
Automated 2D NOESY Assignment and Structure Calculation
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The NOAH/DIAMOD program suite was used to automatically iterations gave pairwise RMSD ranging from 0.8 to 2.0 Å c
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ssign an experimental 2D NOESY spectrum of the 46 residue pro-
ein crambin(S22/I25), using feedback filtering and self-correcting
istance geometry (SECODG). Automatically picked NOESY cross
eaks were combined with 157 manually assigned peaks to start
OAH/DIAMOD calculations. At each cycle, DIAMOD was used to

alculate an ensemble of 40 structures from these NOE distance
onstraints and random starting structures. The 10 structures with
mallest target function values were analyzed by the structure-based
lter, NOAH, and a new set of possible assignments was automati-
ally generated based on chemical shifts and distance constraints
iolations. After 60 iterations and final energy minimization, the 10
tructures with smallest target functions converged to 1.48 Å for
ackbone atoms. Despite several missing chemical shifts, 426 of 613
OE peaks were unambiguously assigned; 59 peaks were ambigu-

usly assigned. The remaining 128 peaks picked automatically by
ELIX are probably primarily noise peaks, with a few real peaks that
ere not assigned by NOAH due to the incomplete proton chemical

hifts list. © 1999 Academic Press

Key Words: automated NMR spectra assignment; self-correcting
istance geometry; crambin; NOAH; DIAMOD.

INTRODUCTION

The assignment of cross peaks in NOESY spectra is a c
tep in protein structure determination by NMR. As manua
erpretation of NMR spectra is time consuming, tedious,
rror-prone, advanced iterative approaches have been sugge
utomate the assignment of NOESY peaks and 3D-structur
ulation (1–18). We have developed the NOAH/DIAMOD pr
ram suite (9, 10) based on feedback filtering and self-correc
istance geometry (SECODG) (19–22), which performed well in

ests for assigning both simulated and experimental pr
OESY spectra and determining 3D structures. On average,

han 80% of NOESY peaks can be assigned within the g
hemical shift tolerance and 95–99% of those peaks were
ectly assigned. The structures calculated via NOAH/DIAM
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ared with the target structures in the nonloop regions with
lated data sets (9). Recent application of our approach to exp

mental 2D and 3D homo- and heteronuclear NOESY spec
ix proteins yielded similar structures to those determined p
usly from manually assigned cross peaks (10).
Here we describe the firstab initio application of our auto
atic method to raw spectral NMR data for crambin(Se

le25). Crambin, isolated from the seeds ofCrambe abysinica
s a 46-residue protein with unusually high solubility in etha
nd organic solvents. This unusual solubility of crambin
ell as its homology to membrane active plant toxins (suc
urothionins (23)), has excited much interest in the structu

unction relationship of crambin. The recent expression
rambin as a fusion protein inEscherichia coli(24) means tha
any mutants of crambin should soon be available for s

ural analysis, suggesting an immediate use for a good
ated method for data assignment and interpretation.
Crambin isolated from seed is a mixture of two nearly iden

roteins. A high-resolution structure of one form (Pro22, Leu
ad been determined by both NMR and X-ray crystallogra
25–28); after completion of this work the X-ray structure of
econd isomer was published (29). As we were able to direct
ompare our structure with high-resolution X-ray structures,
as a useful model to demonstrate the speed and accuracy
ECODG-based method for interpreting previously unassi
OESY spectra. The experience showed how useful the app

s, as the time for structure determination could be cut f
onths to several weeks. Structural analysis and compa
llowed us to fine-tune the approach and suggest changes to
ompletely automated assignment and structure calculation

MATERIALS AND METHODS

solation of the Protein and NMR Methodology

A mixture of crambin(Pro-22/Leu-25) and (Ser-22/Ile-
orms, isolated from seeds ofCrambe absynicaas previously



described (30), was separated by HPLC using a linear gradient
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77SELF-CORRECTING DISTANCE GEOMETRY APPLIED TO CRAMBIN
rom 20% CH3CN/H2O (v/v) to 50% CH3CN/H2O containing
% trichloroacetic acid. The protein samples were hydroly

n 6 N HCl at 100°C for 48 h and the amino acid composi
etermined by HPLC. The NMR sample of 2.5 mM cramb
Ser/Ile) form was prepared by dissolving about 8.2 mg p
ed protein in 0.7 ml of 75%d6-acetone/20%H2O/5%D2O.
he protein solution was then transferred to a 5-mm N

ube. 1D and 2D1H NMR spectra were obtained on a Var
XR-500 or a Varian VXR-600 NMR spectrometer. The
OCSY, NOESY (200 ms mixing time), and DQF-CO
MR spectra were acquired with 512 complex points in tht1
imension and 2048 points in thet2 dimension using a swee
idth of 6500 Hz (500 MHz) or 7000 Hz (600 MHz). Wa
uppression was obtained by irradiation of the HDO sig
ero-filling (32) was applied in thet1 dimension. The dat
as processed with an 85° shifted sine-bell function. The
igital resolution was;3.3 Hz/point (500 MHz) or 3.5 Hz
oint (600 MHz) in both dimensions. In a DQF-COSY exp

ment, zero-filling was also applied to thet2 dimension to give
final digital resolution of 1.6 Hz/point in thet2 dimension.

