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Abstract

The various factors that influence the reliable and efficient determination of the correlation time describing molec-
ular reorientation of proteins by NMR relaxation methods are examined. Nuclear Overhauser effects, spin-lattice,
and spin-spin relaxation parameters of15N NMR relaxation in ubiquitin have been determined at 17.6, 14.1, 11.7
and 9.4 Tesla. This unusually broad set of relaxation parameters has allowed the examination of the influence of
chemical shift anisotropy, the functional form of the model-free spectral density, and the reliability of determined
spin-spin relaxation parameters on the characterization of global tumbling of the protein. Treating the15N chemical
shift anisotropy (CSA) as an adjustable parameter, a consensus value of−170± 15 ppm for the breadth of the
chemical shift tensor and a global isotropic correlation time of 4.1 ns are found when using the model-free spectral
density to fitT1 and NOE data from all fields. The inclusion ofT2 relaxation parameters in the determination of
the global correlation time results in its increase to 4.6 ns. This apparent inconsistency may explain a large portion
of the discrepancy often found between NMR- and fluorescence-derivedτm values for proteins. The near identity
of observed T2 and T1ρ values suggests that contributions from slow motions are not the origin of the apparent
inconsistency with obtainedT1 and NOE data. Various considerations suggest that the origin of this apparent
discrepancy may reside in a contribution to the spectral density at zero frequency that is not represented by the
simple model-free formalism in addition to the usual experimental difficulties associated with the measurement
of these relaxation parameters. Finally, an axially symmetric diffusion tensor for ubiquitin is obtained using
exclusivelyT1 and NOE data. A recommendation is reached on the types and combinations of relaxation data
that can be used to reliably determineτm values. It is also noted that the reliable determination ofτm values from
15N T1 and NOE relaxation parameters will become increasingly difficult asτm increases.

Abbreviations:NOE, nuclear Overhauser effect;1σ, chemical shift anisotropy;τm, global rotational correlation
time;S2, square of the generalized order parameter;τe, internal correlation time;T 51

1 (or T 51
2 , NOE51), T1 (or T2,

NOE) measured at 51 MHz15N frequency.

Introduction

15N spin relaxation is a useful probe of protein dy-
namics in solution (Peng and Wagner, 1994; Palmer

∗To whom correspondence should be addressed.
Supplementary material: Tables containing15N T1, T2, and NOE
relaxation parameters and best-fitS2, τe, and1σ values fromT1 and
NOE data have been deposited into the BioMagResBank (Accession
Number 4245).

et al., 1996). Typically, dynamics are characterized
from measurements ofT1, T2, and {1H}- 15N NOE, the
precise combination of observables employed often
arising out of convenience. Relaxation of longitudinal
and transverse magnetization is mediated by fluctu-
ations in N-H bond vector orientations provided by
overall rotational tumbling, as well as internal dy-
namic motions. Because the relaxation rates encoun-
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tered in structured proteins are most often dominated
by overall tumbling, the determination of the overall
correlation time (τm) is crucial for any subsequent
dynamics analysis if a separation between tumbling
and internal motion is desired. This separation is nor-
mally accomplished by employing the ‘model-free’
formalism (Lipari and Szabo, 1982a,b). In this treat-
ment, τm is an isotropic rotational correlation time,
andS2 andτe are model-independent parameters that
describe the internal motion(s). The square of the gen-
eralized order parameter (S2) describes the degree of
spatial restriction of the bond vector in the molecular
frame, andτe is the effective correlation time for the
internal motion. This formalism has the flexibility to
incorporate anisotropic tumbling, although isotropic
tumbling has been used for most studies to date. In any
case, for globular proteins, accounting for the slight
anisotropies has a negligible effect on the extracted
dynamics parameters (Tjandra et al., 1995).

Here we are concerned with the methods by which
a reliable description of the slow motional compo-
nent, often associated with global tumbling, is deter-
mined. Historically, three approaches have emerged.
The most frequently used method for determiningτm
is to employ15N T1/T2 ratios – or an average of such
ratios – of amides involved in secondary structure to
estimate an isotropicτm (Kay et al., 1989). Because
a simplified or reduced form of the spectral density is
used[J (ω) = S2τm/(1+ω2τ2

