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Based on the measurement of cross-correlation rates between
N CSA and “N-"H dipole—dipole relaxation we propose a pro-
cedure for separating exchange contributions to transverse relax-
ation rates (R, = 1/T,) 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 T,/T, ratios to determine the rota-
tional diffusion tensor. We find from computer simulations that, in
the presence of even small amounts of internal flexibility, fitting
T,/T, ratios tends to underestimate the anisotropy of overall tum-
bling. An additional problem exists when the N-H bond vector
directions are not distributed homogeneously over the surface of a
unit sphere, such as in helix bundles or B-sheets. Such a case was
found in segment 4 of the gelation factor (ABP 120), an F-actin
cross-linking protein, in which the diffusion tensor cannot be
calculated from T,/T, ratios. The ®*N 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 T, relaxation
times for several residues could be mistaken as indications for
exchange processes. © 2000 Academic Press

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

INTRODUCTION

Increasingly it is being recognized tha relaxation studies

to millisecond time scales8). However, if anisotropy of the
rotational diffusion is not incorporated correctly, exchang
contribution estimates will be inaccurat®.(In most practical
cases it is difficult to determine the diffusion tensor and Nt
bond vector directions (with respect to the diffusion tensor) fo
a molecule in solution independently from the relaxation dat:
We performed tests on large simulated synthetic data sets tl
indicate that fitting the diffusion tensor to experimentalT,
ratios tends to underestimate the anisotropy when intern
flexibility or exchange broadening is present, even if thes
contributions are only small. There are currently experiment:
schemes described that aim at the direct quantification
exchange broadeningl@—12. Unfortunately only a quite
small range of time scales is accessible through tfigser T,
experiments. Also precision of the results is limited for mod
erately concentrated protein samplé8)(

Recently, Tjandraet al. (14) and Tessaret al. (15) devel-
oped NMR experiments that allow measurements of transver
cross-correlation rates between this CSA and theN—"H
dipole—dipole relaxation. We propose here to apply these e
periments to distinguish contributions to the transverse rela
ation rates from exchange broadening and from anisotrop
overall rotation. Kroenket al. (16) have already published a
method for separating these contributions to the transver
relaxation rates using two additional experiments, one a slig
modification of the experiment developed by Tjanetaal.
(14), and the other designed to measure the longitudinal cros
correlation rate between thH&N CSA and the’N-"H dipole—
dipole relaxation. We show here that a single experiment th
measures the transverse cross-correlation rate is already st

can contribute to our understanding of protein dynamics, proient for this purpose. An additional advantage of incorpora
tein stability and function, and protein—ligand interactions wittng one of these highly sensitive and straightforward exper
information that is not available from any other techniquments into the standard set of relaxation experiments is tl

(1-4). However, protein motions on time scales of micro-
milliseconds are difficult to assess with stand&Nirelaxation
measurements, i.e., longituding{, transversé ,, and hetero-

tability to calculate the®N CSA for each observed residue if
data from at least two fields are available’(18. Analysis of
the data, with either Lipari-Szabo models or the reduce

nuclear®N{'H} NOE experiments Z-5. These experiments spectral density approach, can then be performed with residt
provide information mainly on thermal fluctuations on thepecific values for th€N CSA. The usefulness and ease of this
picosecond to nanosecond time scales. In principle, the Lipagipproach are demonstrated on segment 4 of the gelation fac
Szabo model §, 7) provides also means for extracting ex{ABP 120), an F-actin cross-linking protein that contains solel

change broadening contributions from processes on the mi
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RESULTS As

7L
The cross-correlation ratg between™N CSA and*°N-"H

dipole—dipole relaxation is given by the following combination

of spectral density value¥{ w), n 5

4

Hz
n = dc[4J(0) + 3J(wy)]P,(cosb), [1] [ ] 3

2t e | B
with ¢ andd as in (l7): ¢ = yyBo(oy — 0,)/3, d = il
—(wol (47)) yuysh/(4mr ) (d* =~ 1.3 10 s, ¢® =~ 0.29 1 0 0 N ) R L
10° s™% at 500 MHz proton frequency), where symbols have 0 10 20 30 40 50 60 70 80 90 100 110 120
their usual meanings arféL,(x) = (3x*> — 1)/2 is the second- Bé —
rank Legendre polynomiaf is the angle between tHeN—'H 1

bond vector and the principal axis of th&N chemical shift
tensor, assumed axially symmetrig, — o, is the chemical
shift anisotropy of the amidé’N; o; denotes the resonance 1 5|
frequency of nucleus in the static magnetic field. The simi- [Hz]
larity of Eq. [1] to the expression for the transverse relaxation

rateR, 3t

R, = (d2 + ¢2)/2[43(0) + 33(wy)] + A% 2[ I(wy — wn)
+ 6J(wy) + 6J(wy + wy)] [2]
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will be exploited below to determined2/(c® + d?) P,(cos6) ot
(17).

