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Abstract

The effects of cross-correlated relaxation in Quantitative J methods are analyzed. One-bond "H-">C scalar
and dipolar couplings of protein methine and methylene sites are obtained by monitoring proton and
carbon magnetization in Quantitative J experiments. We find that scalar and dipolar couplings of the same
pair of nuclei vary depending on the type of magnetization involved. These discrepancies can be as large as
several Hz for methylene moieties. The contribution of dynamic frequency shifts, which are known to affect
J couplings, is too small to explain the observed differences. We show that processes of magnetization
transfer originated by cross-correlated relaxation are largely responsible for these discrepancies. We esti-
mate the error transferred to methylene J values by cross-correlation interference, and show that is close to
the experimentally observed one. Furthermore, this analysis indicates that cross-correlated relaxation ef-
fects under isotropic and anisotropic media differ, indicating that errors are not cancelled in residual
dipolar coupling measurements.

Abbreviations: EDTA —ethylenediaminetetraacetate; HPLC —high pressure liquid chromatography; HSQC —
heteronuclear single quantum correlation spectroscopy; INEPT — insensitive nuclei enhancement by polari-
zation transfer

Introduction 2005). The importance of J coupling in structural

studies deserves to bring into consideration the

Scalar coupling constants provide inter-bond
angular information (Bystrov, 1976) and therefore
are measured routinely in high-resolution NMR as
a means of molecular structure determination.
J couplings are also necessary to obtain residual
dipolar couplings (RDC), which are powerful tools
in biomolecular structure calculation (Prestegard
et al., 2000; Bax et al., 2001; de Alba and Tjandra,
2002; Prestegard et al., 2004; Bax and Grishaev,
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sources of error in its measurement.

The Quantitative J correlation (Bax et al.,
1994) is commonly the method of choice for
accurate measurements of J couplings. In the
report presented herein we analyze the effect of
cross-correlation as a source of error in Quanti-
tative J experiments.

We show that one-bond 'H-'*C J values of
methine and methylene moieties of the protein
ubiquitin vary if proton or carbon magnetization
is monitored. These differences are explained by
the presence of magnetization transfer and
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dynamic frequency shifts originated by cross-cor-
related relaxation. We find that the interference
between cross-correlation and J coupling is of
similar magnitude under isotropic and anisotropic
conditions for methine sites, and therefore RDC
are only slightly affected by this error in the mea-
surement. In the case of methylene sites the effect
of cross-correlated relaxation is substantially dif-
ferent in aligned versus unaligned media and RDC
values present larger deviations depending on the
type of magnetization involved.

Material and methods
Protein preparation

The preparation of "N and '*C isotopically
enriched ubiquitin and >N and '*C, ~50% par-
tially deuterated ubiquitin is described in Supple-
mentary Material section (Lazar et al., 1997).

NMR sample preparation and NMR experiments

Lyophilized ubiquitin was dissolved in HPLC
grade water (pH adjusted to 3—4), after extensive
vortexing and sonication. The solution was then
loaded into a PD-10 desalting column (Amersham
Biosciences) to eliminate residual salt. NMR
samples were prepared at ~2 mM protein con-
centration determined by weight in ~10% D,0O/
H,O0 (v/v) solution. The pH was adjusted to 6.6 by
adding small amounts of 0.1 M KOH. Protein
samples in orienting media were prepared by
mixing protein solution with 3:1 DMPC/DHPC
(Avanti Polar Lipids) molar ratio to obtain a final
bicelle and protein concentration of 5% (w/v) and
4 mM, respectively. The bicelle stock was prepared
in 25 mM sodium phosphate buffer at pH 6.6.
NMR experiments were performed at 300 and
308 K on Bruker Avance DRX 800 MHz and
DMX 600 MHz spectrometer with triple reso-
nance probe and tri-axial gradients. The pulse se-
quences used are described in Figure 1. The
parameters for NMR experiments are specified in
the legend of Figure 1. Signal intensity is modu-
lated with the scalar coupling during 26=17.84 ms
in the experiment of Figure la, and 27=28 ms in
the experiment of Figure 1b, by modifying the
value of A, which changes the relative position of
the corresponding 180° pulse. Signal intensity was

monitored at 20 different values of A in both
experiments.

NMR spectra were processed with NMRPipe
(Delaglio et al., 1995) and the peak picking was
done with PIPP (Garrett et al., 1991). The software
used to obtain normalized intensity values has
been reported elsewhere (Ottiger et al., 1998). Once
normalized, the intensities were fitted to Equations
2 and 3, for experiments in Figure la and b,
respectively. Time points were calculated by
including the evolution of magnetization during
the pulses of finite length for both experiments.

All reported data, excluding the Supplementary
Material, were acquired at 800 MHz for 5N, B¢,
~50% *H-labeled ubiquitin at 308 K, apart from
data of Figure 5c, which were acquired at
600 MHz, 308 K for >N, '*C ubiquitin. Data re-
ported in Supplementary Material include as well
experiments performed at 600 MHz, 300 K for
non-deuterated N, '*C ubiquitin.

Background

For a non-isolated scalar-coupled two-spin
system, SI, the in-phase and anti-phase operators
resulting from the scalar coupling, S and 25" I,
relax at different rates. The J value depends on the
differential rate of relaxation as shown by Harbi-
son (1993). The dependence of J on the difference
of relaxation rates is not related to the illusory
effect of splitting reduction caused by line broad-
ening, and it is unrelated to the method or pulse
program used (Harbison, 1993).

The larger the difference of the relaxation rates,
the smaller the value of the apparent J (Equation 1)
(Rexroth et al., 1995).

Japp = J = (AR)*/[(2n) (27)] (1)

where J,,, is the apparent scalar coupling con-
stant, J is the coupling constant in the absence of
differential relaxation and AR is the difference
between the transverse relaxation rates of the
operators, S and 25" I..

