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Abstract

Transverse13CO-1HN (dipole-dipole)/13CO (CSA) cross-correlated relaxation rates were measured for the13CO
resonances of the protein ribonuclease Binase fromBacillus intermedius(12.3 kDa). This was carried out with a
novel E.COSY-type triple-resonance experiment, which allows the measurement of cross-correlated transverse re-
laxation rate from multiplet effects in the absence of resolved scalar coupling. The13CO-1HN (dipole-dipole)/13CO
(CSA) cross-correlated relaxation rates were determined with an average precision of±5% and cover a range
of values between−1.5 and+0.6 Hz. The average (−0.44 Hz) is to be compared with the computed value of
−0.83 Hz for this interaction. Mechanisms that potentially can cause the average to be smaller than the theoretical
value and the unexpected large spread in observed values are discussed. It is suggested that large contributions to
the variations are due to large amplitude local anisotropic motions.

Introduction

NMR relaxation studies can provide detailed insight
into internal motions of proteins (for a review see, e.g.,
Daragan and Mayo, 1997). In the past decade,15N
spin relaxation methods have been developed which
utilize the 15N-1HN bond vector as a probe to sense
protein backbone dynamics (Kay et al., 1989a; Clore
et al., 1990; Peng and Wagner, 1994). However, a
single probe vector cannot properly characterize the
anisotropy of local motions. For example, a local mo-
tion which can be described as a rotation around an
axis parallel to the15N-1HN bond vector does not
modulate the15N-1HN dipolar interaction, does there-
fore not cause15N spin relaxation and hence is not
detected (see, e.g., Fischer et al., 1998a,b). It is thus
appropriate to employ multiple relaxation probes to
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monitor local motions from different directions, and
protein back bone relaxation studies have therefore
been extended to the13CO nucleus (Cordier et al.,
1996; Zeng et al., 1996; Dayie et al., 1997; Engelke
and Rüterjans, 1997; Fischer et al., 1997, 1998a,b).
While this spin is mainly relaxed by chemical shield-
ing anisotropy (CSA) and dipole-dipole interaction
with 13Cα, several other relaxation mechanisms con-
tribute significantly, making it difficult to interpret
13CO relaxation data in a quantitative fashion.

By measuring cross correlation (interference) of
relaxation one has the unique opportunity of selec-
tively measuring a well-defined subset of relaxation
mechanisms. Cross-correlated relaxation properties
can provide rich dynamical and structural informa-
tion about the protein backbone (Werbelow and Grant,
1977; Vold and Vold, 1978; Goldman, 1984; Dalvit
and Bodenhausen, 1990; Tjandra et al., 1996; Dara-
gan and Mayo, 1997; Fischer et al., 1997; Tessari
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Figure 1. Schematic representation of the orientations of the
13CO chemical shielding tensor within a peptide plane in which
σ33(σ33 > σ22 > σ11) is the most shielded principal component
(σ11−σ33 = −154 ppm,σ22−σ33 = −88 ppm (Teng et al., 1992).
The dashed line indicates the dipolar interaction13CO–1HN, which
is at an angleβ = −62◦ with the13CO CSA principal axisσ11.

et al., 1997; Reif et al., 1997). Consider, for ex-
ample, the transverse cross-correlated relaxation rate
0
CSA/DD
I,IS for a rhombic CSA tensor of spin I with

the dipolar interaction between spins I and S, which is
determined by (Goldman, 1984; Daragan and Mayo,
1997; Fischer et al., 1997):

0
CSA/DD
I,IS = K{(σ11− σ33)(4j11,IS(O)

+3J 11,IS(ωI ))

+(σ22− σ33)(4J 22,IS(O)

+3J 22,IS(ωI ))}

(1)

where

K = 1

6

(µ0

4π

) h̄ωIγIγs
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 (2)

with

P2(cosθii,IS ) = 1

2
(3 cos2 θii,IS − 1)

