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Abstract: The recommendations presented here are designed to support easier com-
munication of NMR data and NMR structures of proteins and nucleic acids through
unified nomenclature and reporting standards. Much of this document pertains to the
reporting of data in journal articles; however, in the interest of the future development
of structural biology, it is desirable that the bulk of the reported information be stored
in computer-accessible form and be freely accessible to the scientific community in
standardized formats for data exchange. These recommendations stem from an
IUPAC-IUBMB-IUPAB inter-union venture with the direct involvement of ICSU and
CODATA. The Task Group has reviewed previous formal recommendations and has
extended them in the light of more recent developments in the field of biomolecular
NMR spectroscopy. Drafts of the recommendations presented here have been exam-
ined critically by more than 50 specialists in the field and have gone through two
rounds of extensive modification to incorporate suggestions and criticisms.

TABLE OF CONTENTS
Page
1. DeflnltlonOfthesyStem Stud|ed 120
11 NameSOfthe mOleCUIesused 120
1.2.  Source . e . 120
1.3. Ewdenceforhomogene|tyandchemlcal|dent|ty e 120
1.5. Solution conditions:- PR 12 0|
1 6 ISOtOpe |abe|ed prOte|nS and nUC|e|C aC|dS 121
2. Atom identifiers for reporting chemical shn‘t a35|gnments deeree e 121
21 Protelnsand peptldes 121
212 NOtation for assignment ambiguities 123
2.1.2.1. Non-stereochemical ambiguity - ceeneee .. 123
2.1.2.2. Stereochemical ambiguity mvolvmg prochlral centers:--- 123
2.1.2.3. Other stereochemlcal amblgwty - 123
222 Notation for assignment ambiguities 124

118



3. Additional atom identifiersfor reporting conformatlonal constraints and structures: -+« 124

3.1. Pseudoatom nomenclature 124

3.2.  NOE constraints that can be identified by chemrcal shrfts e 124

4. Nomenclature for specifying Conformat|on e 125
4.1. Polypeptides-:- .. e i 126

4.1.1. Backbone torsion ang|esq W ,and(q ... 126

4.1.2. Side-chain torsion anglesX .. 126

4.1.3. Specrfrcatron ofurns, drsulfrde bonds and prolrne rlngs ----------------- 126

4.2.1. Backbone and glycosrdrc torsion angles e 127

4.2.2. Sugar pucker: torsion angles and angle of pseudorotatron - 127

4.2.3. Value ranges for torsion angles specrfyrng commonly observed com‘orma’uoWs8
5. NMR data acquisition, processrng, and referencrng e - 129

5.1. Data acquisition -+ . 129
5.2. Data processing - ORI 510 |
5.3. Referencing of chemical shifts e e e it 130
5.3.1. 'H chemical shifts ==+ eeeiriiiiieee... 130
5.3.2. Chemical shifts of other nuclei suché&: 15N and31P ----------------- 130
6. Resonance assignments «---+-+ e i 131
6.1. Sequence-specific assrgnment of polypeptrde Chaling:-oovovoscsscsscsss 131
6.1.1. Sequential backbone assignment 131
6.1.2. Amino acid side-chain assignment . 131
6.2. Sequence-specific assignment of nucleic acids:- e, 132
6.3.  Stereospecific assignment of diastereotopic substituents «----wwxwriwrivie 132
6.4. Conformational equilibria - i 132
7. Conformational features derived from dragnostlc NMR parameters e 132
7.1. Polypeptrdesecondarystructure e, 132
7.2. Polynucleotides o 134
7.2.1. MONONUCIEOSIAES «+++rrrrerrrrrrrrenmsrnrriritertarsiessneinniinisiiaineneeeeneens 134
722 Backbonetorsionangles e e e, 134
7.2.3. Secondary structure - ... 134
8.  Collection of input constraints and structure calculatron e 139
8.1. Conformational constraints et teiiie it i 135
8.1.1. Distance constraints from NOE data -++-+--rrerrrrerrrrrrreareiaennannn.. 135
8.1.2. Torsion angle constraints from J-coupling data- - cerennn 139
8.1.3. Torsion angle constraints from chemical shifts:- e 135
8.1.4. Constraints representing drsulfrde bonds hydrogen bondrng,
and metal Coordlnatlon 135
8.1.5. Supplementary constraints for structure reflnement coneneeens 139
8.1.6. Input for the final structure calculation -- e, 136
8.2. Methods used for structure calculatron and reflnement creeeeieenne. 136
8.2.1. Structure calculation e eteiieiiiiieiee... 136
8.2.2. Preliminary structures to assign addltlonal constraints:- crneeennne 136
8.2.3. Structure refinement eeiieriiene..... 136
9. Reporting three- dlmen5|onalstructures--------------------------------------------------------- 137
9.1. Presentation of structures:- e i, 137
9.2. Agreementofstructureswrthconstrarnts P RC ¥
9.3. Precision of structures  =------ BT UPUPIPRI R ¥ 4
9.4. Validation of structures =« ««-«-ereeees it 137
10. Data bank deposrtron of NMR structures and supportlng data-- freeeneeneene 138
Conclusion PN RC 1)
INTRODUCTION

Solution-state NMR spectroscopy is used widely to determine the structures of peptides, proteins, and
protein-ligand complexes, as well as those of nucleic acids and their complexes with proteins, drugs, and
other molecules. As the field has developed, a certain consensus has evolved on the presentation of NMR
solution structures. This has been helped indirectly by guidelines established for depositing primary experi-
mental data and resulting structures in data banks such as the Protein Data Bank (ref. 1), BioMagResBank
(ref. 2), Nucleic Acid Database (ref. 3), and by conventions used for inclusion in abstracting services, for
example, Macromolecular Sructures (ref. 4). In consideration of the accumulated experience over the past
few years in presenting NMR structures, the time appeared to be appropriate for a forma examination of
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reporting conventions used in the past and for the development of a set of generally accepted guidelines for
the future. With these goals in mind, the present Task Group was convened as an IUPAC/IUBMB/IUPAB
Inter-Union venture with financial support from ICSU and CODATA. The present recommendations build
upon earlier recommendations for biochemical nomenclature (ref. 5), the presentation of proton (ref. 6) and
non-proton (ref. 7) NMR data for publication, and parameters and symbols for use in NMR (ref. 8).

1.  Déefinition of the system studied
1.1. Names of the molecules used

It is helpful to use a notation that specifies the molecule type, natural species of origin, and fragment (if ap-
plicable): for example, “fragment consisting of residues]18 of murine Blk, a B-cell specific protein
tyrosine kinase (PTC).” Note that recommendations for the naming of a variety of biological macromole
cules have been published (refl 24). Authors are encouraged to include identifiers used by publicly ac-
cessible databases (ref. 15), as these may be helpful for cross-referencing purposes. Such identifiers inc
the accession codes used by the Protein Identification Resource (ref. 16), SWISS-PROT (ref. 17), the E
zyme Commission of IUBMB (ref. 18), and the Chemical Abstracts Service (ref. 19).

1.2. Source

* Genus, species, strain or variant of gene (cloned or synthetic).
» Expression vector and host.
» If chemically synthesized, a description of the methods used.

1.3. Evidence for homogeneity and chemical identity

» Confirmation of chemical identity (e.g., from mass spectrometry or chemical sequencing).
* Analytical method used to establish chemical homogeneity.

1.4. Sequenceor chemical structure

* Full sequence of the molecule (or reference to it).

» Unambiguous definition of the sequence numeration of the molecule studied.

» Description of additional covalent linkages and their locatioas;., disulfide bridges, covalently at-
tached cofactors, or metal ions.

» Description of any differences between the system studied and the naturally-occurring biomatgcule (
fragment with additional or fewer residues at either end of the biopolymer, post-transcriptional modifi-
cations in nucleic acids or post-translational modifications in proteins, or lack thereof).

» Specification of noncovalent cofactors or prosthetic groups.

* Quaternary structure (number and kind of subunits; symmetry, if known).

1.5. Solution conditions

» Specification of the solvent constituents and their isotopic compositions.

» Concentration of each solute component, including buffers, salts, antibacterial eigents,

* Temperature and pressure along with methods used for their measurement.

» Value of the pH, or pH* for uncorrected pH meter reading®O. Note that gH (or “pD”) applies
only to measurements made with electrodes filled #t}O.

« Comment on special measures taken to minimize self-aggregation (if applicable).

* Type of sample cell used.
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1.6. Isotope-labeled proteinsand nucleic acids

Essential information would include descriptions of the methods used to prepare the labeled molecules and
to determine the positions and levels of isotopic labeling in the system used. Percent incorporation should
be indicated when known, asillustrated in the following examples.