m)], this method requires
that internal motions be sufficiently fast so as not to
affect theT1/T2 ratio. Global correlation times have
also been obtained via extensive optimization during
global model-free fits (Dellwo and Wand, 1989). This
involves fittingS2 andτe for each site for a series or
‘grid’ of global τm values and identifying theτm which
minimizes a global error function. Here, a minimum
of 2n+ 1 determined relaxation parameters for n sites
are required. A similar method is to fitτm locally for
each site, which requires additional relaxation para-
meters to be determined. In this case, the obtained
parameters for a given amide are independent of all
other residues, and the set ofτm values contains in-
formation about tumbling anisotropy (Barbato et al.,
1992; Schurr et al., 1994). These last two methods
differ from the T1/T2 method in that they explicitly
account for internal motions, which does not usually
alter the obtainedτm in the case of15N relaxation.
However, not accounting for internal motions would
appear to be a poor approximation when13C relax-
ation is used to determineτm, as is discussed below.
More recently, Wagner and co-workers have described

a method using the reduced spectral density mapping
technique (Lefevre et al., 1996). This method appears
to make similar assumptions to those made by Lipari
and Szabo, and the resultantτm values are comparable.

Once obtained,τm can be held fixed, andS2 andτe
can be obtained in a straightforward manner. However,
becauseS2 andτe are strongly dependent onτm, an in-
accurate determination ofτm can result in erroneously
fitted model-free parameters, as previously pointed out
(Korzhnev et al., 1997). Another consideration is the
possibility that the finalτm obtained may be sensitive
to the types of relaxation data included in the analysis.
T1, T2, and NOE are routinely collected, but in some
cases onlyT1 and NOE have been used. With this in
mind, it is interesting to note that fluorescence-derived
τm values are often found to be shorter than NMR-
derived τm values, as in the cases of a zinc-finger
peptide (Palmer et al., 1993), thioredoxin (Kemple
et al., 1994), and lysozyme (Dubin et al., 1971; Buck
et al., 1995). Because of these discrepancies, the most
reliable methods for determiningτm should be sought.

Materials and methods

Sample preparation

Uniformly 15N-labeled human ubiquitin samples were
prepared as previously described (Wand et al., 1996).
Lyophilized protein was dissolved in 650µl of buffer
containing 90% H2O/10% D2O, 50 mM acetate-d3,
pH 5.0, and 0.02% NaN3. The final protein concen-
tration was 4 mM.

NMR spectroscopy
Relaxation measurements were made on Varian In-
ova spectrometers at 11.7, 14.1, and 17.6 Tesla.
All Varian spectrometers were equipped with stan-
dard Varian1H/15N/13C probeheads with z-axis pulsed
field gradients. Additional data was collected on a
wide bore Bruker DMX-400 (9.4 T) equipped with
a 1H/15N/13C/31P probehead with z-axis gradients (at
the University of Wisconsin at Madison).15N T1
experiments were carried out on ubiquitin at 40.55,
50.66, 60.79, and 76.08 MHz field strengths, hereafter
referred to asT 41

1 , T 51
1 , T 61

1 , andT 76
1 , respectively.

{ 1H}- 15N NOE experiments were also carried out at
51, 61, and 76 MHz.15N T2 measurements were made
at 51 MHz. Additional15N T2 measurements were
made at 61 MHz to compare withT1ρ measurements
made at this field strength. All measurements were
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calibrated to a temperature of 25◦C using a 100%
methanol standard (Raiford et al., 1979).

The two-dimensional heteronuclear sampling tech-
nique was used for the measurement of15N T1 (Nir-
mala and Wagner, 1988) andT2 (Palmer et al., 1992),
and the {1H}- 15N NOE was measured from exper-
iments with and without1H saturation (Kay et al.,
1989). For theT1 experiment, a differenceT1 time
course was utilized to ensure that the observed sig-
nals decayed to zero (Sklenar et al., 1987). During
the longitudinal relaxation period, 120◦ 1H pulses
were placed every 5 ms to remove effects from cross-
relaxation and dipolar/CSA cross-correlation. For the
T2 experiment,15N 180◦ pulses in the CPMG train
were spaced by 900µs, and1H 180◦ pulses were
centered in the CPMG block in order to remove ef-
fects from dipolar/CSA cross-correlation (Goldman,
1984; Palmer et al., 1992). Recycle delays in the
T1 and T2 experiments were typically∼1.1 s. All
pulse sequences employed sensitivity-enhanced gradi-
ent selection of15N coherence (Farrow et al., 1994).
Minimal perturbation of the water resonance was used
in the NOE experiment but not inT1 or T2 experi-
ments. The pulse sequence for measurement ofT1ρ

was essentially that for measuringT2, in which the
CPMG pulse train was replaced by a15N spin-lock
during which high power1H 180◦ pulses were spaced
by 5 ms.
T1 relaxation delay times at the 4 field strengths

