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Abstract: A simple and reliable method for docking protein—protein complexes using *Hn/**N chemical
shift mapping and backbone **N—H residual dipolar couplings is presented and illustrated with three
complexes (EIN-HPr, 1IAG-HPr, and IAMI-HPr) of known structure. The 'Hy/*N chemical shift mapping
data are transformed into a set of highly ambiguous, intermolecular distance restraints (comprising between
400 and 3000 individual distances) with translational and some degree of orientational information content,
while the dipolar couplings provide information on relative protein—protein orientation. The optimization
protocol employs conjoined rigid body/torsion angle dynamics in simulated annealing calculations. The
target function also comprises three nonbonded interactions terms: a van der Waals repulsion term to
prevent atomic overlap, a radius of gyration term (Ey) to avoid expansion at the protein—protein interface,
and a torsion angle database potential of mean force to bias interfacial side chain conformations toward
physically allowed rotamers. For the EIN-HPr and IIA®°-HPr complexes, all structures satisfying the
experimental restraints (i.e., both the ambiguous intermolecular distance restraints and the dipolar couplings)
converge to a single cluster with mean backbone coordinate accuracies of 0.7—1.5 A. For the IIAMI-HPr
complex, twofold degeneracy remains, and the structures cluster into two distinct solutions differing by a
180° rotation about the z axis of the alignment tensor. The correct and incorrect solutions which have
mean backbone coordinate accuracies of ~0.5 and ~10.5 A, respectively, can readily be distinguished
using a variety of criteria: (a) examination of the overall *Hy/*>N chemical shift perturbation map (because
the incorrect cluster predicts the presence of residues at the interface that experience only minimal chemical
shift perturbations; this information is readily incorporated into the calculations in the form of ambiguous
intermolecular repulsion restraints); (b) back-calculation of dipolar couplings on the basis of molecular shape;
or (c) the Ey: distribution which, because of its global nature, directly reflects the interfacial packing quality.
This methodology should be particularly useful for high throughput, NMR-based, structural proteomics.

Introduction by crystallography or NMR, is therefore still the method of

f choice. Solving such structures using conventional NMR
methodology presents a considerable technical challenge and
is highly time-consuming.If the structures of the free proteins
are already known at high resolution, and conformational
changes upon complexation are either minimal or localized, it
is possible to use conjoined rigid body/torsion angle dynatfics

to solve the structure of the complex based solely on intermo-

T National Institute of Diabetes and Digestive and Kidney Diseases, lecular interproton distance restraints, derived from isotope-
National Institutes of Health.

Protein—protein complexes represent the central theme o
regulatory pathways, and knowledge of their structure is critical
for an understanding of function. Despite recent advaheds,
initio docking from structures of free proteins is still in its
infancy and remains problemafi&xperimental determination
of the atomic structures of protetprotein complexes, either

* Center for Information Technology, National Institutes of Health. ) Sm|th G. R.; Sternberg, M. J. Eurr. Opin. Struct. Biol2002 12, 28—

(1) (a) Fahmy, A.; Wagner, G.. Am. Chem. So2002 124, 1241-1250. (b)
Mufioz-Carpio, C. A. D.; Ichiishi, E.; Yoshimori, A.; Yoshikawa, T. 3) (a) Clore, G. M.; Gronenborn, A. Mirends Biotechnoll998 16, 34. (b)
Proteins2002 48, 696-732. (c) Chen, R.; Weng, ZRroteins2002 47, Walters, K J.; Ferentz A.E.; Hare B. J.; Hidalgo, P.; Jasanoff, A.; Matsuo,
281-294. (d) Fernandez-Recio, J.; Totrov, M.; AbagyanProtein Sci. H.; Wagner, G.Methods EnzymoIZOO:L 339 23&258. (c) Zuiderweg,
2002 11, 280-291. (e) Lorber, D. M.; Udo, M. K.; Shoichet, B. IRrotein E. R. P.Biochemistry2002 41, 1-7.
Sci.2002 11, 1393-1408. (f) Tovchirechko, A.; Wells, C. A.; Vakser, I. (4) Schwieters, C. D.; Clore, G. M. Magn. Reson2001, 152, 288-302.
A. Protein Sci.2002 11, 1888-1896. (5) Clore, G. M.; Bewley, C. AJ. Magn. Reson2002 154, 329-335.

2902 = J. AM. CHEM. SOC. 2003, 125, 2902—2912 10.1021/ja028893d CCC: $25.00 © 2003 American Chemical Society



Method for Docking Protein—Protein Complexes

ARTICLES

filtered/edited nuclear Overhauser enhancement (NOE) mea-HPr (PDB code 1GGR)and IIA"-HPr (PDB code 1J6F)complexes
surements, and orientational restraints from residual dipolar were determined by NMR, and the restrained regularized mean

couplings*®~8 Nevertheless, unambiguous assignment of in-
termolecular NOEs is still difficult and time-consuming, par-
ticularly for larger complexe%.In contrast, mapping of inter-
action surfaces byH\/°N chemical shift perturbation is a
simple and rapid procedufel.ikewise, measurement of back-
bone N—1H residual dipolar couplings'Dny) is entirely
straightforward and fast.Here, we demonstrate with three
examples of proteinprotein complexes previously solved in
our laboratory by NMR&10that it is possible to reliably dock

structures are used as the reference structures in the present study. The
experimental 11&£'-HPr” and IIAM!-HP® structures were determined
using conjoined rigid body/torsion angle dynamics on the basis of
intermolecular NOE data and residual dipolar couplihg&nce, the
backbone coordinates of the individual proteins in the complexes are
identical to those of the free crystal structures (with the exception of
four short loop regions in the case of NAwhich undergo small atomic
shifts upon complex formati§h The NMR structure of the EIN-HPr
complex® on the other hand, was determined conventionally using a
full complement of intramolecular NOEs, in addition to intermolecular

such complexes based on highly ambiguous intermolecular NOEs and residual dipolar couplings, and while the coordinates of the

distance restraints derived frofdn/Y*N chemical shift mapping,
in conjunction with backbonéDyy dipolar couplings, using
conjoined rigid body/torsion angle dynamics.

Methods

1Dy dipolar coupling data were taken from the papers describing

the structure determinations of the EIN-HPtHA G-HPr and 11AM!-
HPR complexes!Dyy dipolar couplings for EIN-HPr (126 for EIN,
75 for HPr), IAS-HPr (118 for 1Ak, 75 for HPr), and IIAY-HPr
(114 for 1AM 71 for HPr) were measured in liquid crystalline media
of phage fd'? (negatively charged rod), tobacco mosaic \ittis
(negatively charged rod), and poly(ethylene glycol)/hexah@ieutral),
respectively *Hn/**N chemical shift mapping data for EIN-HPr were
taken from ref 12, while those for the If%-HPr and 11AM-HPr

individual components are close to those of the corresponding free X-ray
structures €1 A for EN and~0.6 A for HPr), they are not identical.
Consequently, the reference structure for the EIN-HPr complex was
obtained by best-fitting the X-ray coordinates of free EIN and HPr to
the restrained regularized mean NMR structure of the EIN-HPr complex.
This ensures that the backbone root-mean-square (rms) difference
between the calculated docked structures and the reference structure
does not reflect internal coordinate differences between the X-ray and
NMR structures.

Back-calculation of dipolar couplings based on molecular shape using
a steric obstruction model was carried out using the program SSIA.

Results and Discussion

Converting ™Hn/"N Chemical Shift Maps into Highly

complexes were derived from unpublished data obtained at the time Ambiguous Distance Restraints. Backbone'Hy and >N

we solved their structures.

