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Evaluation of Site-Directed Spin Labeling for Characterizing
Protein-Ligand Complexes Using Simulated Restraints

Keith L. Constantine
Structural Biology and Modeling, Bristol-Myers Squibb Pharmaceutical Research Institute, Princeton, New Jersey 08543 USA

ABSTRACT Simulation studies have been performed to evaluate the utility of site-directed spin labeling for determining the
structures of protein-ligand complexes, given a known protein structure. Two protein-ligand complexes were used as model
systems for these studies: a 1.9-A-resolution x-ray structure of a dihydrofolate reductase mutant complexed with metho-
trexate, and a 1.5-A-resolution x-ray structure of the V-Src tyrosine kinase SH2 domain complexed with a five-residue
phosphopeptide. Nitroxide spin labels were modeled at five dihydrofolate reductase residue positions and at four SH2 domain
residue positions. For both systems, after energy minimization, conformational ensembles of the spin-labeled residues were
generated by simulated annealing while holding the remainder of the protein-ligand complex fixed. Effective distances,
simulating those that could be obtained from "H-NMR relaxation measurements, were calculated between ligand protons and
the spin labels. These were converted to restraints with several different levels of precision. Restrained simulated annealing
calculations were then performed with the aim of reproducing target ligand-binding modes. The effects of incorporating a few
supplementary short-range (=5.0 A) distance restraints were also examined. For the dihydrofolate reductase-methotrexate
complex, the ligand-binding mode was reproduced reasonably well using relatively tight spin-label restraints, but metho-
trexate was poorly localized using loose spin-label restraints. Short-range and spin-label restraints proved to be comple-
mentary. For the SH2 domain-phosphopeptide complex without the short-range restraints, the peptide did not localize to the
correct depth in the binding groove; nevertheless, the orientation and internal conformation of the peptide was reproduced
moderately well. Use of the spin-label restraints in conjunction with the short-range restraints resulted in relatively well defined
structural ensembles. These results indicate that restraints derived from site-directed spin labeling can contribute significantly
to defining the orientations and conformations of bound ligands. Accurate ligand localization appears to require either a few
supplementary short-range distance restraints, or relatively tight spin-label restraints, with at least one spin label positioned
so that some of the restraints draw the ligand into the binding pocket in the latter case.

INTRODUCTION

In recent years, methodological advances have significantlincreasing protein size. Isotope filtering and editing meth-
increased the upper size limit of proteins for which detailedods (Fesik, 1988, 1991; Otting and Wtich, 1990; Breeze,

structural information can be obtained using NMR spectros2000) can be applied to acquire intra-ligand and protein-
copy (Arrowsmith and Wu, 1998; Farmer and Venters,ligand NOE restraints. Due to limited assignments for the
1998; Gardner and Kay, 1998; Wider and'thich, 1999).  H resonances of the protein, the number of protein-ligand
Global folds for monomeric proteins as large as 42 kDaNOE restraints that can be obtained will generally be quite
have been determined (Mueller et al., 2000). In general, fofoy for large proteins. Transferred NOE experiments (Clore
proteins larger than-30 kDa, NMR assignments are ob- ang Gronenborn, 1982, 1983; Campbell and Sykes, 1993;
tainable only for a subset of the proton resonances, i.e., thgj and Scheraga, 1994) can be applied to determine the

backbone amide protons and the pr(?tons of specificallyniermal conformations of bound ligands in large systems,
labeled residues (Metzler et al., 1996; Goto et al., 1999) 4 hese experiments are applicable only to ligands of
This limits the number of nuclear Overhauser effect (NOE)reIativer low affinity, and they do not provide any infor-

L "mation on the location and orientation of the bound ligand.
accurately converged structures of larger proteins, it MaY s there is a clear need for NMR approaches aimed at
often be necessary to include additional information, such aaeter,mining ligand-binding modes for large proteins

dipolar coupling restraints (Mueller et al., 2000) or re- A
: . . . An approach that has been used for many years in bio-
straints derived from paramagnetic relaxation rate enhance- . . 2
olecular NMR to obtain structural information is the mea-

ments (Battiste and Wagner, 2000; Gaponenko et al., 2000). .
Data on the locations. orientations. and conformations ofUr€ment of nuclear relaxation rate enhancements caused by

bound ligands also become more difficult to obtain with ProXimity o a paramagnetic center (McConnell, 1967;
Swift, 1974; Berliner, 1976; Berliner, 1979; Holtzman,
1984). The measured rate enhancements afford estimates of
) o o proton-electron distances. A number of studies have ex-
Received for publication 2 October 2000 and in final form 31 May 2001.