The symbols have their usual meaning: the permeabil-
ity of the free space is denoted byµ0, h̄ is Planck’s
constant divided by 2π, ωI is the angular resonance
frequency of spin I,γS andγI are the gyromagnetic
ratios for spins S and I, respectively, and rIS is the
distance between the two nuclei.τc is the rotational
correlation time; τ−1 = τ−1

c + τ−1
e , where τe is

the local correlation time. The principal values of

the CSA tensor of spin I are indicated byσii , where
i = 1, 2, 3. The angle between the principal axis
ii of the CSA tensor of I and the IS dipolar interac-
tion vector is denoted asθii,IS . The quantitySii,IS
is the product of the (non-squared) order parameters
of the vectorsii and IS, i.e., the ‘cross-correlation
order parameter’ (|P2(cosθii,IS )| ≥ |Sii,IS | ≥ 0)
which is sensitive to local motions on the time scale
τe. The equations show that measurement of dipole-
CSA cross-correlated transverse relaxation rates gives
access to the geometric parametersθii,IS , the CSA ten-
sor elementsσii and local motions described bySii,IS
andτe.

There are two methods available to measure
dipole-CSA cross-correlated relaxation rate constants.
The first one, in principle suitable for determining both
transverse and longitudinal cross-correlation rates, is
an incoherent magnetization transfer method in which
one (two) spin term(s) can be induced to evolve par-
tially into two (one) spin terms by cross-correlated
relaxation, that is, Ii ←→ 2IiSz(i=x, y, z). Using this
method, 15N-1HN (DD)/15N (CSA) (Tjandra et al.,
1996), 15N-1HN (DD)/1HN (CSA) (Tessari et al.,
1997a,b), 13Cα-1Hα(DD)/13Cα(CSA) (Tjandra and
Bax, 1997) and15N-13CO (DD)/13CO (CSA) (Ghose
et al., 1998) transverse cross-correlation rates have
been determined and used to evaluate the anisotropy
of the CSA tensors, assuming absence of local motion.
Recently, applications aiming to make longitudinal
cross-correlation rate measurements feasible have ap-
peared as well (Felli et al., 1998; Kroenke et al.,
1998). The second method is applicable only to the
determination of cross-correlated transverse relaxation
rates, and measures multiplet linewidth differentials.
These experiments are commonly carried out using
constant-time methods, where the different transverse
relaxation rates of the multiplet components are mani-
fested by differences of their intensities. Calculation of
the intensity ratios of multiplet components then gives
the desired cross-correlated relaxation rate constants.
For example,13CO-13Cα(DD)/13CO (CSA) transverse
cross-correlated relaxation rates have been determined
by measuring13CO line intensity differentials for the
1JCO−Cα doublet and were interpreted in terms of
anisotropy of local motions (Fischer et al., 1997).
Based on the same principle, different cross-correlated
transverse relaxation rates among15N, 13CO and1HN
spins within the peptide planes have been investigated
in ZQ/DQ HNCO(H) experiments and analyzed in
terms of Gaussian axial fluctuations describing local
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Figure 2. Pulse sequence for the determination of13CO-1HN (DD)/13CO (CSA) cross-correlated transverse relaxation rates. Panel A shows
the sequence for the basic experiment; panel B is the reference experiment. Narrow and wide bars denote 90◦ and 180◦ hard pulses, respectively.
Pulse phases are along the x-axis unless indicated otherwise. 90◦ and 180◦ square soft pulses with duration 65µs and 130µs were used for
both13CO and13Cα. The half-sine-shaped field gradient pulses of 1 ms duration had strengths at the center g1= 30 G/cm, g2= 18 G/cm, g3
= 18 G/cm, g4= 24 G/cm and g5= 24 G/cm. Constant time periods 4T (4Tc in panel B) and 2Tn were used as13CO and15N chemical shift
evolution periods, respectively. The delays were tuned for the relaxation properties of Binase (12.3 kDa,τc = 6.0±0.5 ns at 303 K) as follows:
δ1 = 2.6 ms,δ2 = 5.5 ms, Tn= 14 ms, Tc= 14 ms and T= 20 ms. Phase cycling was:φ1 = x,−x; φ2 =x, x,−x, −x; receiver= +, −,−,
+. States-TPPI phase shifting was applied toφ1 andφ2 to achieve quadrature detection in the t1 and t2 time domains respectively, with spectral
widths of 1724 Hz (F1, 15N), 1515 Hz (F2, 13CO), 8333 Hz (F3, 1HN). 15N and1HN decoupling was carried out with 1.25 and 4.5 kHz r.f.
fields, respectively. The WATERGATE scheme was used to saturate the solvent resonance (Piotto et al., 1992). The recycle delay was about
1 s. The 3D data were recorded with 36∗50∗1024 complex points (t1∗t2∗t3). Experiment A was recorded with 16 scans per increment, for a
measuring time of 37 h. Experiment B was recorded with 4 scans per increment, for a measuring time of 8 h. Both experiments were recorded
in duplicate.

peptide plane anisotropic motions (Brutscher et al.,
1998).