pin System Assignment

The spin systems of each type of amino acids were man
dentified by 2D TOCSY NMR spectra with short (30 ms) a
ong (120 ms) mixing times. TheJ-connectivities betwee
ackbone NH proton and its CaH, CbH and CgH were readily
bserved in the 120 ms mixing TOCSY spectrum, permit
ssignment of these side chain protons and those of the u
pin systems Phe13, Tyr29, and Tyr44, whose aromatic
ances were located in the region of 6.5–7.6 ppm.

equence Specific Assignment

About 80% of the sequential connectivities could be
igned. The twoa-helices, Ile7-Leu18 and Glu23-Thr30, we
etermined by their characteristic NHi–NHi11, NHi–NHi13,

aHiNHi13, and CbHiNHi11 NOE connectivities. The antip
allel b-sheet formed by Thr1-Cys4 and Cys32-Ile35 was id
ified by the observation of Thr2Ha-Ile35NH, Thr2Ha-
le34Ha, Cys4CaH-Cys32CaH, and Cys3CbH-Ile33CaH
OEs. Their slow NH-exchange rates confirmed the pres
f both a-helix andb-sheet structures.

ata Processing

A NOESY spectrum at 200 ms mixing time was proces
sing the FELIX E-Z 2D transform protocol (20% DC offs
ine square 90° window function, without solvent suppres
nd baseline correction) and the matrix was rephased se

imes in both dimensions. The FELIX automatic peak-pick
outine “pick all peaks” was used to obtain all peaks a
ontour level of 0.03, and the FELIX peak filter functions w
sed to remove diagonal and unsymmetrical peaks w
niform tolerance of two data points. Most of the water pe
nd other artifact peaks were removed via those filter f
d
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orentzian lineshape algorithm were used to obtain cross
ntensities. We also manually picked some very weak pea
ower contour levels than the level used for automated
icking. We picked isolated, well-defined peaks down t
ontour level that corresponds to cross peak intensities of
f our strongest peak. We selected 73 such isolated peak

ine shapes similar to other NOESY cross peaks. An in-h
ORTRAN program was used to collect symmetric cross
airs and calculate the average peak volumes. This pro
enerates an output peak file with the chemical shift data

ormat suitable for the NOAH program input file.

nitial Peak Assignments

As the sequence specific assignment identified some
ross peaks, these were used as input in the NOAH/DIAM
alculation (case 1 calculation). This calculation started f
n input peak list file with 613 NOE cross peak intensities
hich 157 peaks (79 inter- and 78 intraresidue) were man
ssigned. Six cross peaks were long-range NOESY p
onnecting the two antiparallelb-strands. As a test we treat
he 157 manually assigned peaks as not assigned in a c
alculation. The input proton list of 204 chemical shifts for
tudy is listed in Table 1. Pseudo-atoms were used whe
hemical shifts of protons were not stereospecifically assi
31). Although crambin has only 46 residues, 15 proton ch
cal shifts (CaHs and CbHs) were missing.

NOAH can also directly read the coupling constants
ranslates them as angular constraints. Angular const
rom J coupling constants were used, along with three pai
isulfide bridge constraints. There were 33f angle constraint
nd 7x1 angle constraints. The cutoffs forf angles are290°

f $ 240° if JHNa , 5.5 Hz; 2160° # f $ 280° if 8.0
z , JHNa , 10 Hz; and2140°# f $ 2100° if JHNa . 10
z.

OAH/DIAMOD Assignments and Structure Calculations

Table 2 lists the NOAH parameters used (for a deta
xplanation of these parameters and NOAH/DIAMOD fl
harts, see reference (9)). The following input data were use
y NOAH/DIAMOD (9):

(a) A nearly complete list of the chemical shifts of prot
nd the tolerance shift (or chemical shift fluctuation) of
rotons, which is used for chemical shift based assignme
(b) A list of experimental coupling constants used for d

ral angle constraints during the structure calculations.
(c) A 2D (or ND) experimental NOESY cross peak list
(d) Disulfide bridge constraints for the three disulfi

ridges Cys3-Cys40, Cys4-Cys32, and Cys16-Cys26.

anual assignments, while not essential if the primary dat
s complete, facilitate the assignment of automatically ge
ted NOESY peaks. For each NOE peak, an integrated i
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ity and two chemical shifts are needed to generate dis
onstraints.
Cross peak intensities were converted to upper dist

onstraints by the equationI 5 Ar26 (9). An upper distanc
imit of 2.2 Å was assigned to the strongest NOESY cross
ntensity (range 1.8–2.2 Å) to determine the constantA. The
est of upper distance limits were then calculated by the inv

Proton Ch

esidue HN CaH

HR1 4.225 4.115
HR2 8.616 5.225 3.731
YS3 9.080 5.005 b2 2.54
YS4 9.041 5.432 2.897c