. . . . _ploited naturally occurring paramagnetic metal ion binding
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it is important to investigate the utility of such restraints for

0O
4 defining ligand-binding modes by simulation studies before
S undertaking experimental work. Herein, the ability of SDSL
V4 \ . e
(o] restraints to reproduce two known protein-ligand complexes

is evaluated. Approximate distance restraints have been
derived from ensembles that widely sample the conforma-
tional space accessible to the spin-labeled side chains. These
restraints are used in simulated annealing calculations, and
their ability to reproduce the overall target ligand-binding

N modes and internal conformations is assessed. The effects of
incorporating a minimal number of short-range (NOE-type)
Oe distance restraints on the accuracy of the computed binding

modes are also evaluated. The results indicate that SDSL
FIGURE 1 A commonly used cysteine-specific spin label ((1-oxy- restraints can contribute significantly to defining the orien-
2,2,5,5-tetramethyl*-pyrroline-3-methy)methanethiosulfonate).  The tations and conformations of bound ligands. Accurate li-
S|mulat|ons. reported in thls_ article are based on using this compound t%and localization is more difficult to achieve using only
produce spin-labeled proteins. . . . .
SDSL restraints. Potential applications and improvements
to the methodology are discussed.
A general method for incorporating paramagnetic centers
into proteins is site-directed spin labeling (SDSL) (HUbbe"Background
and Altenbach, 1994; Hubbell et al., 1998). In this approach,
a nitroxide-containing compound, such as a methanethiofo obtain SDSL distance restraints to a bound ligand, the
sulfonate spin label (Fig. 1), is covalently attached to acontributions to the bound-state proton longitudinal and/or
cysteine residue in a protein containing only one suchransverse relaxation rates due to the paramagnetic center
residue. Site-directed mutagenesis is used to introduce must be determined. For small peptides and drug-like or-
single cysteine residue at a suitable surface location and, danic compounds, the ligand’s proton spectrum will gener-
necessary, to remove native cysteines. Dipolar interactionally be well resolved, allowing the use of one-dimensional
with the unpaired electron of the spin label will enhance theg(1D) pulse sequences for measurement of the longitudinal
relaxation rates of protons within a range #25-30 A,  (R,) and transverseR,) relaxation rates. For more complex
allowing distance restraints to be obtained. SDSL has religands, two-dimensional (2D) homonuclear methods for
cently been applied to characterize the denatured states nfeasuring proton relaxation rates have been developed (Ar-
staphylococcal nuclease (Gillespie and Shortle, 1997a,l5eniev et al., 1986; Kay and Prestegard, 1988). Measure-
and protein L (Yi et al., 2000) and for determining the ments should be feasible for both the slow and fast ligand
global folds of proteins in their native state (Battiste andexchange regimes. For the latter, relaxation rates could be
Wagner, 2000; Gaponenko et al., 2000). determined for the averaged (free and bound) ligand reso-
In addition to the applications mentioned above, SDSLnance positions. In the case of slow exchange, prdfn
may also provide structural information for bound ligands,**N, and®H labeling combined with isotopic filtering meth
given a known protein structure. This method should beods (Fesik, 1988, 1991, Otting and Witich, 1990; Breeze,
applicable in cases where intermolecular NOE-based mett2000) should allow ligand proton relaxation rates to be
ods encounter difficulties, such as with weakly bindingmeasured. In the fast exchange case, the fraction of ligand
ligands, or with large proteins that are unassigned or onljoound to the proteinff) must be known.
partially assigned. Several protein mutants, each with a spin For estimating absolute electron-proton distances, the
label attached at a different strategic location near the licorrelation timer, for each electron-proton dipolar interac
gand-binding site, could provide detailed structural data. tion must be determined or approximated. For individual
In this article, the potential utility of SDSL for charac- electron-proton dipolar interactions, can be determined
terizing protein-ligand complexes is addressed by simulafrom the ratio of the bound-state paramagnetic contributions
tions, using a 1.9-A-resolution x-ray structure of a mutantto R; (Ry pard Measured at two different field strengths,
dihydrofolate reductase complexed with methotrexatdrom the ratio of the bound-state paramagnetic contributions
(Brown et al., 1993) (Protein Data Bank (PDB) entry 1DHI) to R, (R; ,.,4 Mmeasured at two different field strengths, or
and a 1.5-A-resolution x-ray structure of the V-Src tyrosinefrom the ratioR; ,a:dRo para@t One field strength. Alterna
kinase SH2 domain complexed with a five-residue phostively, all of the . values can be approximated by the
phopeptide (Waksman et al., 1992) (PDB entry 1SHA) asverall rotational correlation time for the protein-ligand
model systems. Given the potential flexibility of the spin- complex. This latter approach is feasible wheris short
labeled side chain (Mchaourab et al., 1996, 1999) and theelative to both the electronic relaxation time and the bound-
long-range nature of the electron-proton distance restraintstate lifetime. However, this approach will introduce some
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systematic errors into the derived distances depending ozent aromatic protons. Prochiral protons and prochiral methyl groups were
how muchr, differs from the true individuat, values, e.g., assumed not to be stereospecifically assigned. For both the dihydrofolate

; ; ; ; reductase-methotrexate and the SH2 domain-phosphopeptide complexes,
due to internal dynamics or rotational anisotroRy ,,.,and Phosphopep P