+ Uniform (random) labeling with 15N (extent of incorporation unknown): [U-15N]-ribonuclease.

» Uniform (random) labeling with 13C, 15N, and 2H (labeling levels known): [U-98% 13C; U-90% 15N;
U-65% 2H]-d(GCGCAATTGCGC).

e Residue-selective labeling: [98% 1°N]-Cys rubredoxin.

» Site specific labeling: [95% 13Ca]-Trp28 lysozyme.

* Insertion of residues with natural isotopic composition into otherwise uniformly labeled proteins or nu-
cleic acids are designated by NA for natural abundance: [U-98% 13C; NA-F,Y,W]-lysozyme.

2. Atom identifiersfor reporting chemical shift assgnments

The 1983 IUPAC-IUB recommendations for peptides and proteins (ref. 21) were never widely adopted by

the protein science community. Thus the present recommendations for peptides and proteins follow the

earlier IUPAC-1UB “tentative rules” of 1969 (ref. 20) currently employed by biomolecular databases, with
extensions and clarifications as required for NMR data. These rules designate all atoms by Greek letters
Roman counterparts) and employ the main chain precedence rule for numbering prochiral sites. The pres
recommendations for nucleic acids follow the IUPAC-IUB nomenclature (ref. 22), with three exceptions.
First, notation for the hydrogens at the’ @bsition in ribose and deoxyribose follows the widespread use of
H5S' (for pro-S) and H3 (for pro-R), rather than H3 and H%2 (the latter notation (ref. 22) is inconsistent
with the numbering convention used with amino acids, in which such atoms would be designated as 2 a
3). Second, HZfor pro-S) and H2 (for pro-R) are used to designate the hydrogens at thg@sition in
deoxyribose. Third, the notation proposed for hydroxyl groups of ribose and deoxyribose rings in referenc
22 is adapted from that used with amino acids, so that the hydrogen atoms are den&&dH$$# Hand

HOS'| as appropriate, whereas the hydroxyl oxygens are denoted), ke

In cases not covered by the present recommendaggasunusual or modified amino acid residues or nu-
cleic acid bases), authors are encouraged to refer to notation in use by the databases for such groups
new atom notation needs to be introduced, it will be helpful if authors define this by providing stereospecifi
diagrams as appropriate.

2.1. Proteinsand peptides
2.1.1. Sandard nomenclature

Figure 1 defines the atom-naming conventions recommended here for proteins. Coordinate files shot
contain all atoms, including hydrogen atoms. The 1969 recommendations (ref. 20) did not deal explicitl
with nomenclature for hydrogen atoms, and the rules are subject to different interpretations. The interpr
tation recommended here (Fig. 1) is that at any position of the side chain, the attached atom leading to"
main chain always has the highest priority. For cyclic amino acids such as proline, the priority leads ot
from the main chain €atom rather than from the N atom (i.e., the priority is given by ©F > CV > ...

> N). In the peptide backbone, the nitrogen is denoted by N, its attached hydrogen by H, and the carbo
carbon and oxygen by C and O, respectively (ref. 20). In cases where the single letter designations are
biguous, they may be primed (e.g!, B, O) (ref. 20); Cis used quite widely to denote the peptide back-
bone carbonyl carbon. Although H alone is used by the biomolecular data banks (PDB and BMRB), it |
recommended here that the symb8| (i widespread use in the NMR community) be used as the unambi-
guous designator for the backbone amide hydrogen. The hydrogens of an N-terminal amine are designe
as H, H2, and B (when protonated) or Hand H (when unprotonated). The oxygens of a C-terminal
carboxyl or carboxylate are’@nd O, and the hydrogen of the carboxyl i5.HIUPAC rules (ref. 18) label

the hydrogens on methyl groups and protonated amines by “1”, “2”, and “3”, in the conventional way
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Thus, for example, the atom designations in amino acid side chains would be: HAL, HA2, and HA3 for the
three methyl hydrogens of alanine; H¢1, H¢2, and H<3 for the three amine hydrogens of a protonated lysine;
and H<T and H<2 for the two amine hydrogens of a neutral lysine.

In situations where Greek letters are unavailable (for example, on some computer displays), they may be
replaced by upper case Roman letters (o = A, =B, y=G 0=D, €=E, (=27, n = H). When super-
scripts are not feasible, the full descriptor can be placed on a single line. When a full descriptor is used in a
subscript, its components are displayed on a single line:  e.g., 33,4, for a coupling constant or dygy
(commonly abbreviated d, ) for a distance detected by a nuclear Overhauser effect (NOE). The computer

representation for 'isa single quote and for "' is two single quote symbols.

582
Pro N /éa Gly Ala , Arg Asn
AN N, R ® ®
' HY 2w CY =t HY3(R) ’;‘ ! ’;‘ HPS Hy2 33 HE /H”21 @ TB:* o8l
1 i Vs
HG_CQG / (R) HY2 <a C% me HO3 3H0‘<CU}\>CB(HB)3 PV (Ot Ng + N2g) - CB<C\7
i v.{ i ‘ [ Y &V Y7 SHZE Vo N2 522
| | C N2 — 1322 (z)
c i /C\\ ! /C\\ | HP2 HYS po2 n HP2
Vg \\O '(4/5)2 ¢] Ko (o} R (R) N (z) po21
> (E)
HN1l Hnl2
2 (E .
Asp Cys Gln Glu @ ® HI?R) s
(R) 1
% e e L
H 31 . Ve A N~ el
A 7/ ‘B Y_ HY —CPaCVmcd = CP = Y3 -— CB<c§.' +‘-(|:
By = CP=S’-H S N 52 \E2
= CP=C Y | NE2 — HE22(z) | I | 02 — HE2 Y 2N
T, “o%_ne HB2 HP2 Hy3 HPZ QY3 HPZ 77 N
R (R R) (R
H R (R HE2l(E) R (R Hd2
lle ® Leu Lys Met Phe s .
(R) R) (R (R) H HE
(HY?)5cv2 iz HPS cOL(HaL), TBa ?yz T& 752+ TBS Vyz TBB ‘o ch
1, 4 A\
>%B<Cy = COl(HO), = CP < CYm Y =P Y COa CEmm NZ(HZ)3 = CPaCYmsd- CE¥(HE), = CP=CY cl—Ht
\ 8
HE  pyi3 ,!lpz éaz(H52)3 ,!,;32 Ays l'zsz Ass o2 pv3 He2  C éciz
®) ®) ®) ®) ® o e
Ser Thr Trp s HE Tyr val
(f?;)3 N3 C/ZS oL hel
H HB HB3 , \n2 g HPS Noar cf1 CYAHY?),
e Y LY i i _c2 L L, 7
P(i‘, QY- H =CP CVZ(HVZ)3 »(':[3< AN e CZIZ -(;B_(:V cl—oN—Hn -(;B_ HB
1} c - N & !
HP? OYL— Hyt HB2 3L L “Le P2  C=CP CHHY,
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Fig. 1. Recommended atom identifiers for the twenty common amino acids follow the 1969 IUPAC-1UB guidelines (ref 20).
Backbone atoms are shown for Pro, Gly, and Ala but not for the other L-amino acids (where they correspond to those bounded
by the dashed linein the Ala structure). Greek letters are used as atom identifiers. The C” or the substituent closer to C” (in
the order C?, CP, C’, . . .)) takes precedence over atoms in branches in defining stereochemical relationships. For example, if
tetrahedral carbon C has four substituents X, Y, Z, and Z' (with priority X > Y >Z = Z; i.e.,, Zand Z are diastereotopic sub-
gtituents designated provisionally as unprimed and primed), their numbering is derived as follows: if one sights down the
XO C axis (with the X atom toward the viewer), the equivalent atoms, Z and Z', are designated Z, and Zs, such that Y, Z,, and
Z, follow a clockwise orientatiop.  The side-chain -NH; nitrogens of Arg are designated as N and N by their refationship
(cis or trans, respectively) to C . The hydrogen atoms of the side-chain -NH, groups of Asn, GIn, and Arg are distinguished
by numbers (1 or 2) on the basis of their relationship (cis or trans, respectively) to the heavy atom three bonds closer to the
main chain (C for Asn, cfor Gln, N’ for Arg). Thus, each -NH, hydrogen of Arg is distinguished by two numbers, the first
indicating the nitrogen to which it is attached and the second indicating the stereochemistry of the hydrogen itself. Numbering
of Phe and Tyr rings gives higher priority to the atom with the smaller absolute value of the y* torsion angle (ref. 20). For
example, the ring carbons of Phe and Tyr lying in the plane with the smaller x* torsion angle are designated as C** and C*.
Indicated for reference in parentheses are the pro-R/pro-S designations for prochiral tetrahedral groups (with only the pro-R
indicated as"R") (ref. 23, 24) and the E/Z designations for planar groups (ref. 27, 28).
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2.1.2.Notation for assgnment ambiguities

It isimportant to distinguish clearly between resonances that have complete stereochemical assignments and
those that do not. Resonances with complete stereospecific assignments are denoted by the symbols shown
in Fig. 1. Resonances having ambiguous assignments are denoted by specia symbols, as defined below.
Knowledge about particular kinds of assignment ambiguity (stereospecific and non-stereospecific) can be
important in structure determinations. Such information defines, for example, what kind of pseudoatoms
(see 3.1. below) need to be invoked in a structure determination.

