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Abstract: The description of the nonbonded contact terms used in simulated annealing refinement can
have a major impact on nucleic acid structures generated from NMR data. Using complete dipolar coupling
cross-validation, we demonstrate that substantial improvements in coordinate accuracy of NMR structures
of RNA can be obtained by making use of two conformational database potentials of mean force: a nucleic
acid torsion angle database potential consisting of various multidimensional torsion angle correlations; and
an RNA specific base—base positioning potential that provides a simple geometric, statistically based,
description of sequential and nonsequential base-base interactions. The former is based on 416 nucleic
acid crystal structures solved at a resolution of <2 A and an R-factor <25%; the latter is based on 131
RNA crystal structures solved at a resolution of <3 A and an R-factor of <25%, and includes both the
large and small subunits of the ribosome. The application of these two database potentials is illustrated for
the structure refinement of an RNA aptamer/theophylline complex for which extensive NOE and residual
dipolar coupling data have been measured in solution.

Introduction simulated annealing refinement to physically reasonable regions

NMR structure determination involves seeking the minimum ©f conformational space within the range of possibilities that
of a target function comprising terms for the experimental NMR &€ consistent with the experimental NMR restraftitalthough
restraints, covalent geometry, and nonbonded contatte double stranded DNA can adopt a number of distinct conforma-
description of the nonbonded contacts can have a significanttions (€-9., A, B, or Z-DNA), interstrand hydrogen-bonding is
impact on the accuracy of a NMR structure determination, usually limited to WatsorCrick base pairing, no tertiary
particularly in the case of nucleic acids where the density of INtéractions are present, and interresidue contacts are generally
short interproton distances is rather limife@n the basis of ~ limited to nucleotides and base pairs adjacent in the linear
the results of cross-validation against independent NMR ob- S€duencéAlthough the local conformation of RNA s typically
servables (interproton distance restraints derived from nuclear”"tYPe, RNA can adopt much more complex structures than
Overhauser enhancement measurements and dipolar couplingsPNA including not only a variety of non-WatserCrick
we recently showed that significant improvements in the interstrand hydrogen-bonding interactions, but also long-range
accuracy of NMR structures of DNA can be obtained by internucleotide tertiary interactions between nonsequential

; o .
including both torsion angle and base-base positioning databasd'ucleotides or base paifs? As a consequence, the design of
potentials of mean force in the description of the nonbonded the bfge-bgse positioning potential employed successfully for
interactions These statistical potentials, which are derived from PNA® in which interactions were limited to linearly sequential
high resolution crystal structures, seek to bias sampling during 'Ntra- and interstrand base-base contacts is not appropriate for
RNA. In this paper, we describe a base-base positioning potential
* To whom correspondence should be addressed. Phone (301) 496 07820f mean force specifically designed for RNA, and demonstrate
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Table 1. Breakdown of Dat_a_ba_ses Used to Create the Torsion i=N
Angle and Base—Base Positioning Potentials of Mean Force Egetior = Kaetior Egeior (1) 1)
=

A. nucleic acid torsion angle database potential
(resolution <2 A, R-factor <25%)?

no. of structure wherekgeior is @ unitless force constarid,is the number of DELPHIC
RNA structures 64 torsion restraints (_i.e_., the number of tors_ion angle a_mgle.potential
A-RNA 24 surfaces), anqeio(i) is the sum of the quartic bell functions fitted to
tRNA 2 the potential surface appropriate for a particular set of torsion angle
protein-RNA 8 correlations. In the case of a two-dimensional surface correlating torsion
drug-RNA 19 anglesa andp, for example Egeiofi) is of the form
unusual RNA 11
DN:\ I;t’\rllif:tures 322 -0
B-DNA 61 Egenoli) = Z torsionQuarti(j) (2a)
Z-DNA 42 1=
drug—DNA 89
protein-DNA 66 whereQ is the number of quartic bells used to fit the raw DELPHIC
unusual DNA 22 torsion angle potential of mean force, and
DNA/RNA hybrids 20
Total 416

torsionQuart(j) = height{)-aFrac{,j)®gFrac(,j)> (2b)

B. RNA specific base-’gase positioning pgtential
(resolution =3 A, R-factor <25%) where heighf{ is the height of a particular fitted quartic bell function

no. of valid residue pairs j (in kcakmol=1), and
no. of structures sequential nonsequential

A-RNA 30 1378 7995 aFrac(j) = , , ,

tRNA 9 879 5557 [0tian()” = Ao(i]) Y oign()” TF 1A < Aign()

protein-RNA 43 2302 13083 Oaw'd‘h it f 1A = ft(j) (2c)

ribosomal protein-RNA 6 8243 64638 DI = Cwign

drug-RNA 21 461 3075 .