Figures 1A and 1B show a comparison of cross-correlation
ratesm, and n, for segment 4 at two temperatures, 34 an
40°C, wheren, and n, were obtained with the experiments
proposed by Tjandrat al. (14) and Tessarét al. (15), respec-
tively. Because the two experiments use different strategies to
measure the same cross-correlation rate good agreement can
serve as a check not only for precision but also for accuracy of
the data. Included in Fig. 1C are also cross-correlation rates at
two additional temperatures, 20 and 31°C, obtained with the
Tjandra (14) and Tessari15) experiments, respectively. We FiG. 1. Plot of the cross-correlation rategbetweert®N CSA and™N—'H
find the experiment of Tessaet al. (15) preferable as it is dipole-dipole relaxation vs sequence for segment 4. The rates of panels A &
easier to extract the cross-correlation rates from Spectra @—were determined at 34 and 40°C, respectively, from spectra recorded ‘at 5
requires no additional pulses for the cross-correlation expef{:iZ Proton frequency. Curves a and b correspond to rates measured with

. .__experiments of Tjandrat al. (14) and Tessaret al. (15), respectively. Panel
ment compared to the reference experiment (see EXpe“m% shows cross-correlation rates at two additional temperatures, 20 and 31
tal). Also in our case the Tessari experimelh)(was slightly The g-sheets of segment 4 are indicated by the shaded bars.
superior in sensitivity (approx 5-10%) compared to the Tjan-
dra experimenti4) when using the same setup, especially the
same time during which cross-correlation is active. The depen-The reduced spectral density approach is used to calcul:
dence ofn on temperature (through the overall tumbling rate)(0), J(wy), andJ(0.87 w,) from a standard set &f,, T,, and
is readily visible in Fig. 1. The contributions from internaheteronuclear NOE20). With n and J(w,) values of the
motions are expected to change even more dramatically wihectral density function ab = 0, J°(0) values that are free
temperature 4). Anisotropy of the overall tumbling leads tofrom exchange contributions can be calculated using Eq. [.
variation ofn (dependent on the N—H bond direction) that dogs]®(0) indicates the origin from the cross-correlation rate)
not depend on temperature. It is important to keep in mind th@bmparison ofJ(0) and J*(0) directly yields the exchange
exchange broadening does not changes it affects cross- contribution. For residues with high NOE values and therefor
correlation and the reference experiment equally. These diffeow J(0.87 wy) the residual variation of*(0) over the se
ent properties ofy andR, can be utilized to identify exchangequence must be caused by anisotropy, neglecting possil
contributions. differences in CSA for the moment. The influence of residue
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FIG. 2. Panels A and B show plots df%0), J(0), J(wy), andJ(0.87 wy)

for segment 4 at 31°C from 500-MHz and 600-MHz data, respectively. T

B-sheets of segment 4 are indicated by the shaded bars.

31°C. Then/R, values obtained from data recorded at 20, 31
34, and 40°C at a proton frequency of 500 MHz are ver
similar and therefore only)/R, at one temperature (31°C) is
shown. Then/R, ratios obtained from the 600-MHz spectra are
of course higher. The mean valuegfR, at 500 MHz is 0.644
with a standard deviation of 7% for residuesfrstrands and
0.629 = 9% over the folded part of the protein (residues
1-100). Assuming that = 20° the mean CSA value for
B-strands of segment 4 is163 ppm. The variation im/R,
shows that the CSA tensor is not the same for all residues, &
does not vary dramatically, in agreement with recent studie
(14, 179.

We tried also to determines( — o) and 6 of the N
chemical shift tensor separately from our data at two fiel
strengths 18). This was not possible because auR, ratios at
600 MHz were 17% larger than the ratios from the 500-MH:
data forp-sheet residues whereas the theoretical value is 11
Additional measurements at 500 MHz, using differémt
carrier frequencies anti,, experiments (data not shown), lead
to the conclusion that imperfections of the CPMG sequenc
used in theT, experiments cause an additional, systemati
error in T, values of about 5%. This shows again that highly
precise data{1-2% statistical error iff, andT, values) may
not necessarily have the same accuracy. Unfortunately det
mination of @ — o) and 6 of the N chemical shift tensor
from data at different field strengths is quite sensitive to errol

B8 the 1n/R, ratios so that no values could be obtained for th

present case. Still, the relative variation with sequence can |
estimated. This is important for the extraction of the anisotrop

specific CSA onJ*(0) and on subsequent determination dfactoro which is defined as the ratio of the two principal value:
anisotropy is discussed at the end of this section. Figures dAthe diffusion tensor that we assume to be axially symmetri

and 2B show plots a8°°(0), J(0), J(wy), andJ(0.87 w,,) for

From the highest and lowest(0) values for residues that

segment 4 at 31°C from 500- and 600-MHz data, respectivebxhibit no internal motions (NOE> 0.6) one gets the ratio
It can immediately be seen that no significant exchange broadd:,(0)/J.(0), whereJ;;,(0) = 0.3r, + 0.1r; and J;,(0) =
ening exists for segment 4 at this temperature. The mean

difference betweeld*(0) andJ(0) for the folded part of the

protein is 0.07 ns for the 500-MHz data and 0.17 ns for the
600-MHz data, whereas the standard deviation is 0.3 ns. The ,,| ' |
data recorded at 20, 34, and 40°C also exhibited no sign of
exchange contributions (data not shown). These findings are o&f
surprising given the fact that shorten€gdvalues are observed o
for some residues, suggesting the presence of considerable

chemical exchange.