21.2.1. Non-stereochemical ambiguity

A dlash (/) should be used to indicate ambiguity in assignments. The dash is used to join the ambiguous
atom designators and chemical shifts. For example, four chemical shifts (6.84, 6.90, 7.35, and 7.42 ppm)
associated ambiguously with four hydrogens of a given tryptophan ring (He3, H¢2, HS3, H72) are repre-
sented as; HE3/¢243In2 = 6,84/6.90/7.35/7.42 ppm. A single resonance at 4.30 ppm that is known to arise
from H@ of either Thr 10 or Thr 28 would be indicated as T10 Ha/T28 HZ = 4.30 ppm. Because signals
from individual hydrogens on methyl groups and amines are ordinarily not resolved by NMR spectroscopy,
the signals could be represented by the slash rule (for example, HAY/HA2/HA3, for the hydrogens of an aa
nine methyl group), but it is simpler when designating spectral features just to omit the numeration (HA, for
the alanine methyl).

21.22.  Sereochemical ambiguity involving prochiral centers

The nomenclature described in 2.1.2.1. aso applies to situations in which two diastereotopic substituents
have not been assigned stereospecifically. For example, resonances at 2.44 ppm and 3.12 ppm that were
ambiguoudly assigned to the HA2 and HA3 atoms of a given residue are reported as HAZ53 = 3.12/2.44 ppm.
A single peak at 2.44 ppm that could be assigned to HA2, HA3, or both is reported as HAZB3 = 2.44 ppm. If
it has been established that both have the same chemical shift, they are reported as: HA2 = 2.44 ppm, HA =
2.44 ppm.

21.23.  Other stereochemical ambiguity

When flips of the symmetrical ring of a phenylalanine or tyrosine are slow on the chemical shift time scale,
signals from the & and &-atoms can have non-equivalent shifts. In such cases, information about assign-
ments relative to the x2 torsion angle is needed to define the specific atom designators 1 and 2. This infor-
mation often is not known in advance of afull structure determination, so it is useful to specify this level of
ambiguity again with the slash rule. For example, if proton signals at 6.60, 6.95, 7.12, and 7.22 ppm have
been identified with a particular, owly-rotating, tyrosine ring at position 12, with no further information,
they are reported as Y 12 HOVela2le2 = 7,12/6.95/7.22/6.60 ppm. If, in addition to the above, it is known
that the signals at 7.12 and 7.22 ppm arise from &-hydrogens, then the signals are reported as Y 12 HOV32 =
7.12/7.22 ppm and Y 12 HeVe2 = 6,60/6.95 ppm. If it has been further determined that the signals at 6.95
and 7.12 ppm correspond to hydrogens on the same side of the ring, they are reported as H* = 7.22 ppm,
HY = 7.12 ppm, H& = 6.60 ppm, H& = 6.95 ppm.

In cases where the signals from the side-chain amide hydrogens of Asn or Glin, or the guanidino NH, nitro-
gens or hydrogens of Arg are known to be coincident, the same chemical shift is assigned to both atom
designators. In cases where information for unambiguous, individual assignments is lacking, the ambiguity

is represented by the “slash rule”. For example, ambiguous assignments would be indicatede®y¢&|n H
Arg HI711/I’]12’ or Arg |—|I’]11/l’]12/l’]21/l’]22_
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2.2. Nucleic acids
2.2.1. Sandard nomenclature

Figure 2 shows the recommended designators for the atoms of ribose, deoxyribose, and the common bases
(ref. 22). The [lUPAC-IUB notation for the methyl group of T is C7(H7)5;. The phosphorus-bound oxygens
are named O3, O5', OP1, and OP2. In the CIP rules (Cahn-Ingold-Prelog, ref. 25, 26), OP1 corresponds
to pro-R and OP2 to pro-S.

2.2.2.Notation for assgnment ambiguities

The dlash rule is used to designate diastereotopic substituents of prochiral centers that have not been as-
signed stereospecifically. For example, if HS' and H5" of a given ribose are identified at 4.12 ppm and 4.53
ppm but have not been assigned individually, they are designated as H5/H5" = 4.53/4.12 ppm.

3. Additional atom identifiersfor reporting conformational constraints and structures

Structura congtraints involving atoms for which the NMR signals have not been assigned individually are
frequently employed in the determination of macromolecular structures from NMR data. In such cases,
special symbols are used to identify the structural constraints. These may take the form of pseudoatoms
that represent groups of atoms, or of

symbols that link specific constraints with

NMR chemical shifts.

ribose 2' deoxyribose
3.1. Pseudoatom nomenclature

base H2' base H2' ®)
NO_E constraints to groups of atoms for HL S o OZR Ly d L H2'
which the resonances have not been as-
signed individually are commonly speci- / R-0%' / R-O%
fied by pseudo-structures in which certain o4 ci—ans o4 ci—ans
atoms have been joined together into 03-R 03-R
pseudoatoms. Relevant pseudoatoms for H5' H5" H5' H5"
the standard amino acid residues have Ha' (R) Ha' (R)
been defined (ref. 30) and are in common
use in the NMR literature. An NOE to
one or al protons in the group is meas-
ured relative to a location central to the A G
group (ref. 31). All pseudoatoms needed He1, He2 06
to describe proteins and nucleic acids can N6 H1_ _C6_ _
be specified in terms of two letters, Q and 6. N7 W e-ne
M, in conjunction with the usual atom WP ce-re " o g g
. . . C2 ca_ 7 1
identifiers (Roman letters are used instead Hs g NSO Lo
of Greek letters for atom positions within
amino acids, and R is used to denote a C U T
ring). M describes the location of methyl H41  H42 04 04
groups, and Q is used in al other situa- N4 H3_ _C4_ _H5 H3_ _C4_ _C7(H7),
tions. Table 1 lists all pseudoatoms in the NI 2.2 E-Z ('\5 E'Z
common amino acids and nucleotides. X 02? N Hs 02?7 NTT he

3.2. NOE constraintsthat can
beidentified by chemical
shifts

Fig. 2. Nomenclature, structures, and atom numbering for the sugars and
NOEs used for structural constraints that the bases contained in common nucleotides (ref. 22). The identifiers
shown here for the hydrogen atoms largely follow previous recommenda-

are attributed to pairs of diastereotopic or tions as discussed in section 2. of the text. “R” indicatepro-R.
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TABLE 1. Pseudoatoms for the Common Amino Acids and Nucleotides Used in the
Determination of Structures of Proteins and Nucleic Acids from NMR ®ata.

Residue Pseudoatom 1H atoms representéd
Gly QA a-methylene
Ala MB [-methyl
Val MG1, MG2 y1-, y2-methyl
QG all six y-methyl
lle MG, MD y2-, d1-methyl
QG y1-methylene
Leu MD1, MD2 Ol-, 02-methyl
QB [-methylene
QD all six &methyl
Pro QB, QG, QD B, -, Omethylene
Ser, Asp, Cys, His, Trp QB [-methylene
Thr MG y2-methyl
Asn QB [-methylene
QD A-amido
Glu QB, QG 5, ymethylene
GIn QB, QG 5, yymethylene
QE £2-amido
Lys QB, QG, QD, QE G-, ¥, o, &methylene
QZ Z-amino
Arg QB, QG, QD B, -, Omethylene
QH1, QH2 n11 andnl2, n21 andn22
QH all four n-guanidino
Met QB, QG 5, yymethylene
ME &-methyl
Phe, Tyr QB [-methylene
QD, QE dl- andR2-ring, £1- and&2-ring
QR all ring
[-D-ribose Q5 5'-methylene
2'-3-D-deoxyribose Q2 2'-methylene
Q5 5'-methylene
A Q6 6-amino
C Q4 4-amino
G Q2 2-amino
T M7 7-methyl

ARef. (30). O SeeFigures1and 2.

