data

SDM? (1) r NCiag? NWiarg® Crax’ RMSDyad NCnax NWia'

0.08 T 0.988 73 0 12335.8 6.66 19 23
0.05 L 0.988 73 0 12233.4 6.66 19 22
0.25 T 0.973 73 0 8750.7 4.22 14 31
0.25 L 0.975 73 0 8496.0 4.22 15 31
0.50 T 0.951 71 2 7000.2 4.14 19 34
0.50 L 0.954 71 2 6700.5 4.14 19 33
0.75 T 0.931 71 2 5839.7 4.14 10 46
0.75 L 0.936 67 6 5562.7 4.14 11 44
1.00 T 0.914 71 2 5073.8 4.23 6 49
1.00 L 0.961 67 6 4812.7 4.23 6 49
1.25 T 0.906 71 2 4597.0 4.23 7 50
1.25 L 0.911 67 6 4344.0 4.23 7 50
1.50 T 0.900 67 6 4388.7 5.53 8 50
1.50 L 0.905 63 10 4110.9 5.53 10 48
2.00 T 0.889 64 9 4108.6 5.53 6 53
2.00 L 0.892 58 15 3829.0 5.53 8 51
5.00 T 0.825 59 14 3451.3 5.23 5 56
5.00 L 0.828 52 21 3158.7 5.23 5 57

a Factor used to multiply the chemical shift standard deviati®iis.tight f '(I); L, loosef '(l). ¢ Correlation coefficient between CO&I.and the RMSD
to the target pose. Number of correctly assigné#i’3C groups in the target poseNumber of incorrectly assignééi’C groups in the target poseMaximum
COSThose 9RMSD (A) between the pose with the maximum CQsTand the target posé Number of correctly assignetH13C groups in the pose with
the maximum COSgse | Number of incorrectly assigneti'C groups in the pose with the maximum CQS&E | Data set (bold) used to produce Figure
4.

atom RMSDs after superposition of ordered protein backbone uniform distribution £2BMRBsp) for each atom type. Unless
atoms; i.e., these are RMSDs in the reference frame of thenoted otherwise, an effective distance upper bound cutoff of
protein.) By re-annealing the original 21 NMR structures with 5.0 A was used for generating all of the predicted spectra
only 10 arbitrarily picked restraints, an additional 21 trial poses discussed in this article. For the 462 mFABRoses (target
were generated, with minimum and maximum RMSDs to the and trial poses), the minimum, maximum, and average number
target pose of 0.73 and 2.10 A, respectively. DOCK was used of predicted peaks are 148, 198, and 171.4, respectively. For
to generate trial poses by docking the ligand into the protein the target pose, 179 peaks are predicted, distributed among 73
coordinates of the target pose using two protocols: (1) with *HC groups.
the internal conformation of the ligand fixed to that observed  In this idealized case, the target pose always yields GRST
for the trial pose and (2) with full conformational flexibility =~ = 0 for all parameter values, since all of thE3C groups
for the ligand. From the DOCK runs, 20 rigidly docked and derived from the synthetic experimental spectrum have matches
400 flexibly docked trial poses were selected, with RMSDs to within the chemical shift and intensity tolerances in the predicted
the trial pose ranging from 0.28 to 6.66 A. In total, 461 trial spectrum for this pose. In addition, we expect all (or nearly all)
poses were used for the mFABREsts. of the matches for the target pose to correspond to the correct

In the case of LFA-12, trial poses were generated using assignment, given sufficiently smaiH and oC values. The
DOCK 32 The ligand was docked into the 10 sets of protein predicted spectra for the trial poses are generally not expected
coordinates derived from PDB entry 1CQP. For each of the 10 to yield COSTese= 0, since the set oH'3C groups involved
protein coordinate sets, 50 trial poses generated by rigid ligandin predicted NOEs will generally differ among poses, and some
docking and 100 trial poses generated by flexible ligand docking of the !H13C groups common to both trial and target poses have
were obtained. A total of 1500 trial poses were used for the different predicted intensities.
LFA-1/2 tests. The minimum and maximum RMSDs to the Table 1 reports the results obtained by varying the intensity
target pose are 0.22 and 8.52 A, respectively. matching functionf '(1) (“tight” and “loose”) and by varying