unusual RNA 22 1664 11002 BFrac(j) =

Total: 131 14927 106350 Buiae§)® = A VBosan0)* 1 IABADI < Buian®)

aThe torsion angle database potential comprises 26 2D surfades;, 0 if1ABGLDI = Buian()

-, i, aly, o, ale, oJg, aly, Ble-1, PIC-1, Ply, pId, Ble, IT, Bly,
YIC-1, y10, yle, vIE, yly, Ole, OIE, Oy, €lC, ely, andly; 8 3D surfaces: where owign(j) and Bwian(j) are the widths of the fitted quartic bell

ole1/G1, CIBIG1, alfly, Blylo, yldle, dlelg, yldly and dlely; and 1 4D P - .
surface: y/dlyle. P Includes the 2.4 A resolution structure of the 50S function j along thea and § axes, andAa(ij) and Af(i)) are the

ribosome suburiit and the 3 A resolution structure of the 30S ribosome Minimal angular distances from the center of the fitted quartic bell
subunit?3 functionj (along each axis) to the current values of the torsion angles

from DELPHIC torsion restrainit
of these database potential coupled with a torsion angle database The raw DELPHIC base-base positioning potentials of mean force
potential of mean force leads to a considerable improvement in &€ likewise fitted by sums of multidimensional quartic bell functions,
the accuracy of the NMR structures of an RNA aptamer/ 2d the energy for the DELPHIC base-base positioning poteRigs
theophylline complex for which extensive nuclear Overhauser is given by
enhancement (NOE) and residual dipolar coupling data have

i=N
previously been measured in solutigr2 Edeipos= kdelposz Eerpodi) 3)
Methods =
Database PotentialsThe database potentials are derived from the Wherekaeiposis @ unitless force constari,is the number of DELPHIC
structures present in the Nucleic Acid Datadases of March 2001. positional restraints (i.e., the number of base-base positional potential
The torsion angle and base-base positioning potentials are distributedsurfaces) an@geio(i) is the sum of the quartic bell functions fitted to
with Xplor-NIH.4 the potential surface type appropriate for the four orienting atoms of
The DELPHIC torsion angle database potential of mean f&ggu, restrainti
consists of a set of multidimensional potential surfaces derived from
high-resolution crystal structures describing various torsion angle =0
correlations in two-, three-, and four-dimensions (Table £A)he raw Edeipodi) = ) positionQuarticj) (4a)

potentials are fitted by sums of multidimensional quartic bell functions =

as described previousty,and Egeior is given by>2 . . ;
whereQ is the number of quartic bells used to fit the raw DELPHIC

(10) Clore, G. M.; Garrett, D. S. 1998 Am. Chem. Sod.999 121, 9008- positioning potential of mean force, and
9012.
(11) Zimmerman, G. R.; Jenison, R. D.; Wick, C. L.; Simorre, J.-P.; Pardi, A. -, . . 2 2 2
Nature Struct. Biol1997, 4, 644—649. positionQuarti(j) = height{)-xFrac(j)“-yFrac{,j)"zFrac(,j)
(12) Sibille, N.; Pardi, A.; Simorre, J.-P.; Blackledge, W.Am. Chem. Soc. (4b)

2001, 123 12 135-12 146.
(13) Berman, H. M.; Olson, W. K.; Beveridge, D. L.; Westbrook, J.; Gelbin,

A.; Demeny, T.; Hsieh, S.-H.; Srinivasan, A. R.; Schneide3®phys. J. where heigh{] is the height of a particular fitted quartic bell function
1992 63, 751-759; Available on-line at http://www.ndbserver.rutgers.edu/  ; (in kcal-mol*l) and
NDB. ! ’

(14) Schwieters, C. D.; Kuszewski, J.; Tjandra, N.; Clore, GJIMJagn. Resan
2003 160, 66—74; Executables and source code for Xplor-NIH are available (15) (a) Clore, G. M.; Kuszewski, J. Am. Chem. So2002 124, 2866-2867.
on-line at http://nmr.cit.nih.gov/xplor-nih. (b) Clore, G. M.; Kuszewski, J. Magn. Reson2000Q 146, 249-254.
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xFrac(,j) = at 3000 K, in which all nonbonded interactions involving either the
2 2 N2 i i uartic van der Waals repulsion term or the Lennard-Jones and
; — AX(,j) X, if |AX@i,))| < X q p
E)X‘N'dtho) (33 i 0) if | Ain j;l - X'dthg; (4c) electrostatic terms are turned off with the exception of those between
D)1= Kuidtn

