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Aninteractive computer procedure isdescribed which determines  as a variable, nonconstrained parameter in the fit. However, ¢
'H-'H couplings from fitting the cross-peak multiplets in regular increase in linewidth results in a larger antiphase separation ¢
phase-sensitive COSY spectra. The robustness and simplicity of the  |ower intensity for the cross peaks, whereas an increase in acti
method rely on the fact that a given cross-peak intensity isnotan  ynresolved) coupling results in a similar increase in antiphase
independent variable in the fitting procedure, making it possible — ojiving hut larger cross-peak intensity. Without constraining
to measure couplings accurately even from individual cross peaks . . P
with unresolved multiplet structure. the amplitude _ofthg cross peak_, this makes it dn‘flcylt tg separat

the effects of linewidth and active coupling, resulting in poorly

determinedJ values. Inherently better algorithms fit either a
group of multiplets or the entire NMR spectrum simultaneously
INTRODUCTION (15-18). These algorithms implicitly use the fact that all fitted
multiplets have the same intrinsic intensity (i.e., the same inte

H-'H J couplings provide important dihedral informationgrated intensity if all splittings were in-phase). The effectivenes:
which is widely used during NMR structure determination. Nusf these methods is due to the fact that active coupling value
merous methods have been proposed for measuring such éowne multiplet appear as passive couplings in related multi
plings, primarily aimed at cases where thé multiplet is too plets. Typically, such methods require extensive definitions o
overlapped or broad in the 1D spectrum to yield resolvablbe spin topologies and chemical shift assignments of all relate
splittings. These include homonucledr spectroscopy 1), multiplets and may require some degree of multiplet fine struc
homonuclear E.COSY method®(heteronuclear E.COSM), ture. Furthermore, because of the potentially large numbers «
triple-resonance E.COSY), quantitativeJ correlation b, 6), spectral parameters to be fit, these methods usually require pri
comparison of cross sections through in-phase and antiphksewledge or tight constraints for many spectral parameters i
cross peaks?(, 8), and the so-called DISCO methd@)(which order to make optimization tenable. This has so far limited the
relies on the same principle. Two new quantitativeorrelation application of these methods.
methods, based on constant-time COSY, can also yield usefuHere, we demonstrate that by simply constraining the mul
information (L0, 17). None of these approaches is fully satisfadiplet intensity, the ACME method makes it possible to extract
tory, however, when working with macromolecules at naturabuplings accurately and conveniently by fitting individual mul-
abundance, particularly when cross peaks do not exhibit fitiglets or small clusters of overlapping multiplets, without the
structure and most diagonal multiplets overlap one another. need to consider all related multiplets simultaneously. To estat

Here, we describe a simple but effective method to directligh the multiplet intensity constraint, we use the information
obtain quantitativel-coupling information from cross peaks inthat the intrinsic intensity of all multiplets in the spectrumis the
regular phase-sensitive COSY spectra by amplitude-constrairsagne and identical to that of the in-phase diagonal multiplet
multiplet evaluation (ACME). Problems with deriving split- for the case where a 9@ixing pulse is used. This procedure is
tings from antiphase COSY spectra have long been recognizedy simple from a user perspective and circumvents the conve
(12-14) and relate to the fact that the antiphase peak-to-peg&nce problem, while retaining a sharp and accurate minimur
splitting in a COSY-type spectrum is a function of both théor the fitted activel coupling. This method does notrequire fine
linewidth and the magnitude of the passive and acfiveou- structure for the antiphase multiplets that need to be fitted an
plings. Some methods derive tecouplings from least squarestherefore is also ideally suited to fitting the very complex unre-
fitting of a cross peak to a convolution of an antiphase and seslvable multiplets that are typically obtained in COSY spectre
eral in-phase splittings, using the intensity of the cross peakmacromolecules weakly oriented in a liquid crystalline phase
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Ignoring cross-correlated transverse relaxation, and assumpragkage to the NMRPipe processing and analysis sys2m (
the weak coupling limit, the time domain signal of thespin NMRWish is a version of the Tcl/Tk script interpreter “wish”
diagonal,Saa (11, t2), and AX cross peaksax (11, t2), ina COSY (21, 29, which has been augmented to include facilities for

experiment are given by spectral display and manipulation, as well as relational databas
functions for manipulating spectral parameters, molecular struc
San (tr, 1) = STk COSEr Jakts) COSE2ats) EXP(—t1/ Ton) tures, etc. Use of the graphical interface to extract coupling:

typically involves the following steps:

x [Tk cosfr Jaktz) exp( 2atz) exp(—ty/T: la
K COS Jaict2) xpl 2atz) exp(-tz/ Ton) (18] 1. Acluster of one or more multiplets is selected interactively

