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Based on the measurement of cross-correlation rates between
15N CSA and 15N–1H dipole–dipole relaxation we propose a pro-
cedure for separating exchange contributions to transverse relax-
ation rates (R2 5 1/T2) from effects caused by anisotropic rota-
tional diffusion of the protein molecule. This approach determines
the influence of anisotropy and chemical exchange processes in-
dependently and therefore circumvents difficulties associated with
the currently standard use of T1/T2 ratios to determine the rota-
ional diffusion tensor. We find from computer simulations that, in
he presence of even small amounts of internal flexibility, fitting

1/T2 ratios tends to underestimate the anisotropy of overall tum-
ling. An additional problem exists when the N–H bond vector
irections are not distributed homogeneously over the surface of a
nit sphere, such as in helix bundles or b-sheets. Such a case was
ound in segment 4 of the gelation factor (ABP 120), an F-actin
ross-linking protein, in which the diffusion tensor cannot be
alculated from T1/T2 ratios. The 15N CSA tensor of the residues

for this b-sheet protein was found to vary even within secondary
structure elements. The use of a common value for the whole
protein molecule therefore might be an oversimplification. Using
our approach it is immediately apparent that no exchange broad-
ening exists for segment 4 although strongly reduced T2 relaxation
imes for several residues could be mistaken as indications for
xchange processes. © 2000 Academic Press

Key Words: 15N NMR relaxation; spectral density mapping; 15N
chemical shift anisotropy; anisotropic rotational diffusion;
cross-correlation.

INTRODUCTION

Increasingly it is being recognized that15N relaxation studie
can contribute to our understanding of protein dynamics,
tein stability and function, and protein–ligand interactions w
information that is not available from any other techni
(1–4). However, protein motions on time scales of micro
milliseconds are difficult to assess with standard15N relaxation
measurements, i.e., longitudinalT1, transverseT2, and hetero
nuclear15N{ 1H} NOE experiments (2–5). These experimen
provide information mainly on thermal fluctuations on
picosecond to nanosecond time scales. In principle, the Li
Szabo model (6, 7) provides also means for extracting
hange broadening contributions from processes on the m
1921090-7807/00 $35.00
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o millisecond time scales (8). However, if anisotropy of th
rotational diffusion is not incorporated correctly, excha
contribution estimates will be inaccurate (9). In most practica
cases it is difficult to determine the diffusion tensor and N
bond vector directions (with respect to the diffusion tensor
a molecule in solution independently from the relaxation d
We performed tests on large simulated synthetic data set
indicate that fitting the diffusion tensor to experimentalT1/T2

ratios tends to underestimate the anisotropy when int
flexibility or exchange broadening is present, even if th
contributions are only small. There are currently experime
schemes described that aim at the direct quantificatio
exchange broadening (10–12). Unfortunately only a quit
mall range of time scales is accessible through theseT1r or T2

experiments. Also precision of the results is limited for m
erately concentrated protein samples (13).

Recently, Tjandraet al. (14) and Tessariet al. (15) devel-
ped NMR experiments that allow measurements of trans
ross-correlation rates between the15N CSA and the15N–1H

dipole–dipole relaxation. We propose here to apply thes
periments to distinguish contributions to the transverse r
ation rates from exchange broadening and from anisot
overall rotation. Kroenkeet al. (16) have already published
method for separating these contributions to the trans
relaxation rates using two additional experiments, one a s
modification of the experiment developed by Tjandraet al.
(14), and the other designed to measure the longitudinal c
correlation rate between the15N CSA and the15N–1H dipole–
dipole relaxation. We show here that a single experimen
measures the transverse cross-correlation rate is already
cient for this purpose. An additional advantage of incorpo
ing one of these highly sensitive and straightforward ex
ments into the standard set of relaxation experiments i
ability to calculate the15N CSA for each observed residue
data from at least two fields are available (17, 18). Analysis of
he data, with either Lipari–Szabo models or the redu
pectral density approach, can then be performed with res
pecific values for the15N CSA. The usefulness and ease of

approach are demonstrated on segment 4 of the gelation
(ABP 120), an F-actin cross-linking protein that contains so
b-sheets (19).
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RESULTS

The cross-correlation rateh between15N CSA and15N–1H
dipole–dipole relaxation is given by the following combinat
of spectral density valuesJ(v),

h 5 dc@4J~0! 1 3J~vN!#P2~cosu !, [1]

with c and d as in (17): c 5 gNB0(s i 2 s ')/3, d 5
2(m 0/(4p))gHgNh/(4pr NH

3 ) (d2 ' 1.3 109 s22, c2 ' 0.29
109 s22 at 500 MHz proton frequency), where symbols h
their usual meanings andP2( x) 5 (3x2 2 1)/ 2 is the second
rank Legendre polynomial;u is the angle between the15N–1H
bond vector and the principal axis of the15N chemical shif
tensor, assumed axially symmetric.si 2 s' is the chemica
shift anisotropy of the amide15N; v i denotes the resonan
frequency of nucleusi in the static magnetic field. The sim
larity of Eq. [1] to the expression for the transverse relaxa
rateR2

R2 5 ~d2 1 c2!/ 2@4J~0! 1 3J~vN!# 1 d2/ 2@ J~vH 2 vN!

