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An Efficient and Accurate Algorithm for Assigning Nuclear Overhauser Effect
Restraints Using a Rotamer Library Ensemble and Residual Dipolar Couplings

Lincong Wang* and Bruce Randall Donald"%9

Abstract sign more than 1,700 NOE distance restraints with better
than 90% accuracy on the protein human ubiquitin using
Nuclear Overhauser effect (NOE) distance restraints are real experimentally-recorded NMR data. The algorithm as-
the main experimental data from protein nuclear magnetic signs these NOE restraints in less thane secondn a
resonance (NMR) spectroscopy for computing a completesingle-processor workstation.
three dimensional solution structure including sidechain
conformations. In general, NOE restraints must be assigned
before they can be used in a structure determination pro- 1
gram. NOE assignment is very time-consuming to do man-
ually, challenging to fully automate, and has become a key . )
bottleneck for high-throughput NMR structure determina- ~ Among the biggest challenges of the post-genomic era
tion. The difficulty in automated NOE assignmeriisbi- are the determination of funpuons for gene sequences and
guity: there can be tens of possible different assignmentsthe development of drugs using genomic information. For a

for an NOE peak based solely on its chemical shifts. Pre- protein-coding gene sequence, the three-dimensional struc-

vious automated NOE assignment approaches rely on anture of the expressed protein is useful not only for learning

ensemble of structures, computed from a subset of all thedeN€ function, but also as the starting point for structure-
NOEs, to iteratively filter ambiguous assignments. TheseP@sed drug design. Although several approaches exist for

algorithms are heuristic in nature, provide no guarantees @b initio prediction of protein backbone folds from a pri-
on solution quality or running time, and are slow in prac- Mary sequence [19], rarely do the predicted folds have bet-

tice. In this paper we present an accurate, efficient NOE t€r than 5.04 backbone RMSD from the experimentally-
assignment algorithm. The algorithm first invokes the algo- detérmined structure [33]. Furtheab initio prediction of

rithm in [30, 29] to compute an accurate backbone struc- an accurate complete structure with all the sidechain con-
ture using only two backbone residual dipolar couplings formations, starting with a primary sequence, is still very

(RDCs) per residue. The algorithm then filters ambiguous challenging at present. Accurate, high-resolution complete
NOE assignments by merging an ensemble of intra-residueStructure can only be obtained through experimental tech-
vectors from a protein rotamer database, together with in- Nidues, mainly, x-ray diffraction and nuclear magnetic res-
ternuclear vectors from the computed backbone structure.Onance (NMR). However, structure determination by either

The protein rotamer database was built from ultra-high t€chnique is, in general, very time-consuming. For x-ray,
resolution structures 1.0 A) in the Protein Data Bank  the difficulty is to grow a good quality crystal while for
(PDB). The algorithm has been successfully applied to as-NMR, the bottleneck is NOE assignment and to a lesser
extent, resonance assignment. To compute a well-defined
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tion of NOE assignment is critical to high-throughput NMR 2 NOE assignment problem
structure determination. However, previous automatic NOE
assignment algorithms rely on heuristic methods, require
very high quality input data, and consume many hours to
weeks of computation time. In this paper, we present an
efficient NOE assignment algorithm that is capable of cor-
rectly assigning more than 90of all the NOE cross-peaks

in less thanone second One novel feature of our algo-

rithm is the use of an ensemble of intra-residue vectors
between the backbone atoms and sidechain protons to re
duce the ambiguity in the assignment of NOE restraints in-
volving sidechain protons, especially aliphatic protons. The

ensemble of intra-residue vectors was mined from a pro-—" . bler ) NMR ! biol
tein rotamer library database built from ultra-high resolu- assignment problenin practice, an structural biolo-

tion structures € 1.0,&) in the Protein Data Bank (PDB). gist first assigns the chemical shift resonances of NMR ob-

The algorithm has been demonstrated successfully using ar?ervable nuclelr(asonanpe aSS|gn.menthen assigns NOE
NOE cross-peak list picked from two different, real NOESY peaks. Resonance aSS|gnment. first groups together a set of
spectra recorded on the protein human ubiquitin. Togetherpe?ki%"’hfel frequencyhcoordlnates 'lataale% l?ychem—

with our efficient algorithm for computing backbone struc- ical shifts) belonging :]0 the same;]ammo acl ro_?; one (Lr
ture using only 2 residual dipolar couplings (RDCs) per more_NMR spectra, then maps t afc setto aresi ue in the
residue [30, 29], we have developed an efficient protocol for protein sequence. Several automatic resonance assignment

computing a complete NMR structure with all the sidechain algorithms [1, 20, 34, 2, 22, 21, 32] are available at present.

conformations starting fromesonance assignmengince In coqtrast, |nN'OE assignmenbne must map .the two.m-
each RDC data set can be acquired in less than one hou't,eractlng nucleia andb, to two or more specific nuclei in
he sequence. More than one pair of interacting nuclei may

and RDC data can be assigned immediately given chemicaf i N .
shift resonance assignment, our protocol should be impor-prOduce a single NOE peak (this is calledak overlapif

tant for structural genomics. Our main contributions in this t€ir chemical shift difference is too small to be resolved
paper are: by NMR experiments. Here, for ease of exposition, each

peak is labeled by three chemical shifts, ¢, ande, cor-
1. Rotamer ensemble-based techniques for assignind®SPonding to 3D NMR experiments wherg, ¢, andc,
NOEs involving sidechain protons. are, respectively, the chemical shifts of &N or '3C nu-
2. The first provably-efficientalgorithm for assigning ~ Cl€us, the proton attached to th or 1°C nucleus, and the
both backbone and sidechain NOEs. second proton interacting through-space with the attached
proton. The difficulty of NOE assignment is mainly due
to chemical shift degeneragcthat is, except for rare cases,
there will be a setS, for protona, whose chemical shifts
fall into the intervak, +4., whered,. is the error in chemical
shift. The same is true for protdm. Heteronuclear multi-
L dimensional NMR experiments [5] such as 3IN-edited
1.1 Organization of the paper or 13C-edited NOESY are designed to keep the size of the
setS, small, usually one for most peaks and a few for other
We begin, in section 2 with a statement of the NOE as- remaining ones. However, the sizeSf can be quite large,
signment problem. Section 3 describes existing heuristicup to a few dozens. In general, the sizeSgfand S, for
approaches for automatic NOE assignment. Section 4 de-aliphatic protons is much larger than the size of these sets
scribes our efficient algorithm. Section 5 presents the re-for backbone protons. Furthermore, the size of both sets
sults of applying our algorithm to assign real, experimental increases rapidly with the size of the protein. Without res-
NOE cross-peaks picked from a 3-dimensional (3EN- onance assignment, the identities of the elements in both
edited NOESY and a 3D°C-edited NOESY spectrum of  sets,S, andS,, are unknown, and NOE assignment must
the protein human ubiquitin. We also present NMR solution select (assign) the correct elements in both sets. With reso-
structures of ubiquitin computed from our automatically- nance assignment, the identitiesSfs elements are given,
assigned NOE restraints, and discuss the significance of ouand only the correct element or elementsSinneed to be
algorithm for structural genomics. Section 6 analyzes the assigned. In summary, due to peak overlap and chemical
complexity of the algorithm and describes its performance shift degeneracy, for most NOE peaks, the chemical shifts
in practice. alone, do not provide enough information for a unique as-