If the scalar coupling constant is large in com-
parison to the difference of the respective operator
relaxation rates, this inherent error in J measure-
ment decreases (Rexroth et al., 1995). The opera-
tors will interconvert fast during the J evolution
period, thus averaging their relaxation rates (Ghose
and Prestegard, 1998). This is the case of one-bond
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Figure 1. Pulse sequences of the J-modulated ['H-'*C]-CT-HSQC experiments monitoring (a) '"H magnetization (Vuister et al., 1993)
and (b) '*C magnetization (Ottiger et al., 1998). Narrow and wide rectangles indicate pulses of 90° and 180° flip angles, with phase x,
unless otherwise indicated. The shaped '*C,y; pulses, with carrier position at 56 ppm, are of the hyperbolic secant type, with squareness
level of 3, and duration of 375.2 us (Silver et al., 1984). The first '*C,; shaped pulse is used to eliminate offset-dependent phase errors
caused by the second 180° refocusing pulse. The '>C’ 180° pulse is sine-bell shaped with a duration of 4/A8(A3 is the difference in Hertz
between the '*C resonance frequencies of the carrier and the center of the carbonyl region). Delay durations are 5=28.92 and 14 ms,
t=1.3 ms, 27=28 and 56 ms. The delay A is modified 20 times to change the relative position of the 180° pulses in order to modulate
signal intensity with the scalar coupling. Phase cycling, ¢, =y, —y; d»=x, x, y, v, —x, —x, —y, —y for negative G4 gradient (Figure la)
and Gj gradient (Figure 1b), and ¢»=x, x, —y, =y, —x, —Xx, y, y for the correspondent positive gradients; receiver = x, —x, y, =y, —Xx,
x, =y, y. All gradients are sine-bell shaped with 25 G/cm at their center. Gradient durations, for experiment in (a) are G, 23456 = 4,
0.2, 3.5, 3.975, 0.7, 0.3 ms, for experiment in (b) are G345 = 4, 3.5, 3.975, 0.7, 0.3 ms. Coherence transfer pathway selection is
applied. Quadrature in the ¢, dimension is obtained by acquiring two FIDs with inverted polarity of G4 (a) and G; (b) for each ¢, data.
The addition and subtraction of each pair of FIDs provide the two components for quadrature detection (Bachmann et al., 1977). '*C
decoupling during "H acquisition and '°N decoupling during '*C chemical shift evolution is achieved by using GARP (Shaka et al.,
1985). In the experiments for ~50% partially deuterated ubiquitin, >H continuous wave decoupling was used as indicated in the figure.

heteronuclear coupling constants such as 'H-'*C
(~140 Hz) or "H-'°N in protein amide moieties
(~=94 Hz). In contrast, '"H-"H J couplings whose
range is ~|1-20| Hz, are affected according to
Equation 1. Nevertheless, the mentioned effect can
be substantially reduced if "H-"H J couplings are
measured using operators that interconvert fast
because they evolve with the sum of a large J and the
"H-'H J, such as zero and double-quantum mag-
netization (Rexroth et al., 1995).

There are three basic methods commonly used
in NMR to obtain scalar coupling constants. One
is by measuring the resonance frequency splitting
originated by the scalar coupling interaction, for
example from E.COSY-type of experiments
(Griesinger et al., 1986). Another method relies on
the ratio of the peak volume or intensity of signals
produced by the in-phase and anti-phase operators
that evolve with the scalar coupling (Bax et al.,
1994; Tolman and Prestegard, 1996). In the third
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method the J values are measured by monitoring
the J-modulation of the signal intensity originated
by a single operator as a function of time (Vuister
et al., 1993; Tjandra and Bax, 1997a; Ottiger et al.,
1998). The last two are included in what is
commonly known as Quantitative J correlation
methods.

Scalar coupling constants measured as fre-
quency splitting are usually affected by inaccuracy
in the determination of the frequency values from
which the J is derived. Line broadening or partial
signal intensity cancellation can produce an arti-
fact shift in the peak maximum.

J couplings determined by the Quantitative J
approach that monitors two operators are affected
by the difference in the relaxation rates of the
magnetizations from which each peak originates
(Vuister and Bax, 1993; Grzesiek et al., 1995;
Tolman and Prestegard, 1996). Signal intensity or
peak volume might be underestimated if relaxation
effects are not taken into account, transferring
error to the measured J.

In the Quantitative J method that monitors a
single operator during a constant time period, the
relaxation rate of the operator, in principle, will
not change with the modulation. Therefore errors
might not be introduced by the presence of dif-
ferent relaxation rates. Additionally, J is not ob-
tained by resonance frequency splitting, thus
inaccuracy in the determination of peak frequency
is not involved. By considering these issues it
seems that the method of Quantitative J from a
single operator is less prone to error.

Cross-correlated relaxation between chemical
shift anisotropy-dipole (CSA-DD) and dipole—
dipole (DD-DD) can affect J measurements dif-
ferently depending on the method used. When J
values are derived from frequency splitting, cross-
correlated relaxation modifies the shape of the
NMR peaks such that the peak frequency might be
inaccurately determined. An apparent instead of
the real J value is obtained. This effect has been
explained and illustrated in the report by Tjandra
and Bax (1997a).

In addition, the imaginary component of the
spectral density function associated to CSA-DD
cross-correlation induces a change in the scalar
coupling, known as dynamic frequency shift
(Werbelow, 1996). Dynamic frequency shifts might
affect scalar coupling constants measured from

resonance splitting and by the Quantitative J
approach.

Magnetization can be transferred between
operators by CSA-DD and DD-DD cross-corre-
lated relaxation (Werbelow, 1987; Wimperis and
Bodenhausen, 1989; Bull, 1991; Ernst and Ernst,
1994; Tjandra et al., 1996; Tessari et al., 1997; Rief
et al., 1997; Kroenke et al., 1998; Riek et al., 1999;
Carlomagno et al., 1999; Chiarparin et al., 1999;
Schwalbe et al., 2001; Boisbouvier and Bax, 2002;
Carlomagno et al.,, 2003). These processes of
magnetization transfer can modify the signal
intensity in Quantitative J experiments when either
one or two operators are monitored. Peak volume
or intensity will be under or over-estimated leading
to error in the measured J value.

The interference between cross-correlated
relaxation and scalar couplings measured by the
Quantitative J approach has been commented
previously (Tolman and Prestegard, 1996; Tjandra
and Bax, 1997a).