Measurement of cross-correlated relaxation rates
in both methods depends on the existence of a di-
rect scalar coupling between the nuclei involved in
coherence and a dipolar-coupled spin. It is thus im-
possible to use these when the direct scalar cou-
pling is very small, which excludes several interest-
ing cross-correlation rates in the peptide plane from
being measured. We propose here to separate unre-
solved multiplet components using an E.COSY strat-
egy, commonly used to measure small scalar cou-
plings (Griesinger et al., 1985, 1986, 1987; Monte-
lione, 1992; Weisemann et al., 1994). In principle,
this method allows accurate determinations of cross-
correlated transverse relaxation rates even when the
direct scalar coupling is vanishingly small. In the fol-

lowing we describe an experiment, modified from the
well-known 3D HNCO pulse sequence (Kay et al.,
1989b), to measure the cross-correlated transverse re-
laxation13CO-1HN (DD)/13CO(CSA) (see Figure 1).
This cross-correlated relaxation is of interest because
it is expected to be very sensitive to variations in
the parameters of Equations 1 and 2, and because it
is present as an unresolved component in a recently
published experiment (Brutscher et al., 1998). The
cross-correlated transverse relaxation rate cannot be
obtained in direct ways since the direct scalar coupling
between13CO and1HN is too small to allow the multi-
plet to be resolved (2JCO−NH≈ 2.4–5.5 Hz) (Bystrov,
1976).
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Experimental development

Figure 2A shows the pulse sequence for measuring
the cross-correlated relaxation13CO-1HN (DD)/13CO
(CSA), which is analogous to the 3D HNCO scheme
in terms of magnetization transfer steps (Kay et al.,
1989b; Grzesiek and Bax, 1990). Magnetization is
transferred from1HN to 15N at pointa and further to
the13CO spin, creating antiphase coherence 2C′

yNz at
pointb by using two successive INEPT transfer steps.
In order to isolate the interaction between13CO and
1HN (see below) an additional Rev-INEPT step was
used to refocus C′yNz into in-phase term C′x at point
e. 15N composite pulse decoupling was applied while
13Cα was decoupled by a 180 degree selective square
pulse in the middle of the constant time period (4T)
between pointse and f, during which the13CO spin
is scalar and dipolar coupled with1HN. The doublet
components relax with different rates due to13CO-
1HN (DD)/13CO (CSA) transverse cross correlation,
denoted by0C ′ , which we wish to measure. If these
two doublet components would be well resolved, the
cross-correlated transverse relaxation rate0C ′ could
be easily obtained by calculating the intensity ratio of
the two lines (Fischer et al., 1997). As indicated above,
that is not the case.

To provide for the necessary resolution in an indi-
rect way, the two1HN states are subsequently sepa-
rated by the 90 Hz scalar coupling with the15N spin
during a15N constant time chemical shift evolution
period between pointsc andd. This period was also
used to transfer the coherence back to1HN for detec-
tion. Thus, an E.COSY- type cross peak arrangement
is generated in the13CO-15N plane of the 3D exper-
iment where the13CO doublets unresolved along the
13CO dimension become completely separated along
the15N dimension due to the large coupling1JN−HN
(see Figure 3). As the scalar coupling1JN−HN is ac-
tive between pointsc andd, so is the1HN-15N dipolar
coupling. Thus, the two unbalanced13CO doublet in-
tensities were further changed by15N-1HN (DD)/15N
(CSA) transverse cross correlation, denoted0N . In
addition, complex three-spin cross-correlation effects,
denoted as0C ′NH , between1HN, 13CO and15N oc-
cur betweenb ande and betweenf andc. After 15N
constant time chemical shift evolution at pointd, the
intensitiesIα(d)andIβ(d) for the multiplet components
associated with1HN in |α > or |β > state are (Kumar
and Madhu, 1996):

Figure 3. A representative15N-13CO plane from the reference
3D spectrum, using the sequence of Figure 2B, which shows the
E.COSY-type doublet arrangements. The scalar couplings are la-
beled along with the assignments. This spectrum was acquired at
303 K using a Bruker AMX-500 spectrometer equipped with a Nalo-
rac 8 mm triple-resonance field gradient probe. The sample used
was uniformly 15N/13C labeled Binase (12.3 kDa) at∼1.5 mM
concentration in a Shigemi tube (90:10 H2O:D2O, pH 7).