symmetry-related protons which have non-degenerate chemical shifts and have not been assigned individu-
ally, can be distinguished unambiguously on the basis of the chemical shifts. For example, an NOE ob-
served at 3.12 ppm to one of a pair of methylene proton resonances at 2.44 ppm and 3.12 ppm, which were

assigned ambiguously to the HA253 atoms of Tyr57 is reported as an NOE to Tyr57 HA2/A3 (312 ppm) - Al-

ternatively, the symbolsL® and “H” can be used to represent the resonances at lower frequency (histori-
cally referred to as “upfield”) and higher frequency (historically “downfield”), respectively.

example, the NOE would then be to Tyr5#-H

Nomenclature for specifying conformation

Torsion angles are defined in terms of the substituent with highest preference on each of the two atoms t
span the rotatable bond (ref. 20, 35). The IUPAC-IUB convention (ref. 20, 22) specifies that the main cha
atoms of a peptide or nucleic acid take precedence over others. For example, in a peptide, the backb
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carbon and nitrogen atoms take precedence over other heavier atoms such as the carbonyl oxygen or cys-
teine CA (ref. 20). Otherwise atom preferences follow standard conventions (ref. 25, 26). A given torsion
angle @ about the B[] C bond of a molecule AU BO CJ D (where A is the atom with highest preference
attached to B, and D is the atom with highest preference attached to C) is the angle between the planes
containing A BO C and B CU D, or aternatively the angle between the projections of B[] A and CJ D
onto a plane normal to B[O C. Thetorsion angle is written in full as 8 (A,B,C,D). When the projections of
the two bonds BO A and CLI D coincide (eclipsed or cis conformation), 8 = 0°; when the projections of the
two bonds B A and C[J D are opposed (trans conformation), &= 180°. If for a given torsion angle & that
is neither 0° nor 180°, when looking (in either direction) along the central bond BO C, the minimal rotation
of the front bond that would be required to achieve the eclipsed conformation is clockwise, @ is considered
to be positive; if the required minimal rotation is counter-clockwise, @ is considered to be negative. As de-
fined below, various abbreviations are used to denote specific torsion angles in proteins and nucleic acids; in
other situations (or to avoid any ambiguity) the four atoms that determine the torsion angle should be
specified.

4.1. Polypeptides
4.1.1. Backbonetorsion angles: ¢;, ¢;, and w;

The ¢ torsion angle describes rotations about the N; O C7 bond (relevant four atoms C',; O N; O C% O
C';), and the ¢ torsion angle describes rotations about the C% T C'; bond (relevant atoms N; O C% O C,
0 N;,q)- The w; torsion angle describes rotations about the peptide bond, C';_; O N; (relevant atoms C%_;
0 C,,0N,OC%).

4.1.2.Side-chain torsion angles. y/

Side-chain torsion angles for residue i are designated by x! , where j represents the rotatable bond: j = 1 for
the Ca 0 CAbond (where the relevant atomsare N 0 Ca 0 CAO X) ;j =2 for the CF0 CYbond (where
the relevant atomsare Ca 0 CA0 CrO X), etc. Figure 3 shows how the y1 angle is related to the angle
between the projections of the bonds C2 0 Ha and CA

0 HAB (or CAO HA) for the common amino acids. In resﬁlzdues w;}gh lle
amino acids with branched side chains, two superscripts 1 and H
are used, the first to indicate the position of the bond and HY HY
the second to indicate the branch (e.g, theCa 0 CAO H.., Yo R C¥., AN Clvl
CA 0O Caltorsion angle of isoleucine at residue position @ ) x'=-60° @ ) x'=-60°
i isdenoted by x*') (ref. 20). c i cTy N
H HP
4.1.3. Specification of turns, disulfide
bonds, and prolinerings Thr val
HG HCX
Turns can be defined unambiguoudly by the torson an- ¢, \\\\«Olyl AN C7
gles involved, i.e., @y1, Yhi1, Bro aNd iy (ref. 36). @ ) X" =60 @ ¥& = +180°
Disulfide bridges between residues i and j can be de- ¢~ F N co g N
scribed by the torsion angles x;', x7 X7, x;, and x;; in HP HP

addition, it is recommended that the handedness be indi-

cated by R or S (ref. 37). Proline ring puckers can be
defined by the torsion angles x;, x°,x° andy (see
caption to Fig. 4); aternatively, use can be made of the
fact that the value of x; aone is indicative of the two
major pucker forms (ref. 38) (Fig. 4).
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Fig. 3. Definition of the x* angle for the common amino
acids. Note that although the H’O C0 €0 HA® torsion
angles are equivalent in all the examples shown, the value
of x* for Val differs from those of the other amino acids as a
consequence of the definition of thistorsion angle.



4.2. Nucleic acids

Notation in current use in the nucleic acid
field is presented here. In line with current
usage, multiple notations are provided in
certain instances. Older conventions for de-
fining torsion angles can be found in refer-

ence 22. o HY? 0 HE2
Ni': 2 o2 A~ C 2 o2
4.2.1.Backbone and glycosidic _,3 E._
torsion angles He 1o
Hy3 H63 HY H[33
For residue i the backbone (a, B, ¥ 6, & Q) HP? HY?
and glycosidic () torsion angles for purine DOWN up
(Pu) and pyrimidine (Py) bases are defined as
follows (ref. 22) (see also Fig. 5):
a 03..0 PO O5.0 C5. Fig. 4. Ring pucker in the proline ring (ref. 38). In the DOWN con-
e T formation, the torsion angles x* and x° are positive and y* and x* are
P RO 0550 C5il C4; negative; in the UP conformation, the torsion angles x* and x* are
y 050 C50 C40 C3i negative and ¥ and x* are positive. Typical values for the torsion an-
o C5,0 C4'\0 C3,0 03] gles aso depend on whether the XxxO Pro peptide bond is cis or
' ' ' y trans. Average values (in degrees) found from a number of X-ray
£ C4,'D C3,'D 03l P'+,l structures of proteins for ', X2, x°, x* were (ref. 38): trans DOWN,
{ C3il O3l Pl OS'iy 18, -29, 17, —4; cis DOWN, 26, —38, 18, ~7; trans UP, —27, 35, -34,

)((PY) O4'i|] Cl’iD N1, C2| 20; cisUP, —21, 36, —36, 17.
)((PU) 04,0 C1;0 N9UO C4

4.2.2.Sugar pucker: torsion angles and angle of pseudorotation

Each of the sugar torsion angles v, vy, V5, V3 and v, is defined by four atoms as follows (ref. 22) (see aso
Fig. 5):

Vo C40 040 Ccr0 C2

v, O40 Cr0 Cc20 C3

v, CI'D C20 C30 C4 il

v C20 C30 Cc4'0 o4 v, Cl'y,

v, C30 C40 o400 CY o4’ c2'
Note that v5 and J, which characterize torsion an- U\ /Y

gles about the same bond (C3' 0 C4'), will have dif- —©3(-1) —P() - 05~ C5'—C4' — C3' - 03~ P(i+1) -
ferent values for any given conformation. A

5' >3
The sugar is generally non-planar, and it is recom- Fig. 5. Designation of the torsion angles i_n_the sugar-
mended that the sugar ring conformation (pucker) be Phosphatebackbone (a, 5, y; 3, &, ¢), the glycosidic bond (),
described by specifying two parameters:  the phase anecfl t;; endocyclic torsion angles in the sugar ring (vo O V)
angle of pseudorotation (P) and the puckering am- (ref. 22).
plitude ¢, In practice, the pseudorotation parameters can be determined from measurements of the three-
bond J-couplings between the protons attached to C1', C2', C3', and C4'. The following equations char-
acterize relationships among the torsion angles defined by these protons and the pseudorotation parameters
(ref. 39, 40):

@y = 1214+ 1.03 ¢, cos (P — 144°) @y = 122.9+ 1.06 ¢, cos (P)
@y = 0.9+ 1.02 ¢, cos (P — 144°) @3y =-—124.0+ 1.09 ¢, cos (P + 144°)
@y = 2.4+ 1.06 ¢, cos(P)
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Fig. 6. Pseudorotation cycle of the furanose ring showing the relationships among the phase angle of pseudorotation (P), the
envelope (E) and twist (T) notation, and the endo and exo notation. Conformations corresponding to the northern half are
designated as N-type, and those corresponding to the southern half are designated as Stype. Ranges of the P values usually
observed experimentally for the N and S conformations are represented byfér ribo- and d' for 2'-deoxyribofuranose rings
of -D-nucleosides and nucleotides (ref. 22). Note that the symmetrical Tyvistir{formations are found at even multiples of
18 and that the symmetrical envelope conformations are found at odd multiplés of 18