It is important though to analyze in detail the
effects of cross-correlated relaxation in Quantita-
tive J measurements. This analysis will help to
identify possible sources of error, and to estimate
its magnitude, which in turn can be experimentally
validated. An analysis of these effects might be
used to distinguish among errors that are relevant
for the measurement of residual dipolar couplings.

Description of pulse programs and analysis
of magnetization evolution

One-bond 'H-"C scalar and dipolar couplings of
methine and methylene sites were measured with
the pulse programs schematically represented in
Figure 1. Both experiments are in essence
['"H-'3C]-CT-HSQC (Santoro and King, 1992)
with coherence pathway selection by pulse field
gradients (Boyd et al., 1992; Davis et al., 1992;
Kay et al., 1992; Tolman et al., 1992). Scalar
couplings are obtained from the modulation of "H
transverse magnetization (Figure la) and '*C
transverse magnetization (Figure 1b) intensity that
evolves with J during the period 2\ (Vuister et al.,
1993; Ottiger et al., 1998). From now on, experi-
ments of Figure la and b will be called H-exp (for
proton experiment) and C-exp (for carbon exper-
iment), respectively.



The H-exp is similar to that reported by Vuister
et al. (1993) for the measurements of J(C*~H") cou-
pling constants. The modifications mainly include
the coherence pathway selection and additional
gradients added to suppress artifacts. The C-exp is
identical to the one described by Ottiger et al. (1998)
for the measurement of scalar and dipolar couplings
of protein methine, methylene and methyl moieties.

In the absence of any processes apart from
scalar coupling evolution, the signal intensity
modulation with time can be described as

H-exp: I = (Ao sin(2nJ)) 4+ A1) exp(—A42(22)%)
x exp(—A324) (2)

C-exp: 1= (Agcos(2nJA) + Ay) exp(—A2(22)%)
x exp(—A322) (3)

where A is the intensity of a reference signal (e.g.
Ist time point), 4; represents the amount of
magnetization that does not evolve with J because
of imperfections in the m pulses. The Gaussian
function, exp(—4, (21)%), takes into account signal
intensity decay due to long-range couplings (Otti-
ger et al., 1998). In both experiments scalar cou-
pling evolution takes place during a constant time
module. In spite of this, by including the expo-
nential decay exp(—A43 2A), the fitting of the data to
Equation 2 improves with statistical significance as
indicated by a p value of 0.02. For Equation 3 the
addition of the exponential decay term is irrelevant
to the fitting resulting in a p value of 0.94.

When the Quantitative J method from a single
operator is used, J values are commonly obtained
by fitting the modulation of experimental intensi-
ties with time to equations similar to 2 and 3. In
the C-exp for methylene groups, the measured
scalar coupling will be Jcy; +Jcno, where H! and
H?are both geminal protons (Ottiger et al., 1998).

If cross-correlated relaxation takes place while
"H-'3C J coupling is active, magnetization can be
transferred between operators, and signal intensity
modulation with time might no longer be
described by Equations 2 and 3. For the experi-
ments represented in Figure la and b we will
analyze DD-DD and CSA-DD cross-correlated
relaxation for nuclei that are scalar-coupled (or
whose scalar coupling evolution is not refocused),
and for chemically bonded nuclei, respectively.
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By taking into account the effect of n pulses,
cross-correlated relaxation takes place during the
following times (Schwalbe et al., 2001):

(1) In the H-exp

1.A. BCcsa/'H-"*Cpp 0

1.B. "Hesa/'H-"Cpp 2(8-1)

1.C. "TH-"*CLp/'H-"Hjpp 2

1.D. '"H="Cpp/'H="Chp 26

(2) In the C-exp

2.A. BCesa/'H-"Cpp AT - 1,-2)
2.B. 'Hesa/'H-"Cpp 2ty

2.C. 13Ci71HiDD/13Ci71H{jD 2T

2.D. 13Ci*lHiDD/l3CL13CBD oYy

[T
1

The superscript for the description of three-
spin interactions indicates the two nuclei, 'H and
13C whose one-bond scalar coupling is measured,
and “j”’ is the third nucleus coupled to one of them.

All described processes apart from 1.A. might
affect the value of J obtained from both C-exp and
H-exp.

Magnetization evolution in the H-exp

Starting with magnetization H, in the product
operator formalism (Sorensen et al., 1983), the
magnetization that evolves with '"H-">C coupling
at time a (Figure 1a) can be described as

—H cos(2nJcinil) + 2H CLsin(2nJciniZ)  (4)

The second term of Equation (4) will be collected
with the first INEPT step of pulse sequence in
Figure la. Magnetization that is transferred from
any operator to the collected operator during a time
that depends on A, will produce a modulation of the
signal intensity that no longer can be accurately
described by Equation 2.

Cross-correlated relaxation described by pro-
cess 1.B can transfer magnetization between
operators S and 2S'I.. This type of transfer
preserves the phase of the original operator.
Therefore, magnetization originated from Hj
cannot be transferred to the collected operator
2H'CL. The cross-correlation process described in
1.B, nevertheless, will produce a change in the
value of J by the addition of a dynamic frequency
shift (Werbelow, 1996):



Japp = Ji + DES('Hesa /'H =" Cpp) (5)

where J,,,,, is the observed value of the coupling, J,
is the real scalar coupling constant and DFS refers
to the dynamic frequency shift originated by pro-
cess 1.B.

In addition to one-bond 'H-">C coupling,
"H-"H coupling is active during the time 28 in the
experiment of Figure la. This coupling can be
relatively large in the case of methylene moieties.