Sax (t1, t2) = S Sin(r Jaxtr) Mkex COSEr Jakts) COSE2ats) from a spectral display, and an expanded view of the selecte
) region is shown.

x exXp(=ta/ Tzn) SiN(T Jax t2) gz COSEr Ixqt2) 2. The approximate center of each multiplet in the selecte

x expli Qxto) exp(—ta/ Tox), [1b] region is defined by manually positioning a cursor. Since the

exact position of the multiplet center can be adjusted during the
fit, its initial location is not critical.
spinsq coupled to X, andQyx are angular chemical shifts 3._An mteractlve_ parameter page Is shqwn for e_ach signa
. .~ and is used to specify the parameters to be included in the sign
of spins A and X, andT,5 and T,x are the A- and X-spin - o ;
description, the initial values of variable parameters, and val

transverse relaxation times. It is clear from Eq. [1b] that the . :
- - o . C ues that are held constant during the fit. For example, one ma
initial cross-peak “buildup” in thety, t;) time domain is sim-

ply SoSinrdaxty) SinGrIaxty) ~ Sr23 it So, if S, is specify how many passive couplings will be included in each

. ) . . imension of the multiplet and rough estimates for their initial

known, the buildup of the time domain A-X cross-peak signal - : ;
. . . . . values. In order to accommodate signals from equivalent spin:
which simply can be obtained by inverse Fourier transforma- . : ;
. . . : such as Chigroups, more easily, one can also specify an intege
tion of a resolved cross-peak multiplet, provides a unique valll

for Jax, with effects from passive couplings afid only oc- m‘?ensny scaling fac.tor for the number of gquwalent superim
) . : posed signals or an integer exponent to a given modulation ter
curring at later times. As a resuliax is a nearly orthogonal . . .
. ) ) . for the number of equivalent couplings. As these passive cou
variable relative to both the passive couplings dpdbut par-

allel to S,. It is therefore critical that an accurate value f&r plings and decay rates are orthogonal in parameter space relat

is obtained prior to fitting the cross peaks. If the delay betwet%the active coupling, their initial values are not critical and only

) .- . ecome relevant when a cross peak displays fine structure, i.¢
scans is sufficiently long, the sarfgvalue applies for all mul- .
: o . ) more than four components per multiplet.
tiplets within a given molecule and can be obtained from the : '
ST . : . ) : 4. Once the parameters of the signal models are defined, tt
initial (t; = t; = 0) time domain amplitude of either a diag-.., . . » )
; : . . fitis performed. In most cases, the signal positions, widths, an
onal multiplet (Eq. [1b]) or the entire normalized time domain : . o
. . . couplings are all allowed to vary, and only the intensity is held
signal. The need for constraining the amplitude (scale factor) in

e 1t 1 been mentone efodeA9), u was lss oo 14, The ) muliet el and e e er
cal in the application to fitting of the fine structure of muItipIé) Y 9 P glon,

related multiplets of a given spin system. So, the main diffe'{E the parameter pages are updated to reflect the results of ti

ence relative to earlier fitting procedures is that in ACME fitting

the intrinsic signal intensitys,, is held constant for all mul- : : i
tiplets in the spectrum at a value determined experimenta alue or, for cases where not all signals in the selected region al
Hcluded in the model, by inspection of the residual spectrum. I

from_ the d'agof‘a' (see below), and fine structure of the .mUI#I'spection of the results indicates that the model is reasonabl
plet is not required for accurate measurement of a couplmg.tﬂn

o ! e fit is accepted and the results are automatically recorded i
contrast to most other fitting procedures, only the fitted value . .
a table. If assignments are available, these can be entered a

for the active coupling is meaningful. Fitted passive coupling}s . .
; . ecc?rded along with the coupling values.
and decay rates are parallel variables in parameter space an