RO5 a 2.023,
ER6 7.000 4.779 4.03c

LE7 9.226 4.122 1.982
AL8 7.680 3.769 2.039
LA9 8.083 4.493 1.700c

RG10 7.794 4.609 2.034
ER11 8.411 4.064b 4.093c

SN12 8.569 4.540 b2 3.18
HE13 9.305 3.960 3.83
SN14 8.748 a b2 2.77
AL15 8.252 3.698 2.227c

YS16 9.302 3.823 2.600
RG17 7.718 4.057 1.854
EU18 7.639 4.211 2.078
RO19 a
LY20 8.200 3.486, 3.700
HR21 6.930 4.030 3.860
ER22 8.202 4.064 3.53c

LU23 9.685 3.422 b2 2.02
LA24 8.597 4.104 1.470c

LE25 7.442 3.794 2.050c

YS26 8.327 4.674 2.766
LA27 9.431 4.105 1.556c

HR28 7.676 3.989
YR29 7.921 4.435b 3.238,
HR30 7.592 4.645 4.744
LY31 8.038 3.960, 5.563
YS32 7.759 5.192 b2 2.87

LE33 9.047 4.770 1.616c

LE34 8.160 4.738 1.636c

LE35 8.490 4.998 2.040c

RO36 4.603
LY37 7.963 4.080c

LA38 8.472 a 1.446c

HR39 7.716 4.552 3.959c

YS40 8.762 4.880 b2 2.63
RO41 4.612 2.420
LY42 8.837 3.852c

SP43 8.389 4.683 3.03
YR44 8.105 4.475b b2 2.40
LA45 7.668 4.486 1.370c

SN46 8.078 4.679 2.550

a Missing chemical shift data (the missing CaH and CbH shift data are m
b Chemical shifts discovered during the NOAH/DIAMOD calculation.
c Pseudo-atom was used in the NOAH/DIAMOD calculation.
ce

ce

k

se

ixth power law. The van der Waals distance was used a
ower distance limit. We modified the NOAH/DIAMOD pe
eighting in this study to take account of the incomp
hemical shift data (9). Originally, distance constraints for
ross peak assigned unambiguously according to the N
riteria were weighted equally with manually assigned N
eaks during the DIAMOD structure calculation, while amb

ical Shifts

Others

gCH3 1.134
gCH3 0.869

3 4.602

30 CgH 2.887c, CdH (3.997, 3.794)

gCH2 (1.724, 1.340),gCH3 1.041, CdH 0.972
gCH3 (1.076, 0.987)

.714 CdH 3.430, C«H 9.690, NH2 (6.640c, 7.061c)

3 2.710 dNH2 (6.721, 7.555)
.557 CdH 7.220c, C«H 7.461c, CzH 7.330

3 3.314 dNH2 (7.064, 7.817)
gCH3 (1.156, 0.990)

.465

.703 CgH (1.267, 1.273), CdH (3.250, 2.600),«NH 7.420

.635 dCH3 (1.010, 0.930)
CdH (4.070, 3.963)

gCH3 1.338

3 1.767 CgH 2.882c

gCH2 (1.180, 1.100),gCH3 0.817
.492

gCH3 1.130
50 CdH 7252c, C«H 6.764c

gCH3 1.434

3 2.497
gCH2 (1.095, 0.817),gCH3 0.606,dCH3 0.160
gCH2 (1.373, 1.100),gCH3 0.775
gCH2 (1.467, 0.965),gCH3 .816,dCH3 0.773
CdH 3.795c

gCH3 1.192

3 3.446
.226 CdH (3.813, 3.676)

.846

3 2.951 CdH 6.835c, C«H 6.918c

.913 dNH2 (6.701, 6.987)
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79SELF-CORRECTING DISTANCE GEOMETRY APPLIED TO CRAMBIN
ous distance constraints received one-fifth weighting. H
he weighting ratio of manual, unambiguous, and ambig
as 9:5:1. This modification improved the convergence o
undle structures calculated by DIAMOD significantly. T
eighting for angular constraints was the same as tha
anually assigned NOE distance constraints.
At cycle 0, the NOAH program converts manually assig

eaks to upper distance constraints which are kept fixed
ighly weighted in all cycles. NOAH then searches for poss
ssignments of every unassigned peak within the chemica

olerances in both dimensions. If the number of possible
ignments is less than a user-defined threshold (Npa), these
eaks are selected, and all possible assignments of these
re converted to low-weighted, upper distance constraint
eferred to as test assignments (9). These test assignments
hen promoted to unambiguous or ambiguous assignmen
etained as test assignments or unassigned peaks, depen
he consistency of the distance constraints with the calcu
undle structures at the next cycle. For each cycle 40 struc
re calculated by DIAMOD starting from random structu
he 10 best structures are fed back to NOAH and analyz

mprove the assignments.