R f fi & d th lect ton dist three sets of SDSL restraints were derived by adding (for upper bounds)
2, para@l€ TUNCUONS Ofr; an € electron-proton distance .4 subtracting (for lower bounds) 5%, 10% or 20% of the calculated

(Kosen, 1989). effective distance from each restraint. These bounds were selected to span
the likely error range of experimental restraints. In practice, distance errors
can be obtained from errors of the relaxation rates and standard error

METHODS propagation methods (e.g., Jacob et al., 1999; Johnson et al., 1999). For
effective distances25 A, lower bounds only of 20 A were used. The use
Derivation of simulated distance restraints of lower bound restraints assumes that protons more than 25 A from the

spin label would experience a negligible relaxation enhancement. For both
All calculations were performed with the X-PLOR program (Bger,  complexes, there were no effective distaneg&A. The effects of elimi-
1992), unless noted otherwise. The coordinates of the mutant dihydrofolatgating a significant fraction of the restraints were examined in the case of
reductase-methotrexate complex were obtained from the PDB (entryhe g2 domain-phosphopeptide complex.
1DHI), as were the cqordina‘tes of the V-Src tyr_osine kinase SH2 domain ko the SH2 domain-phosphopeptide complex, nine short-ranged(
complexed with a five-residue phosphopeptide (pY-V-P-M-L; entry &) gistance restraints were derived. These include one restraint to enforce
1SHA). All of the hydrogen atoms were built on to the proteins and ligands, ¢4t bridge between the phosphate of the peptide and the Arg 32 side
using the HBUILD routine of X-PLOR. Parameters for methotrexate Wereqpain \which is a conserved interaction in all known SH2 domain-phos-
generated using QUANTA (MSI, Burlington, MA). Bond lengths and n,nentide structures. The remaining eight short-range restraints simulate
angles for the phosphate group of the phosphopeptide were derived direCtifoeq that could be derived from an isoleucine-leucine-valine-labeled
from the 1SHA coordinates. Side chains corresponding to those obtainegample (Metzler et al., 1996), assuming a 5.0-A cutoff for observing an

by ;egctmg Fge methantc)etmosulionate fpm Iigel?’zhc;v;n i?)g':'g' é \ﬂtg ntermolecular NOE. For the dihydrofolate reductase-methotrexate com-
cysteine residue were bullt on 1o positions 18, 33, 74, » an 0 lex, eight short-range restraints were derived between ligand protons and

ackbone amide protons of the protein, again assuming a 5.0-A cutoff.

dihydrofolate reductase and on to 11, 52, 65, and 74 of the SH2 domai
using the BUILD routines of X-PLOR. These positions were chosen byThese simulate NOEs that could be obtained fofHA*C/AN-labeled

visual inspection. Parameters defining the bond lengths and bond angles for . . . )
B . ) . o -~ protein for which only backbone atom assignments are available, and for
this residue type were derived by calculations on the nitroxide radical

performed with the SAM1 (Dewar et al., 1993) semi-empirical SCF-MO which only NOEs to exchangeable protons of the protein are observable.

- The short-range restraints were classified into bins corresponding to strong,

methodology. The restricted open shell Hartree-Fock approach was used fo_ ) . ;
> . medium, and weak NOEs on the basis of the distance observed in the target
treat the radical’s doublet electronic state, and the molecular geometry was . .
fully optimized complex. The strong, medium, and weak NOE bins correspond to upper

After building on the hydrogens, the dihydrofolate reductase-methotrex 20unds of 2.5 A, 3.5 A (SH2 domain-phosphopeptide) or 4.0 A (dihydro-

ate complex was subjected to unrestrained energy minimization using th@laFe reductase—methptrexate), and 5.0 A, respectively, with additions for
Powell method. The resulting conformation of the complex has an overalf:“qu!valent and proghlral protons. Lower bounds for the short-range re-
protein backbone atom root mean square difference (RMSD) to the originaf'aints were set uniformly to 1.8 A.

x-ray structure of 0.65 A. Likewise, the SH2 domain-phosphopeptide

complex was energy minimized, and the resulting conformation of the

complex has an overall backbone atom RMSD (protein and phosphopep-

tide) to the original x-ray structure of 0.78 A. These energy-minimized Modeling based on simulated distance restraints

structures served as the target binding modes for all subsequent calcula- ) o .
tions 9 9 9 %he following protocol was used for both systems utilizing the simulated