The ration/R, is independent of internal motions and-an
isotropy when the high-frequency contributions of the spectral *°f

density function toR, can be neglected; i.eJ(w,) < J(0).

This can be tested by calculatidgw,) from T, and hetere
nuclear NOE using the reduced spectral density apprazdh (

For segment 4 all structured residues (1-100) posdgsg)

( ool Ll
values more than two orders of magnitude smaller than the 1 20 30 40 5 60 70 8 9 100 HO 120
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correspondingl(0). In the absence of exchange broadening amino acid sequence

1n/R, then only depends on the magnitude and orientation of,

FIG. 3. The ration/R, is plotted vs amino acid number for measurements

the N CSA tensor, i.e., ond, — o) and cos6. Figure 3 4t 500 and 600 MHz proton frequency at 31°C. Theheets of segment 4 are
shows n/R, for the measurements at 500 and 600 MHz &idicated by the shaded bars.
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TABLE 1
Anisotropy Factors Obtained from Fitting the Diffusion Tensor to Synthetic Data Sets
Rigid® Tightly packed Flexible®
a° Data used & + SDb* #' & + SD° #' @ + SD° #'

5% Gaussian noise

All 1.46 = 0.05 1.40+ 0.15 1.17+ 0.19

1.5 79 58 50
500 MHz 1.41+ 0.05 1.39+ 0.14 1.18+ 0.17
All 1.94 = 0.07 1.79+ 0.20 1.33+ 0.17

2 78 57 43
500 MHz 1.84+ 0.08 1.76+ 0.19 1.35+ 0.16
All 3.78 = 0.15 2.95+ 0.40 1.93+ 0.44

4 52 36 10
500 MHz 3.60+ 0.18 2.85+ 0.43 1.98+ 0.34

Noise free

All 1.50 £ 0.01 1.39+ 0.17 1.17+ 0.23

1.5 78 59 53
500 MHz 1.50+ 0.01 1.39+ 0.14 1.19+ 0.21
All 1.94 + 0.06 1.74+ 0.20 1.29+ 0.18

2 77 58 45
500 MHz 1.94+ 0.05 1.73+ 0.18 1.30+ 0.16
All 3.83 = 0.10 2.91+ 0.30 2.01+ 0.25

4 51 36 11
500 MHz 3.88+ 0.07 2.83+ 0.29 2.03+0.23

Note.From 10,000 simulated residues “rigid” residues were identified using the criterion of Tjetalt§25) and divided into subsets of 100 “rigid” residues
each. Listed are the average value and standard deviation of the anisotropy factor for all subsets of each data set. See also text.

2 Lipari—Szabo parameters were generated randomly in the following ranges: 8°5< 0.9, 0< 7, < 0.7 ns, 0< R,, < 1 Hz. A strong bias towar§” =
0.9, 7, = 0, R, = 0 was used for the “rigid” class. For details see Experimental.

® As before, but 0.1< S < 0.9, 0< 7, < 7 ns, 0< R, < 10 Hz. Still a bias towar®’ = 0.9, 7, = 0, R., = 0 was used for the “tightly packed” class.

¢ As before, but parameters were generated without bias in the given ranges.

4 The anisotropy factor was used in the generation of the synthetic data.

¢Mean and standard deviation of the back-calculated anisotropy factor over all subsets of one data set.

"Number of subsets obtained for one data-=sgbercentage of residues identified as “rigid” by the criterion of Tjaredral. (25).

0.47; in the absence of internal motio21). With =, = 675/ scribed below showed that the commonly used method

(2 + 40) the anisotropy factoo is given by fitting the diffusion tensor td@,/T, ratios for residues assumed
to be rigid tends to underestimade Different synthetic data