All minimization and dynamics calculations were carried out using
the program Xplor-NIH3 Rigid body/torsion angle dynamics was
carried out using a sixth-order predictor-corrector integrator with
automatic time step selectidrResidue accessible surface area, ASA

chemical shifts are highly sensitive to environment and have
been extensively used to map interaction surfaces on prcteins.
Perturbations in backbontHy and N chemical shifts are
mainly influenced by electronic effects and, in the caséf
chemical shifts, by ring current effects as well. (Note that ring

(expressed as a percentage of that residue’s surface accessibility in anrrent effects arising from aromatic residues are local and

extended Gly-X-Gly tripeptide), was calculated using the program
GETAREA Molecular structure figures were made with the programs
GRASP® and VMD-XPLOR?®¢ The ensemble distributions of the
docked structures are depicted by isosurfaces of the reweighted atomi
density map¥ drawn at a value of 20% of the maximum with a uniform
atomic radius of 1 A.

The calculations made use of the X-ray coordinates for free HPr
(PDB code 1POH}? EIN (PDB code 1ZYM)!€® IIACG (PDB code
2F3G, molecule 2)% and IIAM! (PDB code 1A3A, molecule DY¢
The experimental structures of the EIN-HPr (PDB code 3EZHA ©'c-
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584-590.
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generally extend out to only-34 A from the aromatic ring.) It
has to be noted, however, that chemical shift perturbation is

Subject to indirect effects, and hence some degree of common

sense and caution are always required to appropriately map a
protein—protein interface in this manner. For example, the
backbone'Hn/1N shifts of an internal residue can be signifi-
cantly perturbed as a consequence of intramolecular interactions
with a residue located at the proteiprotein interface. Similarly,
in cases where the thickness of the molecule at the interface is
small (comprising, for example, only two elements of structure
such as two helices, or a sheet and a helix), it is possible that
sizable backboné&H/!5N shifts can be manifested by a residue
that is only one layer (i.e., element of structure) removed from
the interface and yet whose side chain may be exposed on a
surface that is actually located opposite of the interaction surface.
Thus, irrespective of the specific details used to select interfacial
residues on the basis of chemical shift mapping, a selected
residue should satisfy three criteria: (a) significant chemical
shift perturbation upon complex formation, (b) at least one or
two atoms of the residue should be readily visible on the surface
in a space-filling representation of the molecule, and (c) the
selected residue should constitute part of a cluster of residues
that can form a contiguous, single binding surface. Both (b)
and (c) are readily assessed by visual inspection using an
appropriate molecular graphics program.

The first step in our procedure is to convert thdy/15N
chemical shift perturbation maps into a set of highly ambiguous

(19) Zwecketter, M.; Bax, AJ. Am. Chem. So200Q 122 3791-3792.
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intermolecular distance restraints. The representation that weconformations toward those rotamer conformations observed in
have chosen makes use of the so-called-summed” distance  very high-resolution protein crystal structurés.

that is generally used to interpret ambiguous NOE assignrifents,  Because only upper bounds are employed for the ambiguous
with the key difference that in the latter case only a small distance restraints and because the van der Waals term does
number of interproton distances are involved. Gitgmesidues ~ not contain an attractive component, the radius of gyration term,
on protein A and Ny residues on proteirB that have been  Eqgyr, is absolutely essential to avoid expansion at the pretein
localized to the proteinprotein interface by chemical shift — protein interface. Expansion arises because there are many more
mapping, we derive a set oN§ + Np) ambiguous distance  expanded structures that can satisfy the restraints than compacted
restraints @az and dpa) between all hydrogen, nitrogen, and ones which can only be attained by a more limited set of side

oxygen atoms if of each residuea on protein A and all chain configurations. The target value for the radius of gyration,
hydrogen, nitrogen, and oxygen atonjisdf all residuesb on Ryy'9¢! is given by 2. %38whereN is the number of residues
proteinB, and vice versa: in the calculated comple® The calculated value oRyy,@9%et

tends to underestimate the true valuRg (Ry,™®. The exact
_ —6 \—1/6 _ —6 \—1/6 value of Ry,2"%¢! in the context of the present calculations,
e (Z Z "aiv) and: Gy (Z Z "aib) @) however,Rigg not critical providingRgy,2"9et < Ry,"® because
the Egyr potential is a global soft packing potential and the
wherer i is the distance between atorof residuea of protein quartic van der Waals repulsion term prevents atomic overlap.
A and atomj of residueb of proteinB. The number of atoms ~ For EIN-HPr, where the value d®y,, for the experimentally
per residue range from 5 for Gly to 18 for Arg. Eaa restraint ~ determined structure is-22.6 A, for example, essentially
therefore comprises a setrafy,; distances involving 518 atoms ~ identical results are obtained &, *9 values of 20 and 22
of residuea, depending on the nature of resicy@nd anywhere ~ A. However, if Ry @9 were significantly larger thafRgy e,
between 50 and 250 atoms from prot@&ndepending on the  theEryr potential would allow expansion to occur. TRg,*'9¢t
number and type of selected interfacial residbesn protein values employed are 20.0 A for the EIN-HPr complex (residues
B. In the examples presented in this paper, the numbey; gf 2—249 of EIN + 1-85 of HPr), 17.5 A for the II&°-HPr
distances encompassed in a single ambiguous distance restraiff®mplex (residues 19168 of lIASte and -85 of HPr), and
ranges from 400 to 3000. Eadhs anddss ambiguous distance  17-4 A for the IIAMI-HPr complex (re5|dues—414? of “Al\{m .
restraint is given an upper bound of 5 A. It should be emphasized T 185 of HPr). Because the backbone and noninterfacial side
that this does not imply that any individual; distance is 5 A chains are treated as rigid bodies through@ig,, in effect,
or less because,s is always smaller than the shortesty, _dlrectly reflects the packing quality at the proteiprotein
distance. Moreover, a cutoff & A is actually quite generous ~ Interface. , , ,
because of the nature of the ambiguous distance restraints. Thus, The force constants for the distance and dipolar coupling

for example, if a givertl,s ambiguous distance restraint is made 'estraints, a(r;d the quartilc \:jan %er Waals repulsion, radius of
up of 20 individualra,; distances, each 10 A in length, the value 9Yration, and torsion angle database terms are denotieghas
of dygs is 6 A. Kdip, Kvaw, Krgyr, @ndKkgp, respectively. In addition, the van der

Waals repulsion term also includes a van der Waals radius scale
factor s,qw.?? To maintain computational efficiency during
imulated annealing, the masses of all protein atoms are set to
00 amu, while those of the four atoms of the dipolar coupling
alignment axis are set to 5000 amu. This ensures that the
moments of inertia of the three rigid bodies (i.e., the two proteins
and the axis of the alignment tensor) are comparable, thereby
making the time scale of their motion similar. The complete
simulated annealing protocol is as follows: (i) Rigid body
minimization with one of the two proteins fixed using only the

