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Abstract

Here, we report a method to simultaneously determine CH2 cross-correlation spectral densities and T1 relaxation times in the

laboratory and rotating frames. To accomplish this, we have employed an indirect approach that is based on measurement of

differences in relaxation rates acquired with and without cross-correlation terms. The new method, which can be employed using

multidimensional NMR and standard relaxation pulse sequences, is validated experimentally by investigation of a selectively
13C-enriched hexadecapeptide and the uniformly 13C-enriched immunoglobulin-binding domain of streptococcal protein G

(GB1). Use of this approach makes determination of CH2 cross-correlation spectral densities in uniformly 13C-enriched proteins

now routine and provides novel information concerning their internal motions.

� 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Cross-correlation spectral densities Jab(x) (a „ b)
describing mutual motions of the motional vectors a

and b, for example the C–H groups in a methylene, pro-

vide unique information about internal motions in mol-

ecules. However, despite various publications related to

dipolar and dipolar-CSA cross-correlations, these relax-

ation terms are not generally used. The main reason for

this rests primarily in the fact that existing methods to

measure cross-correlation effects are complicated and
exhibit relatively low sensitivity. In addition, NMR

relaxation theory of cross-correlation effects is quite

complicated, making their interpretation difficult. Here,

we report a relatively simple NMR method to measure

heteronuclear dipolar cross-correlation terms, as well
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as some simple equations to interpret cross-correlation

data.

The cross-correlation spectral density Jab(x) is de-
fined as:

JabðxÞ¼ 4p0

Z 1

0

Y 20ðXaðtÞÞY 20ðXbð0ÞÞ> cosðxtÞdt; ð1Þ

where Xa and Xb denote polar angles h and / for mo-

tional vectors a and b in the laboratory frame, and Y20

is the spherical harmonic function. If internal molecular

motions are approximated by a single correlation time,

s�i , then Jab(x) is described by a Lipari–Szabo type equa-

tion [1,2]:

JabðxÞ ¼ S2
ab

s0
1þ x2s2

þ P 2ðcosHÞ � S2
ab

� � si
1þ x2s2

; ð2Þ

where 1=si ¼ 1=s�i þ 1=so, so, is the overall tumbling cor-

relation time, hab is the angle between the vectors a and
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Fig. 1. Calculated ratios of auto- and cross-correlation spectral

densities are plotted as a function of the internal motional correlation

times si for various values of the auto-correlation order parameter S2
CH.

In these calculations, the overall correlation time s0 = 5000 ps.

Tetrahedral geometry is assumed.
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b, and P2(x) = 0.5 (3x2 � 1). The Lipari–Szabo equation

can be easily obtained from Eq. (2) by using hab = 0.

The cross-correlation order parameter, S2
ab, strongly

depends upon motional restrictions. For fully restricted

internal motions (rigid molecule) in a tetrahedron,

S2
ab ¼ �1=3. For free rotation about an axis making a

tetrahedral angle with vectors a and b (e.g., rotation of

the methyl group where a and b are the C–H bonds),

S2
ab ¼ 1=9. Therefore, the sign of S2

ab indicates the degree

of internal motional restriction—the more negative, the

more restricted.

The standard, auto-correlation order parameter S2
a is

related to S2
ab. This relationship depends on the rota-

tional geometry of the group. For tetrahedral geometry
where the angle between a and b and the angle between

a, b and the rotation axis are all tetrahedral (typical for

aliphatic chains), one can write [3]:

S2
ab ¼ 1=6� S2

a=2: ð3Þ
This equation is valid for restricted or unrestricted rota-

tion about a single axis. In the case of unrestricted rota-
tion, S2

ab ¼ S2
a ¼ 1=9 [2]. Deviation from Eq. (3)

indicates that additional internal rotations, correlated

fluctuations and/or overall motional anisotropy should

be considered. These cases will be discussed later.

Another way to analyze cross-correlation data is to

compare auto- and cross-correlation spectral density

functions. Consider spectral densities JCH(x) and

JCHCH 0(x) = JHCH(x). While JHCH(xc) and JHCH(0)
can be determined directly from experiment by detecting

three spin order (as will be demonstrated later), the auto

correlation spectral density function JCH(x) cannot.