NOAH Parameters Used

Cycle L1% L2% Npa Dtol (ppm

— — 2 0.03
60 70 2 0.03
50 70 2 0.03
40 70 2 0.03
40 70 2 0.03
40 70 2 0.03

–9 40 70 2 0.03
0 40 70 2 0.03
1–13 40 70 2 0.03
4 40 70 2 0.03
5 40 70 2 0.03
6 40 70 2 0.03
7–18 40 70 2 0.03
9–22 40 70 2 0.03
3–24 40 70 2 0.03
5 40 70 2 0.03
6–29 40 70 2 0.03
0 40 70 2 0.03
1 40 70 2 0.03
2–34 40 70 2 0.03
5–39 40 70 2 0.03
0–46 30 70 3 0.03
7–50 30 50 3 0.03
1–55 30 40 3 0.03
6–58 25 40 3 0.03
9–60 20 40 4 0.03

Note:Cycle: NOAH/DIAMOD iteration cycles;L1, L2 are used by NOAH
hanL1% of the bundle structures, then the assignment is treated as corre
s discarded. The number of structures in the bundle is 10 in this study;Npa is th

tol distance tolerance; andW’s are weights for assigned distance constra
a At cycle 5, 10, 15, 20, 25, 30, only unambiguous and ambiguous d
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To achieve convergence we had to increase the numb
OAH/DIAMOD cycles from 25 to 60 (;60 CRAY J90
ours) with this experimental data set. The number of itera

n each cycle during the minimization of the target func
as also increased (32). Floating assignments were used
iastereotopic methylene protons.

RESULTS

onvergence Similarity with (Case 1) and without (Case
Manual Assignments

We tested the NOAH/DIAMOD method with two differe
nput data sets to determine its ability to accurately and a

atically calculate structures from spectral data. The pea
or case 1 included 157 manual assignments which were
xed during the calculation. The number of peaks assigne
OAH as a function of NOAH/DIAMOD cycles (Fig. 1a

eaches a plateau between 50 and 60 cycles. After 60 ite
ycles, NOAH assigned 269 NOESY peaks unambiguo
nd 59 peaks ambiguously in addition to the 157 ma
ssignments. The RMSDs of the 10 best structures to

r Crambin Assignments

dtol (Å)a WM WUamb WAmb1test

— 9 5 1
15 9 5 1
8.0 9 5 1
7.0 9 5 1
6.0 9 5 1
— 9 5 1
5.0 9 5 1
— 9 5 1
4.0 9 5 1
3.5 9 5 1
— 9 5 1
3.5 9 5 1
2.0 9 5 1
1.5 9 5 1
1.0 9 5 1

— 9 5 1
0.5 9 5 1

— 9 5 1
0.5 9 5 1
0.4 9 5 1
0.3 9 5 1
0.2 9 5 1
0.2 9 5 1
0.2 9 5 1
0.2 9 5 1
0.2 9 5 1

structure based peak assignment. If an assigned distance constraint vio
ssignment. If the assignment violates more thanL2% of the structures, the assignm
pper limit for possible assignments of each peak;Dtol chemical shift tolerance
in DIAMOD structure calculation.

nce constraints were applied to structure calculation.
fo

)
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e u
ints

ista



m ne
0 4
(

tel
a LI
p . 1
N sig
m r 6
N se
f nd
a the
m ne
0 0
(

,
m tio
( te
b . 2a
T ea
a 1
Å om
r Th
s au
t an
a

res
i to-
w fir
t s
n fol
f
r ea

s cles
w ests
t filter
f ight
s

AH
u ce of
0 d 33
u ments
i anual
a ed in
l re not
s nce
i ments
a

c big-
u sign-
m ere
a 60.
A SD
( all
c at
i

eaks
f d by
N as-
s e ex-
p -
a uous
p sulted
f ked

mbiguous
a constrai
D umber of
u 2; dotted lin
n e manual
a

80 XU ET AL.
ean structure are, respectively, 1.12 Å (global backbo
.67 Å (residue 2–18), 0.58 Å (residue 26–40), and 0.8
residues 2–18 and 26–40) before energy minimization.

We also tested the method’s ability to work in a comple
utomated fashion using only the peaks picked by the FE
rocedure without any manual assignments (case 2, Fig
OAH automatically determined most of these manual as
ents of case 1 during the calculation in case 2. Afte
OAH/DIAMOD iterations using the same parameter set u

or case 1, 410 peaks were assigned unambiguously a
mbiguously. The RMSDs of the 10 best structures to
ean structure are, respectively, 1.42 Å (global backbo
.77 Å (residue 2–18), 0.81 Å (residue 26–40), and 1.
residues 2–18 and 26–40) before energy minimization.

The spread of the two bundles of 10 best structures
easured by the distance root-mean-square devia

DRMSD), is higher in case 2 at the initial cycles, as expec
ut reaches similar levels at the end of the calculation (Fig
he 3D structures are also similar in both cases. The h
tom RMSDs of the mean structures from case 1 and 2 are
for backbone, 1.63 Å from residue 2 to 18, 0.61 Å fr

esidue 26 to 40, and 1.31 Å for the nonloop regions.
hows that NOAH/DIAMOD could also make successful
omated assignments and structure calculations without m
ssignments.
Figure 2b shows the convergence of the mean structu

ntermediate stages of the NOAH/DIAMOD calculation
ard the mean structure of the final cycle in case 1. At the

hree cycles (panels A, B, and C), the secondary structure
ot yet completely formed, and the deviation of the global

rom the final structure with an RMSD value of about 5 Å is
elatively high. However, already at around cycle 30 the m