9 1 sets consisting of;, T,, and NOE at 500, 600, and 750 MHz

77835 (01350 -2 2 [81  for 10,000 virtual residues were generated randomly with @

anisotropic Lipari-Szabo modeb,(7, 29 with different ex-

Internal motions reduce th#(0) value and therefore presemchange contributions using a constant overall correlation tin
no prob|em for the determination dfrfa)(o) For\]ﬁfin(O), onthe T3 of 7.0 ns. Three different anisotropy factars= 1.5, 2.0,
other hand, too small values might be obtained when residi@¥! 4.0 and three different degrees of flexibility (rigid, tightly
exhibiting internal motions are not properly recognized. Thigacked, and flexible; Table 1) were investigated with an
procedure is similar to the one proposed by Cletal. (22) Wwithout 5% Gaussian noise added to the data and are listed
with the difference that exchange broadening cannot affect thable 1 (see also Experimental). The criterion of Tjaretral.
resulting anisotropyr. Estimatinge from 7,/ Tma = Jmin(0)/  (25) (applied to the 500-MHz NOE and,/T,) was used to
Jmad(0) ratios has already been proposed by Scauat. (23) in  determine “rigid” residues when fitting the diffusion tensor tc
the context of testing the performance of the Lipari-Szaltbe synthetic data. The diffusion tensor was always assumed
model. be axially symmetric. For each virtual residue the data simt
The rationale for developing our procedure for estimation ¢dted at 500, 600, and 750 MHz were fit simultaneously and i
the anisotropy factowr was that computer simulations de-a separate fit only 500-MHz data were considered. For all da
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sets all 10,000 virtual residues were used together for oneRecently, we have investigated the dynamics of the CDI
fitting procedure whereas in a second fit all “rigid” residuemhibitor p19"*** (26). The protein consists mainly eif-helix
were divided into subsets of 100 residues each. For each sulmsgtdles with alla-helices orthogonal to the symmetry axis of
an anisotropy factorr was determined independently. Anthe diffusion tensorZ7). Despite an inertia tensor with prin-
average value, as well as the standard deviatioo: ofer all cipal values in the ratio 1:0.88:0.34 no anisotropy is found b
subsets of one data set, is listed in Table 1. In all cases the fitting procedured = 1.0 or 1.1 for data from one or two
difference between the's resulting from the first and secondfield strengths). However, in our study incorporation of anisot
calculations was smaller than 0.1 and therefore the results froopy into the analysis was crucial for interpretation, especiall
the first calculation are not shown in Table 1 and are disre4th regard to CDK binding Z6).
garded in the further discussion. When determining the,(0)/J:(0) ratio one must con
For each of the nine data sets four different fitting proceider not only the uncertainty of thg and J(w,) values, but
dures were performed, resulting in 12 different back-calculatetso the variation o€/(c®> + d*) P,(cos6) over the sequence.
anisotropy parametersfor each of the three originat's (1.5, In the present cas#(0) ~ 3.8 ns, andl;;,(0) ~ 2.2 ns can
2.0, 4.0) showing the dependence of the resultingn flexi- be estimated from Fig. 2A with errors of ca. 4% due ftc
bility, experimental uncertainty, and amount of data availablancertainties in then and J(w,) values and ca. 9% due to
The correct anisotropy is obtained only when the order paranariations ofc/(c? + d?) P,(cos6). This translates to 35,(0)/
eter is restricted to high values and exchange contributions dfg,(0) ratio of 0.58= 0.08 which corresponds to an anisotropy
negligible. As soon as internal motions and exchange broddetor ¢ = 2.9, 2.1 < o < 4.0. As o — « for J;,(0)/
ening are included the results for the anisotropgre too low. J:5(0) — 7 it is apparent that for large amounts of anisotrop
Relaxation rates of 10,000 (virtual) residues (at three fiettror propagation frondsy,(0)/J5(0) ratios to anisotropy fac
strengths) were used in the grid search for the optimum tors o becomes increasingly unfavorable. In many cases