For LFA-1/3, trial poses were generated using DO€K a the oH and oC (uncertainty) values, for idealized mFARP/
manner analogous to that used for LFA-1However, in this data. TheK parameters (eqs-3) were fixed at their default
case, the ligand was docked into a single protein coordinate values for all of the tests reported in this article. As mentioned,
set— that of the target pose. Fifty trial poses generated by rigid the uncertainties are defined as the relevant standard deviation
ligand docking and 300 trial poses generated by flexible ligand multiplied by a standard deviation multiplier (SDM). For these
docking were generated. In total, 350 trial poses were used fortests, théH and3C standard deviations were set to the BMRB
the LFA-1B tests. The minimum and maximum RMSDs to the values, and SDM was varied between 0.05 and 5.00. As
target pose are 0.18 and 7.63 A, respectively. expected, the best correlations between CQgand RMSD

NOE Matching for mFABP/1: Ideal Data. Our initial tests values in this case are obtained using the small uncertainties.
of the algorithm were designed to ensure that it behaves asCOSThseis always O for the target pose, and &H'3C groups
expected with idealized data. This was accomplished by are correctly assigned for SDM values of 0.05 and 0.25. The
generating a synthetic “experimental” 3D X-filtered NOESY correlation between COSdseand RMSD degrades, and fewer
spectrum based on (1) intermoleculel—!H distances observed  H13C groups are correctly assigned for the target pose, as the
in the mFABPL target pose and (2) generating a complete set chemical shift uncertainties are increased.
of synthetic protein resonance assignments by randomly choos- Figure 4 shows a plot of CO$Jseversus RMSD for SDM
ing chemical shift values for eachC andH group in the = 0.05 and “tight” intensity scoring. While there is no a priori
protein. The synthetic chemical shifts were selected from a reason to expect a strictly linear correlation between CQST
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Figure 4. COSTheseversus the RMSD (A) to the target pose for mFABP/
with synthetic (ideal) experimental and predicted 3D X-filtered NOESY
data, using the data set corresponding to the bold row in Table 1. The symbol
for the target pose is at RMSB 0, COSTose= 0.

and RMSD, a very good correlation is observed for RMSD
values out to~3 A. This result demonstrates that, with ideal
(i.e., completely accurate) data, the method as implemented car
discriminate among binding poses with high resolution. The
linear correlation breaks down for larger RMSD values. This
result was also anticipated since, in general, a correlation
between COSjseand RMSD should not be expected among !
poses that are_ far from correct. . Figure 5. (A) COSThose Versus the RMSD (A) to the target pose for
NOE Matching for mFABP/1: Real Data and Experi- mFABP/L with real experimental 3D X-filtered NOESY data and experi-
mental Protein NMR Assignments_For the next series of tests, mental protein NMR assignments for most predicted chemical shifts (see

we used the real experimental 3D X-filtered NOESY data set. Main tex), using the data set corresponding to the bold row (largest
correlation coefficient) in Table S1. The symbol for the target pose is at

After interactive analysis, the experimental 3D. X-filtered Rpmsp = o. (B) Superposition of target pose and the minimum cost pose
NOESY spectrum of the mFABR/complex contained 140  (non-hydrogen atoms colored magenta) from (A).

peaks, of which 126 have been assigned by interactive analysis.
The peaks were grouped into 54 prot&#ii3C groups, of which tests, the real experimental data for mFABRiere used
48 have been assigned. Predicted chemical shifts were set tqdescribed above). For alH'3C groups, predicted chemical
the known NMR assignments for the assigned groups; otherwise,shifts were set to the averadel and 3C chemical shifts for
the averagéH and!3C chemical shift for that group was taken that group from the BMRB, and BMR$ values were used
from the BMRB (diamagnetic protein statistics) and used as for the chemical shift standard deviations. For these tests, we
the predicted chemical shift. Thus, for these tests, we have highlyhave relatively low accuracy and precision for the predicted
accurate “predicted” chemical shifts for most protéhit3C chemical shifts.
groups. For unassigned prochiral protons/groups, the BMRB Table 2 summarizes the results obtained by varying SDM
predicted shift was arbitrarily selected from the prochiral pair. andf'(l) for this case. The maximum value for the correlation
(The average BMRB chemical shifts are very similar for all coefficient between COS$se and RMSD ( = 0.912) is
prochiral pairs.) obtained for SDM= 0.50; as with tests using the experimental
For these tests, thi# and3C standard deviations were set protein assignments, SDM 0.50 appears to be a near-optimal
to 0.04 and 0.4 ppm, respectively, f8113C groups that are  value for this case. Unlike the preceding cases, there are
experimentally assigned; otherwise, BM&Ralues were used.  significant degradations of the correlation coefficients between
Table S1 (Supporting Information) summarizes the results COSTyseand RMSD at both low and high values of SDM. At
obtained by varying SDM anfd (1) for this case. The maximum  SDM = 0.05, a large majority of théH3C groups that are
value for the correlation coefficient between CQ&T and assigned have incorrect assignments. As SDM increases, more
RMSD (r = 0.977) is obtained for SDM= 0.50,f'(l) “tight”. IH13C groups get assigned, since the P-to-P edge costs decrease,
While a finer-grained sampling of SDM values may yield while the P-to-U edge costs remain constant (Figure 2; e@®.2
slightly higher correlation coefficients, the results presented At the near-optimal value of SDM= 0.50, a majority of the
indicate that an SDM value of 0.50 is near optimal for this test assigned groups have correct assignments for poses with
case. Figure 5A shows a plot of COgde versus RMSD for relatively low COSTosevalues. At SDM= 5.00, a majority of
the SDM= 0.50,f'(l) “tight”, test case. A good correlation is  the assigned groups have incorrect assignments for all poses.
observed for RMSD values 6f3 A or less. Figure 5B compares  In these cases, the intensity terms play a more dominant role;