were as follows. Duplicate measurements are indi-
cated with asterisks. At 9.4 T: 35.0∗, 59.9, 89.8,
129.7∗, 179.6, 229.5, 294.4, 359.3, 434.1∗, 514.0,
603.8, 703.6 ms. At 11.7 T: 46.4∗, 81.6, 126.8∗, 182.1,
252.4∗, 327.8, 413.2, 513.7, 619.2∗, 734.7, 865.4,
1006.0 ms. At 14.1 T MHz: 91.6∗, 146.8, 212.1,
292.5∗, 377.9, 483.3, 593.8∗, 719.4, 855.0, 1005.6 ms.
At 17.6 T: 76.5∗, 106.6, 146.7∗, 191.9, 242.0, 302.2∗,
362.4, 432.7, 507.9, 588.2∗, 678.5, 768.8, 869.2∗,
974.6, 1084.9, 1205.3 ms. ForT2 relaxation measure-
ments at 11.7 T, CPMG pulse trains of 8.0∗, 16.0,
23.9, 31.9∗, 47.9, 55.9, 63.8, 71.8, 87.8∗ ms in length
were used and employed a 5.1 kHz15N RF field. For
T2 relaxation at 14.1 T, CPMG pulse trains of 7.8,
15.7, 23.5, 39.2, 62.7, 78.4, and 109.8 ms in length
were used and employed a 6.25 kHz15N RF field.
LongerT2 relaxation times were not used because they
resulted in sample heating, which results in overesti-
matedT2 values.T1ρ relaxation delays (at 14.1 T) were
set to 10.0∗, 20.1, 30.1∗, 40.1, 55.2, 70.2∗, 90.3, 110.4,
135.4 ms, and a spin-lock power of 3.5 kHz was used.
Sample heating in the T1ρ experiment was minimized

by using a 3 s recycle delay. In the {1H}- 15N NOE
experiments, a steady state was reached after at least
3 s of 120◦ 1H saturation pulses spaced every 5 ms,
and a total recycle delay time of 5 s was used to allow
for longitudinal magnetization to reach equilibrium.
Spectra with and without the NOE were collected in an
interleaved manner. ForT1 andT2 data sets, duplicate
points were acquired to aid in error estimation of peak
intensities. For all experiments, the15N carrier was
placed in the center of the ubiquitin HSQC spectrum,
at 116 ppm. Typically, the15N spectral width was set
to 34 ppm, and 100 complex t1 points were collected.
For theT1 andT2 experiments, 8 scans per FID were
recorded, and 16 scans per FID were recorded for the
NOE experiment. ForT1 experiments at 41 MHz, 24
scans per FID were recorded.

Data analysis
All data sets were processed into 512× 1024 matri-
ces using Felix 95.0 (Molecular Simulations Inc., San
Diego, CA). The resonance assignments for ubiqui-
tin have been previously reported by us (Di Stefano
and Wand, 1987; Schneider et al., 1992; Wand et al.,
1996). Cross peak intensities were used to quantitate
15N magnetization. The Levenberg-Marquardt algo-
rithm (Press et al., 1992) was used for two-parameter
curve-fits forT1, T2, andT1ρ decays. FittedT1ρ val-
ues were subsequently corrected for resonance offset
effects (Peng and Wagner, 1994). On the whole,χ2

residuals were lower than the number of data points
in a given decay, signaling ‘good fits’. All relaxation
parameters are reported in the supplementary material.
Standard errors in the relaxation rate constants were
taken from the covariance matrix, and re-acquisition
of T1 data sets confirmed this procedure. Standard er-
rors in T1 values were 1% for 51, 61, and 76 MHz
data sets, and 0.7% for the 41 MHz data set. TheT2
values had errors of∼2% at 51 MHz and 61 MHz.
T1ρ values at 61 MHz had errors of∼1.2%. {1H}-
15N NOEs were calculated from peak intensity ratios,
INOE/Iref, in the NOE (1H saturation) and reference
(no1H saturation) experiments. Intensity uncertainties
were estimated from the rms noise level in the base-
plane. To be conservative, this value was doubled and
then propagated to yield standard errors of∼2% for 51
and 61 MHz data sets, and∼1% for the 76 MHz data
set. Residue amides 19, 21, 24, 28, 31, 37, 38, 53, 61,
69, 71, 72, and 73 were excluded from the analysis due
to spectral overlap or because they gave rise to very
weak cross peaks. The expressions governing15N spin
relaxation are well known (Abragam, 1961) and will
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not be reproduced here. Axial symmetry for the CSA
tensor (1σ = σ‖ − σ⊥) is assumed, with some exper-
imental justification, although expressions also exist
for asymmetric chemical shift tensors (Kemple et al.,
1994; Kowalewski and Werbelow, 1997). The model-
free spectral density,J(ω), for a molecule tumbling
isotropically is given by (Lipari and Szabo, 1982a)

J (ω) = 2

5

[
S2τm

1+ ω2τm
+ (1− S2)τ

1+ ω2τ2

]
(1)

in which τ−1 = τ−1
m + τ−1

e , τe is the internal correla-
tion time constant,τm is the overall correlation time,
andS2 is the square of the so-called generalized order
parameter.

