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A new tool, for the simulation of N or C edited 3D-NOESY–
SQC spectra using the complete relaxation matrix approach, has

een developed and integrated in the program AURELIA. This
ool should be particularly useful for the fast and reliable com-
uter assisted assignment of 3D-NOESY–HSQC spectra by com-
aring back-calculated and experimental spectra in an iterative
rocess. Folded spectra are sometimes used to enhance the digital
esolution in the indirect dimensions of multidimensional spectra.
owever, these spectra are usually difficult to analyze. To simplify

his assignment process we have incorporated the simulation and
utomated annotation of folded peaks into the program. It is
ereby possible to simulate multiple folding in all three dimensions
f 3D 15N- or 13C-NOESY–HSQC spectra. By comparing experi-
ental 3D-NOESY–HSQC spectra with spectra back calculated

rom a single trial structure or a set of trial structures, a user can
asily check if the final structures explain all experimental NOEs.
he new feature has been successfully tested with the histidine-
ontaining phosphocarrier protein HPr from Staphylococcus
arnosus. © 1999 Academic Press

Key Words: 3D-NOESY–HSQC; back calculation; computer as-
isted assignment; full relaxation matrix approach; histidine-con-
aining phosphocarrier protein HPr.

INTRODUCTION

The use of15N or 13C edited 3D-NOESY–HSQC (1) spectra
s one of the standard methods for the structure determin
f proteins in solution. However, the necessary assignme

hese spectra is quite time consuming and often the
imiting step in the structure determination process. Even
he sequence specific assignment is complete, one has
ract distance constraints from the experimental spectr
ssigning almost all of their signals. This can be a tedious
rror-prone process. One possible strategy to speed u
ssignment process is the iterative combination of back-c

ated and experimentally determined NOESY spectra. Du
he past few years, a number of groups have developed

1 To whom correspondence should be addressed.
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uter programs such as CORMA (2), BCKCALC (3), X-PLOR
4), BIRDER (5), and RELAX (6) for the calculation o
OESY cross-peak volumes by complete relaxation m
nalysis. Programs such as IRMA (7) and MARDIGRAS (8)
se relaxation matrix calculations together with molecu
ynamic simulations in an iterative approach for struct
efinements. Recently, new approaches were proposed to
ine three-dimensional structure calculations more closely

he assignment problem of NOESY spectra. In one of t
pproaches experimental NOESY spectra are automat
ssigned by feedback filtering and self-correcting distanc
metry (9). In another approach structures are calculated
mbiguous assignments, where all assignments are al

hat correspond to the provided chemical shift table (10).
owever, to our knowledge all of these programs are limite

he simulation or evaluation of homonuclear 2D-NOESY
D-NOESY–NOESY spectra (11). For larger proteins the u
f heteronuclear three-dimensional spectra becomes mor
ore important. The method described in this paper is a

eature of our program RELAX (6), which is capable of ca
ulating homonuclear1H–1H 2D cross-peak volumes based
he complete relaxation formalism. We have now incorpor
he back-calculation of hetero nuclear 3D15N- or 13C-NOESY–
SQC peak volumes.
One of the problems associated with three-dimensional

ra in general is the insufficient resolution in the indir
imensions. One possible solution is the use of spectral fo

n one or more dimensions. A disadvantage of folding
xperimental spectra is that they are usually difficult to ana
ince the resonance frequencies of the observed cross pe
ot unambiguous. However, if a folded NOESY-type spect

s simulated from a given structural model, then all reson
requencies in this spectrum are known exactly together
heir assignments (peak labels). By comparison of the ex
ental and simulated spectra, the assignment process is g

implified and folding of the peaks is easily revealed.
sefulness of the new routines were tested for the assign
1090-7807/99 $30.00
Copyright © 1999 by Academic Press

All rights of reproduction in any form reserved.



o ne-
c -
c Its
t MR
m on
s
l

nd
h gra
p r,
K alo
p n
f o-
c
D wit
a the
p we
u d (
N
1
s al
a

i-
m ica
a -
n ne
m n b

c the
t 3D
p clear
N ouple
t
d
1 vo-
l itial
v lly,
t the
N the
N rier
t gnal
i data
p y to
t -
t e
d g
t the
b

of
l
d

T he
c n by

8 t
o ESY
p zation
i

40 GÖRLER ET AL.
f 3D 15N edited NOESY–HSQC spectra of the histidi
ontaining phosphocarrier protein (HPr). HPr fromStaphylo
occus carnosusis a medium-sized protein of 88 residues.
hree-dimensional structure was recently solved by N
ethods (12) and shows a well-defined tertiary structure c

isting of a four stranded antiparallelb-sheet and threea-he-
ices.