Fifty conformations of each side chain were generated by unrestrainegistance restraints. Structures were calculated by restrained simulated
simulated annealing (Nilges et al., 1988) by varying the initial velocity annealing (Nilges et al., 1988), using the ensembles with varied spin-

random number seed. All atoms of the spin-labeled residues were allowe ) ) ) ’ A
to move during these calculations. For both systems, the ligand and th@ates. The ligands were subjected to random translations (wit@i

remainder of the protein were held fixed throughout. The spin label2/0NgX ¥: and2) and random rotations (0~360° around g, andz axes)
positions are well separated in both complexes, allowing all spin-labele&o randomize the. starting Iocat|.ons and orientations. The Ilgands'and all
side chains to be present simultaneously during the calculations. Th@toms of the spin-labeled residues were allowed to move during the
high-temperature phase of annealing protocol consisted of 10 ps at 1000 gimulated annealing calculations; all other protein atoms were held fixed.
The form of the restraint potential and repulsive non-bonded interaction®istance restraints involving methylene, methyl, and equivalent aromatic
were adjusted to their final settings, and the temperature was graduallfrotons were treated using the “R-3" averaging option in X-PLOR
lowered to 100 K, followed by a final 2000 steps of unrestrained Powell(Bringer, 1992). A force constant of 50 kcal/mof Avas used for all
minimization. Electrostatic, attractive van der Waals, and empirical dihe-distance restraints. Electrostatic, attractive van der Waals, and empirical
dral terms were excluded from the potential function. dihedral terms were excluded from the potential function.

In the case of the dihydrofolate reductase-methotrexate complex, 2 of The simulated annealing protocol (Nilges et al., 1988) consisted of 15
the 50 structures with varied spin-labeled side-chain conformations wer®s at 1000 K, followed by restraint potential and non-bonded interaction
deleted from the ensemble due to unrealistic, high-energy burial of @djustment, temperature lowering to 100 K, and a final 2000 steps of
spin-labeled side chain. All 50 structures were retained in the case of théestrained Powell minimization. Structures were selected for the final
SH2 domain-phosphopeptide complex. Using the ensembles of structuresembles on the basis of their total restraint energies. RMSD values for
with varied spin-labeled side-chain conformations, effective distances werée ligands were calculated in the reference frame of the protein and after
computed from the nitrogens of the spin-labeled side chains to ligandsuperposition of the calculated ligand conformations on to the target ligand
protons. Effective distances were computedras)*/® averaged over all  conformations. The former reflects differences in location, orientation, and
structures. This assumes that any internal motions that modulate r (e.gconformation, whereas the latter is determined by internal conformational
motions of the spin-labeled side chain) are fast relative, tdveraging differences only. Structures were visualized using Insightll, version 98.0
was also performed over all methylene pairs, methyl protons, and equivfMSI); this program was used to produce Figs. 2—7.

I&beled side-chain conformations described above for the starting coordi-
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TABLE 1 Methotrexate RMSD values (A) for the five
computed structural ensembles of the dihydrofolate
reductase-methotrexate complex

ENS1 ENS2 ENS3 ENS4 ENS5
Nstruct: 48 48 46 23 48

RMSD1 1.17 1.65 0.95 157 1.13
RMSD2 1.50 2.52 1.06 2.34 1.04
RMSD3 2.81 4.94 1.95 4.11 1.86

ENS1, ensemble obtained with SDSL restraints with0% error bounds;
ENS2, ensemble obtained with SDSL restraints with0% error bounds;
ENS3, ensemble obtained with SDSL restraints with% error bounds;
ENS4, ensemble obtained with short-range distance restraints only; ENS5,
ensemble obtained with SDSL restraints10%) and short-range distance
restraints; RMSD1, average heavy atom RMSD to the target methotrexate
conformation, after superposition on to the target methotrexate conforma-
tion; RMSD2, average heavy atom RMSD to the average methotrexate
structure in the reference frame of the protein; RMSDS3, average heavy
atom RMSD to the target methotrexate structure in the reference frame of
the protein.

*Number of converged structures in the ensemble.

FIGURE 2 Ensemble of 48 structures of dihydrofolate reductase com-

plexed with methotrexate, with randomized spin-labeled residue conforing 49 restraints ranged between 13 and 25 A and were
mations. The protein backbone conformation is depicted by the mediu reated with varying levels of precision as described below
gray ribbon, and all heavy atoms of the methotrexate (target binding mod% ' )