NOE distance restraints are the main input for NMR
structure determination, especially for the determination of
a complete structure with all the sidechain conformations.
An NOE restraint is computed from the intensity (or vol-
ume) of an NOE peak in an NMR spectrum. The dipole-
dipole interaction between two nuclei,andb (e.g. two
protons), gives rise to the NOE peak. Appendix A con-
tains a more detailed description of NOE experiments. In
order to use these restraints as input, the identity of the
two interacting nuclei must be assigned: this is M@E

3. Animplementation of our algorithm that is much faster
than existing NOE assignment algorithms.

4. Successful application of the algorithm to real biolog-
ical protein NMR spectra.
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signment. For example, for a medium-sized protein with and SA to compute structures. Another approach [24], built
about150 residues, less tha% of all the experimentally-  upon a structure prediction programp&ETTA, has been
observed NOE peaks can typically be assigned based ordeveloped by Meiler and Baker. In this approach, the struc-
chemical shift alone. The percentage decreases rapidly withture most consistent with the unassigned NOE restraints
the size of the protein but increases with the dimensional-is selected from an ensemble of structures predicted by
ity of NMR experiments. Increasing the dimensionality of ROSETTA through MC search. For peaks from real NMR
an NMR experiment will reduce the size of bd#y and spectra, it is often quite difficult to distinguish real weak
S,. However, the addition of even one more dimension to peaks from the noise peaksLoubDs does not handle the
an NMR experiment will at least double the spectrometer noise peaks.

time. Robust NOE assignment approaches [25, 15, 16, 18] us-
ing real NOE data require rather complete resonance assign-
3  Previous work ment. Their performance depends critically on the accuracy

of the backbone fold from the first cycle of structure com-

As stated in section 2, information in addition to chem- putation, WhiCh _in turn.rgllies on the number and quality of
ical shifts is, generally, required for assigning most NOE NOE restraints in the initial setarRIA [25] bootstraps the

peaks, especially the peaks involving aliphatic protons, evenaSS|gnment-structure-aSS|gnment cycle with a fair amount

with known resonance assignments. The resonance assigr{?f q:januall;;]-assi%ned NOE peaks 6 NOE rgsbtraigts per
ment programs, Jigsaw [1] and NVR [20], are also capa- residue), where the structures are computed by the program

ble of assigning the backbone NOEs. Except for JigsawXP"OR/CNS [4] using MD/SA techniques. = From these

and NVR, all the previous formulations of the problem cast NOEs a fairly accurate backbone fole§.0 A backbone

the NOE assignment problem as a structure—determinationRMS?] to ;he final dstruptu_re)”cogld be t;:_om_puted_.hThus,
problem on-the-fly: they all start with an initial set of as- ARIA has been used, principally, in combination with man-

signed NOE restraints (a fraction of the total nhumber of ual NOE assignment to speed up structure determination

NOE restraints) to compute an ensemble of structures, andPhce a correct initial fold has been computed.
then use the newly-computed ensemble to make more as- [N CANDID [15], an initial set of NOE restraints are
signments. This assignment-structure-assignment procesﬁrst identified by chemical shifts, then the restraints are
(cycle) is repeated many times until certain criteria are sat-ranked by network-anchoring and constraint-combination
isfied, for example, a target function has achieved a mini- techniques. Network-anchoring makes sure that individ-
mum. These previous approaches rely on heuristic methods/al NOE peaks in the set of assigned NOEs are weighted
such as simulated annea”ng (SA) and Monte-Carlo (MC) by the extent to which they can be embedded into the net-
search, and typ|ca||y need many hours to weeks of Com_Work formed by all other NOE aSSignmentS. Constraint-
puter time. These approaches differ in whether resonancecombination can be viewed as a noise-reduction technique
assignment is given explicitly and how the initial set of NOE to limit the deleterious impact of noise peaks on the ac-
restraints is generated, as described below. curacy of the computed structures, particularly the struc-
Two approaches [10, 24] have been developed for NOE tures computed from the initial set of NOE restraints. The
assignment and structure determination without perform- Structures are computed by the programNA [11] us-
ing an explicit resonance assignment step.oups uses NG a MD/SA technique. Compared WitkRIA, CANDID
a relaxation matrix ana|ysis of NOE peaks to Compute dis- needs much less human intervention. However, it is still
tance restraints from NOE peak volumes. An NOE restraint N0t robust for assigning real NOE spectra since it requires
computed by a relaxation matrix method is supposed to be> 90% complete resonance assignments (corresponding to
more accurate than that computed using the two-isolated877 complete side chain resonances), almost complete aro-
spin assumption (Appendix A)cLOUDS is bootstrapped matic sidechain assignments, a low percentage of noise
with three groups of protons (methyL amide and other pro- peakS, and small chemical shift Variations, that iS, small er-
tons), distinguished from one another by line-shape analysis/ors in chemical shifts with a&. < 0.02 ppm for 2D and
and H-D exchange experiments.oubsrequires thatboth < 0.03 ppm for 3D NOESY spectra. Note a smallgy in
S, andS, are singletons. Further, a large number of anti- 9eneral, greatly reduces the size of theSetind thus in-
distance constraints (ADCS) between backbOQeHﬂv and creases the size of initial NOE peak set. However, it can
H, -H, proton pairs must be added. An ADC specifies that Pe physically impractical to reduce, and in general, more
the two nucleimustbe more than 5. apart in the struc-  time is required to record a spectrum with a smailer
ture, and is identified if the spectrum does not yield any  In AUTO-STRUCTURE[16], in addition to the initial set
detectable NOESY peak. The above requirements are unof NOE restraints assigned from chemical shift informa-
realistic for NMR spectra recorded on a vast large majority tion alone, the input to the first cycle of structure com-
of proteins. cLouDSs relies on molecular dynamics (MD) putation requires identified secondary structures and re-
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straints for backbone dihedral angles generated from chemstructure. This backbone structure, in turn, is used to boot-
ical shifts by the progranTaLos [6]. Secondary struc-  strap the automated assignment of NOEs: the assignment
tures (including alignments betweg@hstrands) are identi-  proceeds byfiltering the experimentally-measured NOEs
fied by a combined pattern analysis of secondary-structure-based on consistency with the backbone structure. In or-
specific NOE contacts, chemical shifts, scalar coupling con-der to fully understand our automatic assignment algorithm,
stants, and slow H-D exchange experiments. Aided by these details are given in Appendix C. We note that in prin-
these additional datapuTO-STRUCTURE has less strict  ciple, another structure determination could have been used
requirements on the quality of the NOE peak list than in the place of [30]; however, it is the only prior algorithm
CANDID. For example, it requires the resonance assign-that can compute a complete protein backbone struckeire
ment to be> 85% complete, compared to 90% as de- novousing only two RDCs per residue.