their optimum values generally do not provide useful couplinghe fitting procedure itself is currently implemented via a macro
information. In practice, the actual fit is carried out in the freinterpreter that generates the model function at each iteratiot
quency domain, using multiplet models generated by numeriddiis allows for substantial flexibility, for example, by making
Fourier transformation of the model time domain forms of Edt straightforward to adjust the model to account for dephasinc
[1]. The numerical Fourier processing of the model function delays inserted prior to the acquisition or to extend the metho
performed automatically during the fit according to the zero filto 3D data. However, use of an interpreted fitting function make:
ing and window functions that were applied to the experimentlis implementation relatively slow, with computation times of
data. several seconds forfitting a single multiplet and a minute or more
The fitting procedure has been implemented via a graplior complicated clusters of multiplets. Nevertheless, this is still
cal interface constructed using NMRWish9j, a companion fast enough for the method to be convenient, especially in ligh

where the products extend over all spkgoupled to A and

5. The results are evaluated, either according to théir
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of the fact that no complicated definition or setup is requireq sy B) J=7.29Hz yx2=41
in order to extract couplings. More information is provided at
http://spin.niddk.nih.gov/bax/NMRPipe/cosy.

Prior to fitting the cross peaks, it is useful to remove the di;
agonal signals, which as a result of their long dispersive tail
can interfere with the cross peaks. This can simply be done k
subtracting the diagonal region of the COSY spectrum wher
the diagonal is phased to be absorptive, followed by Hilber
transformation and rephasing to make the cross peaks abso
tive (23). An alternative method for doing this, which has the|C) J=2.65Hz 2=4.3 D)
additional advantage of avoiding discontinuities near the edge |
the cutout diagonal region, has been implemented in the NMR
Pipe processing software. This procedure works by temporaril
shifting the diagonal to the center of the spectrum so that it can k
removed by traditional numerical solvent suppression metho
(24). A variation on this scheme can be used to produce a con 1=10 =100
plementary spectrum that contains only the absorptive diagonar
signals. A complete description of these processing schemesyc. 2. The H—H cross peak of ubiquitin Lsin the 800-MHz COSY
along with example NMRPipe processing scripts, can be fousgkctrum. (A) experimental data, (B) best fit simulated data using the corre
at http://spin.niddk.nin/bax/NMRPipe/diag. intensity factor ( = 1), and best fits when the intensity was constraineq to be

An example of part of the COSY spectrum of human ubii—o'f"'d_ (|(|:) ﬁr 1O°'f°:d ('a) '?]rger' .NOtIe thj‘t the goodness of the;ff) (s
uitin, from which the diagonal has been removed in the abov?aSentla y the same for the three simulated spectra.
manner, is shown in Fig. 1. A second spectrum containing only
the absorptive diagonal signals is also derived (not shown). Ritig of a single isolated, in-phase diagonal multiplet is rathel
insensitive to initial linewidth or multiplicity and can be used
to obtain the intrinsic signal amplitude. This fit can be repeate
for several diagonal signals in order to establish reproducibil
ity. In the ubiquitin case, fitting six different diagonal signals
indicates that the amplitude could be determined to an acct
racy of better than 5%. Alternatively, the integrated intensity of
the entire diagonal subspectrum, or a fraction thereof, divide
by the number of spins contributing to this diagonal can be
used.

Figure 2 shows how the best-fit activk coupling for the
ubiquitin Lys® H#"—H* COSY cross peak depends strongly on
this intrinsic intensity. Figure 2A is the experimental multiplet,
whereas Figs. 2B-2D are best-fitted simulated multiplets, wher
the intrinsic amplitude has been set at its true value (Fig. 2B
and at 10 and 100 times larger values (Figs. 2C and 2D). Th
goodness of the fity?) for the multiplet shown is nearly indis-
tinguishable, yet the magnitude of the active coupling decrease
by almost an order of magnitude when the intrinsic intensity,
I, is increased from 1 to 100. To a good approximation, in the
limit where the linewidth is larger than the actiyeoupling, the
best fitted coupling scales with the square root of the intensity
whereas the goodness of the fit remains comparable (Fig. 2

‘ ' ' ‘ ' PPM  This confirms that in the absence of amplitude information it
is not possible to obtain an accuratecoupling from fitting a