MATERIALS AND METHODS

The program module RELAX-3D is written in ANSI-C a
as been integrated into the most recent version of the pro
ackage AURELIA (13), which is available from Bruke
arlsruhe. It can also be obtained as part of the stand-
rogram RELAX from the authors.15N-enriched HPr-protei

rom S. carnosuswas obtained from W. Hengstenberg, B
hum. The sample contained 3.1 mM HPr in 95% H2O/5%
2O, pH 7.2. The NOESY–HSQC spectra were recorded
n AMX-500 NMR spectrometer (Bruker, Karlsruhe) with
ulse sequence given in Fig. 1. Two different data sets
sed as example in this paper; a folded (A) and an unfolde
OESY-HSQC spectrum. Spectrum (A) consists of 5123
28 3 350 real data points inv1-, v2-, andv3-directions and
pectrum (B) of 4483 256 3 512 real data points with tot
cquisition times of 43 and 61 h, respectively.

THEORETICAL CONSIDERATIONS

The IS (I 5 1H, S 5 13C or 15N) NOESY–HSQC exper
ent, whose pulse sequence is illustrated by Fig. 1, is bas
concatenation of a homonuclear1H-NOESY and a hetero

uclearIS HSQC experiment. Under ideal conditions the
agnetization transfer during the entire experiment ca

FIG. 1. Pulse sequence for a 3D-NOESY–HSQC experiment. The
(2x); and receiver5 2x, x, x, 2x, x, 2x, 2x, x, x, 2x, 2x, x, 2x, x, x,
f t 1 is often replaced by broadband decoupling of the heteronuclei durint 1. T
art by additional broadband decoupling during the NOE mixing time. Az-gra

n the x–y plane.
-

m

ne

h

re
B)

lly

t
e

alculated by multiplying the net polarization transfers of
wo basic experiments. Usually, the NOESY-parts of the
ulse sequences differ slightly from the standard homonu
OESY pulse sequence, since it is advantageous to dec

he heteronuclei during the evolution periodt 1. This is often
one by an additional 180°S pulse on the midpoint oft 1 (Fig.
). Alternatively, theS-spin can be decoupled during the e

ution time by broadband decoupling; this means that the in
alue of theS-magnetization is in the ideal case zero. Fina
he influence of theS-spin can be completely removed from
OESY part by additional broadband decoupling during
OE mixing time. Since it is a general property of the Fou

ransformation that the integral of the frequency domain si
s only dependent on the magnitude of the time domain
oint at time zero, the relaxation matrix formalism has onl

ake into account the initial values of theS- and I -magnetiza
ion at the beginning of the mixing time. In the following w
iscuss the standard case, where a 180°S pulse is used durin

1 and both theI - and S-magnetizations are inverted at
eginning of the mixing time.
For a NOESY experiment the evolution of the deviation

ongitudinal magnetization from thermal equilibriumDM z is
escribed by the generalized Solomon equation (14)

d

dt
DM z~t! 5 2DDM z~t!. [1]

he dynamics matrixD that governs the time evolution of t
ross-peak intensities in a 2D-NOESY experiment is give

D 5 R 1 K. [2]

se cycling isf 1 5 y, 2y; f 2 5 2(x), 2(2x); f 3 5 4(x), 4(2x); f 4 5 8(x),
. Presaturation is used for water suppression. The 1808S pulse at the midpoin
influence of the heteronuclei can be completely removed by from the NO
nt at the midpoint of the mixing time is used to remove residual magneti
pha
2x
ghe
die
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41BACK CALCULATION OF 3D-NOESY–HSQC SPECTRA
is the kinetic matrix that describes chemical and or con
ational exchange (15), while R is the relaxation matrix (16–
8). If the effects of chemical shift exchange are neglecte

n the current version of RELAX, the solution of Eq.
implifies to

DM z~t! 5 DM z~0!exp~2t ? R!, [3]

hereinDM z (0) is the deviation of the longitudinal magne
ation from thermal equilibrium at time zero. For dipo
omo- or heteronuclear relaxation and spinI 5 1

2 the rates o
utorelaxationRii and the cross-relaxationRij between two
pins i and j are given by

Rii 5 O
jÞi

qij@ J ij
0~v i 2 v j! 1 3J ij

1~v i! 1 6J ij
2~v i 1 v j!#

[4]

nd

Rij 5 qij@6J ij
2~v i 1 v j! 2 J ij

0~v i 2 v j!# [5]

ith Jij
n(v) (n 5 0, 1, 2) being the spectral densities

-quantum transitions characterizing the motion of a ve
onnecting spini and j relative to theB0 field. The dipola

nteraction constantsqij are given by

qij 5 ~1/10!g i
2g j

2h2~m0/4p! 2, [6]

hereg i andg j are the gyromagnetic ratios of spinsi and j ,
espectively.