manded byCANDID. AUTO-STRUCTUREhas been inter-

faced with MD/SA based-structure determination programs 4.1 Assignment of backbone NOEs and computa-

DYANA and XPLOR/CNS. tion of NOE restraints from peak intensity
Recently, Clore and coworkers presented a fault-tolerant
structure determination prograrrAsp [18], which is ca- The algorithm begins by performing the assignment of

pable of computing a correct structure even with up to backbone H-H, and H,-H, NOEs. As defined in sec-
80% incorrectlong-rangeNOE restraints in the initial NOE  tion 2, there are two set§,, andS,, associated with each
peak list generated from an automatic peak-picking pro- NOE peak. In heteronuclear, multidimensional NMR, the
gram. PASD requires extensive NOE spectra including both setS, is usually small. In fact, all but a few peaks in the
3D and 4D NOESY spectra, almost complete resonance astbiquitin heteronuclear single quantum correlation (HSQC)
signments, a database-based pseudo-energy term, and rathgectrum are well-resolved. The s for a peak picked

, well + pear .
tight restraints for backbone dihedral angles generated from{"om the 3D'°N-edited NOESY spectrum is a singleton if

the programmaLOs. How tolerantPAsp is to the incom-  he corresponding HSQC peak is well-resolved. However,
pleteness of resonance assignment is unknown. Highereven for ubiquitin NOEs involving only backbone protons

. . . (backbone NOBs the setS, may have up to 8 elements.
dimensional spectra reduce the sizes of ffandS, but  Fqr 3 majority ofS,’s involving backbone protons, the cor-

at least double the spectrometer time. All the above itera-rect element can be assigned by simply checking whether
tive approaches are computationally intensive. In general,such an NOE peak could be detected by comparing with
many iterative cycles (at least 20, but up to 70 cycles) arethe calculated inter-proton distanek, computed from the
required since each cycle is only able to assign a small per-backbone structure. The assignmentbaickbone NOEs
centage of the NOE peaks. Furthermore, an ensemble ofroceeds as follows:

structures, rather than a single structure, must be computed 3 sort the list of all protons'@) chemical shifts.

by these MD/SA methods to sample enough of the search 2. For every backbone NOE peak:

space. These approaches are routinely run on large clusters
in order to assign enough NOE restraints to compute a well-
defined structure. Among therrasp is the most compu-

(@) Search through the sorted chemical shift list to select
all the protons that have chemical shifts in the interval
¢p £ 6., whered, is the error in"H chemical shift, and

tationally expensive approach: it is infeasible to RAED insert them into the s&,.

on a single-processor workstation. As stated above, what (b) For each element i8;, compute the expected inter-
makes these NOE assignment approaches expensive is their proton distanced,, using the backbone structure. If
reliance on using MD/SA for structure determination in a the distancel, > 6 A, then the element is deleted.

tight inner cycle. The requirement of many cycles of struc- (c) If only one element remains By, it is selected as the
ture computation makes these approaches rather inefficient correct assignment.

in practice. The resulting assigned unambiguous backbone NOE peaks

become the initial assigned NOE peak ligt. Next, the
4 An efficient algorithm for NOE assignment algorithm best fits the intensitieg)(of the assigned peaks,
S, to the corresponding distanceg, computed from the

Our algorithm begins with known resonance assign- backbone structure using the following function:

ments and an accurate backbone structure computed using as

only 2 RDCs per residue. The efficient and accurate algo- I'=a+ dii’ @)
rithm for computing protein backbone structure using only

2 RDCs per residue has been described previously [30, 29]wherea;,a> and p are the best-fit parameters (Fig. 1A).
We employ this structure determination algorithm as a first Eq. (1) is subsequently used to compute the NOE distance
stage, namely, given the RDC data, the algorithm in [30, 29] d,, from the intensity of unassigned peaks the algorithm will
is called as a subroutine to compute an accurate backbon@rocess next. Please note that the empirical parametan
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differ from the ideal value of (see Eq. (5) of Appendix A)  atom H, to the atomCg, or the vectorv_, from the atom
due to protein dynamics in solution. Appendix A contains a H,, to the atomCy, the vectorv , ; from the atom H to a
more detailed description of NOE experiments. sidechain proton (e.dHs), or the vectorw_ . from the atom
H,, to a sidechain proton can be computed by
4.2 Intra-residue vectors between the @ nucleus
. ; Vas = Vg T Vs, Vs =V, tV 3
and sidechain protons NENE e ° o Ve )
) ~ The length of these vectors, = |v, | andr = |v_g|,
The protein backbone structure computed using can be computed by the cosine law whefe and 12

RDCs [30] has coordinates for only the backbone atoms: are, respectively, trigonometric polynomial functions of the
N, H,, C,, Cs, C, O and H,; no coordinates for sidechain X1, X2, - .. angles.