the target pose and the pose with the minimum CgQTthe i.e., IH13C groups may be assigned chemical shift values that

RMSD between these two poses is 0.95 A (Table S1). are well outside of their expected range. Figure 6A shows a
NOE Matching for mFABP/1: Real Data and Predicted plot of COSTose Versus RMSD for the SDM= 0.50, f'(1)

Protein Chemical Shifts Set to BMRB AveragesFor these “tight”, test case. In this case, even with protein chemical shift
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Table 2. NOE Matching for mFABP/1 with Real Data and BMRB-Derived Shifts
SDM? f'(l)b r Cmaxd Crmne RMSDmlnf Ncmmg NWmin Nclarg’ NWlavgj Rlavgk
0.05 T 0.511 14543.0 13288.1 1.65 4 32 5 30 172/462
0.05 L 0.499 14502.0 13243.1 1.65 4 33 5 30 173/462
0.25 T 0.857 9778.3 5865.3 0.95 26 19 28 16 13/462
0.25 L 0.854 9609.5 5661.3 0.95 26 19 28 16 15/462
0.50 T 0.912 7163.0 3259.2 0.75 30 20 35 14 14/462
0.50 L 0.911 6943.3 3066.5 0.75 28 22 31 18 18/462
0.75 T 0.892 5891.2 2546.2 0.75 29 21 30 20 15/462
0.75 L 0.888 5655.2 2355.2 0.75 27 23 25 25 15/462
1.00 T 0.875 5210.9 2322.7 0.75 29 21 28 22 20/462
1.00 L 0.868 4990.9 2131.7 0.75 27 23 24 27 22/462
1.25 T 0.861 4811.5 2228.2 0.75 29 22 24 27 25/462
1.25 L 0.851 4577.7 2039.8 0.75 27 24 23 28 29/462
1.50 T 0.849 4460.2 2176.1 0.75 28 23 24 26 29/462
1.50 L 0.837 4265.3 1986.2 0.75 26 25 23 28 32/462
2.00 T 0.832 4155.2 2132.0 0.75 27 25 23 28 34/462
2.00 L 0.818 3962.5 1938.7 0.75 25 28 21 30 39/462
5.00 T 0.774 3510.9 1992.3 1.77 12 42 24 29 741462
5.00 L 0.735 33129 1797.1 1.77 14 41 21 32 93/462

a Factor used to multiply the chemical shift standard deviati®iis.tight f '(1); L, loosef '(l). ¢ Correlation coefficient between CO&I.and the RMSD
to the target pose. Maximum COSTose © Minimum COSTpese f RMSD (A) between the pose with the minimum CQSFand the target pos€ Number
of correctly assignedH!3C groups in the pose with the minimum CQOgE " Number of incorrectly assigneti3C groups in the pose with the minimum
COSThose ' Number of correctly assigneltH3C groups in the target poseNumber of incorrectly assignedH3C groups in the target poskTarget pose

rank in terms of COSgse ' Data set (bold) used to produce Figure 6.