Iα(d) = Iα(b) exp−[4T c(RC ′NH + 0C ′NH )
+4T (RC + 0C)+ 2T n(RN + 0N)]

(3)

Iβ(d) = Iβ(b) exp−[4T c(RC ′NH − 0C ′NH )
+4T (RC − 0C)+ 2T n(RN − 0N)]

(4)

whereIα(b) andIβ(b) are the intensities of these mul-
tiplet components at time pointb. RC ′ and RN are
13CO and15N transverse relaxation rates, respectively,
including inhomogeneous broadening and chemical
exchange effects.RC ′NH is a net transverse relaxation
rate including different interactions among13CO,15N
and1HN spins during the rev-INEPT period between
pointsb ande and between pointsf andc. The equa-
tions assume that the spontaneous proton flip rate is
small as compared to the scalar coupling (see below).
The sum of cross correlations, with different weights
depending on the constant time periods (T, TnandTc)
during which they are active, can be easily obtained by
calculating the logarithmic intensity ratioP of the two
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multiplet components at time pointd, which is propor-
tional to the intensities of these multiplet components
in the final 3D spectrum:

P = ln[Iβ(d)/Iα(d)] = 8T ∗ 0C ′+
4T n ∗ 0N + 8T c ∗ 0C ′NH

(5)

The desired rate0C ′can be obtained if a reference
experiment is recorded with a different delay timeT.
We used a reference experiment withT equal to zero
in which the13CO chemical shift labeling was carried
out in the Rev-INEPT period between pointsb andcas
shown in the sequence of Figure 2B. The logarithmic
ratio Q of the doublet intensities from this reference
experiment can be written as:

Q = ln[Iβ
ref(d)/I

α
ref(d)] = 4T n ∗ 0N

+8T c ∗ 0C ′NH
(6)

By substitution of Equation 6 into Equation 5, one
obtains:

0C ′ = (P −Q)/8T (7)

Results and discussion

The experiment of Figure 2 was carried out with
a 1.5 mM solution of uniformly15N/13C labeled
Binase (12.3 kDa), pH 7.0 in 90% H2O. Three-
dimensional NMR spectra were acquired at 303 K us-
ing a Bruker AMX-500 spectrometer equipped with a
Nalorac 8 mm triple-resonance Z-gradient probe. Two
experiments according to Figure 2A were recorded
as well as two experiments according to Figure 2B.
The total experimental time for the four experiments
combined was 88 h. Figure 3 shows a representa-
tive 15N-13CO plane taken from the 3D spectrum, in
which doublet components with different intensities
were completely resolved. Not only dipolar informa-
tion can be determined from this 2D spectrum; scalar
coupling constants and the relative sign of1JN−HN
and2JCO−HNcan also be obtained. Figure 4A shows
slices taken through duplicate spectra recorded with
the sequence of Figure 2A, while Figure 4B shows
similar data for the data obtained for the sequence of
Figure 2B. After the reproducibility was found to be
excellent, the duplicate data sets were added to yield
two final 3D data sets. Figure 4C shows an overlay
of these two spectra, that is, the difference seen is
caused by the cross-correlated transverse relaxation

13CO-1HN (DD)/13CO (CSA) that we desire to mea-
sure according to Equation 7. The peak intensities of
the doublet components in these two spectra were ob-
tained using the program NMRPipe (Delaglio et al.,
1995). Individual peak intensities typically could be
obtained with a precision of±0.5% as reported by the
peak-fitting routine in the program. To obtain the error
bars for the cross-correlated relaxation rates reported
in Figure 5, the absolute errors in the peak intensi-
ties were propagated by repeated use of the following
equation of statistics (Barford, 1967):

1F(x1, x2, . . . , xn) =
√√√√ n∑
i=1

(
∂F

∂xi
1xi

)2

(8)

On average, the absolute error bars reported in Fig-
ure 5 correspond to a relative error of±15%.