Dynamics parameters (and in some cases1σ) were
fitted locally for each residue using either a grid search
or a Powell minimization (Press et al., 1992) of the
error function:

χ2 =
M∑
j

(
obsj − calcj

λobsj

)
(2)

where M is the number of relaxation measurements for
a given spin,obsj is the jth measured relaxation para-
meter,calcj is the jth calculated relaxation parameter,
andλobsj is the estimated uncertainty inobsj . 15N 1σ

was fixed at−170 ppm if it was not an adjustable pa-
rameter, and the N-H bond distance, rNH, was taken
to be 1.02 Å. Because the Powell procedure does not
find global minima, an initial grid search of the rele-
vant parameter space was performed prior to Powell.
Parameter errors were estimated from 150–500 Monte
Carlo simulations.

It should be noted thatτm reported here for 4 mM
ubiquitin is expected to be longer than that reported
previously for 1.5 mM ubiquitin (Tjandra et al., 1995)
due to the slight temperature difference (25◦C vs.
27◦C) and difference in solution viscosity due to
higher protein concentration (Tanford, 1961; Cantor
and Schimmel, 1980). This concentration effect is sig-
nificant even in the absence of aggregation; using an
intrinsic viscosity of 3.3 cm3 g−1 for ubiquitin, the
viscosity is predicted to increase 8% between 1.5 and
4 mm at a given temperature. At 25◦C, T 51

1 values
increased∼6% going from 1.0 mM to 4 mM ubiqui-
tin, consistent with a 15–20% increase inτm (data not
shown). Similarly, the averageT 61

1 values for 4 mM
ubiquitin here are∼5% longer than the averageT 61

1
values for 1.5 mM ubiquitin at 27◦C. It is possible
that non-specific aggregation increasesτm by up to
5% at 4 mM. However, because no evidence for slow

chemical exchange contributions toT2 was observed
(see below), small degrees of non-specific aggregation
should not introduce bias intoτm values derived with
or without T2. In summary, accounting for tempera-
ture and protein concentration reconciles the different
T1, T2, and τm values observed for 1.5 and 4 mM
ubiquitin.

Rotational diffusion tensors were fitted using in-
house written software or software made available by
Dr. Art Palmer (Columbia University). The local Di
approach was used (Brüschweiler et al., 1995; Lee
et al., 1997). Standard errors for tensor components
were obtained from Monte Carlo simulations.

Results and discussion

The determination ofτm describing overall rotation
for ubiquitin was carried out using the local site treat-
ment of Schurr and coworkers (Schurr et al., 1994), as
this has been shown to be more informative than the
globally linked approach (Dellwo and Wand, 1989).
In the local site approach,S2, τe, and τm are each
fitted as local dynamics parameters using the error
function defined in Equation 2. Isotropic, globalτm
values for the protein were obtained from an uncer-
tainty weighted average (Taylor, 1982) of these local
τm values from rigid regions of ubiquitin. This method
for determining the globalτm is essentially equiva-
lent to the globally linked approach, only in principle
it has the advantage of being less sensitive to poor
model-free fits arising from individual spins.

Residue amides 8–12, 48, 49, 62, and 74–76 were
excluded from the analysis, based on deviations from
average NOE values. IfT2 was used in the analysis,
residues 18, 23, 25, and 36 were also excluded, since
these residues were shown to exhibit effects from con-
formational exchange (Tjandra et al., 1995). Results of
τm determinations from the model-free fits are given in
Table 1. For all fits, the goodness of fit was assessed
using a reducedχ2 statistic,χ2

M−n, defined asχ2 di-
vided by the degrees of freedom (i.e. number of data
measurements minus number of model parameters).