A 7500 () “tight”. The results of these tests are summarized in Table
7000 - b4 S2 (Supporting Information). The results indicate that, in the
l : case of MFABP/1 with real experimental data, NOE matching
6500 1 S . 9‘ results degrade gradually and can identify the correct pose when
t; 6000 - o the minimum observable NOE intensity corresponds to a
8 5500 - * . distance greater than or equal+®.5 A.
W 5000 - - :v“ NOE Matching for LFA-1/2: Real Data and Predicted
° 4500 | o~ Protein Chemical Shifts Set to BMRB AveragesThis test
. case is more challenging than the mFABBystem, for several
4000 :} .24: . reasons. Fewer peaks (69) are present in the 3D X-filtered
3500 ¢ .:." NOESY spectrum of LFA-Z these have been associated with
3000 . . . . . 51 experimentalH13C groups. Compoung has greater internal
0 1 2 4 5 6 flexibility than compoundl (see Chart 1). Also, no protein

ligand NOEs have been detected for any of the methine or
methylene protons of compou2das a result, there is no direct
information on the placement of the compouddore (Chart

1). With many proteir-ligand complexes, we have observed
that ligand methine and methylene protons often do not yield
intermolecular NOEs due to intrinsically broad lines and weak
signal intensities. Therefore, the methine and methylene protons
of compound? were excluded entirely from the NOE matching
calculations. Also, we chose to create trial poses for this system
by docking into protein structures that are different from the
target pose (see Methods section). The X-ray struétofe FA-

1/2 was determined shortly after the NMR studies were initiated:;

Figure 6. (A) COSThose Versus the RMSD (A) to the target pose for . . .
mFABP/L with real experimental 3D X-filtered NOESY data and predicted €XPerimental protein NMR assignments were therefore not

protein chemical shifts set to the corresponding BMRB average values, usingcompleted and verified.

the data set corresponding to the bold row in Table 2. (B) Superposition of  Real NMR data and BMRB-derived predicted protein chemi-
target posfe andAthe minimum cost pose (non-hydrogen atoms coloredCal shifts and standard deviations were used for the NOE
magenta) from (4). matching tests. Using a 5.0 A upper-bound distance cutoff, the
predictions of low accuracy and low precision, a good correla- minimum, maximum, and average numbers of predicted peaks
tion is observed for RMSD values 6f3 A or less. Figure 6B are 33, 87, and 64, respectively, over the trial and target poses.
compares the target pose and the pose with the minimumFor the target pose, 87 peaks are predicted, distributed among
COSTyose (RMSD = 0.75 A; Table 2). 62 1H13C groups.

To test the expected performance of NOE matching on data The NOE matching results for this system are summarized
with less sensitivity, lower intensity peaks were systematically in Table S3 (Supporting Information). The best correlation
deleted (in increments of 10%) from both the experimental and coefficient between COSJse and RMSD ¢ = 0.858) is
predicted 3D X-filtered NOESY peak lists. NOE matching was obtained for SDM= 0.25,f'(l) = “tight”. Figure 7A shows a
then applied to the resulting peak lists using SBM.50,f'- plot of COSThose Versus RMSD, and Figure 7B compares the
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Figure 7. (A) COSTpeseversus the RMSD (A) to the target pose for LFA-

1/2 with real experimental 3D X-filtered NOESY data and predicted protein

chemical shifts set to the corresponding BMRB average values, using the

data set corresponding to the bold row (largest correlati(_)n_ coefficient) in Figure 8. (A) COSThoseversus the RMSD (A) to the target pose for LFA-
Table S3. (B) Superposition of the target pose and the minimum cost pose /3 yith real experimental 3D X-filtered NOESY data and predicted protein

(carbon, nitrogen, and oxygen atoms colored magenta) from (A). chemical shifts set to the corresponding BMRB average values, using the
. . data set corresponding to the bold row (largest correlation coefficient) in
target pose and the pose with the minimum CQSIRMSD Table S4. (B) Superposition of the target pose and the minimum cost pose

= 0.91 A; Table S3, Supporting Information). In four cases (carbon, nitrogen, and oxygen atoms colored magenta) from (A), showing
(Table S3, Supporting Information), the target pose is also the °nly the non-proprietary moieties.

one that has the minimum COgJ¥cvalue. The target pose is ) ) ) )
well-ranked in all cases except SD¥0.05, and the pose with analysis. The experimental peaks were grouped into 44 protein