In these equations the non-equilateral character of the sugar ring is accounted for. The ¢gis can be derived
from the J-couplings by means of appropriate Karplus equa-

tions. j)./ Z

. . . & —P (c;'s) +Sp\//
Relationships among the phase angle of pseudorotation and be , \
the alternativeE/T andendo/exo notations are illustrated by -30° +30°
the pseudorotation wheel in Fig. 6. In 88 nomenclature, -sc +SC
the puckered forms are designated&bfenvelope form) and —60Q +60°
T (twist form) (ref. 22). For exampl® = +18 is equivalent [(9auche) (+gauche)
to C3-endo or °E, andP = -162 is equivalent to C3sxo -Y-__90° +90% -

or ,E. Symmetrical twist conformations, with two atoms at

equal distance with respect to the plane defined by the three —120° +120°

remaining ring atoms, can also be represented; for examplZ2

P = (° is equivalent to C3endo/ C2-exo, or to 5T . \—1,50° +180° > /

7~ (trans) B
4.2.3.Value ranges for torsion angles specify- TP 7P
ing commonly observed conformations anti

] ] Fig. 7. Relationships among different terminologies
In practice, torsion angles are often not known exactly, ¥l for the approximate description of a torsion

can be assigned to particular conformational regions. @y in terms of conformational regions. Torsion
notation used most frequently by spectroscopists and Xapglgs are defined by holding the front bond at zero

crystallographers for ranges of torsion anglesiis , trans, PStion, asindicatedin thefigure, and by measuring
Y grap 9 9 S he angle between the front bond and the back bond

—gauche, and+gauche as shown in Fig. 7. The IUPAC-IUEyi e [ooking along the central bond.  The Klyne-
Commission on Nucleotide Nomenclature recommended FfarRg convention (whose ranges are abbreviated as:
Klyne-Prelog notation (ref. 22), witk: synperiplanar (x sp), * sp, £ synperiplanar; + sc, + synclinal; + ap, + an-

+ synclinal (+ sc), + anticlinal (+ ac), and+ antiperiplanar tiPeriplanar; + ac, + anticlinal) has been recom-
mended by the IUPAC-1UB Commission on Nucleo-

(= gp) as defined in Fig. 7.. The te.rrﬂyn. (0= 90°_) and i4e Nomendature (ref. 22). However, spectro-
anti (18C + 90°) have special meanings in nucleotide chegepists commonly use a different nomenclature
istry in that they are used to define the orientation of the tygseh specifies four 60° regions: cis (0° + 30°),
with respect to the sugar. Table 2 lists the predominant &&hs(180° +30°), +gauche (60° +30%) and -gauche

formations of nucleic acids and the associated ranges of(g§f- * 30). The terms syn (0° + 90°) and anti
sion angles (180° £ 90°) are discussed in the text.
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TABLE 2. Notation Commonly used to Describe the Major Conformational Forms of
Polynucleotides in Terms of Torsion Angle Ranges Obtained from Fiber Diffraction

M easurements.
a B y ) £ { X
A-RNA g- t gt gt t g- anti
-SC + ap + SC + SC -ap s —-ap
A-DNA g- t gt gt [t] g- anti
-sC +ap +sC +sC —-ac -sC -ap
B-DNA g- [t] gt t t [o7] anti
-sC -ac +sC +ap +ap —-ac —-ac
Z-DNA GP g* t t g* g-  [lgl 9n
+sC -ap +ap +sC -sC +ac +sC
Z-DNA CC ([lg7]] t gt (1] ([g7]] g- anti
—-ac -ap +sC +ac -ac —ac -ap

a For reference, the aternative Klyne-Prelog notation (ref. 22) is given below each recommended
symbol. Thecis (c), trans (t), +gauche (g7), —gauche (g7) notation does not provide a definition for
the torsion angle ranges 90° to 150° and — 90° to — 150° (Fig. 7). Several torsion angles in standard
polynuclectide conformations fall outside the ranges defined by these symbols. This information is
also given in the table in that angle values outside the range by less than 10° are enclosed by brack-
ets and those outside the range by more than 10° are enclosed by double brackets. In these cases,
the Klyne-Prelog notation provides a more accurate representation of the torsion angle range.
bGuanine residuein Z-DNA. CCytosine residuein Z-DNA.

5. NMR data acquisition, processing, and referencing

This section gives recommendations on how to present information needed to provide a comprehensive de-

scription of the experiments used in a structure determination.

5.1. Data acquisition

The following information describes the data collection process. In particular, a complete account is needed

for experiments employed in the collection of conformational constraints.

* NMR hardware used. Customarily the magnetic field is specified by the resonance frequency of a par-
ticular nucleus, usualy H; other minimal information includes the type of console, type of probe head
and the size and nature of the sample tube/container. Additional details might be desirable for the de-
scription of novel experimental protocols or home-built systems.

* Protocols for the acquisition of raw data. This normally includes a diagram of the pulse sequence
and/or an ASCI|I file with the code for the pulse program, or a reference if previously published routines
were used. It isimportant to include information on details of solvent suppression, timing parameters,
r.f. power levels (or equivalent 90° pulse duration), phase cycling, pulse shapes, any magnetic field gra-
dients (magnitudes and durations), the modes of acquisition for each dimension (including method for

guadrature detection), the recycle delay, and the total time required for data acquisition.

» Description of time domain data. This usually includes acquisition times, spectral widths, possible use

of non-linear sampling, and the number of real or complex data points in each time domain.
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5.2. Data processing

A comprehensive description of data processing normally includes the following information:

«  Software packages used.

« Enhancement of the time-domain data. This may include digital filtering, solvent filtering, convolution
with awindow function, zero filling, or linear prediction.

«  Time-domain to frequency-domain conversion. The Fourier transform is the most common method, but
aternatives may be employed, such as maximum entropy, maximum likelihood, or Bayesian analysis.
The final data size and digital resolution in each dimension are part of a complete documentation.

«  Enhancement of frequency-domain data. Common methods include symmetrization, baseline flattening,
and ridge or solvent suppression.

« Methods used to extract spectral parameters such as resonance frequencies, peak volumes, and coupling
constants.

5.3. Referencing of chemical shifts

According to general convention, NMR spectra are displayed with positive frequencies to the left and
negative frequencies to the right of the zero-frequency reference (ref. 6, 7). The IUPAC Commission on
Molecular Structure and Spectroscopy (ref. 6) has recommended that the 1H signal of tetramethylsilane
(TMS) be used as the primary reference for the resonance frequencies (and hence chemical shifts) of
protons, and they propose to use the same signal as an indirect reference for other nuclel (ref. 41). The
traditional primary chemical shift standard, however, for agueous solutions has been the methyl signal of a
water-soluble derivative of TMS. Following recent literature (ref. 42), it is recommended that the primary
chemical shift standard for all nuclei in aqueous biological investigations be the methyl signal of internal 2,2-
dimethylsilapentane-5-sulfonic acid (DSS) at low concentration. When it is inappropriate to use DSS as an
internal standard, e.g., in cases where DSS binds to the system under investigation, it is still desirable to use
the position of DSS as the O ppm point. In such cases, reference 42 lists alternative reference compounds
and corresponding referencing protocols. In such cases, precise details should be given for the reference
used and the conversion factors employed. Intheinterest of clearly differentiating such chemical shifts from
the default TUPAC recommendation for TMS as the reference (ref. 41), it is recommended that the notation
Jpss be used. The chemical shifts of the methyl peaks in the two references are quite similar (ref. 43).

5.3.1.'H chemical shifts

The methyl resonance of internal DSS at low concentration directly provides the preferred reference signa
for O ppm: notation, dpggor (DSS).