The time required for performing the back calculations
edium-sized proteins such as HPr is usually only a coup
inutes. If even faster calculations are desired or if less a

acy is necessary for a special task, it is possible to negle
eteronuclear relaxation during the calculations. By doing

s possible to reduce the needed CPU time by a factor of
n most cases only a small error is introduced in the calcula
f the cross-peak intensities if the heteronuclear relaxati
eglected. The relaxation rate between a1H nucleusi and a

15N- or 13C-nucleusj is proportional to the squares of t
yromagnetic ratios of the two nuclei (Eqs. [5] and [
ompared to1H nuclei the magnetogyric values for the15N and

13C nuclei are smaller by a factor of 0.101 and 0.25, res
ively. This means that the heteronuclear relaxation rate
uch smaller than the proton–proton relaxation rate, assu

he same distancer ij between the corresponding nucleii andj .
A second reason for this fact becomes obvious if one l

t the most basic spectral density function describing the
ion of a rigid isotropically diffusing body witht c being the
verall rotational correlation time (19):
r-

s

r

r
of
u-
he
it
3.
n
is

c-
re
ng

s
o-

J ij
n~v! 5

1

r ij
6

tc

1 1 v 2t c
2 . [7]

or homonuclear relaxation the Larmor frequenciesv i andv j

f the two interacting nuclei can be approximated to be eq
hus, for v 2t c

2 @ 1, which is valid for longt c or high B0

elds, like those found in practical applications to pro
MR, the zero quantum transitionsJ(v i 2 v j) ' J(0)
ominate the homonuclear relaxation because the delimi
q. [7] approaches its minimum value forv 5 0. However, in

he case of heteronuclear1H–15N or 1H–13C relaxation this i
ot true. As a conclusion, the rate of the heteronuclear1H–15N
r 1H–13C relaxation is much smaller than the homonuc

1H–1H relaxation rate at the same distance. By the s
easoning, as described for heteronuclear dipolar relaxa
he influence of the heteronuclear chemical shift anisot
CSA) on the proton magnetization via heteronuclear re
tion is neglected. In addition, interference effects betw
ipolar coupling and CSA (20) are neglected as well. A
iscussed above, sometimes the 180°S pulse duringt 1 is re-
laced by broadband decoupling. If broadband decoupli
sed during the NOESY mixing time, the heteronuclear re
tion should be switched off in the back calculations.
Ideally, the HSQC part of the 3D-pulse sequence only

ects the polarization transfer produced by the NOESY pa
he sequence. However, the signal amplitude is modifie
everal factors during the HSQC sequence. For the quanti
nalysis, the only factors of importance are those which ch

he relative intensities of the NOE signals. Two main sou
ause such changes: the differences in the indirectIS-spin
oupling constants which are essential for the INEPT-tran
nd the differences in individual transversal relaxation tim

n principle, theIS coupling constants could be determin
ndependently and the transversal relaxation times cou
alculated for every individualIS spin pair from the three
imensional structure and the motional parameters. A pra
olution to the problem is the determination of the individ
ransfer factors from a two-dimensional data set recorded

vanishing NOESY mixing time and a constant value oft 1 5
. This method works fine under almost all conditions. H
ver, if theI andS resonance frequencies of two cross-pe

n the two-dimensional HSQC spectrum are identical,
annot determine the individual contributions of the two cr
eaks. In first approximation, though, one can assume the

ntensity decay for the two signals and weight the data with
verage HSQC intensity.

IMPLEMENTATION

So far only the NOESY part of the15N edited 3D-NOESY–
SQC experiment has been described. As discussed abo
ost elegant form to take effects of the HSQC part
ccount is a scaling of the simulated 3D intensities with
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42 GÖRLER ET AL.
ntensity factors obtained from a two-dimensional versio
he three-dimensional pulse sequence with a NOESY m
ime of zero. This can be done automatically in the RELAX
outines. If no suitable 2D spectrum is available a cons
cale factor of 1 will be applied to all calculated intensitie
The input files required are an extension of those alr

sed in the original version of our back calculation progr
he input spt-file now contains, in addition to the prot
ssignments,15N or 13C assignments and a new class wh
escribes for the heteronuclei the parameters of the ap
ynamical model. The output of the program is a list
imulated peaks with their corresponding chemical shift
es, labels, and intensities. In addition, it is possible to ca