FIG. 1. Region of the 800-MHz phase-sensitive COSY spectrum of hisingle antiphase COSY cross peak.
man ubiquitin (1.5 mM, pH 6.8, 10 mM phosphate uncorrected meter reading), So, passive couplings can be kept either as fixed or as ax
recorded in RO, from which the dispersive diagonal signals have been re;ciqhe parameters during the fitting procedure. If kept vari

moved using the procedure described in the text. The spectrum was acquired a

d . . . .
a 512 x 2048 data matrix with identical spectral widths (9 kHz) in the twofabi;e’ the accuracy of the resulting best fitpecssivecouplings

dimensions. Data were apodized witl? @hifted sine belltg) and 90-shifted 1S POOT, hOYVeverv as the eff?Ct of an Unr_eSOh{ed passive col
squared sine belt) windows, prior to zero filling to 2048x 4096'. pling is similar to that of the fitted natural line width parameter.
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Convergence of the least-squares minimizer is fastest when es@ion, corresponding model, and residual spectrum are show
mated approximate values for the passive couplings are entei@gether in a third window (Figs. 3C, 3D, and 3E). If multiple
as fixed nonvariable parameters. This is typically the methodigrentical passive couplings are present, as, for example, in th
which we use the fitting procedure when no (partially) resolvezhse of the three H-H” couplings in a H—H* cross peak of
passive splittings are observed in the cross peak. threonine residues, the multiplicity for a single passive coupling
The graphical interface for coupling extraction is shown inan be set to “3” in the parameter window, rather than defining
Fig. 3. The window in Fig. 3A shows a small region of the COSYhree independent couplings. Similarly, when fitting a cross peal
spectrum of ubiquitin. The boxed region shows the group of muhvolving a methyl group, the intensity can be multiplied by 3.
tiplets manually selected for analysis. The window in Fig. 3Bhe user interface currently allows for up to five multiplets with
contains the parameters of a fitted model for the first of five i to three independent passive couplings per dimension to k
teractively selected signals. Parameters that are variable dufibhgimultaneously. For larger numbers of cross peaks, the acct
the fit are marked by black checkboxes. The selected specteady and convergence of fitted parameters decrease. As shov
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FIG. 3. Graphical interface for coupling extraction. (A) Region of the COSY spectrum with a zoom box marking the spectral region on which multiplet fit
is to take place. (B) Parameter window that defines adjustable (dark checked box) and fixed parameters to be used in the fit for the first of up to fkee Eowss pe
passive couplings, the “A"1” mark indicates the number of passive couplings of this size to be included in the simulation, i.e., for passiveogthgltgroup
this value is changed to “A"3.” Similarly, the intensity parameter*Hican be adjusted to “FIB” for cross peaks involving a methyl group. Experimental data
(C), best fitted data (D), and difference spectrum (E) when only the signals of the five rightmost cross peaks are entered in the parameter winddedand inc
the fit optimization. The nonzero residuals seen in (E) result primarily from neglect of non-first-order effects and inhomogeneity broadeningénh filnection.
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to be valid, the spin system must be fully relaxed at the star
of the COSY pulse sequence. Alternatively, two spectra with
different interscan delays may be used, such that incomplet
T, relaxation rates can be accounted for. Also, water suppre:
sion in phase-sensitive COSY spectra can be a problem as st
vent presaturation may unevenly affect the longitudtirbinag-

netization through spin diffusion involving spatially proximate

L exchangeable protons or protons resonating in the immedia
° vicinity of the H,O signal. For this reason, we prefer to record
the COSY spectrum in D. In principle, double quantum filter-
ing may also be used to attenuate th&tsignal 6). However,