FIG. 1. (a) Number of NOESY peak assignments vs NOAH/DIAMO
ssignments; dashed line: test assignments. The test assignments wer
IAMOD calculations. (b) Number of unambiguous NOESY peak assi
nambiguous assignments made by NOAH for case 1 (excluding manu
umber of unambiguous assignments (as indicated by dashed line) plus
ssigned 157 NOESY peaks had also been assigned by NOAH in case
),
Å

y
X
b).
n-
0
d
85
ir
),

Å

as
ns
d,
).
vy
.68

is
-
ual

at

st
are
d

n

tructure is very similar to the mean structure at the final cy
ith RMSD values of about 1.5 Å. This observation sugg

hat using the mean structure of intermediate stages as a
or identifying correct NOESY cross peak assignments m
peed up our procedure.
At cycle 0 (which started with random structures), NO

nambiguously assigned 23 NOESY peaks with a toleran
.03 ppm based on chemical shifts alone for case 1 an
nambiguous assignments for case 2. The latter assign

ncluded all 23 assigned peaks of case 1 plus 9 of the m
ssignments and 1 peak which was unambiguously assign

ater cycles in case 1. These unambiguous assignments a
ufficient to define the global fold of crambin, but converge
s achieved at early stages if ambiguous and test assign
re included.
Excluding test assignments from every fifth cycle (9) (at

ycle 5, 10, 15, 20, 25, 30) improved the number of unam
ous assignments and the bundle’s DRMSD. When test as
ents were not periodically excluded, only 90 peaks w
ssigned unambiguously at cycle 10, and 242 by cycle
lthough the bundle of structures all had similar DRM

1.19 Å vs 1.17 Å if test assignments were included in
ycles), the firsta-helix was distorted in the calculation th
ncludes test assignments at all cycles.

Table 3 lists a few of the 59 ambiguously assigned p
rom case 1 with their possible assignments suggeste
OAH at the end of calculation. These 59 ambiguously
igned peaks can in practice be further examined by th
erimentalist. NOAH assigned 69.5% ((1571 269)/613) un
mbiguously; 80% of the peaks were assigned if the ambig
eaks are included. Of the unassigned peaks, many re

rom our deliberate inclusion of 73 very weak manually pic

cycles for case 1. Solid line: unambiguous assignments; dotted line: a
xcluded at cycles 5, 10, 15, 20, 25, and 30 in creating upper distancents for
ents vs NOAH/DIAMOD cycles for the cases 1 and 2. Dashed line: n

ssignments); solid line: number of unambiguous assignments for casee:
manual assignments. At the final NOAH/DIAMOD cycles, almost all of thly
D
e e
gnm
al a
157

2.
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eaks. Many of these peaks were located in the water
egion or along the diagonal and have intensities 1000 t
maller than the strongest cross peak. A large fraction of
eaks are probably noise.

FIG. 2. (a) The convergence of the bundle structures vs NOAH/DIA
elected from a total of 40 structures at every cycle to compute the aver
tructures of the 10 structures that have smallest DIAMOD target functio
umbers and the root-mean-square deviations of the mean structure of a
to I. A: cycle 1, 5.66 Å; B: cycle 2, 4.55 Å; C: cycle 3, 5.06 Å; D: cycle

0, 1.04 Å; I: cycle 60, 0.0 Å.

TABLE 3
Ambiguously Assigned Peaks

NOE peak Proton 1 Proton 2 Pvio (%) d (Å)

110 16 HB3 17 HG2 50 5.50
16 HB3 17 HG3 30 5.50

429 9 QB 5 HD3 20 4.88
9 QB 8 HA 100 4.88

565 44 HD1 4 HB2 10 5.50
44 HD1 43 HB3 20 5.50
44 HD1 5 HG2 50 5.50

602 16 HA 26 HB2 10 5.50
25 HA 26 HB2 30 5.50

607 40 HB3 44 HB2 30 5.50

Note:Peaks with assignments that violated less thanL2 (#40%) (at the en
f NOAH/DIAMOD iterations. Total number of such ambiguous assignm
re 59. For definition ofPvio see (11); d is distance constraint (the upper lim

or the given assignment. For instance, peak 602 has two possible assign
he assignment 16CHa-26CHb2 violates the distance limit (bij 1 dtol; see

ext for their definitions) in one structure out of 10 (10%). The assign
5IHa-26CHb2 violates the distance limit in 3 out of 10. This type
ssignment should be analyzed carefully by users to make final decision

ypes of constraints usually make a very small contribution to the stru
alculation.
ak
es
se

eliability of the NOAH Assignments

The reliability distance (RD), meaning the distance a res
ust be moved to fulfill an alternate assignment (9), was

omputed for each peak (Table 4). A large RD value is a st
ndication that the assignment is correct. Despite the lac
hemical shift data and the low number of manual assignm
ewer than 30% of the assignments had an RD, 1 Å. At the
oment we have no indices to evaluate the reliability of th
eaks quantitatively. From previous experience with simul
ata sets approximately half of these assignments are co
In case 2, the NOAH/DIAMOD procedure unambiguou

nd correctly found 127 out of the 157 manual assignm
or another 24 cross peaks (15%), the manual assignmen

ound as one of several possibilities. For the remaining
ross peaks, the assignments of pairs was reversed with