The evolution of magnetization for example for
a CH, group can be described as follows:

—H; cos(2nJciniA) cos(2nJHin;o)
+ 2H' H. cos(2nJciniA) sin(2mJyin;d)
+ 2H;Ci sin(2nJciniA) cos(2nJwin;d)
+4H' CLH. sin(2mJcipi2) sin (27 /i)
(6)

Dipole—dipole cross-correlation processes of
the type 1.C (e.g. CP-HEL/HP'H,. Figure 2a)
can transfer magnetization between the operators,
2H'.C. and 2H' F.. By considering the evolution of
magnetization in the presence of this process, the
collected operator at point ¢ in Figure la will be
described by

2HZYC12 [sin(2nJCiHi/l) COS(27IJHiHj5)
X COSh(FHiCi/HiHjZJV) — COS(2‘IIJCiHi)V)

x sin(2m/yin;0) sinh (T hici/Hini24)] (7)
(a) /‘t" (b) H‘"'?H""T
kK ' o _* L B
e N
CO R
(c) @
I|-|k‘ A:|-|| ’N|'|| JH
RN B C
e &,
CO R

Figure 2. Schematic representation of the DD-DD interac-
tions. Arrows indicate the interacting vectors and the nuclei
involved. (a) Dominant pathway of cross-correlated relaxation
in the methylene group for the H-exp. (b, ¢) Two possible
interactions in the C*~H” moiety of an amino acid containing a
single H? proton in the H-exp and the C-exp, respectively. (d)
Dominant DD-DD interaction in methylene moieties in the
C-exp.

where I'yici/min; 18 the cross-correlated relaxation
rate between the 'H-'C’ and "H-'H’ dipoles
(Figure 2a). Because of the large I'nici/minj in CH»
moieties this process will be dominant as a source
of error in the one-bond J('"H-'">C) for methylene
groups (vide infra).

For methine groups, a single cross-correlated
relaxation pathway might not dominate and sev-
eral processes need to be taken into account. In
order to simplify the equations we can consider as
an example the case of C*~H” moieties of residues
with one beta proton and include two 'H-'H
couplings not separated by more than three bonds.
This means, 'H' (H*) coupled to '*C (C%), is also
coupled to '"H (H?) and 'H* (HY). The 'H-'H
couplings that we consider are *Jyn_y and *J g
Dipole—dipole cross-correlated relaxation between
1H[*13CBD/1Hi*1H{)D and lHi*13C§3D/1Hi*1H{SD is
effective during the time 2A. This can be the case of
a C”"-H" dipole, which relaxes by cross-correlation
with the H*~H" and H*-H” dipoles (Figure 2b).
Thus the magnetization collected at point «¢ in
Figure la will be described by the following
equation:

ZH; Ci [Sin(27'EJCiHii) COS(2TCJH1HJ'(S)

X COS(ZHJHiné) COSh(FHiCi/HiHj2}~)

x cosh(Iyici/mink24)

— cos(2nJciniA) sin(2nJuin;0) cos(2nJuinko)
x sinh(Fyici/ming24)

— cos(2nJciniA) cos(2nJuin;d) sin(2nJHinko)
x sinh(Tyici/nink24)]

(8)
where FHiC,-/HiHj and FHiCi/Hin are the dipole—
dipole cross-correlated relaxation rates between
1H1713C53D/1H171H1)D al’ld lHlfl:;CbD/lHl*ngD Flg-
ure 2b).

Analogous equations can be derived for the
evolution of magnetization in the presence of the

cross-correlated relaxation processes described in
1.D.

Magnetization evolution in the C-exp

The magnetization at point a (Figure 1b) is
represented by the operator 2C, H.. In the case of a
methine this operator will evolve with scalar cou-
pling as



2Cj,Hi cos(2nJcimit) — C'sin(2nJcimil) 9)

Only the operator at the left-hand side of
Equation 9 will be collected. By evolution under
13C chemical shift during #; the operators,—Cj,
sin(2nJcini/) sin(2wcity) and 2CEH: cos(2nJcinil)
cos(2wmcit;), are created. Magnetization trans-
ferred from the first to the second operator
through l3CCSA/]H78CDD cross-correlated relax-
ation (process 2.A), will create a dispersive signal
in the indirect dimension, since 2C§,Hf. will be
modulated with cos(Rwcity), and sin(2wc;t;) from
the donor operator. By selecting the maximum of
the peak off the real maximum, we have checked
experimentally that this is a negligible effect in the
value of J.

Analogously to the H-exp, processes 2.A and
2.B will modify the value of J by the presence of
dynamic frequency shifts (Werbelow, 1996).

Japp = Jr + DFS('Hesa /'H="Cpp)
+DFS<13CCSA/1H—13CDD) (10)
where J,;,p, is the observed value of the coupling, J;
is the real coupling constant and DFS refers to the
dynamic frequency shifts originated by processes
2.A and 2.B.

In addition to the one-bond heteronuclear
coupling, '*C is coupled to other protons. For
simplicity we will include one additional *C-'H
coupling in the evolution of the magnetization:

2C, H. cos(2nJcinil) cos(2nlcinj ) — 4C HLH,

X COS(27IJCiHi;u) sin(27rJCiHji)
— Cl‘c sin(2nJCiH,-/1) COS(2TEJCiHj)v)
— 2C§,H£ Sin(27'EJCiHii) sin (szCiHj/AL) (1 l)

By the presence of cross-correlated relaxation
described in 2.C (e.g. C-H*pp/C*~H’pp,
Figure 2¢), magnetization can be transferred be-
tween the operators, 2C,H. and 2C,H.. The col-
lected operator at point b (Figure 1b) will be
described as

ZCi,HIZ [COS(ZRJCiHii) COS(27IJCiHj)L)

x cosh(Iyici/cing2T)
+ Sin(szCiHi;L) Sin(Z‘RJCiHjl)
x sinh(Thici/cing2 7)) (12)
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where I'yici/cinj 18 the cross-correlated relaxation
rate between the 'H-"3C’ and "*C-'H’ dipoles
(Figure 2c).

For the case of a methylene site two operators
are collected at time « in Figure 1b, which evolve
with scalar coupling as shown in Equation 13:

2CHY cos[2n(Jeinin + Jciniz) /]
+ 2C;Hi_2 COS[ZTC(JCiHi] + qu-nz)/l] (13)

where H' and H? are both methylene protons.
Cross-correlated relaxation between C-H"' and
C-H" dipoles (Figure 2d) transfers magnetization
between the operators represented in Equation 13.
The collected magnetization for the first operator
at time b in Figure 1b can be described as

2Cj,Hi1 cos[(2n(Jcimii + Jciniz)4]
x [cosh T'cimit/cinin2 T — sinh Ueinincini2 7]
(14)

where T'cininciniz is the cross-correlated relaxation
rate between the '*C—"H"" and "*C’-'"H" dipoles of
the methylene group (Figure 2d). An analogous
expression can be derived for the second operator
by changing 2C,H' for 2CLHZ.