JCH(x) is normally derived by using dipole–dipole 13C

spin–lattice relaxation rates, WC, determined as a linear

combination of these spectral densities as a function of

the precession frequency:

W C ¼ N
cCcH�h

2

r6CH
J �
CHðxÞ; ð4Þ

where N is the number of protons directly bonded to

carbon; �h2 is Planck�s constant divided by 2p; cC and

cH are the magnetogyric ratios for carbon and hydrogen

nuclei, respectively, and rCH is the internuclear distance.
J �
CHðxÞ is the linear combination of spectral densities

J �
CHðxÞ ¼ 0:1ðJCHðxC � xHÞ þ 3JCHðxCÞ

þ 6JCHðxCH þ xHÞÞ: ð5Þ

The ratio JHCHðxÞ=J �
CHðxÞ can serve as a good indicator

for the time scale of internal motions. Fig. 1 plots

JHCHðxÞ=J �
CHðxÞ vs. the internal motional correlation

time, si, for various values of the auto-correlation order

parameter S2
CH. For this calculation, the overall tum-

bling correlation time, s0, is 5000 ps, and the cross-cor-

relation order parameter, S2
HCH, is related to S2

CH by

Eq. (3). A value of S2
CH ¼ 0:111 corresponds to totally
free rotation. From this plot, it is apparent that positive

values of the ratio JHCHðxÞ=J �
CHðxÞ are found only if the

internal rotational correlation time is small and S2
CH is

less than 0.4.

For methylene groups in proteins (glycines and side-
chains), the most important cross-correlation spectral

density function is JHCH(x), which can be used to indi-

cate the character and geometry of internal motions.

For glycines, JHCH(x) values are particularly useful to

discriminate backbone motions in more mobile regions

that often play a key role in the biological activity of

proteins. However, measuring cross-correlation terms

from methylene groups in proteins is not a simple task.
Aside from usually requiring selective, isotopic enrich-

ment, the simplest method to measure JHCH(xC) is by

inversion recovery relaxation experiments of 13C multi-

plet spectra. In this case, JHCH(xC) is proportional to

the difference between the initial relaxation rates of out-

er, Wo, and inner, Wi, lines of the
13C triplet [2], as de-

fined by

W o � W i ¼
6

5

cCcH�h
2

r6CH
JHCHðxCÞ: ð6Þ

This method, however, cannot be used with large pro-

teins, even in a multidimensional NMR version because

of low sensitivity and resonance overlap. Brondeau et al.
[4] and Ernst and Ernst [5] suggested unique methods to

measure cross-correlation spectral densities that rely on

cross-relaxation between 4SzI1zI2z and Sz spin orders.

Use of their methods generates a signal (with proton

decoupling) that is proportional to the cross-correlation

term and can be detected by 2D NMR techniques. How-

ever, these approaches have some drawbacks: (1) they

require suppression of undesired terms like ÆSzæ before
the relaxation delay interval at the beginning and end



Fig. 2. Pulse sequences used for determining auto and cross-correla-

tion rates in the laboratory (A) and rotating (A with insertion of B)

frames for CH2 groups are shown. 90� and 180� pulses are represented
proportionally by the thickness of bars. Unless otherwise indicated, all

pulses are applied along the X-axis. Proton irradiation is achieved by

applying 120� pulses spaced at 5 ms (e = 2.5 ms) intervals [13] during

the repetition time of 5T1 in duration. Two sets of relaxation

experiments with the same arrayed values are carried out with and
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of the mixing time, leading to substantial experimental

error, (2) they yield very weak signals, and (3) they re-

quire the measurement of initial relaxation rates with

A(0) = 0 in A(t) curves. Errors in pulse widths and other

factors can provide substantial error in determining

these initial rates. Some of these problems can be
avoided. For example, Daragan et al. [6] showed that

measuring initial slopes A(t) of the sum of exponential

relaxation decays with non-zero initial values A(0) can

be performed more accurately, with the influence of a

non-vanishing ÆSzæ term being greatly reduced. It would

also be advantageous to be able to simultaneously mea-

sure cross-correlation and auto-correlation terms (like

T1), something that standard relaxation pulse sequences
[7] cannot do.