D cycles. The 10 structures with smallest DIAMOD target function val
DRMSD (distance RMSD) values. Solid line: case 1. Dotted line: casean
lues at intermediate stages of the NOAH/DIAMOD calculation in case 1cycle

en cycle to the mean structure of the final cycle (cycle 60) are as followshe panel
1.14 Å; E: cycle 10, 3.17 Å; F: cycle 20, 2.83 Å; G: cycle 30, 1.52 Å; H

s

nts.

t

ch
re

TABLE 4
Reliability Distance Distributiona

RD (Å) 0 1 2 3 4 5 .5

Npk 111 129 39 30 18 14 8

a Reliability Distance Distribution (RD) of 426 unambiguous assignmen
he end of NOAH/DIAMOD iterations in case 1 calculation. A high RD for
ssignment is a strong indication that it is correct. 69% of NOE peaks
nambiguously assigned and 269 peaks were assigned by NOAH. The
ution of RD in this case is similar to the theoretical RD distribution in
imulation study (11).
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hemical shift tolerance. For example, the proton pair as
ents for peaks 91 and 92 with similar volumes, Ser11aH

4.07 ppm)-Asn12HN (8.57 ppm) and 11CbH (4.08 ppm)-
2HN (8.57 ppm), were reversed by NOAH/DIAMOD
ompared to the manual assignment. This difference doe
trongly influence the list of distance constraints or the
tructures.

he Effect of Different Parameter Settings on
NOAH/DIAMOD Calculations

We made four test runs with the number of possible as
entsNpa 5 1, 2, 3, and 4, respectively, for the first 40 cyc
nd gradually increasingNpa to 4 in the final cycle. Th
arameter settingNpa 5 1 and 2 in the early cycles gave b
esults. AtNpa 5 1, NOAH made 271 unambiguous assi
ents, atNpa 5 2, 269, while only 256 peaks were assig
nambiguously forNpa 5 3 and 4. AtNpa 5 4, the structur
undle had a high DRMSD of 1.9 Å at the end of the 60 cyc
Calculations with different chemical shift tolerances atNpa

2 showed that a shift tolerance of 0.02–0.03 ppm
ptimal. No convergence was achieved at 0.01 ppm, w
nly 175 unambiguous assignments were made after 60 c
DRMSD ; 2.0 Å), and only 212 unambiguous assignme
ere made at 0.04 ppm.

nergy Minimization with FANTOM

As in other NMR structure determinations with dista
eometry methods, the final structures were energy refined33)
sing our FANTOM program (34, 35) to determine low-energ
onformers. In these restrained energy minimizations we
he distance constraints with a relatively high weight assum
hat they are correct. We therefore only used the 426 u
iguous assignments as distance constraints. The average
f the bundle to their mean is larger after the energy min
ation because of the smaller number of constraints (it incre

FIG. 3. (a) The energy distributions of the 10 structures with smallest
inimization. (b) The energy distributions after the minimization. 1: The t
ond energy; 7: NOE energy; 8: dihedral energy.
n-

ot
l

n-
,

-

.

s
re
les
s

se
g
-

SD
i-
ed

rom 1.12 to 1.45 Å). FANTOM effectively removed any lar
iolations of the Lennard–Jones, dihedral, torsional, and d
de bridge energy terms in the initial structures and red
he total energies from above 500 kcal/mol to;2150 kcal/mo
hile only slightly increasing the NOE distance constr
iolations (Figs. 3a and 3b). Superposition of the initial m
tructures and the 10 final structures after the energy mi
ation shows that the unambiguously assigned NOE p
ere consistent in both NOAH/DIAMOD and FANTOM ca
ulations (Fig. 4).

dentification of Missing Chemical Shifts

In previous studies, NOAH was able to work from a relativ
omplete chemical shift list. In this case, as is usual in practic
hemical shifts for many protons were missing. Some of t
hifts can be found during the NOAH/DIAMOD calculation. F

MOD target function values and their mean structure before the FANTO
energy; 2: electric energy; 3: HB energy; 4: LJ energy; 5: torsional energy; 6: SOS

FIG. 4. Side by side stereo view of the backbone of the 10 final FANT
tructures with their energy minimized mean structure (thick line). The
ndary structure of the mean is: 2–3 sheet, 7–12 helix, 13 turn, 14–17
6–29 helix, and 33–34 sheet. The backbone average RMSD values
ean structure: all residues: 1.486 0.33 Å; residues 2–19 and 25–46: 1.366
.30 Å; residues 20–25: 1.166 0.19 Å; residues 2–21 (b sheet,a helix):
.976 0.36 Å; residues 25–46 (b sheet and C terminus): 1.076 0.20 Å.
DIA
otal



e
p u-
l list
s wo
N tial
a -
S ng,
t e fi
a SY
s 1H
1 nce
r C
p C
c aki
a re
s
a
( tru
t

C

o
c ue,
1 rain
w sta
c big
o uen

72 medium range (1, Rij , 6), and 90 long-range distance
c (with
u cture
d ,
s d as
q ficul-
t ore
i or had
n set
l d
t

ous
N ues
t n is
i few
c was
o D to
t
w e
A
C e
b con-
s that
f this
l

MR
m e is
f are
i R
s D
s

bun-
d real
d e are
l this
r
d we
f 24-
C han
i 22.