protons are present, except for glycine where, instead

of Cs we have proton K, and instead of H we have  In our algorithm the above two vectors, ,, andv_,, are
proton H,;. To compute the possible positions of sidechain computed directly from the backbone structure determined
protons other than ki given the position for the atom by the algorithm in [30, 29]. Please note that it is not re-
Cs, we mine a small protein database consisting of 23 quired that the two vectors,, , andv,_ ,, are between intra-
ultra-high resolution €1.0 A) X-ray structures containing  residue atoms. The proofs of Propositiband Corollaryl
coordinates for protons (see Table 1). The idea is similar toare provided in Appendix B. According to Eq. (2), the pref-
mining the PDB for a rotamer library. As is well known, the erence for sidechain dihedral angles determines the prefer-
sidechain conformation can be specified by dihedral anglesence for the vectors; s, vgs andvs.. Thus, we mined the

X1, X2 - - -» depending on the amino acid type. According PDB to determine their distributions (Table 1). For exam-
to physical chemistry, thetaggeredconformation for a  ple, Fig. 1B and 1C show, respectively, the distribution for
o-bond between two carbons has the lowest conformationthe distancezs between G and H;; or Hs, of a methylene
energy, while theeclipsedhas the highest and tigauche  group, and the distribution for the distanég between G

has an intermediate energy. Thus, each sidechain dihedradnd H; or H., of a methylene group. We have two max-
angle has preferred values. Such preferences have beeima for dgs, and four major maxima fodg.s (Fig. 1B, 1C
confirmed experimentally and constitute the physical basisand Table 1). For each individual maximum the distribu-
for the protein sidechain rotamer library. We apply the tion is rather tight and can be fit with a normal distribution.
same insight to mingectorsbetween backbone nuclei and The set of corresponding angles that give these maxima
sidechain protons from the PDB. We call these vectors can be found by searching through the discrete values for
mined from the PDBotamer ensemble-based intra-residue the relevanty angles as presented in a typical rotamer li-
vectors The sidechain protons here mean the protons otherbrary [23, 8]. For example, the set of rotamer angles for the
than H,, H,, and H;. Given a backbone structure and sidechain of Arg residue has 31 elements where each ele-
by exploiting the sidechain kinematics we can prove the ment is 4-tuple, ¥1, x2, X3, X4). Among the 31 elements,
following: 23 4-tuples have the intra-residue distadgg = 2.70 (Ta-

ble 1), while the other 8 4-tuples hadgs = 3.35. The set

of x angles found above can then be used to compute the
set of the vectors from the atoftlz to a sidechain proton

by Eqg. (2). We denote such a finite set of vectars, or

v, ¢, by Ssc and denote the minimum and maximum length
of the vectors in the sef,. by, respectivelyy, ,,,, and

Proposition 1 Given a backbone structure and the
sidechain dihedral angleg, x2, x3 and x4, let H,,, Hy,

and H,, be particular H,, Hs, H, protons (i = 1, 2, 3,
depending on the amino acid). Then the three vectors from
the atomCj to the three respective sidechain protoHs, ,

Hs, andH,,, can be computed analytically by

TN,JWAX’ andra,]\lIN andra,]\/IAX'
Ve, = P1(x1,x2) _ _ _ -
vas, = P2(x1, X2, X3) 4.3 The trlqngle relatlons'hlp for_ filtering incor-
_ rect assignments for sidechain NOEs
Vo, = P3(X1,X2, X3, X4), 2
wherep, p; andp; are vector-valued trigonometric poly- As shown in Corollaryl, the three vectors ., v,
nomials. andv ,; form three sides of a triangle, wherve, , is com-

puted from the backbone structure ang is mined from

the PDB rotamers. There are a finite set of vectors

for each sidechain proton. Consequently, there are a finite
set of vectorsy .. These triangle relationships (Eq. 3) are
Corollary 1 Given the vector from the ator@s to a used in our algorithm to filter the assignment of NOE peaks
sidechain proton and the vector,, from the backbone involving sidechain protons. The algorithm first computes

Below, the lengths of the three vectors will be denoted, re-
spectively, bydg,, dgs andds.. From Propositiori we can
easily prove the following (Fig. 2):
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Figure 1. (A) NOE calibration curve. The x-axis is the inter-proton distance computed from the backbone structure. The y-axis
is the backbone experimental,HH,, and H, -H,, NOE peak intensity, picked from the 3DN-edited NOESY spectrum. 155
NOE restraints were used in the fittin@B) and (C), distributions of distance between G nucleus and sidechain protons The

x-axis is the internuclear distance betweenadd H; of leucine (B), or between g£and H. of lysine (C).
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Figure 2. The triangle relationship. The vectow , , is computed from the backbone structug; is a rotamer ensemble-based
intra-residue vector mined from the PDB, and the computed ledigghof v, is compared with the NOE distance computed from

Eq. (1) to filter ambiguous NOE assignments.

06

Amino Acid | H, (mean, variance] Hs (mean, variancéy’ H. (mean, variancéy

Arg 2.06, 0.03 2.70,0.10; 3.35,0.07

lle 2.06, 0.03 2.75,0.05; 3.37,0.04

Leu 2.06, 0.02 2.69,0.05; 3.34,0.03

Lys 2.05, 0.02 2.70,0.11; 3.32,0.06 4.09,0.11; 2.75, 0.08; 3.32, 0.06; 4.46, 0.
Phe,Tyr, His 2.67,0.05 455, 0.05

Table 1. Intra-residue distance between the G nuclei and the sidechain protonsThese distances are extracted from 23 ultra-
high resolution {gl.O&) X-ray structures with proton coordinates. Their PDB IDs are 3AL1, 1BXO, 1CEX, 1C75, 1GDQ, 1G66,
1GDN, 1GCl, 2FDN, 1HJ9, 1I1XH, 1GQYV, 1IC6, 2ERL, 1HJ8, 1JFB, 1EJG, 1RB9, 3PYP, 1FY5, 1GVK, 1KQP and 1LQT. (a) there
are 2 maxima in the distributions. (b) there are 2 or 4 maxima in the distributions. All the unitsAare in
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the NOE distancesi, andd,,, using Eq. (1) from, respec- 5.1 NOE restraint assignment
tively, the experimental NOE peaks picked from the'3N

NOESY Spectrum and 3[1)3C NOESY Spectrum. The al- First, a peak-picking program in the packagm_

gorithm testsl,, andd,, to see whether they satisfy the con-  rview [17] was used to automatically pick all the NOE

straints: peaks of both the 3D°N-edited and'*C-edited NOESY
Ty —Ne <dy <7y yax + Ny spectra after the spectra were properly referenced to the