the minimum COSJ,sevalue is similar to the target pose in all 'HIC groups; 41 of these have been assigned interactively.
cases except SDM: 0.05 and SDM= 5.00 (Table S3). Usm_g a 5.0 A upper-bound distance (_:utoff, the minimum,
While NOE matching was successful in this case, the overall MaXimum, and average numbers of predicted peaks are 92, 139,
results with LFA-12 are not as good as those obtained with and 125, respectively, over the trial and target poses. For the
MFABP/L The correlation between COSE.and RMSD is not target pose, 122 peaks are predicted, distributed amoHd'68
as high, especially for poses similar to the target pose (compare9roUpS-:
Figure 7A with Figure 6A). For LFA-T, some poses that are Table S4 (Supporting Information) summarizes the results
quite different from the target pose are relatively well-ranked Obtained using the real experimental data and BMRB-derived
(see Figure 7A); such poses may be problematic in the absencdrotein chemical shift predictions and standard deviations.
of a known target pose. These results point to the need for Overall, excellent results are obtained for this system. For SDM
adequate conformational sampling and for methods for evaluat-Values between 0.25 and 1.00 (inclusive), the correlation
ing the results of NOE matching that are independent of a known coefficients between CO$deand the RMSD values are all
target pose (see Discussion section). >0.900, with the best correlation € 0.973) obtained with the
NOE Matching for LFA-1/3: Real Data and Predicted near-optimal parameters SDM 0.25,f'(l) = “tight”. With
Protein Chemical Shifts Set to BMRB AveragesThe final these parameters, the target pose is ranked 11/351. Figure 8A
test system (LFA-B) utilizes an analogue o2 with better ~ Shows a plot of COSbseversus RMSD using the near-optimal
properties for NOE matching. The exact chemical structure of Parameters. Figure 8B shows a comparison of the target pose
3 (Chart 1) cannot be revealed at this time. Compo@nsl a and the pose with the lowest COgJ. value (RMSD= 0.41
more favorable case than compounsince (1) it is less flexible ~ A). For this case, NOE matching yielded a high-resolution
and (2) the core moiety of compour&icontains two methy! identification of the binding pose without utilizing any experi-
groups that give rise to proteirigand NOE interactions. Also ~ mental protein NMR assignments.
in this case, we used the protein coordinates of the target POS&y:c cussion
for generating trial poses, rather than using alternate protein
structures. Assessment of Proteir-Ligand NOE Matching. The test
A total of 74 peaks were picked in the experimental 3D cases that were used in this study were chosen on the basis of
X-filtered NOESY spectrum of LFA-1 in complex witB, and the availability of (1) good-quality 3D X-filtered NOESY spectra
71 of these peaks were subsequently assigned by interactiveand (2) well-defined target poses. Additionally, in two of the
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three test cases, most of the peaks in the 3D X-filtered NOESY (eqgs 3 and 4), these terms need to be weighted more heavily
spectra were previously assigned by traditional methods, al- than the intensity terms in P-to-P matches (eq 5), which contain
lowing an evaluation of the ability of NOE matching to both chemical shift and intensity matching terms.

reproduce known assignments. The specific compositions and  TheoH andoC values and the functional form of the intensity
distributions of residue types in the binding pockets were not matching ternf '(l) in eq 5 were varied. Major differences were
used as a basis for choosing the test cases. We expect, in generajot typically observed between results obtained with “tight”
that small-molecule binding sites in proteins are sufficiently versus those obtained with “loose” intensity matching; however,
heterogeneods to permit informative pose scoring by NOE  the “tight” matching function performed slightly better overall
matching. While it is not possible to prove this claim on the in terms of yielding correct assignments for #¢3C groups.
basis of three test cases, our results point to wide applicability The sH andoC values determine the degree of chemical shift
of the NOE matching approach. It may fail for simple ligands mismatch above which P nodes will be matched to U nodes. In
that yield only a few NOEs, or for those that populate multiple the case of the ideal (completely accurate) synthetic “observed”
binding modes. and “predicted” data, increasing thel andoC parameter values
Protein conformational changes are important considerationsresults in increasingly degraded performance (Table 1). As
for any ligand docking/scoring protocol. While not attempting expected for this case, the target pose always obtains a QST
to address this issue in any general way here, we stress thabf 0, since observed P nodes always match to predicted P nodes
adequate conformational sampling is a prerequisite for NOE that contain the same peak pattern, shifts, and intensities.
matching. LFA-12 is an illustrative example of this. For LFA-  However, the correlation between CQsEand RMSD to the
1/2, it was necessary to moderately vary the initial protein target pose decreases, and the number of correct assignments
structure (1CQP). Specifically, Leu 302 in the flexible C- decreases for the target pose and low-cost poses, with increasing
terminala-helix of LFA-15" had to be moved in order to sample  gH andoC. These results are expected, as the edge weights for
the correct binding pose of compou@dIn the absence of a  alternate P-to-P matches decrease for the trial poses agithe
known binding pose, methods for evaluating the adequacy of and¢C values are increased.