Figure 5 shows the obtained13CO-1HN (DD)/13CO
(CSA) cross-correlated transverse relaxation rates for
Binase. The average value is−0.44 Hz, with an rms
variation of±0.45 Hz over all residues, and with a
total range between−1.5 and+0.6 Hz. The high pre-
cision of the individual data points as indicated by the
error bars (± one standard deviation or 70% confi-
dence limits) ensures that the variations observed are
statistically significant. The variations do not correlate
with the secondary structure of the protein (Pavlovsky
et al., 1983; Kurochkin et al., 1991) as seen from
Figure 5.

Recently, Ernst and co-workers reported (Brutscher
et al., 1998) the measurement of the trans-
verse remote cross-correlated relaxation15N-1HN
(DD)/13CO(CSA) from differences in1HN multiplet
intensities in double and zero quantum15N-13CO co-
herence. Their method gives also access to the sum
of the cross-correlated relaxation rates13CO-1HN
(DD)/13CO(CSA) and 15N-1HN (DD)/15N (CSA),
which cannot be separated in their experiment. Our
approach measures selectively the direct13CO-1HN
(DD)/13CO(CSA) cross-correlated transverse relax-
ation rate, and its results can potentially be used in
conjunction with the above methods.

Our new E.COSY cross-correlated transverse re-
laxation experiment paves the way for obtaining cross-
correlated transverse relaxation rates for any pair of
spins I and S, regardless of the magnitude of their
direct scalar coupling, provided that a convenient
coherence transfer pathway between them can be de-
signed. This may lead to the development of many
more experiments along the lines of the many E.COSY
experiments in existence for measuring small scalar
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Figure 4. One-dimensional cross-sections through the 3D HNCO resonance of Ser30 along the15N dimension taken from 3D→ 2D projections
on the15N-1HN plane. The observed splitting corresponds to1JN−HN ; the intensity differences are caused by transverse cross-correlation
effects. Panel A illustrates the superposition and reproducibility of cross-sections taken from two duplicate experiments according to the
sequence of Figure 2A. Panel B shows the superposition and reproducibility of cross-sections taken from two duplicate experiments according
to the reference sequence of Figure 2B. Panel C shows a superposition of two cross-sections, one taken from the sum of the two duplicate
experiments of panel A, and one taken from the sum of the two duplicate experiments of panel B. The difference in the doublet intensities in
panel C, indicated by the dashed horizontal lines, is caused by the13CO-1HN (DD)/13CO (CSA) transverse cross correlation rate we wish to
measure. This figure serves for purposes of illustration only; actual peak intensities were measured from the unprojected 3D spectra at the exact
locations of the maximum intensities of the E.COSY-shifted multiplet components as shown in Figure 3. Experimental error estimation and
propagation was carried out from measured signal/noise ratios in spectra such as Figure 3 using the program NMRPipe (see text).

couplings. However, one must bear in mind that, in
completeabsence of direct scalar coupling, significant
attenuation of magnetization of the type 2I+Sz can
occur by S spin T1 relaxation (see below).

The experiment of Figure 2 is designed to mea-
sure the process C+ → 2C+Hz by CSA-dipolar cross
correlation. One may be tempted to perform the same
experiment while omitting the refocusing delayTC to
obtain better sensitivity. This would lead to the pres-
ence of 2C+Nz coherence at the beginning ofT, which
will indeed transform to 4C+NzHz magnetization un-
der the influence of13CO-1HN (DD)/13CO (CSA)
transverse cross correlation. A severe complication is
that this same transformation also takes place under
the influence of15N-1HN (DD)/15N (CSA) longitu-
dinal cross-correlation. As the latter term is actually
the larger one, the anti-phase experiment is uninter-
pretable. These complicated processes do of course
also occur in the time periods betweenb and e and
betweenf andc in the pulse sequence and are denoted
by the complex rate0C ′NH . As shown above, they can
be accounted for by obtaining a reference experiment.