Initially, we employed relaxation data obtained at
11 T and 14 T (T 51

2 , T 51,61
1 and NOE51,61) and τm

was determined to be 4.6 ns and the averageχ2
M−n

was 3.61. Curiously, this relatively poor goodness-of-
fit was considerably improved when onlyT 51,61

1 and
NOE51,61 data were used and aτm of 4.0 ns and av-
erageχ2

M−n (per residue) of 2.64 were obtained. This
corresponds to 1–2% agreement between experimen-
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Table 1. Summary of three- and four-parameter fits to ubiquitin15N relaxation data at
25◦Ca

Data combinationb Degrees of <χ2
M−n>

c τm (ns)d 15N1σ (ppm)e

freedom (M–n)

A {T 1,NOE} 1 2.64 4.00 –

B {T 1,NOE} 2 2.34 4.20 –

C {T1,NOE} 4 (3) 2.60 (2.50) 4.15 (4.03) (−173)

D {T 1,T2,NOE} 2 3.61 4.58 –

E {T1,T2,NOE} 4 (3) 4.35 (3.03) 4.49 (4.62) (−190)

F {T1,T2,NOE} 5 (4) 4.93 (2.76) 4.42 (4.61) (−189)

a Three-parameter fits hadS2, τe, andτm as local adjustable parameters. Four-parameter
fits hadS2, τe, τm, and15N CSA (1σ) as local adjustable parameters. Results from
four-parameter fits are given in parentheses.1σ was set to−170 ppm for the three-
parameter fits.

b (A) T 51,61
1 , NOE51,61; (B) T 41,51,61

1 , NOE51,61; (C) T 41,51,61,76
1 , NOE51,61,76; (D)

T
51,61
1 , T 51

2 , NOE51,61; (E) T 51,61,76
1 , T 51

2 , NOE51,61,76; (F) T 41,51,61,76
1 , T 51

2 ,

NOE51,61,76.
c χ2

M−n is the reduced chi-squared statistic (see text). The average is taken over all
residues.

d τm was computed as an uncertainty weighted average over all residues (Taylor, 1982).
Statistical uncertainties inτm were 0.04, 0.02, 0.01 (0.03), 0.01, 0.01 (0.01), and 0.01
(0.01) ns for data combinations A–F, respectively.

e 1σ was computed as an uncertainty weighted average over all residues.1σ was only
fitted whenT 76

1 and NOE76 data were included in the analysis.

tal and back-calculated relaxation parameters for most
residues. IfT1/T2 ratios were used,τm was also deter-
mined to be 4.6 ns. The fact that inclusion ofT2 data
significantly raisedχ2

M−n (per residue) suggests that
they are somewhat inconsistent with theT1 and NOE
data, an observation previously made by Prendergast
and co-workers (Kemple et al., 1994). To explore the
origin of this apparent inconsistency, we have taken
advantage of the unusually large set of relaxation pa-
rameters determined which allows the combinatorial
dependence of the obtained model-free parameters on
the observed relaxation parameters to be examined.

The apparent inconsistency ofT2

The measurement of15N longitudinal magnetization
is well documented (Peng and Wagner, 1994, and ref-
erences therein) and arguably the simplest relaxation
experiment with the highest accuracy. In the follow-
ing, T1 has therefore been included in all analyses,
assuming that the measuredT1 values at all fields con-
tain no systematic errors. The importance ofT2 and
NOE measurements for extracting dynamics parame-
ters was tested by analyzingT 41,51,61

1 data in addition
to eitherT 51

2 or NOE51. When onlyT1 andT2 were
used, the obtainedτm values were consistently over
5 ns andτe values uniformly approached 500 ps. In

contrast, when onlyT1 and NOE were used, rea-
sonable parameters were obtained (τm ∼4 ns, τe <

100 ps). If theτe values were truly on the order of
500 ps as suggested by theT1, T2 combination, NOE
values should fall in the range of 0.4–0.5, suggesting
that the measured NOE values are in error by 30%,
which seems unlikely. This argues for inclusion of at
least one set of NOE data, as previously pointed out
(Dellwo and Wand, 1991), whereasT2 may or may not
be expendable. Given this, it is not useful to compare
{T1, NOE} combinations against {T1, T2} combina-
tions and we concentrate further on the comparison of
{T1, NOE} and {T1, T2, NOE} combinations.

As T 76
1 and NOE76 measurements were also made,

fits of S2, τe, andτm were repeated usingT 41,51,61,76
1 ,

NOE51,61,76, and with or withoutT 51
2 . Fits not em-

ployingT2 yielded aτm of 4.15 ns andχ2
M−n of 2.60,

whereas whenT2 was included aτm of 4.42 ns and
χ2

M−n of 4.93 were obtained. Of concern at very high
field strengths is the contribution to relaxation due to
CSA, which increases as the square of the field. If
there is any inconsistency between the true and as-
sumed (−170 ppm) CSA values, the fits will probably
compensate for the inconsistency by adjustment of
other fitted parameters (for example, see Figure 5 of
Schneider et al., 1992). Experimental measurements
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of 15N amide chemical shift tensors have been made
using various methods, and an average value for the
CSA breadth (1σ) of −170 ppm has emerged (Oas et
al., 1987; Hiyama et al., 1988; Tjandra et al., 1996b;
Ottiger et al., 1997). This average value, with an as-
sociated variability of±15 ppm for different residues
in ubiquitin, has also been obtained in a quite differ-
ent manner (Tjandra et al., 1996a). With this degree
of uncertainty for individual1σ values,T 76