C1 atoms; (ii) 119 cycles of 0.2ps each in which all nonbonded
interactions are turned on, the temperature is slowly reduced from 3000

yFrac{,j) = - . o - ) to 25 K, and the force constants for the various terms in the target
Waiain@)” = AV W Yuiqen@)” T 1AYED] < Yaniaen() function are gradually increased to their final values; and (iii) a few
0 it JAY(.)] = Yyiain() cycles of torsion angle minimization. The final values of the force
constants are as follows: 1 kealol-*-Hz2 for the dipolar couplings,
ZFrac(,j) = 30 kcatmol~*.A-2for the distance restraints, 200 kaabl-rad2 for
[Zwidth(j)z_ Az(i'j)z]lzwidth(j)z if |AZ(,)] < Zyign() the torsion angle restraints, 20 keabl-2.A-2 for the planarity
0 if |AZGL)] 2 Zyg(]) (4e) restraints, except for the end base-pair{@&B3) where a force constant

of 80 kcatmol~-A-2 was used; 4 kcamol-2-A~4 for the quartic van

der Waals repulsion term with a scale factor of 0.78 for the van der
Waals radii; 1 for the torsion angle database potential; and 0.3 for the
base-base positional database potential. In the case of the calculations

whereXwigin(i), Ywiatn(i), @andzwian(j) are the widths (in A) of the fitted
quartic bell functionj along the localk, y, andz axes, respectively,

and
with the Lennare-Jones and electrostatic terms, the parameters for these
AX(ij) = xPos{) — xCen() (4f) two pot_entials are left unchange_d during_ the_ entire course of the
calculation. (Note that a d/screening function is employed for the
Ay(i,j) = yPos{) — yCen() electrostaticg? and the net charge on the phosphate group is reduced
to —0.32 e?! nonbonded interactions are switched off between 9.5 and
Az(i,j) = ZPos() — zCen() 10.5 A using a cubic switching function, and pairs up to 11.5 A are

included in the nonbonded list).
wherexCen(), yCen(), andzCen() are the coordinates of the center
of the quartic bell functior), andxPos(), yPos(), andzPos() are the Results and Discussion
local, standardized coordinates of the oriented atbwf restrainti, . . .
which are defined using the global coordinates of the orienting atoms ~ 1orsion Angle Database Potential. The torsion angle
I, J, K (of the first base), and the oriented atdnfof the second base) ~ database potential of mean force comprises a set of multidi-
of DELPHIC position restraint i, as described in ref 3. mensional potential surfaces (26 2D, 8 3D, and 1 4D) describing
Simulated Annealing. All simulated annealing calculations were  various torsion angle correlations (see footnote a to Table 1).
carried out in torsion angle spdéessing the NMR molecular structure  The raw multidimensional potential surfaces are derived from
determination package Xplor-NIM.In addition to terms for the 416 crystal structures of nucleic acids (64 RNA and 332 DNA)
nonbonded interactions, the target function comprises quadratic squaregged at<2 A resolution with anR-factor of <25%. The
well potentials for the distance and torsion angle restrairtarmonic breakdown of structures is shown in Table 1A. The raw potential
potential for the dipolar coupling$,and a harmonic potential for surfaces, each of which comprise an averalge of 320386
Watson-Crick base pair planarity restraints to prevent undue buckling ’ . - . .
examples, are then fitted by a sum of multidimensional quartic

while allowing propeller twisting to occéir Three main sets of . 5a . . .
calculations were carried out using three different descriptions of the functions;**and these fitted functions are incorporated as a

nonbonded interactions: (i) a quartic van der Waals repulsion term: Pseudo-potential into the target function for refineméhihere

(ii) A 6—12 Lennard-Jones van der Waals and electrostatic term from are more DNA structures than RNA ones, but this does not pose
the all-hydrogen CHARMM nucleic acid empirical energy functi8n;  a problem since there are numerous representatives in the DNA
(iii) A quartic van der Waals repulsion term together with the torsion database whose local backbone structure is similar to RNA. Only
anglé® and base base positioningdatabase potentials of mean force  structures solved at a resolution &2 A resolution were
designed for nucleic acids and RNA, respectively. Th_e resulting employed, since the sugaphosphate backbone torsion angles,
structures are referred to &R0, [ILJ0J, and[R + Db[] respectively. In sugar pucker and glycosidic bond torsion angles can only be

addition, a fourth set of calculations, yielding structut®3 + DbLC] : . . .
was also carried out in which the-d2 Lennare-Jones and electrostatic determined accurately from high-resolution crystallographic

potentials were combined with the torsion angle and base-basedata'
positioning database potentials. RNA Base-Base Positioning Potential. The base-base
The quartic van der Waals repulsion terB,, is given by’ positioning potential of mean force is derived from 131 RNA
_ crystal structures solved at a resolutionse§ A and arR-factor
E 0 if 1 = Syl min 5) <25% (Table 1B). These database includes both the 2.4 A