The Simulated Annealing Docking Protocol.The potential
surface generated by such highly ambiguous intermolecular
distance restraints (eq 1) is rough, and there are many false local
minima on the path to the global minimum region of the target
function. We have therefore designed a powerful simulated
annealing protocol, implemented in Xplor-Nfto overcome
these barriers and reach the global minimum region of the target
function2! The protocol combines both rigid body minimization
and conjoined rigid body/torsion angle dynamics in which the
interfacial side chains are given their full torsional degrees of ambiguous distance restrainkgi¢ = 0.01 kcal mot? A-2) and
freedom?®® The target function comprises two experimental the van der Waals repulsion terrkd, = 4 kcal mol? A2,
tgrms: a quadratic square-well potential for the ambiguous siaw = 0.8). (ii) Rigid body dynamics with one protein held
distance restraint and a harmonic potential for th&Dy fixed using only the ambiguous distance restraints and the van
dipolar couplingg? (Note that because the backbone is treated ger waals repulsion term: the temperature is slowly decreased
as arigid body, no additional information is gained by measuring qyer 40 cycles (60 ps/cycle with the integration time step ranging
other backbone dipolar couplings.) In addition, three terms are from 15 fs to 4.6 ps and averaging H51.1 ps) from 1500 to
used to represent the nonbonded interactions: a quartic van deggg K in increments of 25 K, whil&gis; andkyaw are increased
Waals repulsion termq.) to prevent atomic overlagha radius  geometrically from 0.01 to 30 kcal mdl A=2 and 0.004 to 1
of gyration term Eyy),%* and a side chain torsion angle database kcal molt A4, respectively, ane,qy is decreased from 0.9 to
potential of mean forcefyy) to bias the interfacial side chain ¢ 75 (iii) Conjoined rigid body/torsion angle dynamics with
both proteins free to rotate and translate and with the interfacial

(20) i?))g gllzgfas,ﬁl\ilélirgégmslg93 17, 297-309. (b) Nilges, M.J. Mol. Biol. side chains (as defined by thd\/15N chemical shift mapping)
(21) (a) Nilges, M.; Gronenborn, A. M.; Bnger, A. T.; Clore, G. MProtein given their full torsional degrees of freedom: all five terms of

Eng.1988 12, 27—-38. (b) Nilges, M.; Clore, G. M.; Gronenborn, A. M.

FEBS Lett.1993 229 317-324. (23) Kuszewski, J.; Gronenborn, A. M.; Clore, G. M.Am. Chem. S0d.999
(22) Clore, G. M.; Gronenborn, A. M.; Tjandra, . Magn. Resorl1998§ 131, 121, 2337-2338.

159-162. (24) Clore, G. M.; Kuszewski, . Am. Chem. So@002 124, 2866-2867.
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Figure 1. Results of docking calculations for the EIN-HPr (left), filiaHPr (middle), and IIAM-HPr (right) complexes. (a) Interfacial residues (blue/cyan

for HPr, red/orange for the three enzymes, and purple for the active site histidines) identifielg/BIN chemical shift perturbation mapping (see text)
displayed on a molecular surface representation of the proteins. (The blue and red colored interfacial residues indicate residues with@swuataessibl
area (ASA) in the free proteings50% of that in an extended Gly-X-Gly peptide; the cyan and orange colored residues indicate interfacial residues in the
free proteins with 5%= ASA < 50%.) (b) Plots of the dipolar coupling-factor (Rqip) versus accuracy for the converged structures characterized by no
violations>0.5 A in the highly ambiguous intermolecular distance &g < Rgp™%@" In the case of the EIN-HPr (left panel) and MAHPr complexes

(right panel), the red circles and blue diamonds indicate structures in the lower and higher energy populations, respectivéy,cadifigbution. (c)
Histograms of theEg,, distributions for the converged structures. Tig, distribution is unimodal for the 1I&-HPr complex (middle), but bimodal for

the EIN-HPr (left) and IIA"-HPr (right) complexes. For the bimodal distributions, the lower and higher erigggypopulations are colored red and blue,
respectively. Note that in the case of the YAHPr complex, all of the structures in the lower eneiy,, population reside in the correct cluster 1
ensemble; all of the structures in the incorrect cluster 2 ensemble reside in the higher EBggngypulation. (d) Backbone (depicted as tubes) best-fit
superpositions of the average coordinates (red) of the converged structures on the previously determined NMR structures (blue) solved of the basis o
intermolecular NOEs and residual dipolar couplii§d®In the case of the 11X!-HPr complex, the mean coordinates are derived from the cluster 1 ensemble.
The ensemble distributions of the docked structures are depicted by isosurfaces of the reweighted atomic density maps.-R&safud®rl 2-230 of

EIN, 19-168 of IIA,S and 4-147 of IAM! are displayed in (d).

the target function are employed, the temperature is slowly s,qw is decreased from 0.78 to 0.75. (iv) Conjoined rigid body/
decreased over 59 cycles (3.25 ps/cycle with the integration timetorsion angle minimization with the force constants unchanged
step ranging from 1.5 to 80 fs and averaging2d4 fs) from except forkygy = 3 kcal mott A=4ands,qy = 0.78. A complete

1500 to 25 K in increments of 25 K, andist, Kdip, Kvdw: Krgyr, set of Xplor-NIH input files for the docking protocol is available
and kqp are increased geometrically from 1 to 30 kcal mol  on-line at http:/spin.niddk.nih.gov/clore.
A-2,0.001 t0 0.01 kcal mof Hz2, 0.1 to 1.0 kcal molt A4, Application to the EIN-HPr, lIA G'c-HPr, and 1A M!-HPr

0.01 to 100 kcal moft A~ 2, and 0.002 to 1, respectively, and Complexes.Figure 1 summarizes the results obtained for the

J. AM. CHEM. SOC. = VOL. 125, NO. 10, 2003 2905
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Table 1. Number of Interfacial Residues Used To Generate the between these limits the choice is not critical. With an ASA
Ambiguous Intermolecular Distance Restraints® cutoff greater than 50%, the likelihood of defining a representa-
number of residues used for ambiguous distance restraints tive interaction surface is low; for an ASA cutoff less than 5%,
EIN-HPr IAS-HPr IAM_HPr too many internal residues are likely to be included.
EIN HPr I1AGe HPr flAM HPr In the case of the lI&'°-HPr and IIAM!-HPr complexes, all
>505 ASAD 14 15 16 9 14 16 of the residues selected in this manner are located on a single
>50% ASA 6 9 7 6 9 9 face of the molecule and clearly constitute a contiguous

] ] interaction surface (Figure 1a, middle and right panels). In the

aThe selected residues are characterizedMpyy = [(ASHN)? +
(AON)Y2 > 90 Hz (at a spectrometer frequency of 600 MHz) upon Case of the EIN-HPr complex, on the other hand, there were
complexation for I14'°-HPr and [1AM-HPr and>60 Hz upon complexation ~ two additional surface accessible residues (Arg131 and Lys135)

for EIN-HPr (see main textf Only interfacial residues with an accessible  tp xperien ignificant chemical shi rturbati
surface area (ASA) in the free proteins ab% of that in an extended that experience significant chemical shift perturbatiofg{

Gly-X-Gly tripeptide are included. The identity of the residues is as follows. Of ~95 and~130 Hz, respectively) but whose eqused side
For EIN-HPr: residues 68, 69, 72, 79,885, 110, 111, 115, 120, 123,  chains (ASA> 50%) are located on the face opposite of the

Mot ihat the. Ie{\(l:’tiSgiitr:ﬂidsltjigisnilzlz!’iszlggitf‘I;?N,Af\?\;hi:nhdiss g:?ugfll)l/—l located INteraction face (i.e., the backside of the molecule), and hence
at the very edge of the proteiprotein interfacé?is not included because ~ are not visible in the view shown in Figure 1a (left-hand panel).

its backbone amide is only minimally perturbed upon complexatin This phenomenon is readily explained. Both Arg131 and Lys135
9N7,22F0%)i52r '1@3’ 'ﬂar}orreﬁ&ﬁigzl‘%?’2619”2721”fg' ‘?88" g% 2}169564 are located in helix 4; one exposed face of helix 4 constitutes
for HPr. For IIAMI_HPr: residues 49, 5254, 93, 112, 115, 116, 119, 120,  part of the binding surface located in the front of the molecule