1 values
could correspondingly be misinterpreted by as much
as∼5%. On the other hand, if the field-dependent
1σ contribution to relaxation can be realized from the
data along with the model-free parameters, it should
be possible to use the known average of1σ to evaluate
the degree of self-consistency associated with different
τm values obtained from15N relaxation.

Using data at all fields, an attempt was made to
recover the individual15N1σ values for each residue,
assuming axial symmetry of the CSA tensor, in addi-
tion to localS2, τe, andτm parameters. The results
are summarized in Table 1 (4-parameter fits are in
parentheses). The significant observation from these
fits was that different values forτm and 1σ were
obtained depending on whetherT2 was included in
the data set. WhenT2 was employed, uncertainty
weighted averages ofτm and1σ were 4.62 ns and
−190 ppm, respectively, whereas in the case using
only T1 and NOE data, the obtained averages forτm
and1σ were 4.03 ns and−173 ppm. WhenT2 was
included, larger1σ andτm values clearly served to
reduceT calc

2 (so that they were more consistent with
T1 and NOE) while having a counteracting effect on
76 MHz T calc

1 values. This explains the substantial
reduction inχ2

M−n upon treating CSA as the fourth
adjustable parameter. Whenτm was fixed at the overall
consensus value of 4.1 ns consistent withT1 and NOE
data (Table 1),T1 and NOE data yielded individually
fitted 1σ values of−169±10–15 ppm, suggesting
that this value ofτm is indeed physically reasonable.
Results from these 3-parameter fits are given in the
supplementary material. The fitted values of1σ in-
creased whenτm was increased (data not shown). Thus
one is led to conclude thatT1 and NOE data can reli-
ably provide estimates of global and local motion. In
contrast, it appears that theT2 data, although measured
very carefully and numerous times, influences the
fits to yield physically unreasonable fitted parameters
(1σ = −190 ppm).

Origin of the apparent inconsistency ofT2
Simulations were carried out in order to test ifT2
could influence the fits in this way.T 51,61,76

1 , T 51
2 ,

and NOE51,61,76 data were calculated at various field
strengths forτm of 4.0 ns,S2 of 0.8,τe of 20 ps, and a
CSA breadth of−170 ppm. The simulatedT 51

2 value
was artificially lowered or raised in independent data
sets, resulting in a series of data sets in which only
T 51

2 was varied. Random errors of 1% were assigned
to each observable exceptT 51

2 , which was assigned
2.5% error (matching the error magnitudes in the real
data sets). Each data set was then analyzed using the
4-parameter fitting procedure (S2, τe, τm, 1σ). The
results are summarized in Table 2. The experimen-
tal scenario, i.e. increasedτm and1σ obtained from
{T1, T2, NOE} data relative to {T1, NOE} data, is
reproduced whenT2 is artificially reduced by 10–15%
in the simulations. This suggests that the experimen-
tal T2 values on ubiquitin are 10–15% shorter than
an idealT2 consistent with the Lipari-Szabo descrip-
tion of protein dynamics. Correspondingly,τm may
be overestimated by 10–15% ifT2 data is used to
determineτm. It is alternatively conceivable that the
NOE measurement could be a source of contamina-
tion. This was tested similarly, and the only way in
which the experimental scenario could be reproduced
is if the NOE is systematically low, or overdeveloped.
It is difficult to come up with a plausible reason for
an overdeveloped, as opposed to an underdeveloped,
NOE.

There are many possible mechanisms that can lead
to an underestimation of heteronuclear spin-spin re-
laxation in the laboratory frame. These include the
presence ofµs–ms timescale motions (Deverell et
al., 1970), contribution from antiphase magnetization
(Peng and Wagner, 1994), scalar relaxation (Abragam,
1961), off-resonance effects during the CPMG pulse
train (Ross et al., 1997), and simple technical issues
such as15N pulse imperfections. In principle, mea-
suring T1ρ instead ofT2 should alleviate a number
of problems associated with the CPMG pulse train
(Peng et al., 1991): the contribution from heteronu-
clear antiphase magnetization should be removed; mo-
tions on a timescale slower than the spin-lock field
strength (i.e. milliseconds) will cease to contribute to
transverse relaxation; off-resonance effects should be
correctable; and effects from pulse imperfections will
not accumulate as in CPMG (Simbrunner and Stoll-
berger, 1995). Surprisingly,T 61