1 6J~vH! 1 6J~vH 1 vN!# [2]

ill be exploited below to determine 2dc/(c2 1 d2) P2(cosu)
(17).

Figures 1A and 1B show a comparison of cross-correla
ratesha and hb for segment 4 at two temperatures, 34
40°C, whereha and hb were obtained with the experime
proposed by Tjandraet al. (14) and Tessariet al. (15), respec
ively. Because the two experiments use different strateg
easure the same cross-correlation rate good agreeme

erve as a check not only for precision but also for accura
he data. Included in Fig. 1C are also cross-correlation ra
wo additional temperatures, 20 and 31°C, obtained with
jandra (14) and Tessari (15) experiments, respectively. W
nd the experiment of Tessariet al. (15) preferable as it i
asier to extract the cross-correlation rates from spectra
equires no additional pulses for the cross-correlation ex
ent compared to the reference experiment (see Exper

al). Also in our case the Tessari experiment (15) was slightly
uperior in sensitivity (approx 5–10%) compared to the T
ra experiment (14) when using the same setup, especially
ame time during which cross-correlation is active. The de
ence ofh on temperature (through the overall tumbling r

is readily visible in Fig. 1. The contributions from inter
motions are expected to change even more dramatically
temperature (2). Anisotropy of the overall tumbling leads
variation ofh (dependent on the N–H bond direction) that d

ot depend on temperature. It is important to keep in mind
xchange broadening does not changeh as it affects cross

correlation and the reference experiment equally. These d
ent properties ofh andR2 can be utilized to identify exchan
contributions.
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The reduced spectral density approach is used to calc
J(0), J(vN), andJ(0.87vH) from a standard set ofT1, T2, and

eteronuclear NOE (20). With h and J(vN) values of the
spectral density function atv 5 0, Jcc(0) values that are fre
from exchange contributions can be calculated using Eq
( Jcc(0) indicates the origin from the cross-correlation ra
Comparison ofJ(0) and Jcc(0) directly yields the exchang
contribution. For residues with high NOE values and there
low J(0.87 vH) the residual variation ofJcc(0) over the se-
quence must be caused by anisotropy, neglecting po
differences in CSA for the moment. The influence of resid

FIG. 1. Plot of the cross-correlation ratesh between15N CSA and15N–1H
ipole–dipole relaxation vs sequence for segment 4. The rates of panels
were determined at 34 and 40°C, respectively, from spectra recorded
Hz proton frequency. Curves a and b correspond to rates measured w
xperiments of Tjandraet al. (14) and Tessariet al. (15), respectively. Pan

C shows cross-correlation rates at two additional temperatures, 20 and
The b-sheets of segment 4 are indicated by the shaded bars.
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194 RENNER AND HOLAK
specific CSA onJcc(0) and on subsequent determination
anisotropy is discussed at the end of this section. Figure
and 2B show plots ofJcc(0), J(0), J(vN), andJ(0.87 vH) for
segment 4 at 31°C from 500- and 600-MHz data, respecti
It can immediately be seen that no significant exchange b
ening exists for segment 4 at this temperature. The m
difference betweenJcc(0) andJ(0) for the folded part of th
protein is 0.07 ns for the 500-MHz data and 0.17 ns for
600-MHz data, whereas the standard deviation is 0.3 ns
data recorded at 20, 34, and 40°C also exhibited no sig
exchange contributions (data not shown). These finding
surprising given the fact that shortenedT2 values are observe
for some residues, suggesting the presence of consid
chemical exchange.