éé? a{_"fF‘) 12'\;‘ Iortrl:AftlhandtreSid‘?ez'lga'ﬂZA'lg;lhﬁL_SZ'tano: 5d4_d (in the view shown in Figure 1a), while the other exposed face
or r. Note thal e aclive site nistidine IS (o) S not INcluae: . . . . .

because ita\yn shift was slightly less than the cutoff value of 90 HDnly _Of helix 4 is d'reCted_ to‘_Nard the backside of the mOIeCUk':_‘- Th_'s
interfacial residues with an ASA in the free proteinsd§0% of that in an is an example of indirect, short range, effects resulting in

:étfe(;;%?,\‘ljsﬁ'%fE?,llxgg?ﬁPrtéi? difgs'gcs',ugg,déﬂ‘fl'g?gtl't{ ‘;fntgel ;%S;gf‘?”\'i chemical shift perturbation of residues outside of the interaction
and residues 12, 1517, 24, 49, 51, 52, and 54 for HPr. For [BA&HPr: surface. Clearly, neither Arg131 nor Lys135 are part of a cluster
L%si(éliez r?c?,g‘ iesfb?ﬁpgralr?;]wl&lloﬁ Igrr?dré‘sli‘é S%f?za%ds rggidggslklszﬂl,lﬁ of perturbed resiglues that' can a f(.)rm. a contiguous bilnding
120, 123, and 124 for i1, and residues 1517, 20, 48, 49, 51, 52, and  SUH1ace. For consistency with the guidelines put forward in the
56 for HPT. preceding section dealing with the conversion ‘6fy/*>N
chemical shift maps into ambiguous distance restraints, Arg131
40 kDa EIN-HPr (left-hand panels), the 30 kDa R2HPr and Lys135 were therefore excluded from the calculations.
(middle panels), and the 30 kDa IY&-HPr (right-hand panels) ~ However, test calculations showed that the inclusion of Arg131
complexes. Although enzymes EIN, If&, and 1AM interact and Lys135 in the ambiguous distance restraints has absolutely
with the same target protein, HPr, they bear no similarity in no impact on the results. The reason for this lies in the very
either primary amino acid sequence or tertiary struct@ré. generous nature of the ambiguous distance restraints defined
In this instance, the initial criteria used to select the interfacial by €4 1 with an upper bound of 5 A; thus, examination of the
residues were based on the combifieg/N shift perturbation experimentally determined NMR structure of the EIN-HPR
upon complexation,Ayn (in Hz) given by [ASMH)?2 + complex? reveals thatlargis1 ppris less tha 5 A anddy ysiss e
(AOTN)ZM2. For the I1AG-HPr and IIAM-HPr complexes, is only 5.5 A. The latter can readily be reduced<s A by
residues withAyy = 90 Hz (at 600 MHz) were included. For minor alterations in the side chain conformation of Lys135
the EIN-HPr complex, the overall shift perturbations were Without having any impact on either translation or orientation
smaller so a cutoff of 60 Hz was employ&iThe second  ©of HPr relative to EIN.
criterion was based on surface accessibility. Two sets of For each set of calculations, 300 simulated annealing
calculations were carried out. In the first set, residues with an structures were computed with randomly assigned initial veloci-
accessible surface area (ASA) in the free proteb% of that ties starting with the X-ray coordinates of the protéfsaced
in an extended Gly-X-Gly peptide were employed. In the second 50—100 A away from each other, in four random orientations
set, only residues with an ASA 50% in the free protein were  and directions (i.e., 75 structures were calculated per orientation).
used. The average number of interfacial residues per proteinBecause of the complexity of the energy landscape on the path
was~14 for ASA > 5% and~8 for ASA = 50%. The locations  to the global minimum region, not all calculated structures
of these residues on the surfaces of the proteins are displayedonverged. Structure selection from the ensemble of 300
in Figure la, and the exact number of interfacial residues calculated structures was therefore carried out using a simple
employed in each case is summarized in Table 1. The ASA two-step procedure based on the ambiguous intermolecular
cutoffs of 5% and>50% represent the extremes for the choice distance restraints and dipolar couplings. In the first step,
of interfacial residues, and the results below indicate that structures with ambiguous intermolecular distance restraint
violations greater than 0.5 A were excluded from further
(25) Calculations for the EIN-HPr complex were also carried out usinga consideration. For the calculations using ambiguous intermo-

cutoff of 80 Hz. For calculations using interfacial residues in the free | lar di . derived f id ith
proteins with ASA> 5%, there were 9 residues for EIN and 13 for HPr,  l€cular distance restraints derived from residues with ASAx,

and the results (backbone mean coordinate accuracylofd for the 251. 286. and all 300 structures for the EIN-HPr. $IiAHPT
structures with no ambiguous intermolecular distance violates A At . ' oy
andRyip < Ryp™ed@) are very similar to those obtained usingvan cutoff and IIAMI-HPr complexes, respectively, converged with no
of 60 Hz. For calculations using interfacial residues with ASA0 Hz in ambiguous distance restraint violatior®.5 A. In the second

the free proteins, however, there are only 4 residues for EIN and 8 residues . . . .
for HPr. The number of interfacial residues for EIN in this instance is clearly  Step, only those structures with residual dipolar coupling

too small to define a representative binding surface, and consequently the p_ 26 i - distributi i
backbone mean coordinate accurasyl (6 A) of the converged structures R-factors, Rap,”> in the first half of theRe; distribution (i.e.,

is a little lower. Raip < Raip™d@) were retained. The choice of the median as a
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Table 2. Statistics of Structural Convergence and Selection?

EIN-HPr I1AGE-HP IIAM-HPY

Table 3. Backbone Ensemble Precision and Coordinate Accuracy

for Converged Structures with No Distance Violations >0.5 A and

Rdip < Rdipmediana

(1) Number of Structures with No Distance Violation§.5 A

M_| b
>5% ASA 251 (83.7%) 286 (95.3%) 300 (100%) AT HPr
>50% ASA 230 (76.7%) 296 (98.7%) 300 (100%) EIN-HPr 1ACE-HPr cluster 1 cluster 2
(2) Number of Structures from (1) witRgip < Rgipmediancd >5% ASA
>5% ASA® 126 (42.0%) 143 (47.7%) 150 (50%) MRaip(%)° 253+15 16.2+03 19.9+0.3 20.5£0.3
>50% ASA 115 (38.3%) 148 (49.3%) 150 (50%) ensemble 1.114+0.28 0.90+0.39 0.74+0.55 0.76+ 0.68
precision (A)
aThe total number of structures calculated in each case is 300. Two ensemble 1.264+0.48 1.70+0.46 0.96+0.46 10.68+0.11
sets of calculations were carried out for each complex using interfacial  accuracy (A)
residues with either ASA 5% or >50% in the free proteins to generate  mean coordinate 0.71 1.47 0.52 10.66
the ambiguous intermolecular distance restraints (see Table 1). The accuracy (A)
percentage of retained structures (out of the total of 300 calculated) is given
in parentheses. Although selection was based on a distance violation cutoff 250% ASA
of 0.5 A, in fact none of the converged structures exhibited distance MRaipl(%)° 258+16 16.3£0.3 20.0+04 20.6£0.3
violations>0.1 A. ¢ The ranges for the first and second halves ofRg ensemble 1.124+0.38 0.75-0.34 0.84-0.63 0.87-0.64
distribution after the first selection stage, based on violations of ambiguous  precision A
intermolecular distance restraints, are $23.2% and 27.263.9% for EIN- ensemble 1.52+0.48 1.54+0.52 0.95+0.62 10.72+:0.15
HPr; 15.6-16.9% and 16.939.1% for the 11A8'-HPr; 19.4-20.9% and accuracy (A)
20.9-34.7% for the 1AM -HPr. d The ranges for the first and second halves  mean coordinate 1.06 1.40 0.41 10.68