, @) 2D 'H,'®> N HSQC and 3D HCCH-TOCSY spectra. Next,

M weak but well-resolved peaks were added manually, which

where N, anda, are, respectively, the NOE distance er- accounts for about of the total peaks. Finally, dupli-
ror bounds for 3D'’N-edited NOESY peaks and 3BC- cate peaks were merged. A peak is defined atuli-
edited NOESY peaks. In addition, 3Ris added to the .. J¢ 2other peak ifbp; < 0.01 ppm, ép2 < 0.03

NOE distances computed from the peaks of methyl protons,ppm andsps < 0.05 ppm, whereF1 corresponds to the

and 1.0A is added to the NOE distances computed from "' : X i
the peaks of methylene protons without stereo-specific as-direct-detected dimension (amide protons fu NOESY

signment. The assignment sidechain NOEgroceeds as or aliphatic protons fot>C NOESY),F2 to the indirect H,
follows: andF3 to the'®N or '*C dimension. For backboneHH ,

1. Sort the list of all-H chemical shifts. peaks, the peak with stronger intensity is selected from the

2. For every NOE peak: two symmetric peaks. The errdy, for 'H chemical shift in

the indirectly-detected dimensioR'Z) of both the'®N and
all the protons {H) that have chemical shifts in the '“C NOESY Sp_eCtra IS S_Et to be O',04 me- The result of the
intervalc, + ., wheres, is the error in'H chemical ~ automated assignment is summarized in Table 2. Out of the
shift and insert them into the s8t. SetSy « S. 1153 NOE peaks picked from the 3E?N-edited NOESY

(b) For every element i, if the computed?,, ord,, vi- spectrum 1083 originate from backbone amide protons, the
olates Eq. (4) then itis deleted fra83. The remaining remaining 50 are from the sidechain amide protons. Only
element or elements are selected as the assignment ford20 NOE peaks originating from the backbong, ldan be

- Qp < da < ru,AlAX + oy

(@) Search through the sorted chemical shift list to select

the NOE peak. _ _ picked from the'3C-edited NOESY spectrum. We were
(c) If S, becomes empty after deleting all the incorrect gple to assign 1053 NOE peaks from 83 peaks picked
elements, from 15N-edited NOESY spectrum and 393 peaks from the

I. Then, for every element of the originsib com- 490 peaks picked from3C-edited NOESY spectrum. We
pute the differencel, whered = min(|dy — further divide the assigned NOE distance restraints into two
;NithTdN J_“;VT" |TNJ:2‘*T F;NT - iNa') Erdd D: classes: sequential NOEs and medium/long-range NOEs
If d < ;A, izggr]tvthe ;Iém;’rxiAn);o a n:ew s"ﬂ_ (Table 2). The number of assigned NOE distance restraints

i, If Ty is not empty, select the element with the is larger than the number of aSS|gned_ peaks since it is pos-
minimumd as the NOE assignment. sible that more than one NOE restraint could be assigned

iii. If T, is empty, discard the NOE peak and label it 10 @ Single peak. It takes less thane seconcn a 2.4
as a noise peak. GHz single-processor Linux workstation for our algorithm

to compute the assignments.

5 Results and Discussion

5.2 Structure computation using automatically-

To test our algorithm on real NMR data one must in gen- assigned NOE restraints

eral record or obtain spectra from &hN- or 13C-labeled
protein sample. We were able to process a suite of real pro- To test the quality of the 1783 NOE restraints automati-
tein NMR spectraincluding two distinct NOESY spectra for cally generated and assigned by our algorithm (Table 2), we
our tests. We now describe how our algorithm performed oninput these assigned distance restraints for ubiquitin to the
these data. We first describe the completely automated asstructure determination progranPXor/CNS [4], together
signment, by our algorithm, of the 39N-edited NOESY  with 12 hydrogen bonds. No RDC restraints were used.
and'3C-edited NOESY spectra of ubiquitin, followed by a The ranges for NOE restraints were set rather loosely: 1.80
comparison of the complete structure we computed usingA-3.50 A and 1.80A-6.00A. The NMR structures were
our automatically-assigned NOE peak lists vs. the X-ray computed using a hybrid distance-geometry and SA proto-
structure [28]. Appendix C contains details of the algorithm col [4]. After the first round of computation with M OR,
for the computation of loops and turns using NH and CH there were 163 restraints that had NOE violations larger
RDCs in a single medium, and Appendix D describes the than 0.50A in 50 structures out of a total of 70 computed
processing of NMR data starting from raw free-induction structures. However, none of the NOE violations was larger
decay (FID) data. than 2.508. After all these 163 restraints were deleted from
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Spectrum | # of Peaks| # of Assigned NOES # of Sequential NOE& | # of Mediunf”, long-range NOES)
’N-NOESY 1083 1288 822 466
I3C-NOESY 420 495 228 167

Table 2. The automatically assigned NOE restraints.(a) NOEs between residdeandi + 1, (b) NOEs between residueand
1+ j wherel < j < 4, and (c) NOEs between residuand: + j wherej > 4.

NMR Structures NMR vs. X-ray Structure

Figure 3. The NMR structures computed from the automatically-assigned NOEs.The left panel shows the 12 best NMR
structures with no NOE distance violation larger than 0350 he sidechains were shown in blue while the backbone in magenta.
The right panel is the overlay of the NMR average structure (blue) with th& -8y structure (magenta) [28].

the NOE list, X°LOR was invoked for the second time to mations. Such a complete structure is not only very useful
compute the structures using the remaining 1620 NOE re-for functional annotation of protein-coding gene sequence
straints and 12 hydrogen bonds. Twelve structures out ofbut is also the starting point for rational drug design tar-
70 total computed structures had no NOE violations larger geting the protein. Furthermore, together with our efficient
than 0.50A. Thus, our NOE assignment algorithm has an algorithm for backbone structure computation [30, 29], we
accuracy better than 90 These 12 best NMR structures obtain a fast protocol for computing complete NMR struc-
(Fig. 3) can be overlayed with a pairwise RMSD of 1.18 tures starting from resonance assignment. Our protocol is
+ 0.16 A for backbone atoms and a pairwise RMSD of much more efficient than all the previous approaches, thus
1.84 + 0.19 A for all heavy atoms. The accuracy of the it should be important for structural genomics. Compared
NMR structures computed using the automatically-assignedwith previous approaches for NOE automatic assignment
NOEs from our algorithm is in the range of typical high- to (section 3 of the main text) we expect that our algorithm to
medium-resolution NMR structures. The average structurebe much more robust with respect to missing resonance as-