In this paper, we report a method to determine cross-

correlation spectral densities and T1 relaxation times in

the laboratory and rotating frames by using indirect ap-

proaches based on the measurement of differences in

relaxation rates acquired with and without cross-corre-

lation terms.

without using the first H1 90� pulse (open pulse on figure with p* = 90�
or p*=0�). Delays were set as follows: D 6 1/4JCH, s = 1/8JCH. The

duration of all gradient pulses was 500 mks, except for the g2 pulse

duration which was set to 1 ms. Amplitudes of gradient pulses were:

g1 = 4.28 G/cm; g2 = 18 G/cm; g3 = 3 G/cm; and g4 = 21 G/cm. Phase

cycling was: /1 = 4(y),4(�y);/2 = 2(y,�y),2(�y,y); /3 = 2(x),2(�x);

and /rec = x,�x,�x,x,�x,x,x,�x. S1 is a sine-shaped 180� pulse placed
at CO resonance. S2 is a selective hyperbolic secant 180� pulse [12]

placed at the applied frequency.
2. Methods and materials

Fig. 2 illustrates the pulse sequence used to measure

simultaneously auto- and cross-correlation terms in the

laboratory and rotating frames for CH2 groups. During

the recycle time, a 120� 1H pulse train is applied to sat-

urate 1H magnetization. The following part of the pulse
sequence is used to measure the spin–lattice relaxation

rate via inversion-recovery with and without detection

of cross-correlation terms. The first 90
�

x90
�

/ double pulse

on the 13C channel is applied where / is alternately

changed to make this pulse act like 180� or 0� pulses.

After the 180�-like pulse, magnetization recovery is de-

scribed as A(1 � K1exp(�t/T1)), and after the 0�-like
pulse, it is described as A(1 � K2exp(�t/T1)). The differ-
ence from these decay curves, which is easily derived by

receiver phase alternating, is given by a single exponen-

tial that can be fit by two parameters.

During the interval T, Cz magnetization decays and

is partially transformed to three spin order 4CzHzH
0
z

due to dipole–dipole cross-correlation [2,5,8,9]. For

CH2 groups, 4CzHzH
0
z is proportional to the difference

between intensities of outer and inner lines of the 13C
multiplet. Upon removing three spin order, 13C T1 val-

ues are measured without the influence of cross-corre-

lation. This is achieved by rotating Hz magnetization

into the x,y plane by using a 1H 90� pulse (p*), trans-

forming spin order to 4CzHyH
0
y that is not detectable.

Without this pulse, relaxation terms with both one and

three spin orders Cz and 4CzHzH
0
z, respectively, are

present and are transferred identically by using the in-
verse INEPT sequence. As a result, one obtains a

detectable relaxation decay signal having an initial rate
equal to Wo—the relaxation rate of the outer lines of

the 13C multiplet. By using this pulse train during

the recycle period, perturbing proton magnetization

has no influence on the relaxation rate because the

phase of the receiver is being alternated as mentioned

previously.

By performing these two experiments as described

above, one can obtain the relaxation rates Wo and
WC, as well as the cross-correlation spectral density.

With WC = 1/T1 = (Wo + Wi)/2 for the CH2 group, one

obtains

W o � W C ¼ 3

5

cCcH�h
2

r6CH
JHCHðxCÞ: ð7Þ

Maximal transfer of the outer components from the
13CH2 multiplet is achieved at s = 1/8JCH, where JCH
is the 1H–13C spin coupling constant.

In Fig. 2B, the pulse sequence to measure auto- and

cross-correlation terms in the rotating frame is pre-

sented. Instead of having T1, one obtains the value of

T1q when the first 90� 1H pulse is applied. Without this
pulse, cross-correlation spectral densities contribute to

the relaxation rate, and can be determined by using a

modification of Eq. (7). As shown by Ernst and Ernst

[5], one should express JHCH(xC) in Eq. (7) as:



Fig. 3. Curves for multiplet 13C relaxation of the methylene group of

G10 in the collagen-based GXX-repeating hexadecapeptide

GVKGDKGNPG10WPGAPY [10] are shown. Open symbols indicate

results from the inversion recovery experiment for the proton-coupled
13C triplet. Filled symbols indicate results from the proton-coupled

experiment described in the text.
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JHCHðxCÞ !
1

2
½ð1þ cos2hÞJHCHðxCÞ

þ 4

3
sin2hJHCHð0Þ�; ð8Þ

where

cos2h ¼ Dx2

Dx2 þ Dx2
L

ð9Þ

Dx is the frequency offset, and xL is the spin-lock fre-

quency. The main difference between experiments per-

formed in the laboratory and rotating frames is an

additional term in Eq. (8), i.e., the cross-correlation

spectral density at zero frequency. Performing these
two experiments allows one to obtain values for

JHCH(xC) and JHCH(0), as well as for T1 and T1q.