The transverse dipole-dipole/CSA cross correla-
tion I-S (DD)/S (CSA) between two spins 1/2 S and
I has been written in terms of structural and dynamical
parameters in Equations 1 and 2. In first approxi-
mation, the13CO-1HN (DD) / 13CO (CSA) cross-

correlated transverse relaxation rates are expected to
be constant over the protein sequence since there are
no parameters in these equations that are explicitly
dependent on protein conformation. Solid-state NMR
studies (Teng et al., 1992) show that the CSA tensor
principal axesσ11 andσ22(σ11< σ22<σ33) lie on the
peptide plane with an angle of−62◦(β) and 206◦ to the
13CO-1HN vector, respectively, as shown in Figure 1;
the anisotropy component ofσ11-σ33 is−154 ppm and
that ofσ22-σ33 is−88 ppm. The internuclear distance
between13CO and1HN is rC ′NH=2.06 Å according
to standard trans-peptide geometry. With an average
overall rotational correlation timeτc of 6.0± 0.5 ns
as obtained from15N relaxation measurements, one
calculates for0C ′ a value of−0.83 Hz, in absence of
local motion, in good agreement with the maximum
values shown in Figure 5, but about twice as large as
the observed average rate of−0.44 Hz.

The key question is what causes the observed av-
erage quenching and variations in the cross-correlated
transverse relaxation. We consider the following po-
tential sources of systematic errors and of inherent
variabilities. The measured rates may systematically
be reduced by 10–20% resulting from the incomplete
inversion of the proton spins during the15N evolution.
While substantial, this potential systematic error can-
not account for the observed average quenching of the
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Figure 5. Experimental13CO-1HN (DD)/13CO (CSA) cross-correlated transverse relaxation rates for the ribonuclease Binase. Experimental
uncertainties, propagated from errors as measured from signal/noise ratios are indicated by error bars (see text). The locations of elements of
regular secondary structure for this protein are indicated at the top of the figure.

cross-correlated relaxation rates. Another systematic
reduction of the measured rates can result from rapid
relaxation of the 2C+Hz coherence by1HN T1 relax-
ation. This mechanism is normally only significant for
longitudinal cross correlation (Kay et al., 1992; Felli
et al., 1998) but needs to be considered for cross-
correlated transverse relaxation rates with very small
scalar coupling. The process is described by the equa-
tions (Goldman, 1984; Cavanaugh et al.,1996; Fischer
et al., 1997):

dC+Hα

dt
= −

(
Rav + Rf lip + i

2JCO−HN
2

+ 0C ′
)

C+Hα − (Rdiff − Rf lip)C+Hβ (9)

dC+Hβ

dt
= −

(
Rav + Rf lip − i

2JCO−HN
2

− 0C
)

C+Hβ − (Rdiff − Rf lip)C+Hα (10)

where C+Hα and C+Hβ are the density matrix com-
ponents describing the two transitions of the CO spin
during the period betweene and f in Figure 2 and
where2JCO−HN is the relevant scalar coupling. Rav
and Rdiff are the average and half difference of in-
phase and antiphase relaxation rates, respectively;
Rf lip is one-half the spontaneous proton flip rate that
interconverts the two transitions and in principle can
average out their relaxation differences. Numerical in-
tegration of these equations using the values of 4 Hz
for 2JCO−HN , 3 s−1 for Rav, 1 s−1 for Rdiff , −1 s−1

for 0C ′ , and 2 s−1 for Rf lip demonstrated, however,
that even such a fast flip rate reduces the apparent

measured cross-correlated transverse relaxation rate
by only 4%. This potential source of systematic error
can thus be neglected for the present case.