the conformational sampling will be required. When most protein resonance assignments are known ex-
Heterogeneous residue distributions in binding pockets perimentally, varying thesH and oC values from 0.05 to 5.0
the basis for molecular recognition and, as noted above, are anha( |ittle effect on the results (Table S1). Overall, better results
basic assumption of the NOE matching approach. For mMFABP/ gre obtained when known assignments are used relative to
1, the experimentally assigned intermolecular NOEs involve 22 simply using the BMRB values for the predicted shifts (compare
different residues and 12 different residue types, and for LFA- Taples S1 and 2). These results, along with the results obtained
1/3 they involve 17 different residues and 7 different residue for the synthetic data sets, indicate that NOE matching is more
types. Due to the multiple occurrences of some residue typesyopyst and effective when the protein chemical shifts are known,
in the binding pockets, and overlapping chemical shift ranges or when they can be predicted more accurately (vide infra).

for rnostr]of the g;lc_)lrinéypes presbe nt, in dg.eniralg%n;e( ?(l)uld ant The most stringent tests of NOE matching are those that were
assign the protei groups observed in the -filtere performed using the real experimental 3D X-filtered NOESY

NOESY data us_ing just chemical S.hift information. M(_eth_yl data sets, with the predicted chemical shifts set to average values
groups are conS|der¢d_ as an_lllustranve example. The d'smbu'derived from the BMRB (Tables 2 and S84). For our test
tions of methyl-contalnlng_res@ues for the mFABRN LFA- . cases, the near-optimal SDM values are 0.25 or 0.50 (case-
12 pockets are ShO.W” in Figures S3 and. S4 (Suppo.rtlng dependent). Values efH andoC that are too small produced
Information), respectively. Methyl groups with overlapping unsatisfactory results, due to the inability to correctly match

chemical shift ranges are diversely distributed throughout both many of the observed shifts to the BMRB mean shifts. Large

binding pockets. These _S|tuat|_ons pr_eclude assigning thesevalues ofoH andoC also produced unsatisfactory results, since
groups on the basis of simple inspections of chemical shifts.

] i >l the ability to discriminate between possible assignments by
These considerations indicate that the successful pose chars

N ) ) ““'themical shift matching degrades; i.e., too many P-to-P matches
gcterlzatlpns obtained for all test cases are due to the mfgrmatlonare associated with low edge costs. At very langeand oC
inherent in theoverall patternsof NOEs observed. In addition,

S values, the COSjEsevalues asymptotically approach non-zero
for the mFABPL and LFA-1B test cases, significant numbers 5,65 (data not shown). A non-zero cost remains associated
of correct assignments were obtained for the target and low-

- i ’ " with each pose due to intensity mismatches.
cost poses, even when using the BMRB-derived chemical shift The effects of deleting low-intensity subsets of peaks were
predictions (Tables 2 and S34). This has implications for 9 y P

. tested (Table S2, Supporting Information). A gradual degrada-
extending the method. tion in the performance NOE matching was observed. The target
An indication that the method should be robust is the P g ' 9

insensitivity to the exact choice of parameter values used. The pose ranked well, and the pose with the lowest CgasValue

. - ) was similar to target pose when as many as 80% of the observed
K param_eters (eqs—$) were not vgned, thgy were flxed at and predicted peaks were deleted. These results indicate that
valyes aimed at achieving two main goa_ls. (1) giving more NOE matching can succeed with lower sensitivity data. When
welght to observed peaks than to predicted peaks an.d (2)90% of the peaks were deleted (leaving 14 experimental and
allpwmg P node§ to be ma}tched to U nodes .(Flgure. 2) if no an average of 18 predicted peaks), NOE matching performed
suitable match is found in terms of chemical shifts and

intensities. Si P-to-U match tain intensity t | poorly (Table S2). With this limited number of peaks, the correct
intensiies. since F-o-L matches contain intensity terms only pose was not identified using BMRB-derived predicted chemical

(57) Legge, G. B.. Kriwacki, R. W. Chung, J.: Hommel, U.: Ramage, P.: Case, shifts. We note that ligand blnd_lng poses_can_ be validated using
D. A;; Dyson, H. J.; Wright, P. EJ. Mol. Biol. 200Q 295 1251-1264. a relatively small number adssignedprotein-ligand NOEs?®
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likewise, we expect NOE matching to require fewer peaks when are matched, as a set, to one particular HC group in the given
some experimental assignments are available. pose. Direct peak-to-peak matching does not impose this