are shown in black. The spin-labeled side chains (with residue number: or all of the resulting structural e_nsembles discussed be-
are shown in light gray, with the side-chain nitrogen atoms shown in black/OW, there are no SDSL restraint violation<0.1 A
Effective electron-proton distance restraints were derived from this ensem- In the following, structural ensembles are characterized
ble. by three different RMSD values, referred to as RMSD1,
RMSD2, and RMSD3, as described and summarized in
Table 1. RMSD1 reflects the similarity of the internal con-
RESULTS formations of the computed methotrexate structures to the
internal conformation of the target, RMSD2 measures the
precision with which the methotrexate binding mode is
Spin-labeled side chains corresponding to the product ofletermined without reference to the target structure, and
reacting  (1-oxy-2,2,5,5-tetramethif-pyrroline-3-methy) ~ RMSD3 gauges how well the target binding mode (location,
methanethiosulfonate (Fig. 1) with a cysteine residue wer@rientation, and internal conformation) is reproduced.
built on to five selected positions of dihydrofolate reduc- Fig. 3 shows an ensemble of 48 converged structures
tase. These side chains simulate those that would be ofENS1) obtained with SDSL restraints. The 49 SDSL re-
tained for the following spin-labeled single-site mutants:straints ranging between 13 and 25 A were incorporated
N18C, R33C, R71C, K109C, and Q146C. The residuesising error bounds of-10% of the effective distances. In
chosen for introducing the spin label were selected based drig. 3, the superposition in the reference frame of the
solvent exposure, proximity to the binding pocket, lack ofprotein is shown. The overall binding mode, as reflected by
direct interactions with the ligand, and good separatiorRMSD3 (2.81 A; Table 1), is reproduced with modest
between the locations of attachment. The K109C mutanprecision. Methotrexate tends to localize slightly above the
(Fig. 2) is particularly noteworthy, because this spin label istarget location. With reference to the average structure
in a position that can be characterized as behind or beneathther than the target binding mode, the localization is better
the ligand-binding pocket. defined (RMSD2= 1.50 A; Table 1). The internal confor-
Fig. 2 shows an ensemble of 48 structures in which thenation with respect to the target is reproduced moderately
conformations of the five spin-labeled residues were ranwell (RMSD1 = 1.17 A; Table 1).
domized by unrestrained simulated annealing. Fig. 2 also The results described above indicate that SDSL restraints
shows the target binding mode of methotrexate. Effectivevith £10% error bounds do not precisely define the bound
distances (see Methods) were calculated from the side-chalocation of methotrexate. To ascertain the effects of increas-
nitrogen atom of each spin label to protons of methotrexateing or decreasing the error bounds on the SDSL restraints,
After averaging over the methyl, methylene, andjfoup  two additional ensembles were calculated. An ensemble of
protons, this procedure yielded 50 effective distances. Ofi8 converged structures (ENS2) was obtained with error
these, only one was greater than 25 A; this restraint wakounds of+20% on the SDSL restraints. The RMSD values
incorporated with only a lower bound (20 A). The remain-for ENS2 (Table 1) demonstrate a decrease in precision

Dihydrofolate reductase-methotrexate complex
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FIGURE 3 Ensemble of 48 converged structures of dihydrofolate reducFIGURE 4 Ensemble of 48 converged structures of dihydrofolate reduc-
tase complexed with methotrexate obtained using SDSL restraints witllase complexed with methotrexate obtained using SDSL restraints with
+10% error bounds, using no short-range restraints. Structures are showh10% error bounds, using also eight short-range restraints. Structures are
in the reference frame of the protein coordinates. The protein backbonshown in the reference frame of the protein coordinates. The gray-scale
conformation is depicted by the medium gray ribbon, and all heavy atomgoding used is the same as that in Fig. 3.

of the methotrexate in its target binding mode are depicted by the thick

black stick diagram. The methotrexate binding modes derived by restrained

simulated annealing are depicted by thin dark gray stick diagrams. The

spin-labeled side chains are shown in light gray, with the side-chainust the SDSL restraints witkt10% error bounds (ENS1).

nitrogen atoms shown in black. The accuracy of the binding mode displayed by ENS5 is
similar to that obtained using tight+6% error bounds)
SDSL restraints only (ENS3). These results indicate that
relative to ENS1, both the overall binding mode and internalshort-range and SDSL restraints can act synergistically to
conformation. In particular, the RMSD relative to the targetproduce a relatively well-defined binding mode.
binding mode increases to 4.94 A. Decreasing the error
bounds on the SDSL restraints1b% produced an ensem-
ble of 46 converged structures (ENS3). The RMSD value
for ENS3 (Table 1) demonstrate an increase in precisioispin-labeled side chains were built on to four selected
relative to ENS1 and ENS2. The RMSD value for overall positions of the SH2 domain that simulate those that would
binding mode with respect to the target binding modebe obtained for the following spin-labeled single-site mu-
(RMSD3) is 1.95 A, and the RMSD value of the internal tants: T11C, K52C, D65C, and R74C. Unlike the dihydro-
conformation with respect to the target conformationfolate reductase-methotrexate case, no spin-labeled side
(RMSD1) is 0.95 A (Table 1). chain can be characterized as behind or beneath the binding
To determine the effects of incorporating a few short-groove.
range restraints, two additional ensembles were calculated. Fig. 5 shows the target phosphopeptide binding mode and
An ensemble (ENS4) was derived using only eight shortan ensemble of 50 structures with randomized conforma-
range restraints between ligand protons and backbone amidiens of the four spin-labeled residues. Effective distances
protons of dihydrofolate reductase. This ensemble serves agere calculated from each spin label to non-exchangeable
a necessary benchmark for calculations that combine thprotons of the phosphopeptide. After averaging over the
short-range and SDSL restraints. The short-range restraintaethyl, methylene, and equivalent aromatic protons, this
alone do not define the binding mode very well (Table 1).procedure yielded 76 effective distances. Of these, 14 were
The eight short-range restraints were combined with SDSlgreater than 25 A; these were treated as restraints with only
restraints -10% error bounds) to produce ENS5 (Fig. 4). lower bounds (20 A). The remaining 62 restraints ranged
This ensemble has considerably lower values for RMSDDetween 8 and 25 A. For all of the structural ensembles
and RMSD3 (Table 1) than the ensemble produced usindiscussed below, there are no SDSL restraint violations

s\I-Src SH2 domain-phosphopeptide complex
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TABLE 2 Phosphopeptide RMSD values (A) for the six
computed structural ensembles of the V-Src tyrosine kinase
SH2 domain/phosphopeptide complex