The ratioh/R2 is independent of internal motions and-
isotropy when the high-frequency contributions of the spe
density function toR2 can be neglected; i.e.,J(vH) ! J(0).
This can be tested by calculatingJ(vH) from T1 and hetero-
nuclear NOE using the reduced spectral density approach20).

or segment 4 all structured residues (1–100) possessJ(vH)
values more than two orders of magnitude smaller than
correspondingJ(0). In the absence of exchange broaden
h/R2 then only depends on the magnitude and orientatio
he 15N CSA tensor, i.e., on (si 2 s') and cosu. Figure 3
showsh/R2 for the measurements at 500 and 600 MH

FIG. 2. Panels A and B show plots ofJcc(0), J(0), J(vN), andJ(0.87vH)
or segment 4 at 31°C from 500-MHz and 600-MHz data, respectively

b-sheets of segment 4 are indicated by the shaded bars.
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31°C. Theh/R2 values obtained from data recorded at 20,
34, and 40°C at a proton frequency of 500 MHz are v
similar and therefore onlyh/R2 at one temperature (31°C)
shown. Theh/R2 ratios obtained from the 600-MHz spectra
of course higher. The mean value ofh/R2 at 500 MHz is 0.64
with a standard deviation of 7% for residues inb-strands an
0.629 6 9% over the folded part of the protein (resid
1–100). Assuming thatu 5 20° the mean CSA value f
b-strands of segment 4 is2163 ppm. The variation inh/R2

shows that the CSA tensor is not the same for all residue
does not vary dramatically, in agreement with recent stu
(14, 17).

We tried also to determine (si 2 s') and u of the 15N
chemical shift tensor separately from our data at two
strengths (18). This was not possible because ourh/R2 ratios a
600 MHz were 17% larger than the ratios from the 500-M
data forb-sheet residues whereas the theoretical value is
Additional measurements at 500 MHz, using different15N
arrier frequencies andT1r experiments (data not shown), le

to the conclusion that imperfections of the CPMG sequ
used in theT2 experiments cause an additional, system
error in T2 values of about 5%. This shows again that hig
precise data (;1–2% statistical error inT1 andT2 values) ma

ot necessarily have the same accuracy. Unfortunately d
ination of (si 2 s') andu of the 15N chemical shift tenso

from data at different field strengths is quite sensitive to e
in the h/R2 ratios so that no values could be obtained for
present case. Still, the relative variation with sequence ca
estimated. This is important for the extraction of the anisot
factors which is defined as the ratio of the two principal val
of the diffusion tensor that we assume to be axially symme
From the highest and lowestJcc(0) values for residues th
exhibit no internal motions (NOE. 0.6) one gets the rat

min
cc (0)/Jmax

cc (0), whereJmin
cc (0) 5 0.3t1 1 0.1t3 and Jmax

cc (0) 5

e

FIG. 3. The ratioh/R2 is plotted vs amino acid number for measurem
at 500 and 600 MHz proton frequency at 31°C. Theb-sheets of segment 4 a
indicated by the shaded bars.
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195SEPARATION OF ANISOTROPY AND EXCHANGE BROADENING
0.4t3 in the absence of internal motion (21). With t1 5 6t3/
(2 1 4s) the anisotropy factors is given by

s 5
9

8Jmin
cc ~0!/Jmax

cc ~0! 2 2
2

1

2
. [3]

nternal motions reduce theJcc(0) value and therefore prese
no problem for the determination ofJmax

cc (0). ForJmin
cc (0), on the

other hand, too small values might be obtained when res
exhibiting internal motions are not properly recognized. T
procedure is similar to the one proposed by Cloreet al. (22)

ith the difference that exchange broadening cannot affec
esulting anisotropys. Estimatings from tmin/tmax 5 Jmin(0)/

Jmax(0) ratios has already been proposed by Schurret al.(23) in
he context of testing the performance of the Lipari–Sz
odel.
The rationale for developing our procedure for estimatio

he anisotropy factors was that computer simulations d

TAB
Anisotropy Factors Obtained from Fitting

sd Data used

Rigida

A 6 SDe # f

5% Gau

All 1.46 6 0.05
1.5 79

500 MHz 1.416 0.05
All 1.94 6 0.07

2 78
500 MHz 1.846 0.08

All 3.78 6 0.15
4 52

500 MHz 3.606 0.18

Noi

All 1.50 6 0.01
1.5 78

500 MHz 1.506 0.01
All 1.94 6 0.06

2 77
500 MHz 1.946 0.05

All 3.83 6 0.10
4 51

500 MHz 3.886 0.07

Note.From 10,000 simulated residues “rigid” residues were identified u
each. Listed are the average value and standard deviation of the aniso

a Lipari–Szabo parameters were generated randomly in the following
0.9, t i 5 0, Rex 5 0 was used for the “rigid” class. For details see Exp

b As before, but 0.1, S2 , 0.9, 0, t i , 7 ns, 0, Rex , 10 Hz. Still a
c As before, but parameters were generated without bias in the given
d The anisotropy factor was used in the generation of the synthetic d
e Mean and standard deviation of the back-calculated anisotropy fact
f Number of subsets obtained for one data set5 percentage of residues
es
s