For the tests described in this article, the performance of the restriction.
NOE matching procedure was judged primarily by comparisons  Possible Extensions and ComplementaritieOur overall
to known target poses and (for two of the three systems) known goal is to build a widely applicable framework that facilitates
protein NMR resonance assignments. As an initial recommenda-the rapid evaluation of ligand binding poses. Ideally, this
tion for future applications, the SDM parameter may be framework should support alternative strategies suitable to the
optimized by sampling values between 0.10 and 1.00 and cases at hand, and it should ultimately facilitate the study of
computing the correlation between CQsEand RMSD to a large proteir-ligand complexes. As presented in this article,
target pose. The CO$E. versus RMSD plots should be Protein-ligand NOE matching is primarily sp-downstrategy?
examined for outliers, nonlinear relationships, and lack of that uses minimal experimental data and that does not require
correlation at high RMSD values. Procedures for optimizing Sequence-specific protein resonance assignments. It is also
and evaluating NOE matching in cases of unknown target posesPfimarily a scoring or filtering stratedy, as opposed to a
with unknown protein resonance assignments are being ex-restrained or directed search strategy based on explicit restraints.
plored; one possible approach is to use one or more low-cost!n thls_ section, we comme_nt on possible extenS|_o_ns to NOE
poses in place of the target pose when computing the correlation™atching and on how this framework can facilitate pose
between COSEscand RMSD values. Clustering meth6#E evaluat'lons, including trad|t|qnal bpttom-gp strategies and
may be applied to the trial poses. Such an analysis will allow strategies based on alternate isotopic labeling schemes.
the identification of representative cluster members, which can  Intermolecular NOE data are typically acquired early in the
then be subjected to more computationally demanding evalu- Process of “bottom-up” pose determination, since there is no
ations. Also, in de novo pose determinations using NOE Point in continuing if these are not observed. NOE matching
matching, data on closely related ligand analogues can providet@n be performed before protein assignments are obtained. The
valuable information; e.g., the LFA-dfesults could be used ~ Pottom-up process can be continued in parallel. As protein
to rule out the problematic (e.g., relatively low cost, high assignments are obtained, they can be used to assign some of
RMSD) poses obtained for LFA-4/Other possible approaches the observed intermolecular NOEs, and hence to restrict the

) PUSES . : . 62 i i i i
for discriminating among poses are discussed in the next sectionS€arch spaéé®and provide accurate predicted chemical shifts.
(Possible Extensions and Complementarities) (While not utilized here, intermolecular NOEs involving

o . e backbone amide groups could also be dhus, while at a
Protein-ligand NOE matching has advantages and limita- group N

. - . . iven time only the assigned subset of protein resonances can
tions. Pose characte_rlzatlon assumes that suitable coordlnate se%e used to derive unambiguous restraints, all of the peaks in
for t.he target protein are available. FF” NOE matCh'”Qa WO the 3D X-filtered NOESY are used to evaluate and identify the
additional requirements must be fulfilled: (1) a sufficient most consistent pose(s).

number proteir-ligand NOEs must be experimentally observed, . . . . .
- o Resonance assignments, especially side-chain assignments,
and (2) poses that are similar to the true binding pose must be e . . ) ;
mpled in order to be r nized. For the latter. dockin can be difficult or impossible to obtain for larger proteins. Also,
sampie order fo be recognized. For e fatler, docking . sensitivity of the 3D X-filtered NOESY experiment with

0 . .
meihpdé ”}at th(:_roughly sbampledpt?zset space, 'anIUdm%_ thel uniformly 13C/*5N-labeled samples degrades significantly with
protein contormation, can be used. Extensive conformationa larger proteins. For larger proteins, the observation and iden-