In addition, *C is coupled to other directly
attached '*C during the constant time period (2T)
set to ~n 1/Jcc, for Joc ~ 35Hz (n=1, 2,...).
Carbonyl coupling is refocused by the application
of a selective m pulse. The description of the mag-
netization under '*C—"2C coupling evolution and
cross-correlated relaxation processes of the type
2.D can be derived analogously to process 2.C.

Results

Figure 3a and b show the goodness of the fitting to
Equations 2 and 3 of the experimentally observed
intensities for the C* —H" signal of A4 in ubiquitin
obtained from the H-exp and C-exp. The fittings
of CH and CH, groups typically result in values of
the reduced % close to 1, with standard deviation
of the intensity of ~0.03 obtained by reproduc-
ibility. Notice that a change in the periodicity of
the sine and cosine functions is directly related to
the obtained J value. Therefore, relaxation pro-
cesses that affect the periodicity of the sine and
cosine functions, and not only their decay, will
modify the value of J.
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Figure 3. Fitting of the normalized experimental intensity modulated with time for the C*~H” group of ubiquitin Ay to (a)
Equation 2 for the H-exp, and (b) Equation 3 for the C-exp. Error bars correspond to normalized errors obtained by

reproducibility.

The measured one-bond J(C*-H%) couplings
using the fitting to Equations 2 and 3 from each
experiment are plotted in Figure 4a. J values for
methylene sites (including alpha moieties of gly-
cine residues, beta, gamma and delta groups) are
shown in Figure 4b. It can be observed that for
methine sites the J values obtained from the H-exp
are in average 0.8 Hz smaller than from the C-exp,
while for methylene groups the J values measured
from the H-exp are 4.5 Hz larger than those ob-
tained from the C-exp. The errors by reproduc-
ibility in the H-exp measurements are 0.3 and
0.6 Hz for methine and methylene moieties. For
the C-exp these errors are 0.3 and 0.4 Hz, respec-
tively. No systematic deviation was observed in
either experiment.

Figure 5 shows one-bond J couplings of
methine (Figure 5a) and methylene (Figure 5b)

160
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150 4
o
x
9 ¢
z
~ 140
(3
Hz 140 150 160

J (C-exp)

J1+J2 (H-exp)

sites obtained from the H-exp using two different
constant time periods (~18 and 28 ms). At longer
constant times, J values of methines decrease,
whereas J values of methylene sites increase. In
contrast to the H-exp, Figure 5c shows that there
is no systematic deviation in the J values measured
with the C-exp by increasing the constant time
from 28 to 56 ms.

In order to investigate if the differences in the
results for methylene groups between the H-exp
and the C-exp are related to the presence of two 'H
nuclei attached to the same '*C nucleus, we have
measured J values using ~50% fractionally
deuterated ubiquitin. Three species can be
observed in the ['"H-'>C]-CT-HSQC spectra cor-
responding to CH'H?, CH'D and CDH? groups.
Figure 6 represents a portion of the C-experiment
showing Gjs as an example. The different '*C and
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Figure 4. Comparison between the one-bond J(C-H) couplings of ubiquitin (a) C*~H* groups and (b) CH, groups, obtained from the
H-exp and the C-exp. Note that for methylene moieties only the sum of both couplings is obtained using the C-exp, therefore the J

values from the H-exp are added for the comparison.
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Figure 5. Comparison of the one-bond J(C—H) couplings of ubiquitin (a) C*~H" sites and (b) CH, groups, measured with the H-exp
at two different values of the constant time 23. (¢) J of C*~H” moieties from the C-exp at two values of the constant time 2T.

"H chemical shifts in each species are due to the
isotope effect originated by the *H.

Figure 7a and b show the change in J values
obtained from the H-exp and C-exp for CHD
groups, and CHD vs. CH, groups, respectively. It
can be observed that the differences between the
H-exp and the C-exp for CHD sites are now
similar to those found for methine moieties (Fig-
ure 4a). J values of CHD and CH, groups mea-
sured with the C-exp do not change (Figure 7c). In
contrast, J data of CHD moieties from the H-exp
decrease significantly in comparison to CH, sites.
These results indicate that the presence of two
protons attached to the same '*C is related to
larger J values measured with the H-exp.

Figure 8a and b show RDC values obtained
from the H-exp and the C-exp for methine and
methylene moieties, respectively. RDC were cal-
culated by subtracting J from J + D values ob-
tained under isotropic and anisotropic conditions
at the same temperature. It can be observed that
the difference in RDC measurements between the

H-exp and the C-exp from methine groups is
almost cancelled, although there is still some
residual deviation. In contrast, large variations are
found when comparing RDC data from the H-exp
and the C-exp for methylene groups. The observed
differences are significantly larger than the exper-
imental errors associated to RDC measurements
of CH, groups using the H-exp and the C-exp,
which are 1.3 and 1.2 Hz, respectively. This result
indicates that the measurements under isotropic
and anisotropic conditions are affected by different
errors, and therefore they do not cancel when
obtaining RDC by subtraction.

All J and RDC values are reported for ~50%
fractionally “H-labeled ubiquitin, apart from data
shown in Figure 5¢ (non-deuterated ubiquitin).
The same differences were obtained for non-deu-
terated ubiquitin (data not shown), except for
CHD groups, which cannot be measured with this
sample. In the Supplementary Material section
tables are provided, which include all measured J
and RDC values shown in Figures 4-8.
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Figure 6. Portion of the ['H-'3C]-CT-HSQC showing the
three possible species observed for the CH, group of G35 when
using ~50% deuterated ubiquitin.

Discussion

Analysis of the interference between
cross-correlated relaxation and J values
for methylene moieties

As already demonstrated by the data shown in
the previous section, an interaction between the
three spins present in methylene groups is
responsible for the larger J values measured with
the H-exp vs. the C-exp (4.5 Hz at 18 ms). For
methylene moieties we will consider first the effect
of DD-DD cross-correlated relaxation between
the '"H-"C’ and "H-'H dipoles described in 1.C
(Figure 2a). This interaction is likely to be dom-
inant due to its large cross-correlated relaxation
rate (vide infra).