P KyguSaw Tmine — 1) 1T T < Sy Tmin resolution structure of the large 50S ribosomal suBgrind

the 3 A resolution structure of the small 30S ribosomal sulfdnit,

wherek.qw is a force constant; the distance between a pair of atoms;  \which make up~39% and~18%, respectively, of all the base-

Fmin, the corresponding sum of the van der Waals radii between the pase interactions in the database. Because the bases comprise

two atoms of the pair; anéq a van der Waals radius scale factor 546 rigid planar groups, their positions can still be relatively

(whose optimal value is 0.78) to account for the absence of an attractive . . .
accurately determined even at comparatively low resolution. The

component to the potential. - . - .
The simulated annealing protocol is similar to that previously overall position of each base is defined by the coordinates of

described for DNA and comprises three steps: (i) 10 ps of dynamics three orienting atoms (I, J, K) that have been translated and

(16) Schwieters, C. D.; Clore, G. M. Magn. Reson2001, 152 288-302. (20) Brooks, B. R.; Bruccoleri, R. E.; Olafson, B. D.; States, D. J.; Swaminathan,
(17) Nilges, M.; Gronenborn, A. M.; Bnger, A. T.; Clore, G. MProt. Eng S.; Karplus, M.J. Comput. Chenl993 74, 187-217.

1998 2, 27—-38. (21) Nillson, L.; Clore, G. M.; Gronenborn, A. M.; Bnger, A. T.; Karplus,
(18) Clore, G. M.; Gronenborn, A. M.; Tjandra, B.. Magn. Resorl1998 131, M. J. Mol. Biol. 1986 188 455-475.

159-162. (22) Ban, N.; Nissen, P.; Hansen, J.; Moore, P. B.; Steitz, TSéence200Q
(19) Nillson, L.; Karplus, M.J. Comput. Chenl986 7, 691-716. 289 905-920.
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rotated into a standard geometryhe relative geometry of a  similar, and hence protein crystal structures usually provide a
second base with respect to the first base is defined by thegood reference point for judging accurdckor nucleic acids,
Cartesian coordinates of its three oriented atorhsJ(IK") to however, the situation is far more complex, since it is well-
which the same rotations and translations have been agplied. known that crystal packing forces can have a significant impact
(The orienting atoms 1, J, and K are N7, N6/06, and N3 for on global structuré.For example, the palyndromic Dickerson
A/G bases; and C6, N4/04, and O2 for C/U bases). Thus, the DNA dodecamer is asymmetric and kinked in the cry&ta?,
orientation of the second base relative to the first is described but symmetric and essentially straight in solutféfMoreover,
by three separate 3D surfaces. The RNA base-base positionaln the case of RNA, there are no examples for which both a
potential comprises two components: a set of 964{(3) x high-resolution crystal structure has been determined and
42] 3D surfaces representing sequential (iil) base-base extensive NMR measurements, including residual dipolar
interactions, and 48 (3« 4% 3D surfaces representing all  couplings, are available. An alternative approach using cross-
nonsequential intra- and interstrand babase interactions. The  validation to assess accuracy must therefore be empl§yéd?
standard coordinate space over which the b&see positioning Complete Dipolar Coupling Cross-Validation. Cross-
potentials are calculated comprises a 20 A per side cube withvalidation is a statistical method in which the structure calcula-
atom J of the first base at the origin, atom | along the negative tion is carried out omitting a subset of the data (the test set)
x axis and atom K in thexy plane3 The average number of  while refining against the remaining data (the working &&#):28
examples per 3D surface is 44b 157 for the sequential ~ The quality of the fit and, consequently, the accuracy of the
database, and 4732 1608 for the nonsequential one. As in calculated structures are cross-validated by the agreement
the case of the torsion angle database potential, the raw 3Dbetween the structures and the test set. Thus, cross-validation
surfaces are fitted by a sum of three-dimensional quartic allows one to determine how well the data in the test set are
functions that are then used in the target function for refinement. predicted by structures calculated on the basis of the working
Both the torsion and the basbase positioning potentials deal ~ data set, and a more accurate structure will predict the test data
solely with interactions that are close in space. Consequently, S€t better than a less accurate one. The cross-validate® free-
the effects of crystal packing on the global structure of nucleic factor is routinely employed in macromolecular crystallogréghy
acid$ do not in any way decrease the utility of these database @nd is directly correlated with a model's phase accurdey.
potentials in NMR structure determination because the databasedtesidual dipolar couplings measured in dilute liquid crystalline

are sufficiently large to include all conformations that are likely Media are ideally suited for cross-validation: they provide both
to exist in solution. local and global orientational informatidf° they can be

accurately measured with known experimental effaand a
dipolar couplingR-factor, Ryip, which scales between 0% and
100% can be readily calculated (0% representing a perfect fit,
and 100% a random orientation of internuclear vect¥rs).