1ρ values obtained here
for ubiquitin were on the average 2–3% lower than
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Table 2. Simulation of fitting four parameters with introduc-
tion of error inT2

a

T2 error τm (ns) S2 τe (ps) 15N 1σ (ppm)

−20% 4.84 0.803 36.3 −195.4

−15% 4.59 0.800 31.9 −188.4

−10% 4.37 0.799 27.8 −181.8

−5% 4.18 0.799 23.8 −175.7

0% 4.00 0.800 20.0 −170.1

5% 3.85 0.801 16.4 −165.2

10% 3.72 0.802 13.0 −161.0

15% 3.60 0.803 9.9 −157.6

20% 3.51 0.803 6.9 −154.6

a Relaxation data was simulated for a single15N spin with
τm = 4.0 ns,S2 = 0.8, τe = 20 ps, and1σ = −170 ppm:
T

51,61,76
1 , T 51

2 , and NOE51,61,76. T1 and NOE data were
given 1% uncertainties, andT2 data was given 2.5% un-
certainty. These uncertainties were used only for weighting
purposes in Equation 2.T2 values were changed by the indi-
cated amount, and these data sets were least-squares fitted to
the four parameters.

correspondingT 61
2 values (Supplementary material),

although identical values within experimental uncer-
tainty were obtained for amides which resonate within
∼100 Hz of the nitrogen carrier frequency.

There are three possible interpretations of the ob-
served discrepancy between the experimentalT1/NOE
and transverse relaxation data. The first is simply
that both measuredT2 and T1ρ values are shorter
than expected from the theory of transverse relax-
ation, perhaps suggesting the presence of additional
unaccounted for relaxation mechanisms. RF inhomo-
geneity in the15N spin-lock can lead to underestimata-
tion of T1ρ. As a second interpretation, ubiquitin may
experience pervasive microsecond timescale motions
which would shorten bothT2 and T1ρ via chemical
exchange processes (Akke et al., 1998). This appears
to be unlikely based onR1ρ–R1 experiments (Akke
and Palmer, 1996) carried out on ubiquitin, which do
not detect any exchange events on timescales down
to ∼25 µs (data not shown). The average ratio of
T 51

2 /T 61
2 , which was determined to be 1.04, is also

consistent with a lack of chemical exchange contribu-
tions toT2 andT1ρ measurements, assuming a CSA
value of−170 ppm. The third interpretation is that
T2 andT1ρ may be accurately reporting on additional
dynamics which are manifest atJ(0) but not at the
higher sampling frequencies. This would imply that
the model-free spectral density is quantitatively in-
appropriate in this case. Although this possibility is
intriguing from the perspective of the internal dynam-

ics, the point to be stressed is that bothT2 andT1ρ

parameters obtained here for ubiquitin appear unre-
liable for the accurate determination of model-free
parameters, and in particular,τm.

An obvious physical origin for deviation from a
simple Lorentzian spectral density can be found in
emerging theoretical views of the dynamics of com-
plex polymers such as proteins. For some time it has
been appreciated that slower (i.e., microsecond) non-
equilibrium protein fluctuations usually assume com-
plex time dependencies that are often conveniently
described by ‘stretched’ exponentials (Frauenfelder
and Wolynes, 1985; Frauenfelder et al., 1991). Recent
theoretical treatments of the gated diffusion problem
have illuminated the origin of this class of poly-
mer motion (Zhou and Zwanzig, 1991; Wang and
Wolynes, 1993). In several respects, the presence of
this type of motion in the nanosecond time regime
would violate the assumptions of the Lipari and Sz-
abo treatment and could lead to significant deviation
from the underlying Pade approximation (Lipari and
Szabo, 1982a,b). Specifically, the spectral density aris-
ing from such an autocorrelation function would have
significantly more intensity at zero frequency than the
corresponding Lorentzian spectral density.