computed from the best 12 structures has a A48ack- signments and noise NOE peaks. Our algorithm does not
bonoe RMSD and 2.12 all heavy-atom RMSD from the rely on an initial fold computed from only a fraction of as-
1.8 A ubiquitin X-ray structure [28]. signed NOE peaks. Our initial fold is computed exclusively

from RDC data, plus the few unambiguous NOEs that can
be identified readily from chemical shifts alone. Our new
algorithm should be general and can be applied to any set
of NMR spectra (or FIDs) of either proteins or nucleic acids
In this paper we have demonstrated that by first comput-that include two RDCs per residue (resp. nucleotide) and
ing a complete backbone structure using only NH and CH one or more NOE spectra.
RDCs in a single medium, a large number of NOE restraints
can be assigned automatically using rotamer ensemble
based intra-residue vectors in combination with the back-
bone structure as an algorithmic filter. These automatically-
assigned NOE restraints can then be input to any standard
NMR structure determination algorithm to compute a high- ~ The algorithm take®)(nlogn) time to sort all the'H
resolution complete structure with all the sidechain confor- chemical shifts where is the total number of protons in

6 Biological significance

7 Algorithmic complexity and practical per-
formance
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a protein, which is a constant times of the total number of spectra of ubiquitin. An accurate complete structure with
residues in the protein. The total number of NOE peaks all the sidechain conformations has been computed by us-
is O(n?) in the worst-case bub(n) in the average case. ing these automatically-assigned NOE restraints. Such a
It takes at mostO(logn) time to search for all protons complete structure is useful not only for functional anno-
which have chemical shifts in the interval, + 6., for tation of gene sequences, but is also the starting point for
each peak. So the total complexity of NOE assignment is drug design. Together with our efficient algorithm for back-
O(nlogn+n?logn), thatisO(n?logn) since only one cy-  bone structure computation [30, 29], we have developed a
cle of NOE assignment suffices when a well-defined back- suite of efficient algorithms for computing complete NMR
bone structure is computed using [30, 29]. structures of either proteins or nucleic acids starting from
In practice, short turns can be computed in less than oneresonance assignment. Our protocol is much more efficient
second on a 2.4 GHz single-processor Linux workstation than all previous approaches, and thus should be important
(Appendix C). The two loops connecting the helix to the for structural genomics.
sheet can each be computed in less than 2 minutes. The
longest loop (Glu51-Lys63) can be computed in 5 min- Acknowledgments
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cross-relaxation rates. In practice, this is unrealistic, be-and C,, Hg,, Hg, as thebottom three vertices,v;, vs
cause the initial conditions can not be well-specified in an and v3. This tetrahedron is connected to other atoms
NOE experiment. Even if the cross-relaxation rates canthrough the backbone amide atom (N), which we call a
be computed, approximately, by a relaxation matrix anal- connector(Fig. 4). The shape and pose of the tetrahedron
ysis, it is very difficult to accurately measure the individ- are completely specified by three plane anglgs,f,,, and
ual spectral density functions in Eq. (5). Consequently, to 6,,, three dihedral angleg,, 64, andd,,, and four lengths,
extract distance restraints from an NOE peak, one usuallyL,, L;, L, andL3. The plane angleg,, , 6,, andd,, are
applies the isolated-two spin approximation and, further ig- the angles between the vector from tbhpto thecenterand
nores the spectral density functions. The impossibility of the three vectors from theenterto, respectively, the three
accurately converting the NOE peak intensity into the inter- bottom verticesv;, v2 andvs. The dihedral angle; is
nuclear distance restraint,, in Eq. 5) makes both the NOE between the plane specified by the three ataroanector,
automated assignment problem and the NMR structure detop andcenterand the plane specified by the three atoms,
termination problem dramatically harder. For an approachtop, centerandv;. The two dihedral angleg;, and 6,
which uses previous structures to assign NOEs, the largeare, respectively, between the plane specified by the three
uncertainty in NOE peak intensity back-computed from a atoms,top, centerandv,, and the planes specified by the
structure will increase the number of possible assignmentsthree atomstop, centerand v, and the three atomsop,
for each peak. Conversely, the large uncertainty in dis- centerandvs. The four lengthsL.., L1, L, and Ls are,
tance restraints computed from NOE peak intensities makegespectively, the lengths between ttemnectorand thetop,
the conventional NMR structure-determination using NOEs thetop andv,, thetop andwv,, and thetop andvs. Except
alone NP-hard [26, 3, 13, 14]. for the dihedral angley;, all the other angles and all the
lengths are constants for the standawél configuration.

B Intra-residue vectors between the G nu-

. . Given y; and the position vector of the ato ente),
cleus and sidechain protons X P m; Geente)

Cg, we can compute the vectors of the three bottom atoms,
. . N C,, Hs, andHg, and the rotation matriXyI,, to the plane
In this section we sketch a proof for Propositibrand  specified by the three atoms,CC; and C, (with the +Y

Corollary1 stated in section 4.2 of the main text. We prove ayis in the G,C; direction and +Z axis in the plane) by
both for the atoms withp?® configuration. Propositions for

atoms withsp? configuration can be proved similarly. C, = Cg+M,(0,Ly, 0)"
-1 -1 T
Proposition 1 Given a backbone structure and the Hs, = Co+ MﬁR_ly(Xl + edQ)R_l””(epz)(O’ Lz, O)T
sidechain dihedral angleg, x2, x3 and x4, let H,,, H, Hp, = Cp+ MR, (x1 + 04, )R 4(0p,)(0, L3, 0)
andH,, be particularH,, Hs, H, protons (i=1,2,3,de- M, = MR, (x1)R '4(6,,), (7)
pending on the amino acid). Then the three vectors from the
atomCp to the three respective sidechain protoHs, , Hy, where
andH,,, can be computed analytically by 1 0 0
v _ R,0)=1| 0 cosf sinb
s = Pilxixe) 0 —sinf cos#d
vgs, = P2(X1,X2:X3)
vae, = P3(X1, X2, X3, X4), (6)
cosf 0 —sinf
wherep1, p> andps are vector-valued trigonometric poly- R,(8) = 0 1 0
nomials. sinf 0 cosf