To validate the use of this novel approach, we mea-

sured cross-correlation spectral densities in the labora-

tory and rotating frames using selectively 13C-enriched

glycine, G10, in a collagen-based GXX-repeating hexa-

decapeptide GVKGDKGNPG10WPGAPY [10] , and

for all methylene groups in the fully 13C-enriched 56-res-
idue protein GB1 [11]. For comparison, the proven sim-

ple inversion recovery method for coupled 13C spectra

was used with the hexadecapeptide. Freeze-dried protein

samples were dissolved in a D2O at 10 mg/mL, and the

pH was adjusted to pH 6 by adding microliter quantities

of NaOD or DCl. NMR relaxation experiments were

performed on Varian Inova-500, Inova-600 and Inova-

800 NMR spectrometers equipped with triple-resonance
probes. The temperature was set at 5 �C. Temperature

calibration was done by using chemical shifts of reso-

nances from methanol.
Fig. 4. The ratios of auto- and cross-correlation spectral densities for

glycines and side chain methylene groups in GB1 are shown.

Experimental error bars are shown for CbH2 methylene groups. For

other methylene groups the errors are similar.
3. Results and discussion

Using the new approach, 13C relaxation curves deter-
mined with and without cross-correlation effects are

plotted as solid symbols in Fig. 3 for G10 in the hexa-

decapeptide. For comparison, relaxation curves from in-

ner and outer lines of the 13C multiplet from G10 in the

hexadecapeptide, as determined using the standard

inversion recovery method [6], are shown as open

symbols. Note that the relaxation curve for the ‘‘pro-

ton-decoupled experiment’’ that measures WC (new ap-
proach with data generated without cross-correlation,

solid squares) falls between these relaxation curves as

would be expected. Calculated values of cross-correla-

tion spectral densities JHCH(xC) derived from these

two experiments differ by less than 3%, validating use

of the new approach to measuring cross-correlation

terms.

Having validated the new approach, we next chal-
lenged it to assess cross-correlation effects from all meth-

ylene groups in the fully 13C-enriched 56-residue protein
GB1 [11]. Fig. 4 reports the ratio of JHCHðxCÞ=J �
CHðxÞ

for methylene groups in GB1 at 5 �C. Data are shown

for xC = 150 MHZ. The average value of this ratio for

the four glycines (G9, G14, G38, and G41) in GB1 is

�0.6 ± 0.3. Comparatively, a more negative value of this

ratio is a relative indication of more restricted internal

motion. Interestingly, this ratio is more negative for

side-chain methylenes:

CbH2 : hJHCHðxCÞ=J �
CHðxÞi ¼ �0:87 � 0:5;

CcH2 : hJHCHðxCÞ=J �
CHðxÞi ¼ �0:95 � 0:3;

Referring back to Fig. 1, one can conclude that internal

motional correlation times for side-chain CbH2 and
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CcH2 groups in GB1 are larger than for glycines in the

backbone, indicating that side-chain internal motions

are more restricted on average than those from back-

bone gylcine methylenes.

Fig. 5 shows the motional restriction map for all

methylene groups in GB1 at 5 �C. A motional restriction
map [2,3] plots the cross-correlation order parameter,

S2
HCH, vs. the auto-correlation order parameter, S2

CH,

for a given group and is presented in the context of var-

ious motional models, e.g., unrestricted rotation about a

single axis, as well as restricted correlated and uncorre-

lated rotations, allowing insight into the types of

motions for each methylene. For these calculations,

the three Lorentzian model J(x) = a0J0(x) + a1J1(x) +
a2J2(x) was used to calculate auto- and cross-correlation

order parameters, which increased the accuracy of

determining values of the order parameters. Here

a0 = S2 (auto- or cross-correlation order parameter),

JkðxÞ ¼ sk=ð1þ x2s2kÞ, s0 is the overall correlation time,

a1, a2 are some numerical coefficients, and a0 + a1 +

a2 = P2(cos(h)), where P2(x) = 0.5 (3x2 � 1) and h = 0

in case of auto-correlation function and h is equal to
the angle between CH bonds in case of cross-correlation.