In the case of the RNA/theophylline complex it has been
shown that the NOE-derived data is not sufficient to define the
overall orientation of the two stems and that this can only be
achieved by the incorporation of residual dipolar couplifgs.
As a consequence, one cannot simply calculate a set of structures
based solely on NOE data and expect the conformational
database potentials to produce any significant improvement in
the overall agreement between calculated and observed dipolar
couplings. In addition, because each dipolar coupling only
contains information relating to an individual interatomic vector,
it is insufficient to carry out a set of calculations using only a
single working set and test set, as is done in crystallography
where each reflection contains information on the entire
molecule. One therefore has to resort to complete dipolar
coupling cross-validatidfi to assess the impact of the various
nonbonded terms on structure accuracy. To this end the dipolar
couplings were divided into 10 pairs of working and test data

Because the “true” solution structure is unknown, accuracy gets chosen at random, and comprising 70% and 30%, respec-
can only be judged by indirect means. The simplest approach,

which has been extensively employed in work on proteins, is (23) Wimberley, B. T.; Brodersen, D. E.; Clemons, W. M.; Morgan-Warren,
. . . R. J.; Carter, A. P.; Vonrhein, C.; Hartsch, T.; Ramakrishnan\N&ture
to compare the calculated NMR structures to an existing high- 200Q 407, 327-339.
resolution crystal structureThe agreement between observed (24) Dickerson, R. E.; Drew, H. Rl. Mol. Biol. 1981, 149, 761-786.
K (25) Shui, X.; McFail-lsom, L.; Hu, G. G.; Williams, L. Biochemistry1998
and calculated values of NMR observables (such as dipolar 37, 8341-8355.
couplings, chemical shift anisotropy, chemical shifts and J (26

)

)

) Tjandra, N.; Tate, S.; Ono, A.; Kainosho, M.; Bax, A.Am. Chem. Soc.
couplings) is typically excellent for high resolution protein (27) (a) Bringer, A. T.Nature 1992 355 472-475. (b) Biinger, A. T.Acta

)

)

)

Description of RNA System used to Assess the Impact of
the Database PotentialsTo assess the impact of the torsion
angle and basebase positioning potential on the accuracy of
RNA structures determined by NMR, we made use of previously
acquired experimental NMR data on an RNA aptamer/theophyl-
line complex solved by Pardi and colleagd&$? This NMR
structure has several features that make it ideally suited for the
present study. First, the RNA/theophylline complex represents
one of the few RNA structures that have been solved on the
basis of both extensive NOE-derived interproton distance
restraint$! and 13C—1H residual dipolar coupling®s thereby
permitting the use of dipolar coupling cross-validation as an
independent means of assessing accuta®gecond the RNA/
theophylline complex contains a range of RNA structural motifs
which provide a rigorous test of the database potentials. In
addition to the presence of regular A-RNA type stems, the RNA/
theophylline complex features non-Watse@rick base-pairing,
the presence of three base triples, a base-zippes—2 and
interstrand stacking motifs, and an S-turn in the backbone
containing a reversed sugér.

200Q 122, 6190-6200.

inifi Crystallogr. 1993 D49, 24—36.
crystal struc_:tures, and usually S|gr_1|f|ca!1tly better than for the Bringer A T.. Clore, G. M - Gronenborn, A. M.: Saffrich, R.: Nilges, M.
corresponding NMR structures refined in the absence of these * Science1993 261, 328-331.
observables. One can therefore conclude that, in general, (29 Bax A.iKontaxis, G. Tiandra, Nvethods Enzymol001, 339 127~
structures of proteins in the crystal and in solution are very (30) Prestegard, J. H.; Kishore, A.Gurr. Op. Chem. Biol2001, 5, 584-590.

(28

J. AM. CHEM. SOC. = VOL. 125, NO. 6, 2003 1521



ARTICLES Clore and Kuszewski

<R>

<Ryip(free)> = 49.8£7.3% |
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<Rgip(free)> = 39.46.7% 1

30k 1
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40F nn i
<Rgip(free)> = 26.8+2.8% |
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101 b

o 4 s L
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Rdip(free) (%)