Therefore insufficient sampling of the unit sphere by the N—hhight thus be preferable to determime from the J,,,(0)/
bond directions or bad statistics cannot possibly account for the(0) ratio usingJ®(0) to exclude residues exhibiting -ex
difference between back-calculated and original anisotropshange contributionsl,;,(0)/J,.(0) is much less sensitive to
We performed additional simulations where eitheror R, variations in the®N CSA tensor and does not depend or
was set to zero, in order to identify which motions are respodfw,). The uncertainty id(0) is dominated by the experimen
sible for the observed underestimation of the anisot@fgata tal error inT, values. A disadvantage d{0) is that possible
not shown). For the “tightly packed” class settingo zero had errors introduced by the CPMG sequence might aflegt0)/
almost no influence on the back-calculated anisotropy factods,,(0), whereas the cross-correlation experiment does n
only the number of residues identified as rigid by the criteriomeed any such multipulse sequence during the build-up time
of Tjandraet al. (25) increased. Quite differently, witR., = the cross-correlation peaks. For segmedt 4(0) is 3.5 ns and
0 the original anisotropy factors could be reproduced very well,;,(0) =~ 2.0 ns. As the CSA contribution 1, relaxation is
even foro = 4.0. For the “flexible” class neither, = 0 nor smaller than 20% at 500 MHz the variation of th&l CSA
R.« = 0 could reproduce the original anisotropy and both seaiensor contributes only an uncertainty of 2% in thg,(0)/
to contribute approximately equally to the underestimatiah,,(0) ratio. Disregarding possible errors induced by th
observed (Table 1). This shows that for small amounts @PMG sequence the experimental erroffgfvalues is<2%.
internal motions only chemical exchange presents a probledp,,(0)/J,..(0) is equal to 0.57 0.02 and therefore = 3.0 =
whereas for larger flexibility both fast and slow internal mo8.25. Including a possible 5% error from the CPMG one
tions lead to similar degrees of underestimation of the anisaistains for the anisotropy facter = 3.0 = 0.6.
ropy factor. The estimated anisotropy factors are unexpectedly high al
Using the fitting procedure of Tjandmt al. (25) with its exceed the value = 1.9 calculated from the structure of the
statistical criterion for identifying exchange broadening on otiolded part of segment 4 (residues 1-100) by far. Howeve
experimental data for segment 4 of the gelation factor from ofmoking at an NMR-derived family of structures, including the
or two field strengths did not yield significant anisotropy= last 22 unstructured residues, one finds that for all structures
1.1 for all temperatures and also for 500- and 600-MHz datatae family the C-terminal tail prolongs the shape of the mole
31°C simultaneously) although from the structui®)(an an- cule. Including the flexible C-terminus one calculates from th
isotropy factor ofc = 1.9 was calculated using the methodamily of structures an anisotropy factor= 3.1 = 0.6 using
described in 24) (excluding the disordered C-terminus). Thehe protocol described ir2f). This agrees well with our results
inertia tensor of segment 4 has eigenvalues in the ratio 1:0.8@rived from cross-correlation rates. Thus we find that for th
0.29 so that we do not anticipate appreciable rhombicity for tlsegment 4 construct only the flexible C-terminal tail can ex
diffusion tensor and assume therefore axial symmetry. If a (tpdain the observed anisotropy. This is different from the cas
low) anisotropy factor ofc = 1.1 is used in the relaxation described by Tjandrat al. (25) where the authors found that
analysis artificial exchange contributions are found. This hagreement between the structure-derived diffusion tensor an
already been observe8)( diffusion tensor obtained by fittingj,/T, ratios was achieved
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as well by ignoring an unstructured terminal tail as by averag-In conclusion, we believe that the measurement of cros
ing over an ensemble of structures. However, the flexible taibrrelation rates betweerN CSA andN—"H dipole—dipole