Cross-correlated relaxation rates can be calcu-
lated using the following equation:

Chici/ning ~ (te/5)S* (1o /4n)* (h/2m)* (7)°
X yedG pidn (3 cos” 0 — 1) (15)

where 1. is the overall correlation time of the
protein, S° is the effective order parameter that
takes into account internal motion (Lipari and
Szabo, 1982) of the CH, group, po is the suscep-
tibility of the vacuum, yy and yc, are the gyro-
magnetic ratios of 'H and '3C, respectively,
dcini and dyip; are the '"H-13C distance and

"H-"H distance in the CH, group, 0 is the angle
between these two vectors (Figure 2a).

The use of Equation 15 to obtain cross-corre-
lated relaxation rates is a simplification since we
assume that the overall motion is fully isotropic. In
addition, a separation of the internal dynamics of
the DD-DD interaction from the geometrical
terms relating the relative orientation of this
interaction is done by the incorporation of an
effective order parameter. For the purpose of this
analysis we believe that these simplifications are
valid. The value of I'yicijminj for CH, groups in
ubiquitin at 308 K using Equation 15 and an
average S> value of 0.77 (Jin et al., 2003) is 9.7 Hz.
This result can be scaled to ~23 Hz for a protein
of ~20 KD. A similar average value of I'mici/min;j
for CH, moieties has been reported for a protein
of ~20KD at the same temperature
(~27 £ 3 Hz), that was calculated experimentally
from the linewidth of CH,-TROSY experiments
(Miclet et al., 2004). In addition, this simplification
has been successfully used to extract y; angles and
S? values of the protein ubiquitin from experi-
mentally determined cross-correlated relaxation
rates (Carlomagno et al., 2003).

As commented above, cross-correlated relaxa-
tion processes can transfer magnetization to the
collected operator. The transfer might modify the
periodicity of the intensity modulation with time,
changing the value of J. To illustrate this effect we
have simulated the intensity from the H-exp using
a sine function of the form sin(2nJ4) and Equation
7 for a J value of 140 Hz for CH, groups. Figure 9
shows the simulated intensity using the regular
sine modulation, where cross-correlated relaxation
is not considered, and using Equation 7, for which
"H-ChHp/'H-"H},p is included (Figure 2a). The
rest of the parameters used in the simulation are
specified in the legend of Figure 9. The periodicity
of the curve obtained by taking cross-correlation
into account is smaller than that of the curve not
including this effect. This means that J values ob-
tained by using Equation 2 (x sin(2nJ1)) to fit
intensities that are affected by cross-correlated
relaxation will be larger than the real J values.

In Table 1 we report J values obtained by
fitting to Equation 2 (that does not consider cross-
correlated relaxation) intensities that were simu-
lated using Equation 7 (in which cross-correlated
relaxation illustrated in Figure 2a is taken into
account). Column 3 shows the J values used in the
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Figure 7. Effect of removing one proton by deuteration in J couplings obtained from the H-exp and C-exp in methylene groups. (a)
Comparison of J from the H-exp and C-exp of CHD groups. (b) Comparison of the sum of J for CH'D and CDH? groups from the
H-exp and J; + J, of CH, groups from the C-exp. (c) J values of CH, groups versus the sum of J couplings of CH'D and CDH? groups
obtained with the C-exp. Note that for methylene moieties only the sum of both couplings is obtained using the C-exp.

simulation of the intensity by applying Equation 7.
In column 5 we report the J values obtained by
fitting the simulated intensity to Equation 2. The
differences in J from columns 3 and 5 represent
approximated values of the error in the H-exp by
considering cross-correlated relaxation, 'H'-
l3C{3D/ '"H'"H/5p, as the dominant source of error
in the measurement. The estimated errors are
similar in sign and magnitude to the experimen-
tally observed ones even when average values of
the cross-correlated relaxation rate and J('"H-'H)
are used. For a constant time of 18 and 28 ms, the
average errors experimentally determined are
4.5 Hz (Figure 4b) and 8.9 Hz (Figure 5b),
respectively, by comparison to the C-exp. The data
in Table 1 explain the increase in J values of CH,
groups obtained from the H-exp at longer constant
time periods (Figure 5b). The last two rows of
Table 1 show that the error is independent on the
value of J used to simulate the intensity, provided
the rest of the parameters are constant. Therefore,
for an initial J of 140 or 170 Hz, if the cross-

correlated relaxation rate, the constant time 29,
and the '"H-'"H geminal J are identical, the error
transferred to the measurement through cross-
correlation will be the same.

Data in Table 1 also indicate that the error in
the one-bond J(C—H) depends on the value of the
geminal "H-"H coupling. This already implies that
the error transferred to the J(C—H) + RDC(C-H)
measurement under anisotropic conditions will
depend on the value of J('H-'H) + RDC('H-'H)
according to Equation 7. Therefore, the error in
isotropic media, where RDC('H-'H) equals 0, will
be different from that in anisotropic conditions.
This explains the different RDC values of methy-
lene groups when comparing the H-exp vs. the
C-exp (Figure 8b), assuming that the error in the
C-exp is negligible (vide infra). In fact the largest
interaction present in methylene moieties in the
C-exp is originated by dipole—dipole cross-corre-
lated relaxation described in 2.C (Figure 2d). We
calculate with Equation 15, Icipii/ciniz~ —9.6 Hz
for ubiquitin at 308 K in the absence of internal
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C-exp. For methylene groups the two RDC obtained from the
H-exp are added to allow comparison with the C-exp.

motions. By applying Equation 14 the calculated
error caused by this pathway of magnetization
transfer is zero. This result is not surprising since
the cross-correlated relaxation terms in Equation
14 do not depend on A. Therefore only the
amplitude of the modulation, but not its period-
icity is modified. Figure 7c shows that J couplings
of CH, and CHD groups obtained from the C-exp
are very similar, in agreement with the previous
explanation.