5.3.2.Chemical shifts of other nuclei such as?H, 13C, 15N, and 31P.
Whereas a number of direct and indi-

rect approaches have been described
for the referencing of chemical shifts

TABLE 3. Relative Frequencies (=) of Nuclel of Biomolecular
Interest to be Used for Indirect Referencing.@

of nuclei other than 1H, the indirect Nucleus ?eefcgrrgirg =/MHz Reference
referencing method (ref. 44) has be- sample

come the preferred approach. Non- i e
oGt itsme oo 1 ooy e
indirectly to the "H standard using 8¢ DSS (internal) 251449530  ref. 42
conversion factors derived from ra- 5N liquid NHs (external)  10.1329118 ref. 42

tios of NMR frequencies. The rela-
tive frequencies are designated by
the symbol =, with 1H convention-
aly at exactly 100 MHz. = values
for the nuclei most commonly util-
ized in studies of proteins and nucleic acids are listed in Table 3. Thus, for example, the zero frequency for

$p (CH30)sPO (internal)  40.4808636 ref. 46
a These = values were derived originally (as indicated in the table) from
the ratio of the signal frequency of a secondary reference to that of inter-
nal DSS in D,0 as the primary reference.
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13C chemical shiftsis obtained from the experimentally determined 1H frequency for DSS by multiplying the
latter frequency by the 13C/1H ='ratio, 25.1449530 /100.000000 = 0.251449530. In order to tie in with the
chemical shift scales used in much of the previous literature, these conversion factors were derived from the
1H/2H frequency ratio of water, 13C frequency of the methyl groups of internal DSS, the 15N frequency of
external liquid ammonia, and the 31P frequency of internal trimethylphosphate, respectively (see reference
42 for details). It isrecommended here that the relative frequencies (Table 3) be used as fixed constants not
subject to further change and that they be used for data collected at all temperatures (with no applied tem-
perature correction) and with the primary reference as either internal TMS (J) or DSS (dbss). It is antici-
pated that standardized = values for additional nuclel of interest to biomolecular spectroscopists will be de-
veloped and published as recommendations (ref. 41).

6. Resonance assgnments

Resonance assignments constitute a prerequisite for the commonly used structure determination procedures.
Because the final quality of the structure depends to a large extent on the completeness of the underlying
resonance assignments, their full description is important. Deposition of chemical shift assgnments is im-
perative (see 10. below). Quantitative information on the completeness of assignments obtained, including
a listing of the missing assignments, is of prime interest. |f, as part of automated assgnment procedures,
parameters are available that provide a measure for the reliability of a particular assignment, it is desirable
that such parameters be presented along with the assignments themselves.

6.1. Sequence-specific assignment of polypeptide chains

The assignment process for polypeptides consists of sequence-specific assignments of backbone and side
chain resonances.

6.1.1. Sequential backbone assignment

In most cases, a brief description should suffice, since present assignment strategies employ one or both of
the two following approaches.

Assignments derived from sequential NOEs and 1H- 1H J-correlation. If samples with solution conditions
(e.g., pH, temperature, ionic strength) different from those reported in the assignment table were used in
determining or validating assignments, this information needs to be noted. It is useful to report other in-
formation relevant to the assgnment process, such as improvement of the spectral resolution by isotopic
labeling, including 1H/2H exchange of amide groups. It is recommended that this include description of the
types of J-correlation experiments used in the sequential assignment process.

Sequential assignments derived from homonuclear and heteronuclear J-correlations across peptide bonds.
Although uniform double labeling with 15N and 13C is most commonly employed with this approach, other
labeling patterns may be used. If non-uniform labeling was employed, important information includes a de-
scription of the labeling strategy and a list of the labeled proteins used. In cases where NOEs were used in
paralel to establish or validate assignments, this information is of interest.

6.1.2. Amino acid side-chain assignment

Side chain assignments, athough conceptually simple, are often complicated by spectra overlap, strong
coupling, and rapid transverse relaxation. Various isotope labeling strategies and NMR techniques have
been devised to overcome these problems. Unless novel methods have been employed, it should suffice to
reference the approaches used. It is recommended that the report contain a list of the experiments used, the
fraction of the side chain resonances that have been correlated through J-couplings to the backbone, and the
extent to which NOEs have been used in the assignment or validation process.
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6.2. Sequence-specific assignment of nucleic acids

The assignment process for nucleic acids consists of two phases. In one part, the sugar-phosphate back-
bone resonances are assigned, together with the purine H8 and the pyrimidine H5 and H6 resonances. This
assignment usually is based on combined use of NOEs, 1H-1H J-correlation, and *H- 31P J-correlation, and,
in cases where isotopic labeling is used, on 1H- 13C, 13C- 13C, 13C- 15N, and 13C- 31P J-correlations. Inthe
second part, the remaining base protons (adenine H2 and all exchange labile protons) are assigned, usually
by NOE methods, but possibly also by isotopic labeling and J-correlation. For both parts, it is important to
report how the resonance assignments were established and what assumptions regarding the conformation
of the oligonucleotide were used in making assignments that involve NOEs. Further pertinent information
includes temperature and solvent conditions and, if applicable, the level and pattern of isotopic enrichment.

6.3. Stereospecific assgnment of diastereotopic substituents

It is useful to indicate in the assignment table which method was used to make each stereospecific assign-
ment. Unless a novel approach was used, the description may consist of a brief reference to one of the
methods in common use.

Analysis of J-couplings and short-range NOEs. It is useful to report the J-couplings and the experiments
used for their measurement along with any NOEs utilized in making the stereospecific assignments. If
computational methods, such as systematic grid searches, were used, they should be referenced or described
briefly.

Serecassignment by isotopic labeling. It is customary to report how the labeling was achieved (e.g., iso-
topic composition of cell growth medium) and what the observed levels of enrichment were for the perti-
nent sites in the biomolecule.

Sereospecific assignments by reference to preliminary structures. Indicate the software package and any
statistical criteria (confidence level) employed.

6.4. Conformational equilibria

The criteria used to deduce the existence of multiple states (as may result, for example, from partial folding,
oligomeric heterogeneity, cofactor or ligand binding heterogeneity, peptide bond cig/trans isomerization, or
hairpin-duplex equilibrium) are of prime interest. A separate designator is supplied for each individua state
and associated with its NMR parameters. Fractional occupancies and interconversion rates for the states
(or bounds on these) may be included if known.

7.  Conformational features derived from diagnostic NM R parameters
7.1. Polypeptide secondary structure

It is a special feature of protein structure determination by NMR that the secondary polypeptide structure,
including the connections between individual segments of regular secondary structure, can be determined
early on in connection with the resonance assignments, before the complete structure calculation is even
started. Reports on such identification of regular secondary structures and tight turns will be of interest
also in the foreseeable future, for example, as a preliminary structural characterization of a novel protein or
in connection with studies on protein folding. The information used for secondary structure identification is
concisely documented in a survey diagram of the type shown in Fig. 8. The data in Fig. 8 include spin-spin
coupling congtants 3Jyny,, sequentidl NOEs dgy, dyy, and dgy, medium-range NOEs d(i,i+3),
dgi,i+3), dgn(iLi+4), dyn(iLi+2), and dgn(isi+2) (ref. 47), and conformation-dependent chemical shifts for
the a-carbons, 49 (13C%). The diagram can be expanded readily for inclusion of additional parameters of
diagnostic value for secondary structure determination. Figure 8 gives complete data for identification of
helical structure (ref. 33) and N-caps in helices (ref. 49). Although segments of extended chain also can be
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Fig. 8. Example showing methods recommended for presenting NMR data supporting the identification of
regular secondary structure in proteins. The 40-residue protein, pheromone Er-2, is used as an illustration
(ref. 51). Above the amino acid sequence, black squares identify residues with observably slow hydrogen ex-
change rates, ky, at the backbone amide (the conditions of the exchange experiment should be specified). Be-
low the amino acid sequence, filled circles identify residues with 3Juwne < 6.0 Hz, indicative of local a-type
conformation; open circles correspond to *Junna > 8.0 Hz, indicative of residues in extended chain conforma-
tion; crosses identify residues with 3Juna values 6.00 8.0 Hz. For the sequential proton-proton NOE connec-
tivities, dgn, dwn, and day (das, das, and dgs for XxxO Pro dipeptides, dan, dav, and dgy for Prold Xxx dipep-
tides), thick and thin barsindicate strong and weak NOE intensities, respectively. The observed medium-range
NOES dan(i,i+3), dagli,i+3), dan(i,i+4), dun(i,i+2), and dan(i,i+2) are indicated by lines connecting the two
residues that are related by the NOE. **C” chemical shifts relative to the random coil values, 45 (*C%), are
plotted at the bottom of the figure, where positive values are shifts to lower field. The sequence locations of
three helices are indicated at the bottom; broken lines are used to indicate that the identification of helix 2 from
these datais uncertain.

recognized from presentations of this type (Fig. 8), additiona information on long-range NOES is needed
for the identification of -sheets. A two-dimensional drawing of the S-sheets enables a concise presentation
of these data, which may even include some details on the experiments used (Fig. 9).
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Fig. 9. Presentation of NMR evidence for the presence of S-sheet in a protein (the example shown is Tendamistat (ref. 33).
Slowly exchanging amide protons are shown in bold. Interstrand, long-range *HO *H NOES dg4(i ), dan(i,j), and dn(ij)
areindicated by double-headed arrows. Similar representations can be drawn for parallel -sheets.