he

o

f

scribed below showed that the commonly used metho
fitting the diffusion tensor toT1/T2 ratios for residues assum
to be rigid tends to underestimates. Different synthetic dat
sets consisting ofT1, T2, and NOE at 500, 600, and 750 M
for 10,000 virtual residues were generated randomly wit
anisotropic Lipari–Szabo model (6, 7, 24) with different ex-
change contributions using a constant overall correlation
t3 of 7.0 ns. Three different anisotropy factorss 5 1.5, 2.0

nd 4.0 and three different degrees of flexibility (rigid, tigh
acked, and flexible; Table 1) were investigated with
ithout 5% Gaussian noise added to the data and are lis
able 1 (see also Experimental). The criterion of Tjandraet al.

25) (applied to the 500-MHz NOE andT1/T2) was used t
determine “rigid” residues when fitting the diffusion tenso
the synthetic data. The diffusion tensor was always assum
be axially symmetric. For each virtual residue the data s
lated at 500, 600, and 750 MHz were fit simultaneously an
a separate fit only 500-MHz data were considered. For all

1
Diffusion Tensor to Synthetic Data Sets

Tightly packedb Flexiblec

A 6 SDe # f A 6 SDe # f

ian noise

1.406 0.15 1.176 0.19
58 50

1.396 0.14 1.186 0.17
1.796 0.20 1.336 0.17

57 43
1.766 0.19 1.356 0.16
2.956 0.40 1.936 0.44

36 10
2.856 0.43 1.986 0.34

free

1.396 0.17 1.176 0.23
59 53

1.396 0.14 1.196 0.21
1.746 0.20 1.296 0.18

58 45
1.736 0.18 1.306 0.16
2.916 0.30 2.016 0.25

36 11
2.836 0.29 2.036 0.23

g the criterion of Tjandraet al. (25) and divided into subsets of 100 “rigid” residu
y factor for all subsets of each data set. See also text.
es: 0.5, S2 , 0.9, 0, t i , 0.7 ns, 0, Rex , 1 Hz. A strong bias towardS2 5
ental.

as towardS2 5 0.9, t i 5 0, Rex 5 0 was used for the “tightly packed” cla
nges.
.
ver all subsets of one data set.

ntified as “rigid” by the criterion of Tjandraet al. (25).
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196 RENNER AND HOLAK
sets all 10,000 virtual residues were used together for
fitting procedure whereas in a second fit all “rigid” resid
were divided into subsets of 100 residues each. For each s
an anisotropy factors was determined independently.
average value, as well as the standard deviation ofs over all
subsets of one data set, is listed in Table 1. In all case
difference between thes’s resulting from the first and seco
alculations was smaller than 0.1 and therefore the results
he first calculation are not shown in Table 1 and are d
arded in the further discussion.
For each of the nine data sets four different fitting pro

ures were performed, resulting in 12 different back-calcu
nisotropy parameterss for each of the three originals’s (1.5,

2.0, 4.0) showing the dependence of the resultings on flexi-
bility, experimental uncertainty, and amount of data availa
The correct anisotropy is obtained only when the order pa
eter is restricted to high values and exchange contribution
negligible. As soon as internal motions and exchange b
ening are included the results for the anisotropys are too low
Relaxation rates of 10,000 (virtual) residues (at three
strengths) were used in the grid search for the optimums.
Therefore insufficient sampling of the unit sphere by the N
bond directions or bad statistics cannot possibly account fo
difference between back-calculated and original anisotr
We performed additional simulations where eithert i or Rex

was set to zero, in order to identify which motions are res
sible for the observed underestimation of the anisotropys (data
not shown). For the “tightly packed” class settingt i to zero had
almost no influence on the back-calculated anisotropy fac
only the number of residues identified as rigid by the crite
of Tjandraet al. (25) increased. Quite differently, withRex 5
0 the original anisotropy factors could be reproduced very
even fors 5 4.0. For the “flexible” class neithert i 5 0 nor

ex 5 0 could reproduce the original anisotropy and both s
to contribute approximately equally to the underestima
observed (Table 1). This shows that for small amount
internal motions only chemical exchange presents a prob
whereas for larger flexibility both fast and slow internal m
tions lead to similar degrees of underestimation of the an
ropy factor.