of the Ryjp distribution after the first selection stage, based on violations of

accuracy (A)

ambiguous intermolecular distance restraints, are-20727% and 27.8
63.1% for EIN-HPr; 15.616.8% and 16.838.1% for the [1/A8°-HPr;
19.5-21.1% and 21.431.4% for the 1AM -HPr,

cutoff is based on the observation that &g, distribution is
highly skewed (see footnotes ¢ and d to Table 2). Thus, after

aTwo sets of calculations were carried out for each complex using
interfacial residues with either ASA 5% or >50% to generate the
ambiguous intermolecular distance restraints (see Table 1). Backbone
ensemble precision is defined as the average backboneo(NC'Catomic
rms difference between the individual simulated annealing structures and
the mean coordinates of the ensemble (obtained after best-fitting the

the Ryip-based selection, there are 126, 143, and 150 structuresndividual simulated annealing structures to the backbone atoms of all

for the EIN-HPr. IIAS'c-HPr. and IIAMU-HPr complexes, re- residues of the complex); ensemble accuracy is the average backbone atomic
’ ’ ! rms difference between the individual simulated annealing structures and

spectively. The_correspondi_ng numpers of cpnverged StrUCtl_JreSthe coordinates of the experimentally determined structures derived from
for the calculations employing ambiguous intermolecular dis- the full complement of intermolecular NOE and dipolar coupling data (see

tance restraints derived from interfacial residues with only ASA

> 50% are comparable and are summarized in Table 2.
Figure 1b displays plots dRqip, Versus coordinate accuracy,

defined as the backbone atomic rms difference between the

Methods section). The mean backbone coordinate accuracy is the backbone
atomic rms difference between the mean coordinates of the ensemble of
simulated annealing structures and the experimental coordirtatasre

are two clusters of structures for the MAHPr complex. The first cluster
represents the correct solution, while the second cluster represents an
alternate incorrect solution. The ratio of the number of structures in the

simulated annealing structures remaining after the second stag@irst cluster to the number in the second clusterB For the calculations

of the selection procedure and the experimental coordinates
determined previously on the basis of a full complement of
intermolecular NOEs and residual dipolar couplings (see
Methods section). For the correct solution, the valuBdgffor

the complex should be approximately comparable to that
obtained when best-fitting the two proteins of the complex
individually to separate alignment tensors. The rang&gf
values forRyjp = Raip™®%2"is narrow and satisfies this criteria
(see footnotes b and c to Table 2). Note, however, that there
are uncertainties in the determination of the magnitude and
orientation of the alignment tensor as a consequence of nois
generated from errors in the X-ray coordinates of the individual

proteins, as well as uncertainties in the experimental measure-

ment of the!Dyy dipolar couplings themselvé$.Thus, it is
important to stress that while the weighted mean of Fag
values for the individual proteins represents an absolute lower
limit of Ry, for the complex (because the backbone coordinates
are held rigid),Rgip values for the complex that are somewhat
higher are still acceptable.

In the case of both the EIN-HPr and the RAHPr
complexes, all of the structures that exhibit no distance violations
>0.5 A with Rypp = Rgpmed2"converge to the same region of
conformational space (Figure 1b and Table 3). The backbone

(26) (a) Clore, G. M.; Garrett, D. S. Am. Chem. S0d.999 121, 9008-9012.
(b) The dipolar couplingR-factor Ry, is given by the ratio of the of the

rms deviation between observed and calculated values to the expected rms

deviation if the vectors were randomly oriented, given b9 24 + 37?)/
5]42, whereD, is the magnitude of the axial component of the alignment
tensor, and; is the rhombicity.

(27) Zweckstetter, M.; Bax, Al. Biomol. NMR2002, 23, 127—137.

e

using interfacial residues with ASA 5%, there are 102 structures in the
first correct cluster and 48 structures in the second incorrect cluster. The
corresponding numbers for the calculations using interfacial residues with
ASA = 50% are 99 and 51, respectivefyThe definition of the dipolar
coupling R-factor is given in ref 26b.

accuracy of the mean coordinates ranges frobn7 to~1.5 A

and is comparable to backbone coordinate precision which
ranges from~0.8 to 1.1 A (Table 3). In addition, the results
obtained with ambiguous intermolecular distance restraints
derived using interfacial residues with ASA 5% and>50%

in the free proteins are comparable, illustrating the robustness
of the protocol (Table 3).

Satisfying the ambiguous intermolecular distance restraints
and the dipolar couplings is not necessarily sufficient to ensure
a single correct solution. Thus, in the case of theMiAdPr
complex, there are two distinct clusters in which the orientation
of HPr relative to II1A differs by a 180 rotation about the
axis of the alignment tensor (Figure 2). The presence of two
distinct structural solutions in this instance arises from an
unfavorable combination of the orientation of the alignment
tensor and the intrinsic degeneracy of the ambiguous distance
restraints. The mean coordinates of the first cluster are- 0.5
0.7 A away from the correct solution, whereas those of the
second cluster are-10.7 A away (Table 3). The number of
structures in the first cluster is about double that in the second.
Although the averag&yj, value for the first cluster (19.%
0.3%) is a little lower than that for the second (2&3.3%),
it is clear that no distinction between the two solutions can be
made on the basis &y, alone.
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a Cluster 1 In unfavorable cases, such as the MIAHPr complex, the
ambiguous intermolecular distance restraints only reduce the
number of solutions to two. The 2-fold reduction in degeneracy
is achieved because the ambiguous intermolecular distance
restraints ensure that the two binding surfaces are opposed, and
interpenetration of the two molecules is prohibited by the van
der Waals repulsion term. In the case of theMiAHPr complex,

the persistence of twofold degeneracy arises from the fact that
thex andy axes of the alignment tensor lie in the plane of the
protein—protein interface, such that a 18tation about the

axis can occur without interpenetration of the two molecules
(Figure 2).

In those instances where twofold degeneracy remains resulting
in two alternative proteirprotein orientations, a variety of
experimental, computational, and empirical approaches can be
used to distinguish the correct solution from the incorrect one.
These are summarized below.

b Cluster 2 The simplest initial approach is to reexamine /N
chemical shift perturbation maps in the light of the calculated
structures and assess whether these maps can permit one to
distinguish between the two alternative solutions. In the case
of the IIAMI-HPr complex, this qualitative approach permits a
straightforward discrimination between the two structural solu-
tions. Thus, while both cluster 1 (Figure 2a) and 2 (Figure 2b)
solutions are consistent with the ambiguous intermolecular
distance restraints derived from residues that exhibit significant
IHNW/AN chemical shift perturbation upon complexation, the
cluster 2 solution is not fully consistent with the observild/

15N chemical shift perturbation map. Specifically, there are five
surface exposed residues of HPr (Ser37, Asn38, Gly39, Gly58,
Figure 2. Comparison of the mean coordinates of the correct cluster 1 (a) and Thr59) that are present at the interface in the cluster 2
and incorrect cluster 2 (b) ensembles of structures obtained for t-1IA  solution and yet exhibit only minimahyy (5—20 Hz) shifts