ENS1I ENS2 ENS3 ENS4 ENS5 ENS6
Neyuer 46 50 a7 48 22 50
RMSD1 0.88 1.46 0.55 0.76 0.35 0.99
RMSD2 1.87 2.48 1.41 1.63 1.20 1.99
RMSD3 2.95 1.46 0.71 0.94 0.46 1.09
RMSD4 3.39 1.80 0.93 1.25 0.70 1.42
RMSD5 5.01 2.50 1.35 1.51 1.09 2.13
RMSD6 5.81 2.99 1.63 1.91 1.41 2.45

ENS1, ensemble obtained with SDSL restraintd (%), using no short-
range distance restraints; ENS2, ensemble obtained with short-range dis-
tance restraints only; ENS3, ensemble obtained with SDSL restraints
(£10%) and short-range distance restraints; ENS4, ensemble obtained with
SDSL restraints £20%) and short-range distance restraints; ENS5, en-
semble obtained with SDSL restraints$§%) and short-range distance
restraints; ENS6, ensemble obtained with the reduced number of SDSL
FIGURE 5 Ensemble of 50 structures of the V-Src tyrosine kinase SH2estraints {10%) and short range restraints. RMSD1, average backbone
domain complexed with a five-residue phosphopeptide, with randomizedcitom (N, C, and € RMSD to the target phosphopeptide conformation,
spin-labeled residue conformations. The protein backbone conformation iafter superposition on to the target phosphopeptide backbone atoms;
depicted by the medium gray ribbon, and all heavy atoms of the phosRMSD2, average all heavy atom RMSD to the target phosphopeptide
phopeptide (target binding mode) are shown in black. The spin-labeled sideonformation, after superposition on to all heavy atoms of the target
chains (with residue numbers) are shown in light gray, with the side-chairphosphopeptide; RMSD3, average backbone atom (N, C, &W@RRISD
nitrogen atoms shown in black. Effective electron-proton distance reto the average phosphopeptide structure in the reference frame of the
straints were derived from this ensemble. protein; RMSD4, average all heavy atom RMSD to the average phos-
phopeptide structure in the reference frame of the protein; RMSD5, aver-
age backbone atom (N, C, and)(RMSD to the target phosphopeptide
structure in the reference frame of the protein; RMSD6, average all heavy

>0.1 A. The SH2 domain-phosphopeptide structural €N3tom RMSD to the target phosphopeptide structure in the reference frame
sembles are characterized by six different RMSD valuess the protein.
(RMSD1 through RMSD6) for both backbone atoms and all*Number of converged structures in the ensemble.
heavy atoms, as described in Table 2 .

Fig. 6 shows an ensemble of 46 converged structures
(ENS1) obtained with the 14 lower bound SDSL restraintstween M4 of the phosphopeptide and 171 and L94 of the
and with the 62 SDSL restraints ranging between 8 and 2protein. These represent NOE restraints that could be de-
A; the latter were incorporated using error bounds-d0%  rived using an isoleucine-leucine-valine-labeled protein
of the effective distances. In Fig. & the superposition in sample (Metzler et al., 1996).
the reference frame of the protein is shown. The overall An ensemble of 50 converged structures (ENS2) was
binding mode, as reflected by RMSD5 and RMSD6 (Tablecomputed using only the short-range restraints. The short-
2), is not reproduced very well. Both of these values exceedange restraints alone result in somewhat better localization
5.0 A. The phosphopeptide tends to localize well above théhan that obtained using only the SDSL restraints, with both
binding groove, because there are no restraints to direct tieRMSD5 and RMSD6 less than 3.0 A (Table 2) in the former
phosphopeptide deep into the binding groove. With refercase. However, the internal conformation with respect to the
ence to the average structure rather than the target bindirtgrget is reproduced less well, with RMSB41.46 A and
mode, the localization is still not very well defined, with RMSD2 = 2.48 A for ENS2 (Table 2).
RMSD3 = 2.95 A and RMSD4= 3.39 A (Table 2). The Using the short-range restraints in conjunction with the
internal conformation with respect to the target (Fidn)6s = SDSL restraints £10% error bounds), an ensemble of 47
reproduced moderately well, with RMSD% 0.88 A and  converged structures (ENS3) was obtained (Fig. 7). This set
RMSD2 = 1.87 A (Table 2). of structures is well defined, both with respect to overall