The influence of J('H-'H) in the magnitude of
the error is as well manifested in the results
obtained for the CH; groups. The average differ-
ence between J values from the H-exp and C-exp
for methyl moieties is 1.1 Hz (data not shown),
similar in magnitude and sign to that observed for
CH sites. J("H-'H) between protons belonging to
the same methyl group is zero. Therefore, the

e
m

Simulated Intensity
o

e
&
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0 0.005 0.01 0.015 0.02 0.025 0.03
2) (s)

Figure 9. Simulation of intensity modulation with time using a
sine dependence (sin2nJL) and Equation 7. The continuous line
represents the modulation that considers cross-correlated relax-
ation (Equation 7). The dashed line does not include the
contribution from cross-correlated relaxation (sin 2mJA).
Parameters used in the simulation are J(C-H) = 140 Hz,
2J(H-H) = —15 Hz, 26=17.8 ms, $?=0.77 (Jin et al., 2003),
7.=3.33 ns (Chang and Tjandra, 2005), ©=35.5° dcini=
1.09 A, dHi»Hj =176 A (Tjandra et al., 1997), FHiCi’,‘HiHj =9.7 Hz.

second term of Equation 7 will be zero. The
amplitude but not the periodicity of the modulated
intensity can change by DD-DD process illus-
trated in Figure 2a for methyl groups. Magnetiza-
tion cannot be transferred through cross-correlated
relaxation in the same fashion as in methylene
moieties.

Following a similar procedure as that used to
obtain the data reported in Table 1, we have esti-
mated the error incorporated into the measure-
ment of one-bond J(C—H) for several CH, groups
of the protein ubiquitin (Table 2), including alpha
and beta moieties with different previously
reported S? values. For residues Gss and Gu; we
have assumed a S” value of 0.85 since the experi-
mentally calculated values are not reported. The
data in Table 2 show that nearly all scalar cou-
plings of CH, groups corrected for the interference
of cross-correlated relaxation are closer to those
experimentally determined for CHD groups.

Analysis of the interference between
cross-correlated relaxation and J values
for methine moieties

For CH groups it is not possible to identify a priori
one dominant pathway of cross-correlated relax-
ation. Therefore, in order to simplify the analysis
we have calculated the error transferred to the



Table 1. Error (Jgm—Jcin;) transferred to an ideal Jciy; by fit-
ting simulated intensity! of CH, groups affected by cross-cor-
related relaxation (Equation 7, Figure 2a) to Equation 2.

Thiciming (Hz) 26 (ms) Joini (Hz) Juigg (Hz)  Joim (H2)

9.7% 17.8 140.0 -10.0 142.0
-15.0 143.4

9.7% 28.0 140.0 -10.0 143.5
-15.0 149.8

12.0° 17.8 140.0 —-17.6° 145.6
170.0 —-17.6° 175.6

& Pparameters used to calculate Thiciming With Equation 15
are: 7,=3.33 ns (Chang and Tjandra, 2005), © = 35.5°, dci.pi =
1.09 A, dyipj=1.76 A (high resolution NMR structure of
ubiquitin reported by Tjandra et al., 1997), $>=0.77 (average
S? value for CH, groups reported by Jin et al., 2003), °$%>=0.88
(S? value reported for ubiquitin G, by Jin et al., 2003).

“Tuinj data for ubiquitin Gy, reported by Carlomagno et al.
(2000).

dSimulated intensities in Tables 1, 2 and 3 were obtained with
Mathematica (Wolfram, 1991).

measurement of J(C*~H?%) in the H-exp for two
particular residues of ubiquitin which contain a
single "H”. The data are reported in Table 3. The
cross-correlated relaxation rates were calculated
using Equation 15. The error shown in column 4
of Table 3 was obtained by fitting to Equation 2
the simulated intensity obtained with Equation 8.
Other parameters such as “J(H*~H") values were
measured and *J(H*~H”) data have been reported
previously (Delaglio et al., 2001). We show that
the error (column 4 of Table 3) can be either po-
sitive or negative depending on the sign of the
cross-correlated relaxation rate, and is smaller
than the average 0.8 Hz experimentally observed.
J values obtained from the H-exp and the C-exp
are reported in columns 5 and 6.

We have estimated that other processes of
cross-correlated relaxation described in 1.D can
add an error of £0.1 Hz to the one-bond J(C-H),
by calculating I'yzco/p=cs = 0.96 Hz and assuming
a 2J(H*—CF) = £5 Hz

Cross-correlation also affects scalar couplings
measured from '*C magnetization, as can be
inferred from the description of magnetization
evolution for the C-exp (vide supra). For cross-cor-
related relaxation pathways indicated in 2.C and
illustrated in Figure 2¢, we have calculated an upper
limit of I'scojpscs = —1.6 Hz and Typucs jyves =
0.8 Hz. Assuming two-bond scalar couplings of
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2J(C*—HP) = +£5 Hz or 2J(C*~H") = +5 Hz, and
using Equation 12 the estimated error transferred to
Jis £0.2 Hz.

In addition to the effects of cross-correlated
relaxation by magnetization transfer, scalar cou-
plings are affected by the presence of dynamic
frequency shifts (Werbelow, 1996). Equations 5
and 10 indicate how this parameter modifies the
value of J measured from the H-exp and the C-exp,
respectively. An approximated value of the dy-
namic frequency shift can be calculated using the
following equation (Werbelow, 1996):

DFS(Icsa/ISpp)~—(1/10m)(uy /4m) (h/2m) 017175
X (di_s) > (3cos?0—1)1/(1+1/(wite)?)
(16)

where, 7. is the overall correlation time of the
protein, i is the susceptibility of the vacuum, v,
and vy, are the gyromagnetic ratios of nuclei I and
S, respectively, dj_g is the distance between nuclei I
and S, 0 is the angle between the principal axes of
the CSA and DD interactions, oy is the parallel
minus perpendicular components of the I CSA
tensor, and wy is the angular Larmor frequency of
I. In Equation 16 it is assumed that the motion is
completely isotropic and the effect of internal
dynamics is not considered.

By subtracting Equation 5 from 10, the difference
in J from the C-exp and the H-exp, in the absence of
other interactions, is DFS ("*Ccsa/'H-"*Cpp). We
assume 0=0°, dy.c= 1.09 A, 7.=3.33 ns (Chang
and Tjandra, 2005), and an average
o13c=—25 ppm. This average value corresponds to
residues adopting f-structure, which is the most
abundant secondary structure of ubiquitin, and is
larger than the average value for amino acids in the
o-helical conformation (Tjandra and Bax, 1997b).
With  Equation 16 we calculate DFS
(13CCSA/1HJ3CDD) ~ 0.22 Hz. The J values ob-
tained from the C-exp will be in average ~0.22 Hz
larger than from the H-exp because of dynamic
frequency shifts. This result does not account for the
experimentally observed difference of 0.8 Hz.