HPr complex. The backbone coordinates are displayed as a tub®.i8A |50 complexation (Figure 2b). In contrast, in the cluster 1
shown in blue in the same orientation in (a) and (b). The orientation of . . h . .
HPr in the two clusters (red for cluster 1 and green for cluster 2) differs by Solution, these five residues are far from the interface (Figure
a 180 rotation about the axis of the alignment tensor (displayed in orange). 2a). A simple method for incorporating this type information
Note that thex andy axes of the alignment tensor lie in the plane of the  djrectly into the calculations is to introduce repulsive ambiguous

protein—protein interface so that a 18@otation about thez axis of the . - . G
alignment tensor does not result in steric clash. In this particular case, the intermolecular distance restraints witly > 0.5 A between each

ambiguous intermolecular distance restraints cannot distinguish betweenreésiduea on proteinA with a minimal Ay to all residues with

the two alternative orientations. Thex@toms of the active site histidines  significant Ay on proteinB. The results of such calculations
(His65 of IIAM! and His15 of HPr) are shown as purple spheres. In the are shown in Figure 3. The twofold degeneracy is completely
correct cluster 1 ensemble, the€Ca separation between the active site . . . . .
histidines is 12.34+ 0.7 A, fully consistent with the formation of a lifted, and all converged Str_UCtureS (i.e., no distance violations
pentacoordinate phosphoryl transfer intermediate; the corresponding C ~ >=0.5 A and Rgip < Rgip™%@) now reside in the cluster 1
Co. separation of 17.2+ 1.6 A in the incorrect cluster 2 ensemble is  ensemble. Clearly, in this instance, the ambiguous repulsive

incompatible with the formation of such a transition state intermediate that : : : : :
has been established by biochemical metfdEhe G atoms of five restraints were added in an ad hoc manner after visual inspection

residues of HPr (Ser37, Asn38, Gly39, Gly58, and Thr59) that exhibit Of the structures. However, the calculations suggest that
minimal *Hy/!N chemical shift perturbation upon complexation but are automatic introduction of repulsive restraints is readily feasible.

predicteq to be at the proteiprotein interfa(_:e in the cluster 2 ensemble_ If the liquid crystalline medium employed is neutral and
are d‘epllcted as yellow spheres; these residues are far from the protein ientati | order i d by steric int ti betw
protein interface in the correct cluster 1 ensemble. orientational oraer 1S governed by steric interactions between
o . the liquid crystalline medium and the complex, one can
Distinguishing between Alternate SolutionsFor an asym- jiterentiate between alternate solutions on the basis of molec-
metric alignment tensor, t,h@NH dipolar couplings measured 15 shape using a steric obstruction model to back-calculate
in a single alignment medium are consistent with four possible 1,4 alignment tensor and residual dipolar couplife&For the
relative proteir-protein orientations, two of which differ by a || A mi_ypy complex® the 1Dy dipolar couplings were measured
180" rotation about the axis of the alignment tensor, and the i, 5 npeytral poly(ethylene glycol)/hexanol liquid crystalline
other two by a 180rotation about thy axis of the alignment qqiym11b The experimental values of the axial component of
tensor. In most instances, exemplified by the EIN-HPr and alignment tensoDNH) and the rhombicitysf) are 12.1 Hz

IIA Ge-HPr complexes, the ambiguous intermolecular distance and 0.42, respectively, and the average valugggffor all 150
restraints derived frorfHy/**N chemical shift mapping resolve 4 ctures WithRgip < Rgp™d1(i.e., clusters 1 and 2 combined)

the fourfold degeneracy such that only a single orientation is i 20 24+ 0.5%. The predicted values BN andy using the
consistent with both the ambiguous intermolecular distance

restraints and théDyy dipolar couplings. (28) Bewley, C. A.; Clore, G. MJ. Am. Chem. So@00Q 122, 6009-6016.
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Figure 3. Results of docking calculations for the A-HPr complex using both attractivelg < 5 A) and repulsivedas > 5 A) ambiguous intermolecular
distance restraints. The repulsive restraints involve five surface exposed residues of HPr (Ser37, Asn38, Gly39, Gly58, and Thr59) thay exiniloitadnl

A (5—20 Hz) shifts upon complexation (cf. Figure 2). Incorporation of the repulsive intermolecular distance restraints resolves the 2-fold degfeneracy (
Figure 1b, right-hand panel, and Figure 2), and all structures with no violati@s A in the ambiguous intermolecular distance restraints Ryjd>

Rapmedian converge to the correct cluster 1 solution. Structures were calculated with attractive ambiguous intermolecular distance restraints derived from
interfacial residues with (a) ASA 5% and (b) ASA> 50% (cf. Table 1). A total of 300 simulated annealing structures was calculated in each case, and
the number of structures with no distance violatiord.5 A andRgp < Rgp™@@"was 130 and 134, respectively. The top panels show plots of the dipolar
couplingR-factor, Rip, versus accuracy. The values [&;;[) the ensemble precision, ensemble accuracy, and mean coordinate accuracy for the structures
in (a) are 20.7+ 0.7%, 0.83+ 0.53 A, 1.184+ 043 A, and 0.77 A, respectively; the corresponding values for the structures in (b) aré: 207%, 0.99

+0.74 A, 1.07+ 0.81 A, and 0.46 A, respectively. The middle panels show ploBgfversus accuracy, and the lower panels show histograms &dfe
distribution. TheEgy, distribution is unimodal but highly skewed with a mode~&7 kcal mof* in (a) and 24 kcal mol* in (b). The individual simulated
annealing structures in the tails of tBgy, distribution €y = 55 kcal mof™) are of lower accuracy.

steric obstruction model for the cluster 1 structures are 2.7  of the phosphorus, indicative of a transition state with a
0.8 Hz and 0.26+ 0.04, respectively, with a back-calculated pentacoordinate phosphoryl gro#ig.Hence, in a dissociative
Raip Value of 30+ 4% and a correlation coefficient of 0.91 transition state complex, the distance between th2 &lom of
0.02. For the cluster 2 structures, on the other hand, the predictecHis65*1P and the M1 of His15c would be~6 A, and in an
values of D,NH and 5 are 16.14+ 0.6 Hz and 0.22+ 0.04, associative () transition state, this distance would be reduced
respectively, with a back-calculatéy, value of 49.2+ 3.4% to ~4 A. The Gx—Cu distance between the active site histidines
and a correlation coefficient of 0.78 0.06. One can therefore  in the cluster 1 structures is 12430.7 A, while in the cluster
conclude that the measured dipolar couplings are fully consistent? structures it is~17.2 + 1.6 A. Thus, biochemical and
with the molecular shape of the cluster 1 structures but functional considerations permit one to eliminate the cluster 2

incompatible with that of the cluster 2 structures.

second set ofDyy dipolar couplings in an alternate liquid

media)>2?° While simple in principle, this may not always be
between the complex and the liquid crystalline medium which

example, both the EIN-HPr and If%-HPr complexes bind to

bicelle-base# liquid crystalline media.

Prior biochemical information, when available, can also be
employed. For the IIX!-HPr complex, an upper bound of 14
A for the Ca—Ca distance between the active site histidines
(His65 of IIAM! and His15 of HPr) is readily calculated because
phosphoryl transfer between the active site histidines is known,
from isotope studies, to occur with inversion of the configuratio

(29) Ramirez, B.; Bax, AJ. Am. Chem. S0d.998 120, 9106-9107.
(30) Tjandra, N.; Bax, ASciencel997, 278 1111-1114.

structures. Obviously, in other cases, such clear-cut prior
From an experimental NMR standpoint, the two alternate biochemical data may not be available, in which case one would
solutions can also be readily distinguished by measuring a have to resort to making a few selected site-specific mutations
and ascertaining their effect in an appropriate binding or
crystalline medium characterized by a significantly different functional assay.
alignment tensor (e.g., charged versus uncharged alignment Finally, an empirical method based on an effective packing
score, in the form of the radius of gyration tergy, can also
possible in practice because of the presence of interactionsbe used. This is discussed in detail in the following section.
Discrimination Using E.,, as a Measure of Packing
preclude the measurement of residual dipolar couplings. For Quality. Of the three nonbonded terms in the target function,
the Egyr term most directly reflects the backbone accuracy metric
as a consequence of its global nature. A changesiy,
corresponds to a relative displacement of all inter-protein atoms
and thus is directly associated with a change in backbone
accuracyEy is a soft packing potential that reflects the overall
packing density, and hence surface complementarity, at the

n (31) (a) Mueller, E. G.; Khandekar, S. S.; Knowles, J. R.; Jacobson, G. R.