The SDSL restraints alone do not accurately define théinding mode and internal conformation (Table 2). Focus-
location of the bound phosphopeptide. As in the dihydro-ing on RMSD5 (1.35 A) and RMSD6 (1.63 A), it is clear
folate reductase-methotrexate case, the effects of addinpat the overall binding mode (Fig. & is much better
several short-range distance restraints were examined. biefined than with SDSL restraints alone (ENS1) or with the
total, nine short-range restraints were incorporated into thehort-range restraints alone (ENS2). The internal conforma-
subsequent calculations. One of these enforces a hydrogéion (Fig. 7b) is also well defined, with an average back-
bond between the phosphate group of the phosphopeptidine atom RMSD to the target (RMSD1) of 0.55 A.
and the strictly conserved R32 side chain (PDB entry 1ISHA Three additional ensembles of the SH2 domain-phos-
residue numbering). The remaining eight restraints are bephopeptide system were calculated to ascertain the effects
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FIGURE 6 Ensemble of 46 converged structures of the V-Src tyrosine

kinase SH2 domain complexed with a five-residue phosphopeptide obFIGURE 7 Ensemble of 47 converged structures of the V-Src tyrosine
tained using SDSL restraints with10% error bounds, using no short- kinase SH2 domain complexed with a five-residue phosphopeptide ob-
range distance restraints) Structures in the reference frame of the protein tained using SDSL restraints wittrt10% error bounds, using also nine
coordinates. The protein backbone conformation is depicted by the mediurshort-range distance restraints) Structures in the reference frame of the
gray ribbon, and all heavy atoms of the phosphopeptide in its target bindingprotein coordinates. The gray-scale coding used is the same as that in Fig.
mode are depicted by the thick black stick diagram. The phosphopeptidé a. (b) Stereoview (relaxed eye) of the phosphopeptide backbone N, C,
binding modes derived by restrained simulated annealing are depicted b§®, and O atoms, with the conformations derived by restrained simulated
thin dark gray stick diagrams. The spin-labeled side chains are shown iannealing (dark gray) superimposed on to the target peptide backbone
light gray, with the side-chain nitrogen atoms shown in blabk.Stereo- conformation (black).

view (relaxed eye) of the phosphopeptide backbone N,“Ca@d O atoms,

with the conformations derived by restrained simulated annealing (dark

gray) superimposed on to the target peptide backbone conformation

(black). more difficult to obtain with the tight error bounds in this
system.) The RMSD values for ENS5 (Table 2) demonstrate
an increase in precision relative to ENS3. The overall bind-

of increasing or decreasing the error bounds on the SDSing mode and internal conformation are well defined in

restraints while retaining the short-range restraints, and t&NS5. Finally, an ensemble (ENS6) was computed in which
ascertain the effects of eliminating a significant fraction ofall restraints involving the following ligandH resonances
the restraints. An ensemble of 48 converged structurewere eliminated: V3 andy-methyl; P38 andy; M4 g and

(ENS4) was obtained with error bounds020% on the full L5 B8; andy andd-methyl. These resonances are most likely

set of SDSL restraints. Whereas the RMSD values for ENS4o be involved in overlaps in a 1EH-NMR spectrum. For

(Table 2) demonstrate a decrease in precision relative t&ENS6, 8 short-range and 44 SDSL restraintd 0% error

ENS3, both the overall binding mode and internal confor-bounds) were retained. The RMSD values for ENS6 (Table

mation are still better defined than in ENS1 or ENS2.2) are between those of ENS2 and ENS3, indicating that a

Decreasing the error bounds on the full set of SDSL reteduced number of SDSL restraints still produces an im-

straints to+5% produced an ensemble of 22 convergedprovement over the results obtained with short-range re-

structures (ENS5). (Convergence proved to be significantlystraints only (ENS2).
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DISCUSSION There are several limitations to the approach as well. It
will not be applicable to ligands with severely exchange-

The simulations described in this article are based on thBroadened or highly overlapped resonances. The distribu-
following considerations. 1) Itis assumed that a majority ofy;o, of the spin-labeled side-chain conformations obtained

ligand proton resonances can be assigned and that reIaxatiB simulated annealing may differ from the true distribu-

rates can be measured. Stereospecific assignments are f, “rpe precision and accuracy of the restraints will be

assumed for prochiral methylene protons or prOCh'ralaﬁ‘ected by random errors associated with measurements of

methyl groups when deriving restraints. 2) Itis assumed thaf, e aramagnetic contributions and systematic errors arising
paramagnetic contributions to the relaxation rates can bg,m jnaccurate estimates of the correlation time and/or
measured for ligand protons with effective distances beg,q(ion of hound ligand. Nonlinear averaging of the effec-
tween 8 and 25 A of the nitrogen of the spin-labeled side; e gistances due to internal dynamics will also affect the
chain. This range is consistent with those reported in theyrecision and accuracy of experimental restraints. Given
literature (Gillespie and Shortle, 1997b; Dunham et al.these considerations, error bounds on the distance restraints
1998; Jacob et al., 1999; Johnson et al., 1999; Battiste et al,t hetween+10% and +20% are likely to be required.
2000; Gaponenko et al., 2000). 3) It is assumed that {eyertheless, even withi20% error bounds, a moderately
suitable structure of the protein in question is available andyq defined binding mode was obtained when a few sup-
that the boundaries of the binding pocket are known reapementary short-range restraints were included (Table 2).
sonably well. 4) It is assumed that the mode of ligand gypplementary short-range distance restraints could be
binding is unperturbed by the spin label. This could begptained in several different ways. For proteins that can be
supported experimentally by measuring the affinity of thepartially assigned, residue-type-specific labeling can be ap-
ligand for each spin-labeled protein. For proteins with apjied to obtain protein-ligand NOEs. For proteins that can-
resolved"H-"*N_heteronuclear single quantum coherencengy pe assigned, SDSL restraints could be used to check
(HSQC) spectrum, highly similar protein chemical shift binding modes produced by docking programs (Lambert,
changes should be induced by ligand binding if the mode i3 997) for consistency. Distance restraints reflecting key
unperturbed. 5) It is assumed that the spin-labeled sidgyeractions could be derived from alternate binding modes