Potentially more interesting inherent molecu-
lar mechanisms that may cause variabilities of
the observed fluctuations and quenching of cross-
correlated transverse relaxation rates include (i) over-
all anisotropic tumbling; (ii) variations in CSA tensor
principal axes directions; (iii) static variations in pep-
tide plane geometry; (iv) variations in CSA tensor
principal values; and (v) anisotropic local motion of
the peptide plane. Mechanism (i): with molecular size
axis aspect ratios of 1.8: 1.2: 1, as measured from the
Binase X-ray crystal structure coordinates (Pavlovsky
et al., 1983; G. Dodson, personal communication),
we compute, according to theory (Woessner, 1962),
effective J(0) values that vary between 4.2 and 5.1 ns
depending on the orientation of the relaxation vector
with respect to the diffusion tensor. This would lead to
maximally±10% variation in auto-relaxation rates for
the different orientations, and less for cross-correlated
transverse relaxation rates between vectors that are
not collinear. Mechanism (ii): the internuclear vector
13CO-NH is at an angle (β = −64◦) with respect
to the 13CO CSA tensor principal axisσ11. Calcula-
tions based on the full Equations 1 and 2 show that
the effect of variations ofβ within reasonable limits,
based on solid-state NMR reports documenting vari-
ations in the tensor principal axes (see, e.g., Fischer
et al., 1997), can cause at most±15% variation in
cross-correlated transverse relaxation rate (Figure 6a).
Mechanism (iii): investigation of the coordinates of a
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Figure 6. Computed dependency of13CO-1HN (DD)/13CO (CSA) cross-correlated transverse relaxation rates on the angleθ11 (β) between
the vectors13CO-1HN andσ11 (top), the value for the13CO CSA elementσ11-σ33 (middle); and the value for the13CO CSA elementσ22-σ33
(bottom). No local motions were included in these calculations. The literature values of the CSA parameters (Teng et al., 1992) are indicated
by the dashed line. The computations and graphs were made with the program Mathematica 3.0.

0.83 Å resolution X-ray structure of the protein Cram-
bin (Teeter et al., 1993) indicates that the peptide
plane dihedral angleω in proteins may vary between
−173 and+173◦ for non-proline residues. This vari-
ation will give rise to (and may be the cause of?)
similar variances in the angleβ as discussed above,
and will hence give rise to similar variations in cross-
correlation rates. Mechanism (iv): literature data, from
solid state NMR (De Dios et al., 1994) and from ab
initio calculations (Sitkoff and Case, 1998), indicates
that significant variations for the13CO CSA tensor
anisotropy’sσ22-σ33 and σ11-σ33 may be attributed
to variations in hydrogen bonding and can amount to
±10 ppm. Calculations based on the full Equations 1
and 2 show that these relatively large differences give
rise to at most±15% variation in cross-correlation
rates (Figure 6b and c). Mechanism (v): Equations 1
and 2 show that the net cross-correlated transverse re-
laxation rate is dependent on two order parameters:
one (S11−C ′H ) which is sensitive to local rotational
motions around vectors not collinear withσ11 or the
13CO-1HN vectors, the other (S22−C ′H ) which is sen-
sitive to local rotational motions around vectors not
collinear withσ22 or the13CO-1HN vectors. Figure 7
shows computations of the effects of local motions

around three different axes on the cross-correlated
transverse relaxation rates, obtained from

Sii,C ′H = 4π

5

2∑
m=−2

〈Y2m(θii ,ϕii )〉
〈Y ∗2m(θC ′H ,ϕCH )〉

(11)

where

〈Y2m(θii ,ϕii )〉 =
2π∫
0

π∫
0

Y2m(θii ,ϕii )

Pii (θii ,ϕii ) sin θ dθ dϕ

(12)

Pii(θii ,ϕii ) is a probability descriptor of the local mo-
tion of the principal axis ii; similar definitions apply
to the vector C′H (13CO-1HN). The probability was
modeled (Fischer et al., 1997) as an equal distribu-
tion of rotational states of these vectors around the
direction of the motions for the range indicated in Fig-
ure 7. The figure indicates those differences in extent
and direction of anisotropic local motions that can ac-
count for significant differences in the cross-correlated
transverse relaxation rate. This is caused by the cir-
cumstance that the terms(σ11 − σ33)(4J 11,IS(0) +
3J 11,IS(ω)) and(σ22−σ33)(4J 22,IS(0)+3J 22,IS(ω))

in Equation 1 are rather similar in magnitude and
opposite in sign; hence different directions of local
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Figure 7. Computation of the variations of13CO-1HN (DD)/13CO
(CSA) cross-correlated transverse relaxation rate with local
anisotropic motions. The literature values of the CSA parameters
(Teng et al., 1992) were assumed. The diamonds, stars and squares
show the variation of the cross-correlated transverse relaxation rate
upon rotational diffusion around vectors parallel toσ11, σ22 and
σ33, respectively. A rotational diffusion angle of, e.g., 40◦ is defined
as an even distribution over a range of±40◦. The computations
and graphs were made with the program Mathematica 3.0, using
Equations 1, 2, 11, and 12, modified from materials encoded by Dr.
M.W.F. Fischer (Fischer et al., 1997).

motions that influence these two terms to only small
extent affect the overall cross-correlated transverse
relaxation rates considerably.