(J this decreases the inherent sensitivity of the COSY experimer
twofold and does not solve the dynamic range problem becau:
the water signal remains present in individual transients. Alsc
it removes the amplitude information contained in the diagona
and therefore makes our fitting procedure less straightforwarc
FIG.4. Comparison of 58](H*, H#) couplings in human ubiquitin, mea- IN nucleic acids, partial exchange of base protons with solver
sured with the new fitting procedure (vertical axis) versus those measured gleuterons can result in erroneous amplitudes and thereby il
viously with the HA(CA)HB e_xper_imen;. The systematically smal_ler va_lue _fofroduce errors in the derived couplings. The same, of courst
wﬁighAégﬁLTgf?ee;ﬁg fg:&':g??ifg’ﬁﬁg_m the effect of passive spin-flipg jias to cross peaks to amides for proteins dissolvecs® D
or the partial attenuation when dissolved in 909GIHL0%D; 0.
The fitting procedure is based on the use of Eq. [1], i.e., or
in Fig. 3, not all cross peaks present in the selected window the assumption of first-order, weakly coupled spectra. Fitting o
gion (Fig. 3C) need to be included in the fit. To illustrate thisross peaks very close to the diagonal is affected by the diagon
feature, only five of the eight cross peaks present in Fig. 3C wemmoval routine described above and therefore does not yiel
included, and the additional cross peaks remain present in thkable results. However, for the common case where A-X an
difference spectrum (Fig. 3E). B-X couplings need to be measured in a moderately strongl
When fitting spectra recorded in a dilute liquid crystallineoupled ABX system, withsa — 8g| > ~5|Jag|, ACME fitting
phase 25), frequently the number of passive couplings will bef simulated spectra reproduces the A-X and B-X couplings
much larger than 3. However, from a practical perspective, onlgry well. The remarkable robustness of the fitting procedur:
the largest passive couplings play a role in the fitting proceduie non-first-order effects is related to the fact that the initial
and three passive couplings are more than sufficient for the winl@ldup rate of the integrated A-X cross peak intensity in the
variety of spin systems we have studied so far. ABX spin system is little affected by the strong coupling, even
Figure 4 compares values for all 38(H*, H?) couplings though they? is considerably higher. Clearly, a more rigorous
previously measured with the HA(CA)HB experime6} (vith approach would be to include the effects of strong couplinc
those obtained from the new fitting procedure. On averdge,n the model function X8). However, this would make use of
values derived from the HA(CA)HB spectrum underestimate ttlee ACME fitting more complex because complete definition of
true coupling if no correction is made for the finite life time ofach spin system would be required prior to the fit and has nc
the spin state of the coupling partn®).(Because the new fit- yet been implemented.
ting procedure is not affected by spin-flips of the passive spin,The ACME program contains the option to include the effect
which merely affect the fitted linewidth, fittedl values tend to of delays preceding thigand/ort, evolution period. Such delays
be larger. Overall, agreement is good (Pearson’s correlation cway be desirable to allow dephasing of the rapidly decayin
efficient R = 0.93) and comparable in quality to that betweesignals of bicelle or phage liquid crystal contributions.
HA(CA)HB data and heteronuclear E.COSY measurements forThe method described here is particularly useful for measure
ubiquitin (data not shown). This indicates that the present apent of'H-'H couplings in molecules that are weakly aligned
proach for measuring these couplings is equally robust and therea dilute liquid crystalline phase. These frequently give rise tc
fore quite accurate. Any given coupling can be measured twicmmpletely unresolvable cross-peak multiplets with more thai
from each of the two corresponding cross peaks. Reproduciltiblf a dozen passive couplings that are difficult to analyze acct
ity is invariably found to be quite high, with a root-mean-squanately using the E.COSY method. The principal disadvantage c
difference of 0.7 Hz over the entire set of #Mi# cross peaks the ACME method is the absence of sign information for the
(N = 78), indicating a random uncertainty #0.5 Hz in indi- coupling involved. Several novel heteronuclear E.COSY-like
vidual fits. methods have been presented recently that permit experime
One detail that may require particular attention is the assurrtpt measurement of both the sign and the magnitudédetH
tion of uniform intrinsic intensity. In order for this assumptiorcouplings 27, 28. However, without isotopic enrichment, such

JH*HP  ACME

[¢;]
W
H

0 Hz 5 10 15
JHOHB  HA(CA)HB
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experiments are generally not applicable to macromolecules. If atra of proteins and determination of phi-anglésiol. Biol.217,731-736
reasonably accurate initial structure is available, this frequently (1991).

can be used to determine the sign of the coupling. Alternativeiy‘,- L. J. Smith, M. J. Sutcliffe, C. Redfield, and C. M. Dobson, Analysis of phi
the structure calculation can use the absolute valuésiefH

dipolar couplings as input restrain9j.

10.
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