Biochemistryl99Q 29, 6892-6896. (b) Van Dijk, A. A.; de Lange, L. C.
M.; Bachovchin, W. W.; Robillard, G. TBiochemistry1992 31, 5552~
5556. (c) Weigel, N.; Powers, D. A.; Roseman,JSBiol. Chem.1982
257, 14499-145009.
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protein—protein interface (because the backbone and noninter- Table 4. Discrimination of Subpopulations of Structuhrﬁs on the
facial side chains are treated as rigid bodies) and is therefore(BCala'sstgrf ir)‘ec’gﬁ]yg)lg)'fg;'?“t'on for the BIN-HPr and I1A™-HPr
not particularly influenced by details of local interactioBggy,

and Egp, on the other hand, are heavily influenced by local EINHPY VAS-HPr luster 17
interactions, and large changes in their values (due, for example, lower Eyr  higherEqy  lowerEq, higher Ergy
to a single bad nonbonded contact or one poor rotamer for a >5% ASA
side chain at the interface) can readily be associated with very °ccupancy (%)  57.6% 42.4% 77.0% 23.0%
; o, Raip(%) 253+ 1.1 254+20 19.9+03 20.1+0.34

small changes in backbone positions. Indeed, backbone accuracg  range 685-838 8711065 63262 281989
for the structures witlRgjp < Raip™®¥@is not at all correlated  (kcal mot?)
with Evqw or Eqp. Consequently, we have found examination of ensemble A 0.50+£0.20 0.6&:0.32 0.47+0.22 1.3%0.40
the Ergyr distribution to be useful, Zrni‘ifé%'ﬂe( ! 0.88+0.19 1.78+0.16 0.78+0.27 153+ 0.52

Figure 1c displays histograms &gy for those structures accuracy (A
with no ambiguous intermolecular distance violationg.5 A mean coordinate 0.72 1.62 0.64 0.71
and Rgip < Rgp™dan For the IIAS-HPr complex, the Ry accuracy (Af
distribution is unimodal and approximately normal (Figure 1c, 250% ASA
middle panel), and only a single cluster of structures is observed ‘[’Bg:“[p&:‘)cy (%) 2231'10/‘1 3 266?10/10 ; 1963fg’3 2032145/"5
(Figure 1b, middle panel). For the IM{-HPr and EIN-HPr Erg;frange 726-829  870-1071 7.6-26.8  27.8-102
complexes, on the other hand, a clear-cut bimoHgy, (kcal mol?)
distribution is observed (Figure 1c, right and left panels, ensemble 0.53+0.21 0.63+0.35 0.41£0.29 1.42+0.48
respectively). The presence of bimodality indicates the presenceggic‘;ﬁ:%rl‘e(” 0.934 021 180L016 0674028 1475073

of two structure populations characterized by different overall accyracy (Ag
dimensions and shape, with the higher endegy, population mean coordinate 0.76 1.65 0.48 0.67
being more expanded (i.e., largBgy). The results obtained  accuracy G
using ambiguous intermolecular distance restraints derived from i i

. . . . . . The boundary between the lower and higkegy;,: energy populations
either interfacial residues with ASA 5% or>50% in the free is at~840 kcal mot™ for the EIN-HPr complex (Figrure 1c, left panel) and
proteins are very similar with the exception that the occupancy at ~27 kcal mol? for the IIAMI-HPr complex (Figure 1c, right panel).

; ; ; Note that the higher values &gy, for the EIN-HPr complex are simply
of the lowerEq, population is slightly reduced for the latter ", e fact that the value of 20 A @y @9t calculated using the

(Figure 1c, left and right panels; Table 4). empirical relationship 212938 (whereN is the number of atoms) is a little

inati ' I underestimated, and the quartic van der Waals repulsion term imposes a
Examination of the plot ORd'p versus accuracy for the I hard lower limit forRgy of ~22.5 A. Repeating the EIN-HPr calculations

_Hpr complex (WiFh the lower energigy: POp_Ulation colored using a value of 22 A vyields essentially the same results in terms of
in red, and the higher enerdsqy: population in blue) reveals  coordinate precision and accuracy, except Eagk spans a range from61

i ; to ~250 kcal mot?, and the boundary between the lower and higher energy
that all of the structures in the lowd,, energy population Ergyr populations is~110 kcal mot?. P The structures for the [14!-HPr

but none of the structures in the higl&g,. energy population complex correspond to those calculated in Figure 1 (right-hand panels) using
reside in the correct cluster 1 ensemble. Thus, all of the attractive ambiguous intermolecular restraints and do not include the use

; ; A ; f ambiguous intermolecular repulsive restraifitSwo sets of calculations
structures in the incorrect cluster 2 ensemble reside in the hlghera/ere carried out for each complex using interfacial residues with either

Ergyr €n€rgy population (Figure 2b, right panel). ASA =5% or =50% in the free proteins to generate the ambiguous
The overall distribution 0Egy, for the HAMI_HPr cluster 1 intermolecular distance restraints (see Tabled_Backbone ensemble

. . L ) . precision, ensemble accuracy, and mean coordinate accuracy are defined
ensemble, while unimodal, is in fact highly skewed (cf. Figure in footnote a of Table 3.
3c for the structures calculated with additional ambiguous
intermolecular repulsive restraints), and the presence of higherfor the lower energyq, population, but 15.5t 0.5 A for the
energy (more loosely packe@)qy structures within cluster 1 higher energyEy: population. Thus, the €-Ca distance in
corresponds to the tail of the clusteEly, distribution. While the higher energyE.,: population is a little long to permit
the structures in the tail of thEyy, distribution are both less  phosphoryl transfer to occur. Despite the presence of these two
precise and less accurate, the accuracies of their mean backbonsubpopulations with substantially different accuracies (both in
coordinates{0.7 A) are only slighly worse than those of either  terms of the ensembles and their respective mean coordinates,

the structures in the main envelope of tBgy, distribution Table 4), it is worth noting that the backbone accuracy of the
(~0.5-0.6 A) or of all of the cluster 1 structures combined mean coordinates of the overall ensemble (Table 3) is compa-
(~0.4-0.5 A) (Tables 3 and 4). rable to that of the mean coordinates for the lower en&gy

For the EIN-HPr complex, although all converged structures population (Table 4).