=
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7.2. Polynucleotides
7.2.1.Mononucleosides

The conformation of a mononucleoside within a nucleic acid structure is determined by the sugar confor-
mation and the glycosidic torsion angle. Diagnostic characterization of these structural features often is
possible from simple inspection of the NMR spectra

* In aribose ring, 3J14> = 1 Hz is diagnostic for the N-puckered conformation (P = 0° to 18°), and
3Jy1Hy = 7.9 Hz is diagnostic for the S-puckered conformation (P = 144° to 162°).

* Inadeoxyribose ring, 3J;4> = 1.8 Hz is diagnostic for the N-puckered conformation (P = 0° to 18°),
and 3J,y4> = 10 Hz is diagnostic for the S-puckered conformation (P = 144° to 162°).

» The distance between H6 (in pyrimidines) or H8 (in purines) and the sugar ring proton H1' varies from
~ 25 A (0.25 nm) in the syn (y= 60°) orientation to ~ 3.7 A (0.37 nm) in the anti (y = 240°)
orientation. The anti orientation, which is found in A- and B-type helices, therefore, is characterized by
cross-relaxation cross peaks of low intensity. The syn conformation, which is found, for example, in the
G-residues in Z-DNA, is characterized by cross-relaxation cross peaks of high intensity. Pyrimidine
residues are rarely found in the syn orientation.

» The distance between H6 (in pyrimidines) or H8 (in purines) and the sugar ring proton H2' varies from
~2 A (0.2 nm) in the anti orientation to ~ 4 A (0.4 nm) in the syn orientation. Because these distances
are nearly independent of the sugar pucker, the magnitudes of their cross-relaxation cross peaks are
particularly useful for estimating the magnitude of the glycosidic angle .

» Until a specific format for the presentation of these diagnostic data has been agreed upon, description in
the text is recommended.

7.2.2.Backbone angles

In favorable situations, heteronuclear H - 31P coupling constants can be used to recognize preferred
backbone conformations. The preferred orientation of the backbone angle g (PC O5'00 C5'0 C4') in helix-
type structures is in the trans range, which is characterized by relatively small values for 3J5p and 3J,5p
(about 2to 5 Hz). Unusual folding patterns (e.g., in loop structures) can lead to S values in the g* range,
characterized by 3Jy5p = 24 Hz, or the g~ range, characterized by 3J,5p = 24 Hz. In B-type DNA
helices, the torsion angles 8 and y are in the preferred St and y*+ conformations, and the fragment
PO O5'0 C5'0 C4'0 H4' forms an al-trans, planar, W-type geometry. This results in a long-range 4J,4p
coupling constant of 2-3 Hz, which is large enough to lead to discernible 1H - 31P hetero-COSY cross
peaks. In A-type RNA helices, S and yadopt similar preferred conformations, but the resulting geometry is
not of the ‘ideal’, alltrans, planar,W-type, and thus néH - 31P cross peaks are visible for the'H4P
combination. The backbone torsion anglevhich has the preferred orientatigh is characterized by a
similar effect: whene switches to thee~ orientation €* is forbidden), the fragment H2 C20 C3[
O30 P can form a plana¥\-type geometry, which is characterized by the presenéel®f] 3P hetero-
COSY cross peaks. Until a specific format for the presentation of these data has been proposed, it
recommended that they be presented either in a table or as part of the text.

7.2.3. Secondary structure
The observation of imino proton resonances between 11.5 and 14.5 ppm is indicative of the presence
base-paired helical regions in a nucleic acid. The resonance intensity in this spectral range provides a lo\

limit to the number of helical base pairs. The occurrence of imino proton resonadggs>at4.5 ppm is
indicative of the presence of protonated cytosine involved in base-pair hydrogen bonding.
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8.  Collection of input constraints and structure calculation

The collection of constraints used in calculating the structure of a protein or nucleic acid usualy is an
iterative process, where an initial fold, determined on the basis of a small number of constraints, supports
the identification of additional constraints, which supplement the original constraints in the next round of
refinement.  Thus, the collection of input constraints can be considered an integral part of the structure
calculation process, and both aspects are dealt with in this section.

8.1. Conformational constraints
8.1.1. Distance constraints from NOE data

It is customary to describe the methods used to assign NOE cross peaks and those employed to convert
NOE cross peak intensities into interproton distance constraints. It is essentia that the procedure followed
in determining the constraints be described in sufficient detail that a worker could repest their derivation
given equivalent NOE data. It isimportant to specify whether all types of protons were treated equally, or
whether special corrections were made, for example, to account for motional averaging or interactions
involving methyl groups. For oligomeric proteins, it is important to describe if and how intermolecular
NOEs were distinguished from intramolecular interactions.

8.1.2. Torsion angle constraints from J-coupling data

It is usua to specify the methods used to relate J-couplings to structural constraints. This includes the
specific Karplus-type relationships employed, their representation by an energetic penalty function during
the structure calculation (see for example, ref. 50), and possibly additional criteria used to resolve the up to
four-fold degeneracy of the Karplus relation between torsion angle and J-coupling.

8.1.3. Torsion angle constraints from chemical shifts

If chemical-shift-derived torsion angle constraints are used in the structure refinement procedure, it is
important to describe the energetic penalty function used, the method by which the predicted shift was
calculated, and the refinement stages in which chemical shift information was included.

8.1.4. Congtraints representing disulfide bonds, hydrogen bonding, and metal
coordination

Standard upper and lower distance constraints are available to represent disulfide bonds that have been
identified either by chemical methods or from NMR results (ref. 51). Similarly, standard upper and lower
distance constraints are available to represent hydrogen bonds inferred from diagnostic NMR data (see 7.)

(ref. 51). Hydrogen bonding distances for the Watson-Crick and Hoogsteen base pairs are usually taken

from Saenger (ref. 52) with error estimates of + 0.2 A (0.02 nm). Justification is needed, in all cases, for
the selection of the ligating atoms and, in the case of metal coordination, for the coordination geomet
used in the structure calculation. In all cases, documentation of how these constraints were incorporatec
the energetic penalty function, and at what stage of the analysis, is of interest.

8.1.5. Supplementary constraints for structure refinement

Structural information may be derived from a variety of additional sources, including evidence of hydration
effects of paramagnetic shift and relaxation reagents, isotope shifts, nuclear quadrupole coupling
photochemical chemically induced dynamic nuclear polarization (photo CIDNP) experiments, field
dependence akcouplings, anisotropy of relaxation times, etc. It is important to describe in some detail the
way in which these data were collected and the means by which they were applied to the structu
calculation. If an energetic penalty function was used, its functional form should be specified. It i
important to document all assumptions and additional sources of information used in calculating th
structure from the experimental data.
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8.1.6.1nput for thefinal structure calculation

Data bank deposition of the input for the final structure calculation is considered to be as important as the
deposition of the final atomic coordinates (10.). Standard formats for the deposition of these constraints
(8.1.1. O 8.1.5.) are available from the data banks: BMRB (ref. 2) and PDB (ref. 1).

In publications of structures of proteins and nucleic acids, it is customary to provide the following as a
concise overview of the types of input constraints determined. (Prior to this count, NOESs that cannot result
in a constraint due to the distance limits imposed by the covaent geometry, for example, upper limit
distance constraints > 3.3 A (0.33 nm) for vicinal protons, should be eliminated. Upper and lower limits
belonging to the same NOE should be counted as one constraint.):

* The number and type of NOE (or rotating-frame Overhauser effect (ROE)) constraints, classified as,
intraresidue NOEs (i —j = 0), sequential NOEs (i — j| = 1), medium-range NOESs (i — j| <5), long-range
NOEs (all other intramolecular), and intermolecular constraints (if applicable).

e The number of torsion angle or J-coupling constraints used, classified by the type of angle (@ @, X2,
etc., in polypeptides, S5, y; O, & X, the sugar pucker constraints, and, if used, the staggered
conformations of the a and ¢ angles in nucleic acids).

»  The number of hydrogen bond constraints (with a distinction made between the number of constrained
hydrogen bonds and the number of constraints used to describe these bonds).

» If applicable, other types of constraints.

8.2. Methodsused for structure calculation and refinement

The computational methods used for structure determination and refinement (including names and versions
of software packages used) need to be specified in adequate detail, and it is important to provide references
to parameter sets, potential functions and vaues of force constants used, or to include these values
explicitly in the report if they have not been published elsewhere.

8.2.1. Structure calculation

It is desirable that the process for deriving the three-dimensional structure from the NMR data be described
clearly, including the starting conformation(s), numbers and types of constraints used, and the criteria used
to rgject unfavorable folds. It isimportant to describe the protocol used in minimizing the energetic penalty
function during the various stages of refinement (for example, the initial and final temperatures together
with the number of steps, the step size, and the force constants used in simulated annealing protocols).