Figure 1. Comparison of the three different descriptions of the nonbonded contacts on the calculated NMR structures and dipolar colpfacidree
Raip(free), for an RNA aptamer/theophylline complex. (a) Quartic van der Waals repulsion term; (b) Ledoaes van der Waals and electrostatic potential
terms; and (c) quartic van der Waals repulsion term together with torsion angle and base-base positioning database potentials of mean fdrband@he righ
panels show histograms Bfiip(free) for the three ensembles of 250 simulated annealing structures calculated with complete dipolar coupling cross-validation.
The left-hand panels show stereoviews of the corresponding regularized mean coordinates together with an isosurface of the reweighted tgtomic densi
map! drawn at a value of 15% of maximum calculated from the ensembles of 250 simulated annealing structures using a constant atomic radius of 0.8 A
for all atoms. Nucleotides-114 are shown in red, nucleotides-133 in blue and the theophylline in yellow. For complete cross-validation, the dipolar
couplings were divided into 10 pairs of working and test data sets chosen at random and partitioned in a ratio of 70% (working) to 30% (test). @5 simulate
annealing structures were calculated for each working/test pair of dipolar couplings yielding a total of 250 strBgj(ire®) represents the agreement
between observed and calculated dipolar couplings for the test set whiclotarsed in the structure calculation.
tively, of the data. The working sets are used in refinement, and torsion angle restraints and the working set of dipolar
whereas the corresponding test sets are employed only for crosseouplings) is broadly comparable for all three ensembles of
validation, that is to calculate a dipolar coupling fiedactor, structures and is consistent with experimental error (Table 2).
Ruip(free). 25 simulated annealing structures were calculated for The [R + DbUOstructures satisfy the torsion angle restraints
each pair, resulting in a total of 250 structures per calculation. somewhat better than the other structures which probably reflects
Results of Structure Calculations.The results of the three  a smoother path to the global minimum region of the target
sets of simulated annealing calculations are summarized infunction as a consequence of the introduction of the torsion angle
Figure 1 and Table 2. The agreement with the experimental database potential. On the other hand, the dipolar coupling
restraints included in the target function (that is the distance working R-factor, Rgip(work), is smallest for théROstructures
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Table 2. Structural Statistics?

RO mig R +DbOJ

dipolar coupling R-factors (101)

Rap(free) (%) 50.3+ 7.4 39.2+ 6.6 26.8+ 2.8

Raip(Work) (%) 5.44 0.6 6.2+ 0.6 8.6+ 0.5
r.m.s. deviation from other
experimental restraints

distances (275) (&) 0.095-+ 0.010 0.076+ 0.008 0.089t 0.003

torsion angles (110y) 0.18+0.11 0.09+ 0.12 0.01+ 0.04
coordinate precision (&)

all residues 1.8% 0.34 1.37+0.26 0.65+0.18

excluding C27 1.6% 0.35 1.26+ 0.25 0.59+ 0.18
measures of end-to-end length

Rgyr A 15.56+ 0.37 14.63+ 0.27 14.95+ 0.23

r cray-cras)(A) 472421 434+ 1.6 447+ 1.0

rer@a-cras) (A) 51.8+1.9 48.1+ 1.2 47.7+0.9

aThe notation of the structures is as followaClis an ensemble of 250 simulated annealing structures calculated with complete dipolar coupling cross-
validation (see footnote by are the average coordinates derived from each ensembleré¢ the restrained regularized mean coordinates. The nonbonded
terms for the three sets of structures are as follolfRs: structures calculated with a quartic van der Waals quartic repulsion fiedi; structures calculated
with the Lennare-Jones van der Waals and electrostatic potentials using the all-hydrogen CHARMM TOPNAH1ERL1 nucleic acid pataifeteiBbl]
structures calculated with the quartic van der Waals repulsion term together with the torsion angle and base-base positioning databasé pei@mtials o
force. The number of terms for the various experimental restraints are given in parentfigdsa® are a total of 101 experimentally measu¥eH-1H
dipolar couplings, comprising 55 dipolar couplings within the sugars<{€1', C2—H2', and C3—H3') and 46 within the bases (€88, C6-H6, C5—
H5, C2-H2).12 The dipolar couplings were divided into 10 pairs of working and test data sets chosen at random and partitioned in a ratio of 70% (working)
to 30% (test). 25 simulated annealing structures were calculated for each pair, and the results represent the averages obtained for all®50uzlogste
Note the structures are only refined against the working set of dipolar couplings. The dipolar coupling R-factor is defined as the ratio of thations devi
between observed and calculated values to the expected rms deviation if the vectors were randomly oriented. The latter {2BRjér By?/5} 12, where
Dais the magnitude of the axial component of the alignment tensordahd rhombicity® The values oD, andy, obtained from the distribution of dipolar
couplings3® are—18.7 Hz and 0.15, respectivelyThere are 223 NOE-derived interproton distance restraints comprising 30 intraresidue, and 86 sequential
(li = jl = 1), 17 medium (1< |i — j| < 5) and 90 long |{ — j| = 5) range interresidue restrairifsin addition, there are 52 distance restraints for eight
Watson-Crick base pairs and one-@J wobble paif. None of the structures exhibit NOE restraint violations greater than 1 A. The average number of
violations between 0.5 and 1.0 A is 1.430.73 for thelROstructures, 0.72 0.66 for the[LJOstructures, and 0.1% 0.33 for thelR + DbOstructures.
dThere are 110 loose torsion angle restraints:d 3drsion angle restraints derived froth coupling constant measurements (with 4 residues, A7, C22, U23,
and G26, restrained to d-2ndo sugar pucker with = 145 4+ 20°; and 27 residues restrained to ‘aeBido sugar pucker with = 80 + 20°; the sugar
puckers for U24 and C27 were allowed to flo&t)33 y angle restraints-{150 & 90°) to restrain the glycosidic bond torsion angles to the anti-rahge;
9 a (—160+ 50°), 93 (—70 &+ 50°), 10y (60 £ 30°), 9 € (—60 + 40°), and 9¢ (180 + 50°) restraints for stem 1 (residues-%/29-33). None of the
structures exhibit torsion angle violations greater th&rf3he coordinate precision is defined as the average rms difference between the 250 individual
simulated annealing structures and the mean coordinates (obtained by averaging the coordinates of the 250 simulated annealing strutetd riesdaest-fit
other).