was much shorter in their case. relaxation and subsequent application of the approach pr
sented here can provide valuable information for almost eve
DISCUSSION AND CONCLUSIONS N relaxation study.
Our extensive computer simulations show that in general the EXPERIMENTAL

current common procedure of fitting the diffusion tensor to
experimentall ,/T, ratios underestimates the anisotropy of the All NMR experiments were carried out on Bruker DRX500
rotational diffusion. The reason for this lies in selection criteriand DRX600 spectrometers equipped with PFG accessories
that exclude residues on a statistical basis (see Computet.5 mM uniform™N-labeled sample of segment 4 of the
simulations under Experimental). These criteria assume igelation factor (ABP 120) in 90% 4©/10% D,O at pH 7.0.
plicitly that for every residue that exhibits internal motion ofrhe construct of the gelation factor used in our study compris
exchange broadening there are at least two rigid residitbs 122 residuesl(9). Residues 1-100 are folded and constitute th
N-H bond vectors pointing (approximately) in the same direproper fourth segment of the rod domain of the gelation facto
tion. In the case of folded proteins this might be taken forhe C-terminal 22 residues are unfolded as seen from NC
granted fora ~ 90°. But for residues witha ~ 0° the measurementsl). The complete set of,, T,, and NOE was
distinction between exchange broadening and anisotropic efeorded at 20, 31, 34, and 40°C at 500 MHz proton frequen
fects is crucial as the probability of N-H vectors being paralleind at 600 MHz proton frequency at 31°C. Modified version
to the symmetry axis of the diffusion tensor is much smallef the experiments proposed by Farrewal. (8), where water
than that of being orthogonal (this probability is proportional teuppression was achieved by the WATERGATE sequez®e (
the sine of the angle between the N—H vector and the symmetayher than by gradient-pathway selection, were usedr for
axis). When using prevailing statistical criteria to identifyl,, and NOE measurements. In tig and T, experiments
exchange broadening the small number of N—H vectors paralledter saturation was avoided by using low-power water-flig
to the symmetry axis is likely to be excluded on the basis bick pulses. Following the guidelines &9 relaxation peri-
their exceptional shorf, times. Indeed, we found for two ods of 16 ms+ x * 32 ms forT, and 11 ms+ 220 ms* X
definitely anisotropic proteins, one being segment 4 of tlier T, with x = 0, 1, 2, 3, 4 were used. Saturation of the
gelation factor built exclusively fror8-sheets and the other theamide protons in the heteronuclear NOE experiment we
CDK inhibitor p19"*, consisting mainly of-helix bundles, achieved by the application of a series of 120° pulses prior 1
that the fitting procedure yielded only negligible anisotropthe experiment30). Table 2 shows average values for 8|
(o = 1.1in both cases). This was because the N—H bond vecigr and NOE experiments. Two different experiments wer
directions are clustered in-helices and3-strands. used to determine cross-correlation rates. The experiment p
It has been shown by Tjandret al. (9) that inaccurate posed by Tjandrat al.(14) was performed as described by the
anisotropy factors lead to incorrect values for Bhgparameter authors whereas in the experiment of Tesgdral. (15) the
within the Lipari-Szabo model. Our approach circumventgadient-selection sensitivity-enhancement scheme was |
these problems by separating exchange contributions and@éced by the simple WATERGATE sequenc8) In the
fects of anisotropy with the help of cross-correlation ratesxperiment of Tessaet al. (15) the phase cycle as given in the
which contain information about anisotropy but are free froqaper is not correct: the receiver phase should be cyded (
exchange contributions. Exchange broadening and the anisef, —P, P) with P = (X, —X, —X, X) not (2P, 4(—P), 2P)
ropy factor are determined independently whence uncertaintasgiven in the publication. The relaxation delays used for tt
in one value (e.g., the anisotropy factor) do not influence tlzeoss-correlation experiments are summarized in Table 3. F
other (the exchange contribution). Also, similarly to the amll experiments at least 14¢°)) times 2048 {H) data points
proach of Cloreet al. (22), detailed structural information is were acquired with spectral widths of 35 ppMiN) and 11
not needed, as long as axial symmetry can be assumed forgpen (‘H). Most experiments were recorded in an interleave
diffusion tensor. manner to reduce influence from possible instabilities in e»
The application of our approach to segment 4 has shown tiparimental conditions.
the anisotropy factor cannot be determined to high accuracyNOE values are given simply by the ratio of the peak height
This does not present a problem because Lipari-Szabo oritethe experiment with and without proton saturation. To obtai
parametersS’ are quite insensitive to the exact amount of, and T, values, the experimental data points (peak height:
anisotropy present9(23. The sensitivity of the exchangewere fit to a curveA exp(—t/T,,,) with a simple grid search.
parameterR,, in the Lipari-Szabo model to changes in th&ncertainties were determined from double recording either «
anisotropy factorr is immaterial because exchange broadenirgingle data points or of the whole relaxation experiment.
is detected from a comparison 8f0) andJ*(0) in our ap For the cross-correlation ratesthe ratios of signal intensi-
proach. ties (peak heights) from the cross-correlation experiment ar
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TABLE 2

Mean Values, Standard Deviation, and Average Error of Experimental Relaxation Rates
for the Folded Part (Residues 1-100) of Segment 4

20°C 31°C 34°C 40°C 31°C, 600 MHz

Mean SO Error  Mean SO Errorf  Mean SO Errorf  Mean S Errorr Mean SO Errorf

T, [ms] 584 80 0.6 480 56 1.2 452 52 0.6 418 45 1.8 590 77 3.0
T, [ms] 83.7 11.3 0.8 110.8 13 11 117.3 13.7 0.8 131.6 15.3 14 104 124 04
NOE 0.712 0.077 14 0.692 0.07 2.0 0.709 0.06 1.6 0.599 0.058 15 0.75 0.07 °7.0
CCZ' [Hz] — — — 5.74 096 1.7 5.27 084 12 4.71 0.73 15 7.16 128 21
CC1° [Hz] 6.02 0.84 1.6 — — — 5.2 068 1.5 4.58 0.66 1’8 6.77 091 23

Note.Unless otherwise indicated all data were extracted from spectra recorded at 500 MHz proton frequency.

@ Error [%] estimated from double recording of one data point; for cross-correlation experiments this means that only the (more sensitive)xpézimiece e
was not recorded twice.

> Standard deviation.

¢ Average error [%)] for residues 1-100; calculated as root mean square difference between two identical experiments (except for values marl
superscrip@).

4 Cross-correlation rate measured with a modified version of the experiment proposed by &eabk4i5).

¢ Cross-correlation rate measured with the experiment proposed by Tjendra(14).

the corresponding reference experiment were fit either to aReduced spectral density mappinglhe spectral density
curveA tanh(Tn) (14) or to a simple linear relatiofin (15). function J(w) has small values fow = w, (*H angular spin
In both experiments, one 2D experiment contains only cropeecession frequency) as shown by Peng and Wa@iei39
peaks from cross-correlation betwe&iN CSA and®N-'H and Lefare et al. (33). Therefore, it can be assumed that it
dipole—dipole relaxation whereas a second slightly modifiadries only little in the vicinity ofw,. Forw = oy = oy we
2D experiment serves as a reference. All rates were extractegd the approximatiod(w) « 1/w® of (20). Values ofJ(w)
from spectra recorded in an interleaved manner so that spean thus be calculated at = w,, wy, 0.870w, from T,, T,
trometer instabilities would not affect the experiment and reénd NOE dataZ0).