C

of
c this
w om
t K).
T of
i one
R the
w 40),
a ). In
c m in
c een

.
L l: th
T
S SY
p sig
b -
t pp
4 al s
o

83SELF-CORRECTING DISTANCE GEOMETRY APPLIED TO CRAMBIN
xample, we could identify the missing chemical shift of the CaH
roton of residue Ser11 from our initial NOAH/DIAMOD calc

ation. Including this chemical shift in the chemical shift
ignificantly improved the quality of the assignments. T
OESY peaks at (8.56, 4.07) and (8.40, 4.07) ppm were ini
ssigned to proton pairs Asn12HN-Ser22CaH and Ser11HN
er22CaH by NOAH (Fig. 5). As the two peaks were stro

hese distance constraints forced residue 22 to fold back to th
helix, locally strongly distorting the structures. The TOC

pectrum in this region showed an intraresidue cross peak 1
1CaH at (8.41, 4.07) which overlapped within the tolera
ange with one of the two NOESY cross peaks. When theaH
roton of Ser11 was added to the proton list (note that theaH
hemical shifts of Ser11 and Ser22 are the same), without m
ny manual assignments, the two peaks were automatically
igned to the pairs 11HN-11CaH and 11CaH-12HN. Similar
nalysis yielded the chemical shifts of CaH (Tyr29) and CaH
Tyr44). These additional proton shifts greatly improved the s
ure calculation.

omparing the NMR Structures of Crambin(S22/I25) and
Crambin(P22/L25)

In the manual determination of the NMR structure
rambin(P22/L25) (26), 543 NOE constraints (248 intraresid
29 sequential, 75 medium-range, and 91 long-range const
ere used during the structure refinements. We used 581 di
onstraints for crambin(S22/I25) (426 unambiguous, 59 am
us, and 96 test assignments; 289 are intraresidue, 130 seq

FIG. 5. Identification of the missing chemical shift CaH of residue Ser11
eft panel: a portion of the NOESY spectrum at 200 ms. Right pane
OCSY spectrum at the same region at 75 ms. The chemical shift CaH of
er11 was missing in our first NOAH/DIAMOD calculation. The NOE
eaks at (8.40 ppm, 4.07 ppm) and at (8.56 ppm, 4.07 ppm) were then as
y NOAH/DIAMOD to NH(11)-CaH(22) and to NH(12)-CaH(22), respec

ively. The TOCSY spectrum shows an intraresidue cross peak at (8.41
.07 ppm) near the NOESY cross peak. Therefore, we added the chemic
f 4.07 ppm to CaH of Ser11 (see text).
ly

rst

N-

ng
as-

c-

f

ts)
nce
u-
tial,

onstraints). The number of unambiguous assignments
nique distance constraints) in our crambin(S22/I25) stru
etermination is less than in the previous study (26). However
ome of the NOESY cross peaks (159) were only include
ualitative distance constraints in that study, because of dif

ies in the interpretation of the build-up curve. We had 41 m
ntraresidue assignments, but most of these were redundant
o structural information. On the other hand, we could only

ower and upper limits for 7x1 angles and 29f angles, compare
o 17x1 angle and 31f angle limits for crambin(P22/L25).

Figure 6a and 6b show the distributions of unambigu
OE constraints and the relative RMSD of individual resid

o their mean in our study. The largest RMSD to their mea
n the segment from residue 19 to 24 (Fig. 6a) where
onstraints (Fig. 6b) could be identified by NOAH. There
nly one constraint for Pro19, which has the highest RMS

he mean structure, because only two chemical shifts (CdHs)
ere found (Table 1). The CaH chemical shift of residu
sn14 is missing; the highest RMSD is in the firsta helix.
onsistent with previous results (26), high RMSDs among th
undle structures are the result of the low number of
traints. The RMSD of our structure bundle is larger than
or the crambin isoform in the reference, probably due to
ack of chemical shift data.

The superposition of our mean structure to the isoform N
ean structure is shown in Fig. 7. The largest differenc

rom residue 19 to 28, where the two isoform residues
nvolved at positions 22 and 25 (Fig. 7). As in the NM
tructures of crambin(P22/L25), the 10 NOAH/DIAMO
tructures vary greatly in this segment.
Differences in this segment between the two structure

les could be due to two causes. (1) There may be
ifferences of the residues at position 22 and 25, as ther

arge fluctuations among the two sets of structures at
egions. (2) As crambin(P22/L25) forms three COOHN hy-
rogen bonds at T21-Q23, P22-L25, and P22-C26, while

ound two hydrogen bonds are formed at Q23-I25 and A
26 in crambin(S22/I25), the latter may be more flexible t

ts isoform because of the Pro–Ser exchange at position

omparing the NMR and Crystal Structures of
Crambin(S22/I25)

As mentioned in the introduction, the X-ray structure
rambin(S22/I25) was determined after completion of
ork (29). While our NMR structure was determined at ro

emperature, the crystal structure was done at low T (150
he RMSD between our NMR and the X-ray structures

soform S22/I25 shows some differences. The backb
MSD between X-ray and NMR structures is 2.19 Å for
hole molecule, 1.2 Å for nonloop regions (2–18 and 26–
nd the largest (2.8 Å) at loop regions (19–25, 41–46
ontrast, the RMSDs among two isoforms and mixture for
rystal are very small (0.056 Å). The larger RMSDs betw

e

ned

m,
hift
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he crystal and the NMR solution structures might be du
ncreased flexibility in the loop region 19–25 in the solut
tructures, as both ensembles of NMR structures show
eviations in this region.