sam'pling requires an appr.oach that can rank. many thousand%ification of protein-ligand NOEs may be accomplished by
of trial poses; NOE matching meets this requirement. different approaches. Stabilizing agéd may allow spectra
NOE matching has a number of important features. It utilizes, to be recorded at higher temperatures, which can enhance
from the outset, all of the available proteiigand NOEs  sensitivity. Selective (non-uniform) isotopic labeling strategies
(assigned or unassigned) arising from #i'*C groups in @ can be used to increase both spectral sensitivity and the
uniformly $3C/**N-labeled protein. Predicted protein chemical information content of NOE peaks. NOE matching is being
shifts can be overwritten with any available protein chemical modified to use information from 2D NOESY and/or 3D
shift assignments, affording a direct way of incorporating such X-filtered NOESY data sets acquired using multiple, non-
information. Similarly, any assigned intra-ligand and protein  uniformly labeled protein samples.
ligand NOEs can be used as explicit restraints to direct the  Once a smaller set of the most consistent poses are identified,
sampling of pose#? Protein-ligand NOEs can be observed additional approaches become feasible. Prediction of the absolute
under both fast and slow exchange conditions. Therefore, chemical shifts for each pose could be used to rescore selected
protein-ligand NOE matching is applicable to most exchange poses. These poses could be filtered using ligand proton
regimes, the exception being when severe exchange-broadeninghemical shift changes predicted by quantum-mechanical meth-
cannot be eliminated. By defining nodes in terms of HC groups ods?2If some protein assignments are available, the consistency
instead of individual peaks, a degree of self-consistency is of binding poses with observed protein atom chemical shift
automatically imposed on matching; i.e., all of the experimental changes could be evaluated as viel\ small set of consistent

NOEs known to arise from the same experimefit#fC group poses could be subject to more thorough analysis using more

(58) Han, J.; Kamber, MData Mining: Concepts and Techniqyddorgan (61) Dobridumov, A.; Gronenborn, A. MProteins: Struct., Funct. Gene2003
Kaufmann: New York, 2001; pp 335393. 52, 18-32.

(59) Hyvnen, M. T.; Hiltunen, Y.; El-Deredy, W.; Ojala, T.; Vaara, J.; Kovanen, (62) Lugovskoy, A. A.; Degterev, A. |.; Fahmy, A. F.; Zhou, P.; Gross, J. D.;
P. T.; Ala-Korpela, M.J. Am. Chem. So@001, 123 810-816. Yuan, J.; Wagner, GJ. Am. Chem. So002 124, 1234-1240.

(60) Kitchen, D. B.; Decornez, H.; Furr, J. R.; Bajorath,Nat. Re. Drug (63) Matthews, S. J.; Leatherbarrow, RJJIBiomol. NMR1993 3, 597-600.
Discovery 2004 3, 935-949. (64) Lane, A. N.; Sengodagounder, A. Magn. Reson2005 173, 339-343.
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accurate and complete force fields and computationally intensive assignment/structure determination process. Nevertheless, in the
conformational sampling techniqué&syith the resulting poses  context of lead optimization, the ability to rapidly provide
being evaluated on the basis of both NOE matching and the information on ligand binding poses remains a key challenge
theoretical binding energies. In addition to providing CQsd for biomolecular NMR. The methodology described and dem-
values, NOE matching provides possible assignments for manyonstrated in this article represents a novel, promising approach
of the experimentaiH3C groups (and hence possible NOE peak aimed at addressing this crucial issue.

assignments) for each pose. By associating likelihoods with the
possible assignments, explicit restraints could be derived from
those assignments with high likelihoods. These restraints could
then be used to limit the search space in a subsequent round o
trial pose generation. By repeating this process, iterative
refinement strategié%®® are feasible. Finally, several aspects
of the NOE matching process may be recast in terms of Bayesian Note Added after ASAP Publication. After this paper was
probabilities, as recently demonstrated for NOE peak identifica- published ASAP on May 16, 2006, the structure for compound
tion®> and NMR-based protein structure determinafion. 2 was corrected in Chart 1 and in the Supporting Information,
and a name was added to the Acknowledgment. The corrected
version was published on May 31, 2006.
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Concluding Remarks

The studies described herein lay the groundwork for a widely
applicable, general framework for “top-dowAteterminations
of ligand binding poses using protetfigand NOE data. The
NOE matching approach is able to use all of the available NOE
data for pose evaluation, without the need for the time- and
resource-consuming “bottom-up” process of establishing protein

NMR resonance assignments by traditional approaches. Recenprotein-bounle NMR chemical shifts for all three ligands:

. : s )
advances in experimental NMR meth6d$°7 have made it coordinate files (ligands only) for the target poseslaind 2

possible to obtain sequence-specific resonance assignments fo\;vith the atom namina conventions used herein- and lists of
large proteins, and advances in automated NMR data analysis g ’

method%? have enhanced the throughput of the sequential experimentally obser_ved b _X-f_||tered_ NOESY peaks for aII_
three complexes. This material is available free of charge via

Supporting Information Available: Implementation of the
NOE matching procedure and code execution timings; sum-
maries of NMR structure determinations and target pose
selections; supplementary figures; tables of additional NOE
matching test results; complete ref 3&, 13C, and!®N protein
PIMR resonance assignments for mFABPAnd LFA-1B5;
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