erence measurements differently. For eaclincrement, the Computer simulations. Synthetic data sets df,, T,, and
cross-correlation experiment was run twice, followed by ongoE at 500, 600, and 750 MHz for 10,000 virtual residue:
reference increment, so that flna”y two 2D CrOSS'COWEIaﬂQ’vere generated random|y as follows. From homogeneous
experiments and one reference experiment were obtained. diktributed random numbebds € [0, 1] (P(X) = const.), the
though this mode of recording was dictated by the two to thregder paramete®?, the internal correlation time;, and an
times higher sensitivity of the reference experiment (compargdchange contributioR., was calculated for each virtual res
to the cross-correlation eXperiment) and the |nab|||ty of CUrremUe with the formulas gi\/en below. Assuming an axia”y
pulse program syntax to record experiments with differegymmetric diffusion tensor the following anisotropic Lipari—
numbers of scans within one pulse program, it has the adv&yaho modelq1, 24 with a constant overall correlation time

tage that reproducibility of the data can be computed as rmgdof 7.0 ns was used to generate spectral densiies:
between the two spectra recorded with identical setups. Sixty-

eight peaks were well resolved at all four temperatures, so that

Ti, T2, NOE, and cross-correlation rates could be obtained. j(y) = c (Al # + A, 0 +T;sz + A, I +TL30272>
1 2 3

2 T
Build-Up Times Used in the Cross-Correlation Experiments 51+ T
Experiment Tessast al. (19) Tjandraet al. (14) The coefficientsA; and correlations times; are calculated
20°C at 500 MHz — 60 ms (2), 100 ms from 73 and the anglex between the N-H bond vector and the
31°C at 500 MHz 60 ms — symmetry axis of the diffusion tensor # = 0.75 sifa,

40 ms, 60 ms, 80 ms, 60 ms (%)! 100 ms, A2 =3 S'nza COSZO[, A3 = (1.5 CO§O[ - 0.5)2, T1 — 673/(2 +
34°C at 500 MHz 160 ms 160 ms 40), andr, = 675/(5 + o). The parameter is a measure of the
40°C at 500 MHz 60 ms (%), 100 ms 60 ms (%), 100 ms isot d is defined th tio of the two ei |
31°C at 600 MHz 60 ms 60 ms anisotropy and is defined as the ratio of the two eigenvalues

the diffusion tensorr = D /D ,. The effective internal corre
Note. Multiple recordings are indicated in parentheses. lation time .y is given byret = 3/(7, + 7, + 73) + 7 *. For
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every virtual residue the angteis also generated randomly as Supporting information. Five tables containingl,, T,,
coSa = X* according to a homogeneous distribution of N-HNOE, and cross-correlation rates of segment 4 at 20, 31, 3
vectors over the sphere. No errors in the“eosalues were and 40°C from 500-MHz spectra and at 31°C from 600-MH:
introduced thereby disregarding an important source of errgpectra are available from the authors and were submitted
for real cases. Synthetic data sets were created for three tie Indiana Dynamics Database (www:pooh.chem.indiana.ec
ferent degrees of anisotropy = 1.5, 2.0, 4.0. For each IDD.html).

different degree of anisotropy Lipari-Szabo parameters were

calculated from the random numbexs € [0, 1] in three ACKNOWLEDGMENTS
different ways classified as rigid®&{ = 0.9 — 0.4 X*, 7, =
0.7 * X = 10%* pS, Rex = 10%%4 Hz), tightly packed 52 = We thank Paola Fucini for the gift of théN sample of segment 4 of the

0.9— 0.8 XZ, o= 0.7% X % 10% ps,R., = X2 % 10 Hz), gelation factor (ABP-120). This work was supported by a DFG grant (SFI

: 413).
and flexible 8 = 0.9 — 0.8 X, 7, = X * 7.0 ns,R,, = )
X % 10 Hz) to mimic residues in rigid secondary structure
elements, in well-ordered structures with little flexibility and in
highly mobile reglqns, respectively. The b'.as towafd= 0.9, 1. K. T. Dayie, G. Wagner, and J.-F. Lefevre, Heteronuclear relaxation
T < T3, Rex = 0, is very strong for the rigid class and still  and the experimental determination of the spectral density func-
strong for the tightly packed class. The flexible class on the tion, in “Dynamics and the Problem of Recognition in Biological
other hand is generated with unbiased (within reasonable Ma?fomo'eclu'es" (O~|Jafdet2ky and J.-F. '—elzere' Eds.), NATO ASI
bounds) linearly distributed parameter values. From the spec- S€"'€S A Vol. 288, Plenum Press, New York (1996). ,
tral densities obtained by Eq. [4], T,, and NOE at magnetic 2. L. E. Kay, Protein dynamics from NMR, Biochem. Cell Biol. 76,
. .. 145-152 (1998).
field strengths of 500, 600, and 750 MHz were calculated wnlg . . . .