Using the fitting procedure of Tjandraet al. (25) with its
tatistical criterion for identifying exchange broadening on
xperimental data for segment 4 of the gelation factor from
r two field strengths did not yield significant anisotropy (s 5

1.1 for all temperatures and also for 500- and 600-MHz da
31°C simultaneously) although from the structure (19) an an
sotropy factor ofs 5 1.9 was calculated using the meth
described in (24) (excluding the disordered C-terminus). T
nertia tensor of segment 4 has eigenvalues in the ratio 1:
.29 so that we do not anticipate appreciable rhombicity fo
iffusion tensor and assume therefore axial symmetry. If a

ow) anisotropy factor ofs 5 1.1 is used in the relaxatio
analysis artificial exchange contributions are found. This
already been observed (9).
ne
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Recently, we have investigated the dynamics of the C
inhibitor p19INK4d (26). The protein consists mainly ofa-helix

undles with alla-helices orthogonal to the symmetry axis
the diffusion tensor (27). Despite an inertia tensor with pri
cipal values in the ratio 1:0.88:0.34 no anisotropy is foun
the fitting procedure (s 5 1.0 or 1.1 for data from one or tw
eld strengths). However, in our study incorporation of an
opy into the analysis was crucial for interpretation, espec
ith regard to CDK binding (26).
When determining theJmin

cc (0)/Jmax
cc (0) ratio one must con-

sider not only the uncertainty of theh andJ(vN) values, bu
also the variation ofc/(c2 1 d2) P2(cosu) over the sequenc
In the present caseJmax

cc (0) ' 3.8 ns, andJmin
cc (0) ' 2.2 ns can

be estimated from Fig. 2A with errors of ca. 4% due
uncertainties in theh and J(vN) values and ca. 9% due
variations ofc/(c2 1 d2) P2(cosu). This translates to aJmin

cc (0)/
Jmax

cc (0) ratio of 0.586 0.08 which corresponds to an anisotro
factor s 5 2.9, 2.1 , s , 4.0. As s 3 ` for Jmin

cc (0)/
Jmax

cc (0)3 1
4 it is apparent that for large amounts of anisotr

error propagation fromJmin
cc (0)/Jmax

cc (0) ratios to anisotropy fa-
tors s becomes increasingly unfavorable. In many cas
might thus be preferable to determines from the Jmin(0)/
Jmax(0) ratio usingJcc(0) to exclude residues exhibiting e-
change contributions.Jmin(0)/Jmax(0) is much less sensitive
variations in the15N CSA tensor and does not depend
J(vN). The uncertainty inJ(0) is dominated by the experime-
tal error inT2 values. A disadvantage ofJ(0) is that possibl
errors introduced by the CPMG sequence might affectJmin(0)/
Jmax(0), whereas the cross-correlation experiment does
need any such multipulse sequence during the build-up tim
the cross-correlation peaks. For segment 4Jmax(0) is 3.5 ns an
Jmin(0) ' 2.0 ns. As the CSA contribution toT2 relaxation is
smaller than 20% at 500 MHz the variation of the15N CSA
tensor contributes only an uncertainty of 2% in theJmin(0)/

max(0) ratio. Disregarding possible errors induced by
CPMG sequence the experimental error ofT2 values is,2%.
Jmin(0)/Jmax(0) is equal to 0.576 0.02 and therefores 5 3.06
0.25. Including a possible 5% error from the CPMG
obtains for the anisotropy factors 5 3.0 6 0.6.

The estimated anisotropy factors are unexpectedly high
exceed the values 5 1.9 calculated from the structure of t
folded part of segment 4 (residues 1–100) by far. Howe
looking at an NMR-derived family of structures, including
last 22 unstructured residues, one finds that for all structur
the family the C-terminal tail prolongs the shape of the m
cule. Including the flexible C-terminus one calculates from
family of structures an anisotropy factors 5 3.1 6 0.6 using
the protocol described in (24). This agrees well with our resu
derived from cross-correlation rates. Thus we find that fo
segment 4 construct only the flexible C-terminal tail can
plain the observed anisotropy. This is different from the
described by Tjandraet al. (25) where the authors found th

greement between the structure-derived diffusion tensor
iffusion tensor obtained by fittingT1/T2 ratios was achieve
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197SEPARATION OF ANISOTROPY AND EXCHANGE BROADENING
as well by ignoring an unstructured terminal tail as by ave
ing over an ensemble of structures. However, the flexible
was much shorter in their case.