The minimization procedure was used to determine

eight theoretical parameters [s0,s1,s2,a0(CH),a1(CH),a0
(HCH),a1(HCH),Rex] with 10 experimental parameters

[R1,R2,JHCH(xC)] at three frequencies and JHCH(0).

Each point on the graph represents one methylene

group, and all points on the graph lay inside the ‘‘trian-

gle’’ formed by three curves. The upper left most linear
curve describes unrestricted rotations about the C–C

bond (as found for freely rotating methyl groups); the

upper right most linear curve presents the limits for

two fully negatively correlated rotations, and the cur-

vi-linear bottom curve presents the limits for two fully

positively correlated rotations [2].
Fig. 5. A motional restriction map for glycines and side-chain

methylene groups in GB1 is shown. Limiting curves are plotted for

unrestricted, uncorrelated, and highly correlated rotations as indicated

in the figure and discussed in the text.
The internal linear curve represents uncorrelated re-

stricted rotations. For a glycine residue, rotations are re-

stricted about N–Ca and/or Ca–C backbone bonds. For

side chain methylene groups, CiH2, rotations are re-

stricted rotations about Ci � 1–Ci and/or Ci–Ci + 1

bonds. The equation describing these motions can be
written as [2,3]:

S2
HCH ¼ 1

6

� �
1� 3S2

CH

� �
: ð10Þ

Two fully negatively correlated (anti-correlated) rota-

tions are equivalent to rotation about the axis perpen-

dicular to the HCH plane. In this case, the

relationship between auto- and cross-correlation spec-

tral densities can be written as [2,3]

S2
HCH ¼ 4

9
� 7

9
S2
CH: ð11Þ

Equations describing positively correlated rotations are
more complicated and computational modeling is re-

quired to describe them [2]. The two insets to Fig. 5 illus-

trate how these restricted, correlated motions may be

envisioned. Negatively correlated motions lead to

back-and-forth-like fluctuations of the H–C–H triangle

as found for puckering-type motions in a proline ring

[3]. Positively correlated motions lead to fluctuations

about an axis bisecting the H–C–H triangle, like twist-
ing-type motions [2]. Points lying between curves indi-

cate more complicated combinations of these types of

correlated fluctuations.

From Fig. 5, it is apparent that most CcH2 groups

tend to exhibit more negatively correlated rotations

about their Cb–Cc and Cc–Cd (and maybe also Ca–Cb)

bonds, whereas most other methylene group motions

are better described by positively correlated rotations.
Two of the backbone glycines (G14 and G41) can be de-

scribed by two independent /(t) and w(t) backbone rota-
tions (restricted, yet uncorrelated); however, for G9 and

G38 these motions are positively correlated. These types

of motions for glycines may be correlated to specific

constraints placed on the positions in which these partic-

ular residues are found in the structure of GB1. G9 and

G38 are present in rather tight turns in GB1, whereas
G14 and G41 are located within b-sheets.

It is also interesting to note that while internal mo-

tions of some methylene groups in smaller, less well-

folded peptides are more restricted when plotted on this

type of motional restriction map [14,15], some of those

in both the core and surface of protein GB1 appear less

restricted and more dispersed, covering a larger area

through the restriction map. Although presently limited
to comparison of GB1 and a few peptides (as opposed to

the same methylene groups in an unfolded state of

GB1), this observation suggests that the conformational

entropy of certain side chains in GB1 may in fact be in-

creased in the folded state relative to the unfolded state.
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This idea runs contrary to the generally accepted view

that conformational entropy (which can be derived from

the order parameter S2
CH [19–21]) of side chains is de-

creased (larger values of S2
CH [19–21]) upon protein fold-

ing [16–18]. Protein folding may actually promote more

varied and some less restricted types of internal motions.
This and other hypotheses require further experimenta-

tion and analysis.

We conclude by stating that when viewing internal

motions through the double lens of auto- and cross-cor-

relation spectral densities, the finer details of side chain

internal motions become more resolved. Because of this,

recent interest in measuring and interpreting cross-cor-

relation spectral densities, JHCH(x), in conjunction with
auto-correlation spectral densities, has increased consid-

erably [2,22–24]. Examples reported here indicate

that employing this new NMR approach to measure

auto- and cross-correlation motional parameters simul-

taneously is relatively straight forward and can be per-

formed on proteins using multidimensional NMR.
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