-k f | | . M. W. F. Fischer, A. Majumdar, and E. R. P. Zuiderweg, Protein
well- noyvn ormulas (e'g"sj ;2’ 13, 20, 24, 31_33 Alto- NMR relaxation: Theory, applications and outlook, Prog. NMR
gether nine data sets comprisiiig, T,, and NOE values at  spectrosc. 33, 207-272 (1998).
three field strengths for 10,000 residues each were generatgda. G. palmer, Curr. Opin. Strut. Biol. 7, 732-737 (1997).
and investigated. From the synthetic data sets the anisotrogyJ. p. Loria, M. Rance, and A. G. Palmer, J. Am. Chem. Soc. 121,
parameter was calculated in several different ways, all based 2331-2332 (1999).
on the procedure described by Tjanetaal. (25). Briefly this 6. G. Lipariand A. Szabo, Model-free approach to the interpretation of
procedure consists of a criterion identifying rigid residues and nuclear magnetic resonance relaxation in macromolecules. 1. The-
subsequent fitting of the diffusion tensor to the experimental ?lrgsg;‘d range of validity, J. Am. Chem. Soc. 104, 4546-4559
T,/T, ratios. Commonly used criteria require the NOE to T . .

d hreshold (0.6—0.7 d lud id .7hG. Lipari and A. Szabo, Model-free approach to the interpretation of
exceed some threshold ( T ) ?‘n_ exclude reS|.ues wit nuclear magnetic resonance relaxation in macromolecules. 2. Anal-
unusualT, and/orT, values in a statistical way; e.g., i25) ysis of experimental results, J. Am. Chem. Soc. 104, 4559-4570
residues withT,/{T,) — T,/KT,) > 1.5 SD are excluded,  (1982).
where( ) denotes the average over all residues with N©O&.6 8. N. A. Farrow, R. Muhandiram, A. U. Singer, S. M. Pascal, C. M. Kay,
and SD is the standard deviation Bf/(T,) — T./(T,) for the G. Gish, S. E. Shoelson, T. Pawson, J. D. Foreman-Kay, and L. E.
same residues. The back-calculationcofvas performed for K& Backbone dynamics of a free and a phosphopeptide-com-

d ith and with 506 G . . dded h plexed Src Homology 2 domain studied by **N NMR relaxation,
every data set with and without 5% >aussian noise adde _tot €Biochemistry 33, 59846003 (1994).

T, T, and NOE ve_llues. AI§O either data from all field 9. N. Tjandra, P. Wingdfield, S. Stahl, and A. Bax, Anisotropic rotational
strengths were used in the fitting or only the 500-MHRZT, diffusion of perdeuterated HIV protease from *N NMR relaxation
ratios were considered. Each fitting procedure was performed measurements at two magnetic fields, J. Biomol. NMR 8, 273-284
in two ways: In one all rigid residues (of the 10,000) were used (1996).
simultaneously for fitting and in the other the rigid residuel)- V.Y.Orekhov, K. V. Pervushin, D. M. Korzhnev, and A. S. Arsieniev,
were divided into subsets of 100 and fitting was performed Backbone dynamics of (1-71)- and (1-36)bactrioopsin studied by
- _two-dimensional '"H-"*"N NMR spectroscopy, J. Biomol. NMR 6,
separately for each subset. In the latter case the resulting ;35 1.5 (1995).
anisotropy fa.thrSU from all subsets were avera.‘ged "fmd 4. M. Akke and A. G. Palmer Ill, Monitoring macromolecular motions
Standard deV|at|0n was Calculated Therefore e|ght dlf'fel’ent on microsecond to millisecond time scales by Rlp_Rl constant
fitting procedures were performed for each of the nine data relaxation time NMR spectroscopy, J. Am. Chem. Soc. 118, 911—
sets. 912 (1996).

Additional simulations were performed as described abo¥e !- Q. H. Phan, J. Boyd, and I. D. Campbell, Dynamic studies of a
with the modification that data sets were generated either with fioronectin type | module pair at three frequencies: Anisotropic

ith R tt = th dat t isot modelling and direct determination of conformational exchange,
T, or wi o St to zero. From these data sets anisotropy ; giomol NMR 8, 369-378 (1996)
factors were also baCk'Ce}lcmated to @stmgwsh between t{g:‘: S. Zinn-Justin, P. Berthault, M. Guenneugues, and H. Desvaux,
eﬁ?Cts of fast and slow internal motions on the calculated off-resonance rf fields in heteronuclear NMR: Application to the
anisotropy. study of slow motions, J. Biomol. NMR 10, 363-372 (1997).
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