DISCUSSION AND CONCLUSIONS

Our extensive computer simulations show that in genera
current common procedure of fitting the diffusion tenso
experimentalT1/T2 ratios underestimates the anisotropy of
otational diffusion. The reason for this lies in selection crit
hat exclude residues on a statistical basis (see Com
imulations under Experimental). These criteria assume
licitly that for every residue that exhibits internal motion
xchange broadening there are at least two rigid residueswith
–H bond vectors pointing (approximately) in the same d

ion. In the case of folded proteins this might be taken
ranted for a ' 90°. But for residues witha ' 0° the

distinction between exchange broadening and anisotrop
fects is crucial as the probability of N–H vectors being par
to the symmetry axis of the diffusion tensor is much sm
than that of being orthogonal (this probability is proportiona
the sine of the angle between the N–H vector and the symm
axis). When using prevailing statistical criteria to iden
exchange broadening the small number of N–H vectors pa
to the symmetry axis is likely to be excluded on the bas
their exceptional shortT2 times. Indeed, we found for tw
definitely anisotropic proteins, one being segment 4 of
gelation factor built exclusively fromb-sheets and the other t
CDK inhibitor p19INK4d, consisting mainly ofa-helix bundles
that the fitting procedure yielded only negligible anisotr
(s 5 1.1 in both cases). This was because the N–H bond v
directions are clustered ina-helices andb-strands.

It has been shown by Tjandraet al. (9) that inaccurat
anisotropy factors lead to incorrect values for theRex paramete
within the Lipari–Szabo model. Our approach circumv
these problems by separating exchange contributions an
fects of anisotropy with the help of cross-correlation r
which contain information about anisotropy but are free f
exchange contributions. Exchange broadening and the a
ropy factor are determined independently whence uncerta
in one value (e.g., the anisotropy factor) do not influence
other (the exchange contribution). Also, similarly to the
proach of Cloreet al. (22), detailed structural information

ot needed, as long as axial symmetry can be assumed f
iffusion tensor.
The application of our approach to segment 4 has show

he anisotropy factor cannot be determined to high accu
his does not present a problem because Lipari–Szabo
arametersS2 are quite insensitive to the exact amoun

anisotropy present (9, 23). The sensitivity of the exchan
parameterRex in the Lipari–Szabo model to changes in
anisotropy factors is immaterial because exchange broade
is detected from a comparison ofJ(0) andJcc(0) in our ap-
proach.
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In conclusion, we believe that the measurement of c
correlation rates between15N CSA and15N–1H dipole–dipole
relaxation and subsequent application of the approach
sented here can provide valuable information for almost e
15N relaxation study.

EXPERIMENTAL

All NMR experiments were carried out on Bruker DRX5
and DRX600 spectrometers equipped with PFG accessor
a 1.5 mM uniform 15N-labeled sample of segment 4 of
gelation factor (ABP 120) in 90% H2O/10% D2O at pH 7.0
The construct of the gelation factor used in our study comp
122 residues (19). Residues 1–100 are folded and constitute
proper fourth segment of the rod domain of the gelation fa
The C-terminal 22 residues are unfolded as seen from
measurements (19). The complete set ofT1, T2, and NOE wa
recorded at 20, 31, 34, and 40°C at 500 MHz proton frequ
and at 600 MHz proton frequency at 31°C. Modified vers
of the experiments proposed by Farrowet al. (8), where wate
suppression was achieved by the WATERGATE sequence28)
rather than by gradient-pathway selection, were used foT1,
T2, and NOE measurements. In theT1 and T2 experiment
water saturation was avoided by using low-power water-
back pulses. Following the guidelines of (29) relaxation peri

ds of 16 ms1 x p 32 ms forT2 and 11 ms1 220 msp x
for T1 with x 5 0, 1, 2, 3, 4 were used. Saturation of
amide protons in the heteronuclear NOE experiment
achieved by the application of a series of 120° pulses pri
the experiment (30). Table 2 shows average values for allT1,
T2, and NOE experiments. Two different experiments w
used to determine cross-correlation rates. The experimen
posed by Tjandraet al. (14) was performed as described by
authors whereas in the experiment of Tessariet al. (15) the
gradient-selection sensitivity-enhancement scheme wa
placed by the simple WATERGATE sequence (28). In the
experiment of Tessariet al. (15) the phase cycle as given in t
paper is not correct: the receiver phase should be cycleP,
2P, 2P, P) with P 5 ( x, 2x, 2x, x) not (2P, 4(2P), 2P)
as given in the publication. The relaxation delays used fo
cross-correlation experiments are summarized in Table 3
all experiments at least 140 (15N) times 2048 (1H) data point
were acquired with spectral widths of 35 ppm (15N) and 11
ppm (1H). Most experiments were recorded in an interlea
manner to reduce influence from possible instabilities in
perimental conditions.