DISCUSSION

This study demonstrates that the NOAH/DIAMOD/FANTO
uite can be used to generate structures automatically
reviously uninterpreted, real NOE data with little man

nterference. Although the overall quality of the structure b
le was better when a few manual assignments were use
onvergence was similar without them and 127 of the
anual assignments were made by NOAH/DIAMOD in c
. Besides the 127 unique assignments that were redisco

n case 2, 18 of the manually assigned peaks in case 1 wer
ssigned ambiguously (each peak has two or more as
ents) in case 2, whichincludes the manual assignments.Only
2 manually assigned peaks in case 1 were assigned diffe

n case 2. However, by carefully checking the peak lists
ound that although the same proton pair was assigned to
ifferent peaks in case 1 and case 2, the two peaks are a

dentical in peak intensities and chemical shifts at both D1
2 dimensions. These are either duplicated peaks or

apped peaks picked by the FELIX program’s automated

FIG. 6. (a) The number of unambiguous NOE constraints assigned b
he backbone RMSD of each residue to its mean structure.

FIG. 7. Stereo view of the mean structure of crambin(Ser22/Ile25)
ine) superimposed on the NMR structure of the isoform of crambin(P
eu25) (thick line). The backbone RMSD of the mean to the NMR isoform
esidues: 2.36 Å; residues 2–19, 25–46: 1.62 Å; residues 20–25: 1.
esidues 2–18: 1.02 Å; residues 25–46: 1.36 Å.
o

ge

m
l
-
the
7
e
red
lso
n-

tly
e
o

ost
d
r-
k

icking routines. For instance, peak 124 was manually
igned to proton-pair 26Ha-26HN in case 1, but peak 124 w
ot assigned in case 2; instead, peak 123 was assign
6Ha-26HN. On the other hand, the two peaks are alm

dentical, i.e., peak 123 has chemical shifts of (4.665 p
.332 ppm) and peak 124 has chemical shifts of (4.674
.336 ppm). The intensities of peaks 123 and 124 are 1.3
07 and 1.063 107, respectively. As the chemical shift tole
nce of the assignment was set to 0.02 ppm in both dimen

he assignment made in case 2 by NOAH is the sam
anually assigned in case 1.
Overall, NOAH/DIAMOD unambiguously rediscovered 1
anual assignments out of 157 in case 2. The rest of
anual assignments were found as one possible assignm
mbiguously assigned cross peaks. The structures calcula

he two cases are also quite similar, as the backbone RMS
ean structures from case 1 and 2 differ by only 1.3 Å
onloop regions.
Ambiguous and test assignments, while necessary in

arly stages of an automatic assignment method, can int
ith the convergence of the procedure and have to be car
elected. The number of NOE peak assignments and the
ure quality can be improved if initially only test assignme
f low ambiguity are included, e.g., by choosingNpa5 2 in the

nitial cycles. Peaks with higher ambiguity can be tested at
tages in the iterative calculations, as an overwhelming e
n the structure bundle of a wrong constraint is less likel
The procedure was also fairly robust, as 73 cross peaks

ow intensity comparable to typical noise peaks (selected
anual peak picking and visual examinations of the NOE

pectrum at much deeper contour level) were not assign
ssigned ambiguously by NOAH.
We are now working on a new version of the NOA

rogram to include statistical proton chemical shift data
ifferent types of residues in all NMR structures. This d
ay be used in NOAH/DIAMOD calculations when no che

cal shift data is available (7). Manual inspection of the fin
tructures can greatly aid in further structure refinement. A
ng additional unambiguous manual distance constrain
hose derived by NOAH as input for FANTOM will definite
mprove the precision of our bundle structures after en

OAH at the end of NOAH/DIAMOD cycles as function of the residue nu

n
/

ll
Å;
y N
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ected from relaxation matrix refinement methods.

CONCLUSIONS

The NOAH/DIAMOD/FANTOM suite can automatical
alculate 3D protein structures with information routinely
ained from homonuclear NMR spectra for small and med
roteins. Our experience with this experimental data se
rambin can be summarized as follows:
Inclusion of 3–4 manual assignments per residue as in

tudy, while not necessary for obtaining convergence with
OAH/DIAMOD suite, improves the quality of the structu
undle. The chemical shift tolerance for NOAH assignm
hould be within the range of 0.02–0.03 ppm. Peaks w
arge number of possible assignments (i.e., withNpa . 2)
hould not be included in initial NOAH/DIAMOD iterations.
early complete list of proton chemical shifts can significa

mprove the reliability of the automated assignment and s
ural calculation.
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