8.2.2. Preliminary structuresto assign additional constraints

Currently, most structure determination protocols remove ambiguities from NOE cross-peak assignments
by reference to an initial fold calculated with an incomplete set of (ideally unambiguous) constraints. It is
important to document any ambiguity in the initial set of constraints along with the methods used for
assigning additional constraints, for example, by reference to the software used and by reporting adequate
details on the procedures (number of iterations, criteria and cut-off values) employed for the rejection of
NOESs at various stages in the refinement.

8.2.3.Structurerefinement

Structure refinement procedures which rely on computationally intensive programs for relaxation matrix
refinement or chemical shift calculations are frequently only incorporated during the final stages of the
structure determination. It is important to provide sufficient details regarding the use of these procedures,
including their effects on the average structure used as input for the refinement, and their effect on the
root-mean-square deviation of the ensemble of structures.
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9.  Reporting three-dimensional structures
9.1. Presentation of structures

In reporting three-dimensional NMR structures it is common practice to display the entire ensemble of
conformers used for statistical analysis. In addition, a representative conformer, suitable for detailed struc-
tural interpretation, often is presented. The representative conformer has been identified variously as the
structure that best satisfies the NMR constraints, as the energy-minimized structure derived from the aver-
aged coordinates of the ensemble, or as the structure that is closest to the averaged coordinates of the en-
semble (ref. 53). Subtleties in the averaging of NMR properties (ref. 54), which differ from averaging in X-
ray crystallography, need to be considered. It isimportant to specify the total number of conformers calcu-
lated and the criteria for selection of the subset of conformers, including the representative conformer used
for display and analysis.

9.2. Agreement of structureswith constraints

» It isimportant to report complete statistics as to how well the structures satisfy the constraints. The
maximum violations of distance bounds, torsion angle constraints, coupling constants, chemical shifts,
or other experimental constraints used in the structure calculation, are normally reported, together with
the average violation per constraint (+ standard deviation).

* When computational methods are used that provide a measure of the agreement of the structures with
the constraints or with direct spectroscopic data such as NOE intensities, the fina value of the target
function or figure of merit (R-factor) normally is reported. In the particular case of relaxation matrix
calculation of NOE intengities, it is appropriate to specify the functional form of the R-factor (e.g., di-
rect, r 6 weighted, etc.).

» Itisusual to specify the deviations from idealized covalent geometry for bond lengths, bond angles, and
impropers and to indicate which idealized geometry was used. Since covalent bond lengths and angles
are restrained to “ideal” values in all methods currently used to compute NMR structures, deviation
from ideality do not provide an independent assessment of the overall quality of the structures but c:
identify problem regions where constraints might be too tight or where constraints may be in conflict a
a result of conformational averaging.

9.3. Precison of structures

An ensemble of conformers calculated from the same set of input data is widely used to represent
NMR-derived structure. The precision of the structure determination commonly is expressed in terms of
statistical analysis of the variation of the atomic coordinates and torsion angles among these conforme
The precision may then be reported either as average pairwise root mean square (rms.) deviation or the r
deviation relative to the mean coordinates. A meaningful description of the precision of local structure |
provided by the circular variance (ref. 55) or the angular order parameter (ref. 56) for torsion angles. It
useful to specify the method of superposition used in obtaining the mean coordinates. For proteins, the
erage rms. deviation for Cartesian coordinates usually is reported for a set of backbone heavyeatoms,
sets of (@), (N, C?, C), or (N, @, C, O) atoms, all side-chain heavy atoms, and all heavy atoms (backbone
plus side chain). It is important to indicate whether the reported rms. deviations apply to all amino aci
residues or only to a selected subset. For nucleic acids, the atoms used for calculations of rms. deviati
should be specified.

Useful supplementary information includes evaluation of the rms deviations along the sequence in light
the density of constraints per residue, in order to better evaluate the significance of the apparent precisior

9.4. Validation of structures
In common with other methods for three-dimensional structure analysis, for example X-ray diffraction ir

single crystals, there is no direct method for absolute validation of the result of an NMR structure deterr
nation. Nonetheless, a number of criteria are available for investigating whether the result of an NMI
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structure determination is “reasonable.” Such approaches have been developed only recently and are b
used to evaluate the results of both NMR and X-ray structure determinations. Additional techniques a
currently in development in different laboratories. These commonly are based on the database of curren
available three-dimensional structures (reflJ%8). Criteria used for structure validation include the fol-
lowing:

» Conformational energy (either Lennard-Jones or total energy) with associated force field used.

* For proteins, a Ramachandramy) plot for the backbone torsion angles in the family of conformers.

* For more detailed assessment of the stereochemical quality of a protein structure, several compu
programs are available (reviewed in reference 60). These may identify regions of the structure in whic
potential problems require further evaluation. Most of these programs have been written primarily fo
checking X-ray coordinates, rather than an ensemble of conformers obtained by NMR, but a recent
published suite gbrograms (ref. 61) has been designed for the validation of NMR structures.

10. Databank deposition of NMR structures and supporting data

Deposition in public data banks of the quantitative and semi-quantitative data and references to spec
procedures used to manipulate the data, as described in these recommendations, is strongly encoura
even in cases where this duplicates information tabulated in journal articles. The key elements in a ds
deposition for an NMR structure include:

* Representation of the covalent structure(s) of the molecule(s) in the system reported (generally a ¢
guence plus indications of cross links and special modifications) plus information on bound cofactors ¢
other ligands and oligomeric structure.

» Tabulation of assigned chemical shifts.

» Tabulation of assigned coupling constants.

» Tabulation of constraints used in the structure calculation: distance constraints from NOEs (or th
spectroscopic data from which the constraints were derived), torsion angle constraiksdapiings
and chemical shifts, H-bond constraints, disulfide bridge constraints, and supplementary constraints:
is important to indicate how the constraints were calibrated and the nature of any pseudoatom or ott
corrections (e.g., to account for spin diffusion or spin multiplicity) included in the constraint values anc
to specify what type of averaging protocelg(, center averaging;¢ averaging, etc.) has been used
(ref. 54, 62).

» Cartesian coordinates for the family of conformers that represent the result of the structure determin
tion as well as for a single representative conformer: it is important to include all available atoms in th
deposition, including the protons.

» Concise description of the solution conditions used for the structure determination (temperature, pt
ionic composition, etc.).

» Literature citations for the studies that originated the deposited data.

Compilers of databases are encouraged to accommodate the deposition of supplementary information of
kind described in the preceding sections either as free text or in a more organized format. This may inclu
a brief description of the computational techniques (including specification of the software) used to proce:
the input data, derive and refine the structures, and validate the results.

Additional information usefully available from a database includes tables of NMR relaxation rates, hydroge
exchange rates or protection factors, and thermodynamic parameters characterizing conformational equi
ria and ligand binding. Some authors may wish to deposit electronic files containing the free induction dé
cays from a representative cross-relaxation experiment and/or lists of peaks and intensities of the prim:
data sets.

In analogy with the reporting of structures determined by X-ray crystallography, it is desirable that journe
editors require, as a condition for acceptance of a publication, database deposition of at least (1) the ato
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coordinates, (2) the assigned chemical shifts, (3) the assigned J-couplings, and (4) a compilation of all input
constraints used for the structure determination.

Conclusion

The recommendations presented here are designed to support easier communication of NMR data and
NMR structures for proteins and nucleic acids through unified nomenclature and reporting standards.
Much of this document pertains to the reporting of datain journal articles. However, in the best interest of
the future development of structural biology, it is desirable that the bulk of the reported information be
stored in computer-accessible form and be freely accessible to the scientific community. For such purpose,
the macromolecular crystallographic community is advocating use of the mmCIF format (ref. 63, 64), which
is compatible with the STAR/CIF format (ref. 65, 66); mmCIF has been implemented in the Nucleic Acid
Database. In recognition of the desirability of developing full compatibility between machine-readable
crystal diffraction and NMR data, it is recommended that a compatible format be used for NMR data from
proteins and nucleic acids. It may prove desirable, in addition, for the databases to develop full compatibil-
ity with the ASN.1 data exchange format (ref. 6701 69), which has been adopted by the U.S. National Cen-
ter for Biotechnology Information and is being used in the chemical exchange format developed by the
Chemical Abstracts Service (ref. 70). With these goals in mind, international committees, in association
with the Protein Data Bank and BioMagResBank, are in the process of using the present document to de-
velop data dictionaries and author-input protocols for the deposition of macromolecular NMR data
(ref. 71).
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