Below, the lengths of these three vectors will be denoted,
respectively, bylg., dgs anddg..

cosf sinf O
Proof. In the following, bold letters denote a vector R.(0)=| —sinf cosf 0
(column vector) or a matrix. Let the matrixIz be the 0 0 1
rotation matrix between a coordinate frame defined in the
peptide plane and a frame defined in the plane specifiedand(0, L;,0)7 etc. denotes a column vector. Similarly, we
by the three atoms, N, Cand G, with the +Y axis in the can view thesp® atom C, as thecenterof a new tetrahedron
NC, direction, +Z axis in the plane and +X axis defined with Cs as thetop vertex, and @, H,1, H,2 as thebottom
by right-handedness. Thep® atom C; can be viewed three vertices. This tetrahedron is connected to other atoms
as thecenterof a tetrahedron with C as thetop vertex, through the backbone atom,C Thus, giveny, and the
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Connector (N)

Figure 4. The sp® configuration. An sp® configuration with the

atom gas thecenter amide atom N as theonnectoy atom C,

as thetop and the three atoms,,CHg, , Hg,, as thebottomthree verticesy:, v2 andvs. L., L1, L2 andL3 are lengths.

vector of the atom C(cente), C.,, we have the same equa-
tions, mutatis mutandisto compute the vectors of the three
bottom atomsCs, H,; andH,, and the rotation matrix,
Ms, to the plane specified by the three atomsg, C, and
C; (with the +Y axis in the GC,, direction and +Z axis in
the plane) by

Cs = CW+M7R‘1( 2)R™.(0,,)(0,Ly,0)T

H, = C,+MR Y (x2+04,R" 1( ,)(0, Ly, 0)T
H, = C,+MR ")(x2+04)R "2(0,,)(0,Ls,0)"
M; = MR, (2R (0p,). ®)

We have derived similar equations for the’ atom G with

C, as thetop vertex, and ¢, Hs,, Hs, as thebottomthree
vertices and @ as theconnector Thus, givenys and the
vector for the atom € (cente), Cs, we can compute the
vectors of the three bottom atom€,, H;, andH;, and
the rotation matrixM,, to the plane specified by the three
atoms, C, Cs; and C (with the +Y axis in the CC; direc-
tion and +Z axis in the plane) by

C. = GCs+MsR ™, (xa)R " 2(6,,)(0,L1,0)"
Hs;, = Cs;+MsR'y(x3+04,) R 14(6,,)(0,L2,0)"
H;, = Cs;+MsR(x3+04,) R 10(6,)(0,L3,0)"
M. MR, (x3)R ™. (0,, ). 9)

Substituting the expressions fat, andM., of Eq. (7) into
Eg. (8) we can compute the two vectoss.,, andvg.,,
from the atomC to the twoll,, atoms,

MﬂR_ly(Xl)R_lw(em )(07 Ly, O)T

Vv
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+MR T, ()R
R, (6,)(0, Lo, 0)"
MﬂR_ly(Xl)R_lw(em )(07 Ly, O)T

+MR ™, (x1)R ™4 (0, )Ry (x2 + ay)
R™,(6,,)(0, L3, 0)7. (10)

(8171 )Rily(XQ + 9(12)

vﬁ’Yz

Substituting Eq. (7) into Eqg. (8), then Eg. (8) into Eq. (9),
we can compute the two vectorggs, andvgs,, from the
atomCg to the twoH;s atoms,

MﬂR_ly(Xl)R_l
JrMﬁRily(Xl)Ril.r(em)
R™'.(6,,)(0,Ly,0)"
+MBR_1y(X1)R_1x(9p1)R_1y
R, (6,)R ™"y (xs + 04,)R ™2
MR, (x1)R12(0,,)(0,L1,0
+MpR™ y(Xl)R_lw(em)R_ly(
R, (6p,)(0, L1,0)"
JrMﬁRily(Xl)Rilm(em)Rily(XZ)
R, (0, )R, (xs + 04, )R 4(0,,)(0, Ls, 0)7 .
(11)

2(6p,)(0,Ly,0)"
R711 (X2)

Y

V36,

X2)

~

V35,
X2)

Eq. (10) and Eq. (11) show that the functignsandp,, are
trigonometric polynomials in thgy, x2, x3 angles. Similar
trigonometric polynomials of thg, x2, x3 andx4 angles
can be derived for the two vectorgg., andvg,,, that is,
the functionps is also a trigopnometric polynomial in the

X1, X2, X3, X4 angles' I



As a corollary of the above proposition we can easily prove
that

Corollary 1 Given the vector from the ator@iz to a
sidechain proton and the vector, , from the backbone
atom H, to the atomCg, or the vectorv_, from the atom
H, to the atomCg, the vectorv, , from the atom H to a
sidechain proton (e.dHs), or the vectow_ . from the atom
H,, to a sidechain proton can be computed by

Vs = Vg + Vs Vas = Vaps + Vs (12)

The length of these vectors, = |v, .| andr = |v_,|,
can be computed by the cosine law whefe and r2
are, respectively, trigonometric polynomial functions of the

X1, X2, - - - angles.

Proof. The rotation matrixMs defined in the proof of
Propositionl can be computed from the backbone dihedral
angleg,

Mj =R, (00)R™ (9)R™, (05, )R ™14 (05,), (13)

where the angles;, 8, and 8, are known from standard
protein backbone geometry [30]. Given the protein back-
bone structure, the vecter, , from the backbone atoi

or the vectorv_, from the H, to the atomCjy is there-
fore known. As shown in Propositioh the vectorsv,_,

v,, andv,_are trigonometric polynomials in theangles.
Thus, the vector from the atoid or H, to a sidechain
proton can be computed as the addition of two vectors such

asvys = vy, + v, (Fig. 2 of the main text). |
C Algorithm for the computation of loops
and turns

We employ the backbone structure-determination algo-
rithm in [30, 29] as a first stage, namely, given the RDC
data, the algorithms in [30, 29] are called as a subroutine

to compute an accurate backbone structure. This backbone

structure, in turn, is then used to boot-strap the automate
assignment of NOEs: the assignment proceedslteying

the experimentally-measured NOEs based on consistenci

with the structure. For the purposes of computing an initial
structure for automated NOE assignment, the method by
which we compute loops and turns is somewhat different
from the algorithms in [30, 29]. In order to fully understand

our automated assignment algorithm, these details are

given here.