Dynamic frequency shifts also interfere with J
values of methylene moieties, but this effect can be
considered negligible in comparison to the exper-
imental average variation (4.5 Hz).

Another factor to take into account is the
change in the relaxation rate of the collected
operator due to the transfer of magnetization from
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Table 2. Comparison of J values (Jeorry and Jeorr(j)) for CHy groups corrected for the effect of cross-correlated relaxation to experi-
mental values (Jexpgiy and Jexpi)) of CHD groups from the H-exp.

Resid. 7 Thiciming (H2)" Taing (Hz) Errorgm (Hz) Jexpiy CH2 Jexpi) CH2 Jeorrd) CHa Jeorry CHa Jexpiy CHD Jexpj) CHD
G 088" 12.0 -17.6° 5.6 146.9 145.3 141.3 139.7 142.1 140.3
Gss  0.85 11.6 -16.5° 4.8 148.0 147.3 143.2 142.5 143.7 141.2
Gy; 085 11.6 —-17.6° 5.5 147.3 146.3 141.8 140.8 141.6 140.6
Nps  0.82° 11.3 -12.6 3.0 132.8 131.5 129.8 128.5 131.7 128.9
Neo  0.50° 6.9 -13.9 2.2 134.5 132.4 132.3 130.2 132.3 130.5

Column 3: calculated cross-correlated relaxation rate using Equation 15. *T'yiciminj values were calculated with the structural
parameters indicated in the caption of Table 1 (Tjandra et al., 1997).

°$2 values reported by Jin et al. (2003). Column 4: experimentally measured 'H-'"H geminal J values for the corresponding residues.
“Tuinj data reported by Carlomagno et al. (2000). Column 5: error derived by subtracting the real J value from the J value obtained by
fitting to Equation 2 the simulated intensity calculated using Equation 7. Columns 6 and 7: experimentally measured J values from the
H-exp using Equation 2 to fit the intensity modulation. Columns 8 and 9: corrected J value by subtracting the error of column 5 from
the values reported in columns 6 and 7. Columns 10 and 11: experimentally measured J values of the corresponding residues in CHD
groups, where the effect of cross-correlated relaxation that is being analyzed is absent.

Table 3. Estimated error (Errorg,) transferred to J(C*~H”) in the H-exp by cross-correlated relaxation. Comparison of the experi-

mental J(C*~H?) values from the H-exp (Jy.exp)) and the C-exp (Jic-exp))-

Residue TChecoppvne (Hz)® Ty pene (H2)* Errorgm (Hz)® J(t-expy (Hz) J(c-exp) (H2)
15 -0.29 -1.63 +0.1 139.2 139.9
Ty -0.28 2.99 -0.4 142.6 143.6

"Thici/nin; values were calculated using Equation 15 with the structural parameters indicated in the caption of Table 1 (Tjandra et al.,

1997) and assuming S>=0.85.

*Three-bond 'H-'H J data are needed to estimate the error. *J(H*~H") values were measured and *J(H*~H?) values are reported by

Delaglio et al. (2001).

an operator that might have a different relaxation
rate. In fact, the operators that transfer magneti-
zation, for example in Equation 8, are of the type
2H' H/, which relax ~6 Hz faster than the col-
lected operator 2H.C., due to 'H-'H dipolar
interactions (Vuister and Bax, 1993). By taking
into account this effect in Equation 8, J values
decrease by less than 0.1 Hz. This result indicates
that a change in the relaxation rate of the collected
operator does not account for the difference
observed in J(C—H) of methine groups of the
H-exp and C-exp.

A combination of all possible interactions
together with a leakage of magnetization more
probable to occur in the H-exp than the C-exp,
due to the intrinsic relaxation properties of the 'H
vs. °C nucleus, might account for the 0.8 Hz
difference between both types of experiments.
This systematic error seems to cancel when
obtaining RDC, and the small deviations ob-
served in the H-exp vs. the C-exp (Figure 8a) are
probably due to different errors in the isotropic

and anisotropic media originated from cross-cor-
related relaxation.

Conclusions

By comparing scalar and dipolar couplings of
methylene groups obtained from 'H and '*C
magnetization with the Quantitative J method, we
have been able to analyze the interference between
cross-correlated relaxation and J coupling mea-
surements. We show that the magnitude of the
experimentally observed error can be estimated by
the theoretical equations describing this phenom-
enon. In the Quantitative J experiment that mon-
itors a single operator, the interference of cross-
correlated relaxation is explained as a transfer of
magnetization between operators that modifies the
periodicity of the signal intensity modulation and
as dynamic frequency shifts.

The magnitude of the error added to the J by
magnetization transfer depends on the cross-



correlated relaxation rate, on the J values that
relate the interacting spins, as well as on the time
during which scalar coupling and cross-correlated
relaxation are active.

J + RDC measurements in anisotropic media
are also affected by an error, which is different
from that present under isotropic conditions.
Therefore, the error does not cancel when
obtaining RDC as subtraction of measurements
performed under isotropic and anisotropic condi-
tions. In contrast, the effect of dynamic frequency
shifts cancels in RDC values.

The interference between cross-correlation and
scalar couplings is enhanced in the proton vs. the
carbon, since this nucleus is prone to have larger
cross-correlated relaxation rates, and because its
proximity to other nuclei acting as relaxation
pathways. The cross-correlated relaxation rate de-
pends on the correlation time. Therefore, for large
biomolecules, even when '*C magnetization is
monitored, cross-correlation might interfere with
studies of detailed structural geometry that require
precise J and RDC measurements. However, for
the general application of these parameters to
structure determination, the interference between
cross-correlated relaxation and J measurement will
probably not affect the resulting structure. Never-
theless, the use of selective pulses can suppress
some of these effects by refocusing the evolution of
magnetization with cross-correlated relaxation.

Electronic supplementary material is available
in electronic formatt at http://dx.doi. org/10.1007/
$10858-006-0028-4
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