ate a simulated15N- or 13C-edited 3D-NOESY–HSQC spe
rum in BRUKER submatrix format which can used directly
URELIA (13). To calculate a spectrum, parameter files

equired which can be obtained from an experimental s
rum. In the current version, the BRUKER processing
rom the experimental spectrum to be compared with are
or automatically obtaining the spectral widths, the data s
nd the spectral reference. The simulated spectrum will
ave the same spectral widths, resolution, and referenci

he measured one. However, these data can also be ch
anually. The lineshapes of the peaks and the linewidth

hree dimensions have to be selected by the user. It is po
o select a Gaussian or Lorentzian lineshape with a sui
inewidth. To display the peak labels within AURELIA t
ppropriate data is automatically created. In cases wher
xperimentally determined spectrum is folded in one or m
imensions, the simulated spectrum will be folded in the s
ay as the experimental spectrum. The signals will be e
irror imaged on the nearest side of the spectrum or al

rom the opposite edge, depending on the used type of p
ncrementation or direct detection (essentially simultaneo
equential acquisition modes of the complex data). This in
ation has to be supplied by the user. The program
utomatically determine if one or more shifts of thespt-file are
utside of the spectral widths as specified in the param
les. Because of the folding process, phase distortions c
ntroduced into the spectrum. In the case of sequential
cquisition and provided that the zero- and first-order p
orrections are equal to 90° and zero, respectively, one
ield a positive sign for genuine signals and signals tha
olded an even number of times. A negative sign is obtaine
ignals that are folded an odd number of times. For sim
eous data acquisition, discrimination between folded and

olded signals can be achieved by introducing a freque
ependent phase shift. For example, phase alterations o
etween folded and nonfolded signals, in one of the ind
imensions, can be accomplished by setting the first incre

o half of the dwell time (21). For reasons of clarity th
rogram was written in a way that all simulated folded pe
ave a positive sign. The peak labels for all folded peaks
arked with anf.
f
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Since a single trial structure may only explain a limi
umber of NOEs as a possible option, a set of structures c
upplied by the program and an average spectrum ca
alculated by averaging the relaxation matrices. Such an
ging would correspond to a fast exchange between the d
nt conformational states represented by this set of struc

n this case, the chemical shift values given the prog
epresent the ensemble averaged shifts.

RESULTS AND DISCUSSION

The program can be used to help assigning a new spe
hen the chemical shifts are known and a model structu
vailable. It was tested for the assignment of15N-NOESY–
SQC spectra of the histidine-containing phosphocarrier

ein HPr.
Figure 2 gives an example how a slice of a folded15N

D-NOESY–HSQC experimental spectrum can easily be
igned using the corresponding back-calculated spectrum
URELIA correlations menu was used for performing t

ask. Please note that the spectral width in the indirect pr
imension is only 9 ppm, while the spectral width in
cquisition domain is 14.0 ppm. The spectrum is there
lightly folded in the indirect proton dimension. At left in F
is the back-calculated NOESY trace for residue 30 of H
hile the corresponding experimental trace is shown at r
t lower left in Fig. 2, an expansion of the region around

olded diagonal peak of residue 30 is shown. Because o
mall spectral width in the indirect proton dimension,
mide diagonal peak of residue 30 is folded in that dimen
nd occurs at 7.33 ppm, while the true chemical shift i
1.31 ppm. For easy identification all simulated folded pe
re marked with anf. A comparison of the simulated peaks
esidue 30 with the corresponding experimental peaks a
ast assignment of the latter. An unfolded spectrum would
equired a spectral width of 14.00 ppm in both proton dim
ions. By reducing the spectral width of the indirect pro
imension to 9.00 ppm, a gain of 36% in digital resolu
ould be achieved, assuming in each case the same num
oints. A scan through the whole spectrum (data not sh
howed that with a spectral width of 9 ppm in the indir
roton dimension almost no additional overlap was introdu

nto the spectrum. This is because no densely populate
ions were folded.
Figure 3 gives an example of assigning overlapping r

ances with the help of a back-calculated spectrum. Figur
isplays a slice of the experimental 3D-NOESY–HSQC s

rum of HPr. In Fig. 3B, the corresponding simulated spect
s shown. All peaks that arise from NOEs to the amide pro
f residues 48 and 55 are displayed with their assignments