S

backbone dihedral angle;, the backbone dihedral angles
5, $;+1 @nda; 11 can be computed exactly and in constant
time.

Proposition 3 Given the orientation and position of pep-
tide planeg and: + 3 in a POF of RDCs, the six backbone
dihedral anglesg;, ¥, ¢it1, Yit1, ¢it2 andy;o can be
computed exactly and in constant time.

For ease of exposition, we use the following example to il-
lustrate our algorithm, which is itself completely general.
Suppose a helix is linked to a sheet by two loops, loopl
(connecting the C-terminal of strand A of the sheet to the N-
terminal of the helix) and loop2 (connecting the C-terminal
of the helix to the N-terminal of strand B of the sheet).

1. Start with the C-terminal of strand A, use a depth-first
search (DFS) as described in [30] to compute all the
loopl conformations consistent with the orientation of
the first peptide plane of the N-terminal of the he-
lix (Proposition2) and without steric clash with other
backbone atoms.

Translate the helix by overlaying the N (amide) atom
of the first residue of the helix with the position for the
same N atom which is newly-computed in step 1.
Compute the distancé,, . between the Catom of the
C-terminal residue of the newly positioned helix and
the G, atom of the N-terminal residue of strand B and
prune the loop1 conformationdt, . > d,, , (i,i+75)
(see below).

Start with the C-terminal of the newly-positioned he-
lix, use a DFS as described in [30] to compute all the
loop2 conformations consistent with tfieedfirst pep-
tide plane of the N-terminal of strand B (Propositig)n
and without steric clash with other backbone atoms.
Compute the distancel_ ., between the newly-
computed G atom of loop2 and the Catom of the
N-terminal residue of strand B and prune the loop2
conformation ifd,,, > d,, .« (4,4 + j) (see below).

2.

3.

4,

5.

dThe distanced,, , . (i,7 + j), is the maximum possible

istance between the,Catoms of the two residuesand

+ j. Given the standard protein backbone geometry [30,
p. 234] and the offset, d,, , (4,7 + j) is a constant. From

all the computed conformations for loopl and loop2 we

elect a best conformation that has the smallest RMSDs
etween the experimental RDCs of the residues in loopl
nd loop2, and the corresponding RDCs back-computed

b
al

from the loop conformations using the alignment tensor for

The algorithm for turns and loops is built upon the fol-
lowing two propositions:

Proposition 2 Given the orientation of peptide planés
andi+ 2 in a principal order frame (POF) of RDCs and the
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the backbone structure.

We have successfully applied our algorithm to compute

the turns and loops for the protein human ubiquitin using

NH and CH RDCs in a single medium. Two short turns,



NMR spectrum Information Content
2D 'H, "N HSQC Correlation of intra-residue amide protdH and nitrogen®N
3D HNCA Correlation of intra-residue and inter-residid, °N, >C,,
3D HNCO Correlation of intra-residuéH, N, °C’
3D HNCACB Correlation of intra-residue and inter-residus, °N, C,,, ©°C;
3D HN(CO)CA Correlation of inter-residuéH, >N, 13C,,
3D HN(CA)CO Correlation of inter-residutH, I°N, 13C’
3D HCCH-TOCSY | Correlation of intra-residue sidechdifiC and the bonded aliphatic protori$)

Table 3. NMR spectra used for resonance assignmentTwo sets (7ms and 18ms mixing time, respectively) of 3D HCCH-
TOCSY spectra were used for sidechain assignment, while all the other spectra were used for backbone resonance assignment.

Leu8-Gly10 and Gly47-Lys48, could be computed without sets were zero-filled to 1024 512 x 256 real points. Both
using any experimental RDCs, since they are less than 3the 3D '°N-edited NOESY spectrum and 3EC-edited
residues long (Propositids). The two loops, Glu18-Thr22 NOESY were processed by applying a Gaussian window
and Gly35-Glu41, connecting the helix (Leu23-Glu34) to function'H (F3) dimension and a shifted sine-bell function
the single sheet (consisting of five strands), can also be comin the F1 ¢H) and F2 {°N or '3C) dimensions. The two
puted using only NH and CH RDCs in a single medium. NOESY data sets were zero-filled to 2048512 x 128
The conformations of these two loops determine the rela-real points.
tive position between the helix and sheet. The most diffi-
cult problem is the computation of the long loop, Glu51— In general, the peaks were picked by an automatic peak-
Lys63, connecting twgs-strands in the sheet. Two long- picking program [17] and subsequently edited manually.
range backbone NOE distances, (Thr22)—H  (Thr55) The backbone and sidechain resonance assignments fol-
and H, (lle23)-H,(Leu56), automatically-assigned based lowed the manual or semi-automatic procedure described
on chemical shift alone (Section 4.1) are required for im- in [5, chapter 8]. Except for the three residues, Met1, Asn24
proving the accuracy of the conformation. The complete and Gly53, we were able to assign the backbone resonances
backbone structure computed by our algorithm has a 1.450f all the remaining residues from GIn2 to Leu71, and as-
A backbone RMSD from the corresponding X-ray back- sign more than 98 of the sidechain resonances (excluding
bone structure (PDB ID 1UBQ) [28]. the above three residues). The C-terminal five residues of
ubiquitin are very flexible in solution, so none of their reso-

D Processing of NMR data and Resonance hances have been assigned.
Assignment

All the raw NMR FIDs and the acquisition parameters
for ubiquitin were obtained from the Driscoll lab [12].
The NMR data used for resonance assignment have been
summarized in Table 3. All the spectra were processed
with the program NMRIPE [7]. We briefly describe the
processing of NMR data for the resonance assignment. The
2D 'H, N HSQC spectrum was processed by applying a
Gaussian window functiohH (F2) dimension and a shifted
sine-bell function in thé®N (F1) dimension. The HSQC
data set was zero filled to 2048 512 real points. The
triple resonance spectra (3D HNCA, 3D HNCO, 3D HN-
CACB, 3D HN(CO)CA, HN(CA)CO) used for backbone
assignments were processed by applying a sine-bell or a
shifted sine-bell function in each dimension. In general, the
data sets were zero-filled to 2048256 x 128 real points.
The two 3D HCCHH-TOCSY spectra of 7ms and 18ms
mixing time, used for sidechain resonance assignment,
were processed by applying a Gaussian window function
to the'H (F3) dimension and a shifted sine-bell function in
the F1 and F2 dimensions. The two HCCH-TOCSY data
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