NOE values are given simply by the ratio of the peak hei
in the experiment with and without proton saturation. To ob
T1 andT2 values, the experimental data points (peak heig
were fit to a curveA exp(2t/T1or2) with a simple grid searc
Uncertainties were determined from double recording eith
single data points or of the whole relaxation experiment.

For the cross-correlation ratesh the ratios of signal intens
ties (peak heights) from the cross-correlation experimen
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198 RENNER AND HOLAK
the corresponding reference experiment were fit either
curveA tanh(Th) (14) or to a simple linear relationTh (15).
n both experiments, one 2D experiment contains only c
eaks from cross-correlation between15N CSA and 15N–1H
ipole–dipole relaxation whereas a second slightly mod
D experiment serves as a reference. All rates were extr

rom spectra recorded in an interleaved manner so that
rometer instabilities would not affect the experiment and
rence measurements differently. For eacht 1 increment, th

cross-correlation experiment was run twice, followed by
reference increment, so that finally two 2D cross-correla
experiments and one reference experiment were obtaine
though this mode of recording was dictated by the two to t
times higher sensitivity of the reference experiment (comp
to the cross-correlation experiment) and the inability of cur
pulse program syntax to record experiments with diffe
numbers of scans within one pulse program, it has the ad
tage that reproducibility of the data can be computed as
between the two spectra recorded with identical setups. S
eight peaks were well resolved at all four temperatures, so
T1, T2, NOE, and cross-correlation rates could be obtain

TAB
Mean Values, Standard Deviation, and Ave

for the Folded Part (Res

20°C 31°C

Mean SDb Errorc Mean SDb Errorc Me

T1 [ms] 584 80 0.6a 480 56 1.2a 452
T2 [ms] 83.7 11.3 0.8a 110.8 13 1.1 11
NOE 0.712 0.077 1.4 0.692 0.07 2.0a 0
CC2d [Hz] — — — 5.74 0.96 1.7a 5
CC1e [Hz] 6.02 0.84 1.6a — — — 5

Note.Unless otherwise indicated all data were extracted from spectra
a Error [%] estimated from double recording of one data point; for cross

was not recorded twice.
b Standard deviation.
c Average error [%] for residues 1–100; calculated as root mean s

uperscripta).
d Cross-correlation rate measured with a modified version of the exp
e Cross-correlation rate measured with the experiment proposed by T

TABLE 3
Build-Up Times Used in the Cross-Correlation Experiments

Experiment Tessariet al. (15) Tjandraet al. (14)

20°C at 500 MHz — 60 ms (23), 100 ms
31°C at 500 MHz 60 ms —

34°C at 500 MHz
40 ms, 60 ms, 80 ms,

160 ms
60 ms (23), 100 ms

160 ms
40°C at 500 MHz 60 ms (23), 100 ms 60 ms (23), 100 ms
31°C at 600 MHz 60 ms 60 ms

Note.Multiple recordings are indicated in parentheses.
a

ss

d
ted
ec-
f-

e
n
Al-
e
d
t
t
n-
sd
ty-
at

Reduced spectral density mapping.The spectral densi
function J(v) has small values forv 5 vH (1H angular spin
precession frequency) as shown by Peng and Wagner (31, 32)
and Lefèvre et al. (33). Therefore, it can be assumed tha
aries only little in the vicinity ofvH. For v 5 vH 6 vN we

used the approximationJ(v) } 1/v 2 of (20). Values ofJ(v)
can thus be calculated atv 5 v0, vN, 0.870vH from T1, T2,
and NOE data (20).

Computer simulations. Synthetic data sets ofT1, T2, and
NOE at 500, 600, and 750 MHz for 10,000 virtual resid
were generated randomly as follows. From homogeneo
distributed random numbersX [ [0, 1] (P(X) 5 const.), the
order parameterS2, the internal correlation timet i , and an

xchange contributionRex was calculated for each virtual re-
due with the formulas given below. Assuming an axi
ymmetric diffusion tensor the following anisotropic Lipa
zabo model (21, 24) with a constant overall correlation tim

t3 of 7.0 ns was used to generate spectral densitiesJ(v):

J~v! 5
2

5 SA1

t1

1 1 v 2t 1
2 1 A2

t2

1 1 v 2t 2
2 1 A3

t3

1 1 v 2t 3
2D

3 S2 1
2

5

t

1 1 v 2t eff
2 ~1 2 S2!. [4]

he coefficientsAi and correlations timest i are calculate
from t3 and the anglea between the N–H bond vector and
symmetry axis of the diffusion tensor asA1 5 0.75 sin4a,
A2 5 3 sin2a cos2a, A3 5 (1.5 cos2a 2 0.5)2, t1 5 6t3/(2 1
4s), andt2 5 6t3/(5 1 s). The parameters is a measure of th
anisotropy and is defined as the ratio of the two eigenvalu
the diffusion tensors 5 D i/D'. The effective internal corre-
lation timeteff is given byt eff