Table 3. Atomic rms Differences between the Regularized Mean term alone. The inclusion, however, of the two database
Coordinates potentials in combination with the quartic van der Waals
atomic rms diference (A)° repulsion term reduce®Rgp(free)Imuch further: by a factor
(R + Db), (L), (), of ~1.5 relative to the LennarelJones and electrostatic terms,
(R+Db), 2.27 1.92 and ~2 relative to the quartic van der Waals repulsion term
(LI 1.89 2.05 alone. Equally importantly, the distribution Bfii,(free) is~2.5

(R 210 1.66 to 3 times narrower for th&R + Dblstructures than for the

aThe regularized mean coordinates are derived from the average LRUANdILIDstructures (Figure 1). ThuRyiy(free) values range
coordinates of the 250 simulated annealing structures by restrained from 21 to 34% for théR+DbUOstructures, from 26 to 67% for
regularized minimization and include all the dipolar couplifjgalues the LJDstructures. and from 33 to 69% for thROstructures
above the diagonal are for all residues, and below the diagonal exclude ! - A A )
C27 which is poorly determined by the experimental NMR restraints. One can therefore conclude that the inclusion of the torsion angle

and basebase positioning database potentials result in a

Raip(work) values correspond to rms differences between Z?bslte:ntlal ||ri1r<]:rearse ”:/ Eﬁzm':irar?y’ as measured by complete
observed and calculated dipolar couplings ef2LHz which polar coupling cross-vaiidation.
are comparable to the experimental error, and the measured \What does afR(free)l value of 26.&t 2.8% observed for

and largest for th&R + Db[structures. However, because these

dipolar couplings span a range o86 to+26 Hz? the small the (R+DbUstructures relate to in terms of structure quality?
differences inRgi,(work) between the three sets of structures The simplest means of providing a qualitative answer to this
cannot be regarded as significant. question is to survey a variety of protein crystal structures for

The relative accuracy of the three ensembles of structures iswhich N—H backbone dipolar couplings have been measured
readily assessed by comparison of the dipolar coupling free in our laboratory (G. M. C., unpublished data). The measurement
R-factors, Rypp(free). It is evident from the distribution of  error for normalized>N—*H and*3C—H dipolar couplings are
Raip(free) for each ensemble of structures (Figure 1, right-hand comparable, so that the valuesR#,“" for the RNA/theophyl-
panels) that the description of the nonbonded contacts has dine complex can be directly compared to thoseRaf"" for
dramatic effect on accuracRgip(free) has an average value of  proteins.Rgp"" is found to be correlated to crystallographic
49.8 + 7.3% for the[ROstructures, 39.4- 6.7% for thelllJO resolution, and ranges from-15% to ~27% for protein
structures, and 268 2.8% for thelR + DbOstructures. Thus,  structures solved at resolutions of 1.5 to 2.5 A. This suggests,
the Lennare-Jones and electrostatic terms rediBgy(free)] that the ensemble dR + DbOstructures calculated with the
by a factor of~1.3 relative to a quartic van der Waals repulsion torsion angle and base-base positioning database potentials is
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Figure 2. Best-fit superpositions of the restrained regularized mean coordinate® {alpp), versus R);; (b) (R + Db), versus [LJ).. (c) Plots of coordinate
precision versus residue number for the three ensembles of 250 simulated annealing structures each. Residue 34 is theophylline. The coler coding is a
follows: blue, R + Db)y; red, (J),; and green, R).

approximately equivalent in accuracy to a 2.5 A resolution (1.7+ 0.4 A), whereas that of th&R + Dbone is significantly
protein crystal structure. higher (0.7+ 0.2 A).