If we take all mechanisms as statistically indepen-
dent, we compute, by adding the squares of the fluc-
tuations and taking the square root, an average varia-
tion of±28% in cross-correlated transverse relaxation
rates for mechanisms (i)–(iv) combined, clearly far
less than the experimental range shown in Figure 5
(experimental rms variation is±0.45 Hz, or±100%
from the average value of−0.44 Hz). Even a com-
puted range of±55%, obtained when simply adding
all mechanisms (i)–(iv), is insufficient to explain the
observed spread and extremes.

Local anisotropic motion at the nano-picosecond
time scale (mechanism (v)) can in principle account
for the entire observed range of variations, if large
local rotational motions, up to±40◦, are considered,
as shown in Figures 5 and 7. Rotational fluctuations
of ±30◦ around an axis parallel toσ11 will cause a
reduction of the average cross-correlated transverse
relaxation rate by a factor of two, as observed. Ro-
tational fluctuations of±60◦ around an axis parallel
to σ33 will cause an unexpectedincrease in cross-
correlated transverse relaxation rate to−1.5 Hz, as
observed for a few residues.

Long-time molecular dynamics simulations of
small proteins like BPTI (Brunne et al., 1995) and

TGFα (Fadel et al., 1995) show that for the back-
bone dihedral angles9 and 8 at the 10 ps time
scale, protein-averaged rms fluctuations of±20◦ oc-
cur, while some residues show fluctuations of at least
±40◦. The fluctuations are correlated for9 and8,
and are caused by rotational mobility of the entire pep-
tide plane along the C′-Cα(i–1) and N-Cα (i) bonds
respectively (dubbed crankshaft motion, Fadel et al.,
1995; Brutscher et al., 1998). This direction corre-
sponds closely to theσ11 direction of the13CO CSA
tensor (see Figure 1). Thus the crankshaft motions
computed from the molecular dynamics trajectory for
BPTI could have the correct time scale and direc-
tion to account for the observed average reduction in
cross-correlated transverse relaxation rate in Binase.
Molecular dynamics simulations for BPTI also indi-
cate that for a few peptide planes inversions along the
crankshaft axis can take place (fluctuations of±90◦)
at a time scale of several hundred ps (Brunne et al.,
1995). Such occurrences would explain the change
in the sign of the cross-correlated transverse relax-
ation rate as is observed for several residues in Binase;
however, most of these residues reside inβ-strands
(see Figure 5), which makes peptide plane inversion
improbable. Very large variations in cross-correlated
relaxation rates are observed for the C-terminal half of
Binase. The directions of the major components of lo-
cal motion appear to vary here from residue to residue.
It is of interest to note that this area also contains the
active site of the enzyme, for which extensive milli-
second dynamics has been measured as well (to be
published).

We conclude from these considerations, that our
current studies provide further experimental evidence
for the presence of extensive local dynamics which
appears to vary greatly over the amino acid sequence.
We have found no correlation between variations in
the cross-correlated transverse relaxation rate and the
protein secondary structure (see Figure 5). There-
fore, there appears to be no clear correlation between
the extent of the motions and the secondary structure
either.

While a majority of the fluctuations in cross-
correlated transverse relaxation rate over the amino
acid sequence may be attributable to local motion, we
certainly will not exclude variability in CSA tensor
values and some of the other parameters discussed
above. It is conceivable that large motions actually
cause changes in the CSA tensor as hydrogen bond-
ing is transiently disturbed, and that variations in
CSA tensor axes correspond to variations in static or
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dynamic peptide-plane geometry. Variation in mobil-
ity, CSA tensors and geometry, all of which affect
the cross-correlated transverse relaxation according to
Equations 1 and 2, can possibly be deconvoluted in
a comprehensive investigation of the auto- and cross-
correlated relaxation of many vectors of the peptide
plane. Currently such a process is in progress in our
laboratory.
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