15N and HN shifts of these two residues are overlapping in
D-NOESY and 3D-NOESY–HSQC spectra, and there

heir NOEs are difficult to assign in the experimental spe
owever, by comparing back-calculated and experime
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43BACK CALCULATION OF 3D-NOESY–HSQC SPECTRA
pectra it is relatively easy to obtain unambiguous NOE
ignments for these two residues. Another useful applic
or the program is as a very easy and fast check of the qu
f the calculated structures. It is obvious that the calcul
pectrum shows a cross-signal between the amide proto
esidues 54 and 55 which is missing in the experime
pectrum. This can be an indication for a possible problem
he structure which was used for the simulations. It shoul
oted here that no finally refined structures were availab

his point.
The described routines are most useful when the sequ

ssignment has been completed and the user is in the p
f identifying long-range NOEs. If the program is used in

terative fashion one can start by identifying additional NO
ith the help of the back-calculated spectrum. Next, refi
tructures can be calculated with the increased numb
OEs. Based on the refined structures an improved simu
pectrum can be calculated, and by comparing the new
ated spectrum with the experimental one, more NOEs ca
dentified. This process can be repeated until no further
rovements are possible. At the beginning of this iteratio
ay be useful to rely on a set of trial structures instead

ingle one. The advantage of such a procedure is that th
oward the initial starting structure is reduced since, becau
he r 26 dependence of the NOEs, only a few close contac
he set of spectra will give rise to nonnegligible cross-pe

FIG. 2. At left is the proton–proton slice 76 at an amide chemical s
orresponding experimental slice is displayed at right. Because of the sm
f residue 30 is folded in that dimension and occurs at 7.33 ppm, while t
eak of residue 30 is displayed at lower left. The folded diagonal peak
s-
n
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nother useful application is the optimization of NMR para
ters before starting the actual experiments. Examples a
stimation of the optimal NOE mixing time for observing
elected spin pair or, if folding is wanted for improving
igital resolution, the optimal spectral widths causing mini
uperpositions of signals.
A particularly interesting possible application of the b

alculation of NOESY–HSQC spectra is the study of con
ational changes of an enzyme that arise from its intera
ith a small ligand or another protein. If the enzyme but

he ligand is 15N labeled, it should be possible to record
OESY–HSQC spectrum of the enzyme–ligand com
hich will contain only signals of the enzyme. Because
onformational changes will affect only a few residues on
ontact surfaces of enzyme and ligand, it should be possi
ssign the cross-peaks of the NOESY–HSQC spectru
inimal time. This procedure is of course also applicable in

ase of an unlabeled enzyme and a labeled ligand to
onformational changes of the ligand if the spectrum of the
igand has been assigned already.

During the revision of this manuscript we became awar
paper by Zhuet al. (22) which describes the program SPIR

or the calculation of 3D NOESY–HSQC spectra. It has s
imilarities with the routines described here. As an interes
eature, the HSQC transfer is also simulated in an approxi
ay. Such a simulation would be useful if an experime

of 125.9 ppm of the back-calculated 3D-NOESY–HSQC spectrum of
spectral width of 9.00 ppm in the indirect proton dimension, the amide diagonal pea
true chemical shift is at 11.31 ppm. An expansion of the region around tnal
residue 30 is marked with anf.
hift
all
he
of



ectrum. (A)
A spectrum
A s and
r
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FIG. 3. Example of how a back-calculated 3D-NOESY–HSQC spectrum can aid the assignment process of the corresponding experimental sp
proton–proton slice of an experimental 3D-NOESY–HSQC spectrum of HPr at an amide chemical shift of 120.1. (B) The corresponding simulated.
ll back-calculated peaks that arise from NOEs to the overlapping amide peaks of residue 48 and 55 are displayed with their labels. Spectral widthdigital

esolution are the same for both spectra.
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45BACK CALCULATION OF 3D-NOESY–HSQC SPECTRA
wo-dimensional HSQC at timet 1 5 0 were not available an
ould give a better idea of the real situation.
In summary we feel that the program is a useful tool for

ssignment of the spectra of larger proteins.

ACKNOWLEDGMENTS

We thank Werner Kremer, M. Geyer, and Till Maurer for critically read
f the manuscript. We thank W. Hengstenberg for providing the15N-enriched
ample of HPr protein and K. C. Holmes for continuous support of
nvestigations. This work was supported by a biotechnology grant from
uropean Union.

REFERENCES

1. A. Bax, M. Ikura, L. E. Kay, D. A. Torchia, and R. Tschudin, J. Magn.
Reson. 86, 304 (1990).

2. B. A. Borgias, P. D. Thomas, and T. L. James, “Complete Relax-
ation Matrix Analysis (CORMA),” University of California, San Fran-
cisco (1987, 1989).

3. K. M. Banks, D. R. Hare, and B. R. Reid, Biochemistry 28, 6996
(1989).
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