chains must be treated as flexible. Even if a particularsyggested by docking and used in conjunction with SDSL
spin-labeled residue is relatively rigid due to its location restraints in structure calculations.

(Mchaourab et al., 1996), it is assumed that its conformation The simulated annealing protocol used to randomize the
is unknown. 6) Several Short-l’ange distance restraints maypin_|abe|ed side Chains produced a W|de Samp”ng of con-
be required for accurate ligand localization. Alternatively, formational space (Figs. 2 and 5). This probably represents
moderately accurate ligand localization can be achieveg worst-case scenario regarding the flexibility of these side
with tight SDSL restraints when at least some of thesechains, because it is known from electron paramagnetic
restraints direct the ligand into the binding site. However,resonance (EPR) studies (Mchaourab et al., 1996, 1999) and
high levels of both precision and accuracy on the SDSLcrystallographic studies (Langen et al., 2000) that the actual
restraints may be difficult to achieve, and a suitable spinconformational mobility may be restricted. For proteins
label placement beneath or behind the binding site will nolyith backbone assignments, distance restraints from the
be feasible in general, especially for larger proteins. spin-labeled side chains to backbone amide protons (Bat-
An advantage of the approach is that the number ofiste and Wagner, 2000; Gaponenko et al., 2000) could be
restraints obtainable is approximately given by the numbepsed in conjunction with restraints to the ligand to further
of spin-labeled sites multiplied by the number of resolvablerestrict the conformational freedom of the system. With a
ligand proton resonances. Protons that are too close or tdarger database of crystallographic information, with the
far from the paramagnetic center for measurement of thecquisition of EPR information, and/or with the use of more
paramagnetic contributions to their relaxation rates can stiltonformationally restricted spin labels, it may become pos-
be restrained with upper or lower distance bounds, respegible to place a priori restrictions on the spin-labeled side-
tively. This consideration also holds for protein global fold chain conformations. The currently available crystallo-
determination, where restraints can be obtained for all peakgraphic data (Langen et al., 2000) indicate tlgat x,
that are resolved and assigned in the 3'°N HSQC  rotamer of the spin-labeled side chain used here is disfa-
spectrum (Battiste and Wagner, 2000; Gaponenko et alyored.
2000). The approach should be applicable to all proteins Finally, the flexibility of the protein will need to be
with known structures for which suitable single cysteineaddressed if a given ligand produces changes in the pro-
mutants can be obtained. For proteins containing disulfidegein’s conformation relative to the available structures. For
or cysteines critical to their function, site-directed spinrelatively small changes, it should be sufficient to allow a
labeling of residues other than cysteines could be utilizednore extensive region of the complex to relax during a final
(Berliner, 1976; Schmidt and Kuntz, 1984; Hankovszky etrestrained energy minimization. More extensive changes
al., 1987; Musci et al., 1988). will likely require the incorporation of additional informa-
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tion, such as intra-protein NOEs and SDSL restraints to th®ewar, M. J. S,, C. Jie, and J. Yu. 1993. SAML.: the first of a new series

; : of general purpose quantum mechanical molecular mo@letsahedron.
protein, to accurately define the structure of the complex. 49-5003.5038.

Dunham, S. U., S. U. Dunham, C. J. Turner, and S. J. Lippard. 1998.
Solution structure of a DNA duplex containing a nitroxide spin-labeled
CONCLUSIONS platinum d(GpG) intra- strand cross-link refined with NMR-derived
long-range electron-proton distance restraidtsAm. Chem. Sod.20:
The results reported in this article indicate that protein- 5395-5406.
ligand SDSL restraints have the potential of providing valu-Farmer, B. T., 1, and R. A. Venters. 1998. NMR of perdeuterated large

: : : S ; proteins.In Biological Magnetic Resonance, Vol. 16. N. R. Krishna, and
able information on “gand blndlng modes. When combined L. J. Berliner, editors. Kluwer Academic/Plenum Publishers, New York.

with several short-range restraints, the overall ligand bind- 75-120
ing mode can be defined relatively well. The combinedresik, S. W. 1988. Isotope-edited NMR spectroscopgture. 332:
restraints yield a significant improvement over results ob- 865-866.
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