The left-hand panels of Figure 1 illustrate the conformational A fourth set of calculations was also carried out combining
space sampled in the three ensembles of structures using athe 6-12 Lennard-Jones and electrostatic potentials with the
atomic density probability map representatimest-fit super- torsion angle and basdéase potentials of mean force. The
positions of the three restrained regularized mean structures ardRyiy(free) and coordinate precision of the resulting ensemble of
shown in Figure 2a and b, and plots of coordinate precision as structures([LJ + Dbl have values of 27.2 3.1% (with a range
a function of residue number are displayed in Figure 2c. The of 21—34%) and 0.6+ 0.1 A, respectively, which are almost
overall topology and RNA fold of the three ensembles of identical to the corresponding values for tle+ Dbl structures
structures are clearly the same. However, excluding C27 which (Table 2). In addition, the atomic rms difference between the
is poorly determined by the experimental NMR restraints, the (LJ + Db), and R + Db), mean coordinates is 0.6 A which is
pairwise atomic rms difference between the)( (LJ), and comparable to the precision of both sets of coordinates. One
(R + Db), restrained regularized mean structures ranges from can therefore conclude that th&J + DbOand (R + Db
~1.7 to 2.1 A. Thus, there are significant structural differences, ensembles are essentially the same within coordinate error. Thus,
both global and local, between the three ensembles of structuresthe introduction of the torsion angle and base-base positioning
This is also reflected in the overall dimensions of the structures, potentials of mean force removes artifactual and systematic
as measured by both the radius of gyrati®&g,) and the two distortions arising from conventional descriptions of the non-
end-to-end distanceSicr1)-crastandicy(zs)-crasd the RO bonded interactions, either in terms of a simple repulsive
ensemble is expanded and tAeJOone slightly compressed  potential to prevent atomic overlap or empiricat B Lennard-
relative tollR + DbllIt is also worth noting that, in this instance, Jones and electrostatic potentials.
the precision of the coordinates (Table 2 and Figure 2c) is
directly correlated toRgp(free) (Table 2 and Figure 1). The —Concluding Remarks
overall coordinate precision of th&JOstructures (1.4t 0.3
A) is comparable to that reported for the structures calculated
by Sibille et a2 using all the dipolar couplings and the Lennard-
Jones potential from the AMBERZforce field (1.5+ 0.2 A). (32) Pearlman, D. A.: Case, D. A.: Caldwell, J. C. Seibel, G. L. Singh, U. C.:

The overall precision of théR[ensemble is somewhat lower Weiner, P.; Kollman, P. AAMBER 4.0 1991, University of California,
San Francisco.

(33) Clore, G. M.; Gronenborn, A. M.; Bax, Al. Magn. Reson1998 133

(31) Schwieters, C. D.; Clore, G. M. Biomol. NMR2002 23, 221-225. 216—-221.

We have shown using complete dipolar coupling cross-
validation that, even for an RNA data set comprising quite
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extensive NOE-derived interproton distance restraints and with particular empirical descriptions of the nonbonded interac-
dipolar couplings, the description of the nonbonded contacts tions. We therefore conclude that the routine use of the torsion
used in the target function for simulated annealing has a largeangle and base-base positioning potentials should lead to
impact on both coordinate accuracy and precision, and local significant improvements in the accuracy and quality of RNA
and global structure. A purely repulsive van der Waals term structures generated from NMR data. In addition, these two
leads to expanded structures of lower precision and accuracy,database potentials may also be helpful in the refinement of
because on entropic grounds, there are more expanded thatow resolution ¢3 A) crystal structures, in modeling of RNA
compacted configurations that satisfy the experimental restraints.structures, and possibly in molecular dynamics studies of RNA
Lennard-Jones van der Waals and electrostatic terms result in as well.
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b y purely rep Acknowledgment. This work was supported in part by the

van der Waals term, but tend to lead to structural compression o .
' . : "Intramural AIDS Targeted Antiviral Program of the Office of
resumably because of the attractive component in the Len- . . .
P y P the Director of the National Institutes of Health (G.M.C.). We

e 1 20 095 hark A Parl for iy proving us. i e st o
P gp P experimental NOE-derived interproton distance and torsion

the nonbon ntact ither van der Waals repulsion or . .
e nonbonded contacts (either van der Waals repulsion o angle restraints for the RNA/theophylline complex that were

Lennard-Jones plus electrostatics), however, leads to very used in the present study. The coordinates of the restrained
substantial improvements in accuracy, as judged by a large . i o
b y judg y 9 regularized mean structur® + Db), have been deposited in

decrease iRgip(free) which is accompanied by a concomitant . .
increase in precision. Concomitantly, the introduction of the the RCSB protein data bank (PDB accession code 1015).

database potentials obviates systematic distortions associatedA028383J

J. AM. CHEM. SOC. = VOL. 125, NO. 6, 2003 1525