fall into a single cluster in Figure 1b (left), it is evident from Comparison with Docking Based on Dipolar Couplings

the multicolored plots oRgip Versus accuracy that there are two and Ring Current Shift Calculations. Our approach differs
subpopulations of structures within this cluster with a boundary significantly from one proposed recently in which the difference
of ~1.5 A in backbone coordinate accuracy. These two between experimentéHy chemical shift perturbations and those
subpopulations reflect two distinct populations in tgy, calculated from ring current shifts is used to locate the proteins,
distribution (Figure 1c, left), with the lower energigy previously oriented by residual dipolar couplings, on a pre-
population (red) corresponding to the more accurate structuresdefined grid®2 The latter approach, which was illustrated for
(Table 4 and Figure 1b, left). The difference between the two the EIN-HPr complex, depends critically on the orientation of
subpopulations is primarily a translational one which is reflected aromatic side chains at the interface. Phe48 of HPr plays a
in Ergyr: the Gu—Co. separation between the two active site
histidines (His189 of EIN and His15 of HPr) is 13490.5 A (32) McCoy, M. A.; Wyss, D. FJ. Am. Chem. So@002 124, 2104-2105.
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Figure 4. Stereoview illustrating the interaction of Arg17 of HPr with Asp38 and Asp94 of'fi the docked II&£'>-HPr complex. The backbone of the

mean coordinates is shown as tubes (purple for HPr, orange f6)l1Ahe isosurface of the reweighted atomic density map (contoured at 20% of the
maximum value) for Arg17, Asp38, and Asp94, calculated from the ensemble of 143 converged structures (no vietaiohsn ambiguous distance
restraints andRyip < Raip™e¥a? cf. Table 2), is shown in green. It is readily apparent from the atomic density map that Arg17 can form salt bridges with both
Asp38 and Asp94. To guide the eye, the side chain of Arg17 (blue) of HPr has been fitted into the atomic density mpdpalyiiside chain torsion angles

in ag /t/g- conformation; the side chains of Asp38 and Asp94 (orange) df'ilaave likewise been fitted into the atomic density map witangles in

thet andg~ rotamers, respectively. (The ensemble of docked structures used to generate the figure was obtained from the calculations using interfacial
residues with ASA> 5% to derive the ambiguous intermolecular distance restraints, cf. Tables 1 and 2.)

critical role in the interface of all three complexé&3°described repulsion term which prevents both intermolecular and intramo-
in the present paper. In free solution, Phe48 is rotamer lecular atomic overlap of side chain atoms. Nevertheless, there
averaged? In the crystal structure of free HPf2the y; angle are many side chain rotamer combinations that are compatible
of Phe48 is in they~ rotamer. This rotamer is preserved in the with the relative orientation and translation of the proteins
EIN-HPr compleXC so that an approach based on ring current determined from the ambiguous intermolecular distance re-
shifts could be successfully applied (although details of selection straints andDyy dipolar couplings. Indeed, as discussed in the
criteria were not provided, so it is difficult to ascertain the section above, this is highly advantageous because accurate side
robustness of the method). However, in the case of thE€HA  chain conformations are not at all required to obtain correct
HPr and IAM!-HPr complexeg;8they; angle of Phe48 adopts  docking using the present procedure.
a trans conformation which would completely preclude any  While the proteir-protein complexes docked using the
attempt at correct ring current shift predictions based upon a present method therefore do not permit a detailed analysis of
g~ rotamer. Such conformational plasticity of surface side chains the geometry of intermolecular side chain interactions, they are
is a very common feature of prote#protein interactiong1 still more than sufficient to ascertain the correct identity of
In the case of the present approach, however, the exactpairwise intermolecular side chain interactions. This is illustrated
placement of side chains, including those with large rigid groups, in Figure 4 with regard to the [IBc-HPr complex. Argl7 of
such as aromatic rings, is not at all critical. Thus, while the HPr is critical for phosphoryl transfer to I35 the role of
torsion angle database potential biases the side chain conformaarg17 is to neutralize the negatively charged carboxylate groups
tions toward physically allowed rotame¥sall threey; rotamers  of Asp38 and Asp94 of II&E close to the active site by forming
of Phe48 are in fact populated (albeit with a predominance of bifurcated salt bridgesFigure 4 displays a reweighted atomic
the trans rotamer) in the converged structures for all three probability density map of Arg17, Asp38, and Asp94 represent-
complexes. This being said, ring current effects could readily ing the ensemble of 143 converged structures with no violations
be incorporated in further refineméhiand could potentially ~ >0.5 A in the ambiguous intermolecular distance restraints and
increase the coordinate accuracy of some interfacial side chainsRy;, < Rgpmed2" |t is evident from the probability map that
Side Chains in the Docked ComplexesThe experimental Argl7 does indeed interact with Asp38 and Asp94. In addition,
information used to dock proteirprotein complexes in the itis readily possible to fit allowed side chain rotamer combina-
present work relates principally to the backbone in the form of tions within the map that permit good salt bridges to be formed.
IHW/5N chemical shift perturbations adByy dipolar couplings.
Although the ambiguous intermolecular distance restraints €oncluding Remarks
employ all hydrogen, oxygen, and nitrogen atoms of a residue, |, this paper, we have provided a simple method for reliably
and hence include many side chain atoms, this information is yocking protein-protein complexes on the basis of easily
insufficient to _unlquely define side chain c_onformgtlor_ls. Thu;, measuredDyy dipolar couplings and highly ambiguous inter-
the conformational space sampled by the interfacial side chains,qjecular distance restraints derived fréfy/15N chemical
is to a large extent influenged by the. torsion angle database gy mapping (cf. eq 1), combined with a powerful simulated
potential of mean forcé (which comprises two-, three-, and  znneqjing rigid body/torsion angle dynamics protocol. While
four-dimensional correlations relating backbapig and side 4 interaction surfaces in the present study were derived from
chain torsion angles) and is further limited by the van der Waals 1H\/15N chemical shift mapping, a number of other simple NMR

and biochemical methods could also be employed. These include

(33) van Nuland, N. A. J.; Boelens, R.; Scheek, R. M.; Robillard, Gl. Mol.
Biol. 1995 246, 180-193.

(34) (a) Kuszewski, J.; Gronenborn, A. M.; Clore, G. MMagn. Resoril995 (35) (a) Anderson, J. W.; Pullen, K.; Georges, F.; Klevit, R. E.; Waygood, E.
Ser B 107293-297. (b) Kuszewski, J.; Gronenborn, A. M.; Clore, G. M. B. J. Biol. Chem.1993 268 12323-12333. (b) Kruse, R.; Hengstenber,
J. Magn. Reson., Ser. B996 112, 79-81. W.; Beneicke, W.; Kalbitzer, H. RProtein Eng.1993 6, 417—423.
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NMR cross-relaxation measuremeiit¥and protein modifica- the determination of higher accuracy NMR structures of
tion by either site-directed mutagenesis or alanine scanningcomplexes (including the detailed placement of interfacial side
mutagenesis coupled with an appropriate binding or functional chains) by providing a good starting point for the assignment
assay to assess the effect of the mutati§iche methodology of intermolecular NOE data.

presented here should provide a powerful tool in high throughput

structural proteomics and, moreover, should greatly accelerate Acknowledgment. This study utilized the high performance
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(37) The delineation of interaction surfaces by cross-saturétismpotentially
more precise than that obtained¥¥/>N chemical shift mapping, because Note Added after ASAP Publication: The version pub-

cross-saturation is directly dependent on the close spatial proximity ( . . .

A) between the backbone amides of one partner and the aliphatic protons lished on the Web 2/15/2003 contained errors in the ASA
of the other. However, experimentally, cross-saturation necessitates the : B : ; B

breparation of two highly deuterated 98%) 15N Jabeled samples in which concentrations in Table 4 The final Web version published 2/20/
nonexchangeable protons of tHN-labeled partner in the complex are 2003 and the print version are correct.

replaced by deuterons (i.e., '3{/2H]-protein A + U['*N/*H]-protein B,

and vice versa). Such samples are expensive to make because, in additionjA028893D

to growing the bacteria in £D, d7-glucose must also be employed to ensure
a very high level of deuteration. Given the nature of the cross-saturation
experiment, an ambiguous distance restreigtvould comprise distances (38) Jin, L.; Wells, J. A. IrStructure of Antigensvan Regenmortel, M. H. V.,
from the amide proton of a mapped resicuen proteinA to all of the Ed.; CRC Press: New York, 1996; Vol. 3, pp236. (b) DeLano, W. L.
protons of all of the mapped residues on protBin Curr. Opin. Struct. Biol.2002 12, 14—20.
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