21 5 3/(t 1 1 t 2 1 t 3) 1 t i
21. For

2
e Error of Experimental Relaxation Rates
es 1–100) of Segment 4

34°C 40°C 31°C, 600 MHz

SDb Errorc Mean SDb Errorc Mean SDb Errorc

52 0.6 418 45 1.8 590 77 3.0a

13.7 0.8 131.6 15.3 1.4 104 12.4 0a

0.06 1.6 0.599 0.058 1.5 0.75 0.07 7a

0.84 1.4a 4.71 0.73 1.5 7.16 1.28 2.1a

0.68 1.5 4.58 0.66 1.8a 6.77 0.91 2.3a

corded at 500 MHz proton frequency.
rrelation experiments this means that only the (more sensitive) referencexperimen

re difference between two identical experiments (except for values m

ent proposed by Tessariet al. (15).
draal. (14).
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199SEPARATION OF ANISOTROPY AND EXCHANGE BROADENING
every virtual residue the anglea is also generated randomly
cos2a 5 X2 according to a homogeneous distribution of N
vectors over the sphere. No errors in the cos2a values wer
introduced thereby disregarding an important source of
for real cases. Synthetic data sets were created for thre
ferent degrees of anisotropys 5 1.5, 2.0, 4.0. For eac
different degree of anisotropys Lipari–Szabo parameters we
calculated from the random numbersX [ [0, 1] in three
different ways classified as rigid (S2 5 0.9 2 0.4 p X4, t i 5
0.7 p X p 103X ps, Rex 5 104pX24 Hz), tightly packed (S2 5
0.9 2 0.8 p X2, t i 5 0.7 p X p 104X ps,Rex 5 X2 p 10 Hz),

nd flexible (S2 5 0.9 2 0.8 X, t i 5 X p 7.0 ns,Rex 5
p 10 Hz) to mimic residues in rigid secondary struc

lements, in well-ordered structures with little flexibility and
ighly mobile regions, respectively. The bias towardS2 5 0.9,

t i ! t 3, Rex 5 0, is very strong for the rigid class and s
strong for the tightly packed class. The flexible class on
other hand is generated with unbiased (within reason
bounds) linearly distributed parameter values. From the s
tral densities obtained by Eq. [4]T1, T2, and NOE at magnet
field strengths of 500, 600, and 750 MHz were calculated
well-known formulas (e.g.,8, 12, 13, 20, 24, 31–33). Alto-
gether nine data sets comprisingT1, T2, and NOE values a
hree field strengths for 10,000 residues each were gene
nd investigated. From the synthetic data sets the aniso
arameters was calculated in several different ways, all ba

on the procedure described by Tjandraet al. (25). Briefly this
rocedure consists of a criterion identifying rigid residues
ubsequent fitting of the diffusion tensor to the experime
1/T2 ratios. Commonly used criteria require the NOE

exceed some threshold (0.6–0.7) and exclude residues
unusualT1 and/orT2 values in a statistical way; e.g., in (25)
esidues withT1/^T1& 2 T2/^T2& . 1.5 SD are exclude
here^ & denotes the average over all residues with NOE. 0.6
nd SD is the standard deviation ofT1/^T1& 2 T2/^T2& for the

same residues. The back-calculation ofs was performed fo
every data set with and without 5% Gaussian noise added
T1, T2, and NOE values. Also either data from all fi
strengths were used in the fitting or only the 500-MHzT1/T2

ratios were considered. Each fitting procedure was perfo
in two ways: In one all rigid residues (of the 10,000) were u
simultaneously for fitting and in the other the rigid resid
were divided into subsets of 100 and fitting was perfor
separately for each subset. In the latter case the res
anisotropy factorss from all subsets were averaged an
standard deviation was calculated. Therefore eight diffe
fitting procedures were performed for each of the nine
sets.

Additional simulations were performed as described a
with the modification that data sets were generated either
t i or with Rex set to zero. From these data sets anisot
factors were also back-calculated to distinguish betwee
effects of fast and slow internal motions on the calcul
anisotropy.
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Supporting information. Five tables containingT1, T2,
OE, and cross-correlation rates of segment 4 at 20, 31
nd 40°C from 500-MHz spectra and at 31°C from 600-M
pectra are available from the authors and were submitt
he Indiana Dynamics Database (www:pooh.chem.indiana
DD.html).
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