Determiningτm withoutT2 data
From these results, it appears that theT2 and T1ρ

values that we have obtained for ubiquitin are sys-
tematically lower than those predicted by measured
T1 and NOE parameters in the context of a model-
free analysis. One can imagine that this reflects a
deviation of the underlying spectral density from the
simple Lorentzian form assumed by the model-free
treatment and/or experimental difficulties in obtaining
accurate spin-spin relaxation times. Such inaccura-
cies can skew the obtained dynamics parameters or
any other quantities extracted from the relaxation data,
the specific parameters skewed (and the direction) be-
ing a somewhat complicated function of the set of
fitted parameters and the types of relaxation data in-
cluded in the analysis. Should the measurement ofT2
(T1ρ) be generally susceptible to these complications,
the safest route to an accurate characterization of fast
(sub-τm) dynamics of proteins may involve analysis
of T1 and NOE data only. This would emphasize the
region of the spectral density that is anticipated to most
closely satisfy the model-free form. Unfortunately, as
protein size increases the robustness ofT1 and NOE
data to determineτm diminishes. We illustrate this
in Figure 1, which summarizes simulations in which
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Gaussian noise was introduced into perfect15N re-
laxation data and subsequently fitted to model-free
parameters (S2, τe, τm). It is seen that as the trueτm in-
creases, it becomes increasingly difficult to reliably fit
τm without goodT2 data. The essence of the problem
lies in defining a Lorentzian function (corresponding
to the first term in Equation 1) based on frequencies
which fall increasingly further out on the tail ofJ(ω) as
τm passes into the slow correlation time limit. Because
S2 and τe must also be fitted simultaneously, small
uncertainties inT1 values forωντm >> 1 project into
large uncertainties inJ(ω) at low frequencies. There-
fore, even thoughT1 is quite sensitive toτm, fitting
out reliable values ofτm can be difficult, as proven by
the simulations in Figure 1. Accordingly, theT1 data
become decreasingly sensitive to overall rotation and
increasingly sensitive to fast internal motion asωτm
increases. In these simulations it is evident that if only
T1 and NOE data is used, lower field strengths will
be required to fit data for larger proteins. As long as
ωτm ≤ 1, T2 should not be necessary for the reliable
determination ofτm. It is important to note that re-
gardless of the precise nature of the spectral density
describing internal motion, the combined use of only
T1 and NOE data provides an adequate means to con-
fidently extract accurate isotropicτm values using the
model-free approach.

For typical15N relaxation data sets (T1 and NOE
at 51 and 61 MHz, withT1 uncertainties at 1–2%)
across∼75 sites, simulations suggest that it should
be possible to reliably determine an isotropic, global
τm of up to about 7 ns from an uncertainty weighted
average of locally fittedτm values. In certain cases, it
may be necessary to use transverse relaxation parame-
ters and accept the potential for an inflationary effect
on the obtained molecular reorientation time. Other
longitudinal relaxation experiments which probe low
frequency regions of the spectral density, such as the
{ 13Cα}- 13CO NOE experiment (Cordier et al., 1996;
Zeng et al., 1996), may help to interpret the appar-
ent discrepancies reported here and also to extend the
range of reliably determinedτm values.

Effect on obtained model-free parameters
A consequence of shorterτm resulting from exclusion
of T2 for typical 15N or 13C relaxation data (ωNτm >

1) is thatS2 will be fitted to lower values (Schurr et al.,
1994). As shown in Figure 2a, when {T1, T2, NOE}
data was used, the fittedτm was 4.6 ns and the order
parameters were approximately 5% larger than those
fitted from {T1, NOE} data, from whichτm was de-
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Figure 1. Least-square fits ofτm to various combinations of simu-
lated data. Relaxation data at 41, 51, and 61 MHz were simulated for
a single15N spin withS2 = 0.8, τe = 20 ps, CSA= −165 ppm,
and the indicated values ofτm (2–14 ns).T1 and NOE data were
given 1% error.T2 data was given 5% error. A three-parameter fit
(S2, τe, τm) was performed in all cases using data combinations

(a) T 51,61
1 , T 51

2 , NOE51,61; (b) T 41,61
1 , NOE51,61 and (c)T 51,61

1 ,

NOE51,61. Error bars correspond to standard deviations obtained
from Monte Carlo simulations of the fits.
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termined to be 4.1 ns. Employing larger fixed values
of CSA also has the effect of decreasing the fitted or-
der parameters. Therefore, using the recommendations
below for fitting model-free parameters, we expect
that order parameters willdecreaserelative to those
obtained by the standard method (i.e. obtainingτm
from T1/T2 ratios and using CSA= −160 ppm). A
similar but more dramatic effect onτe (by percent-
age) is observed with varyingτm values. However,
because uncertainties inτe are usually relatively large,
the effect does not appear to be very significant.

In Figure 2b, {T1, NOE} and {T1, T2, NOE} data
combinations were used for local 4-parameter fits (S2,
τe, τm, 1σ), and the agreement betweenS2 values
was much higher. Apparently, the effects ofT2 have
been primarily absorbed in theτm and1σ parameters
and not inS2 (also see Table 2). However, if1σ is
fixed, the effects ofT2 are absorbed inτm and S2.
The excellent correlation betweenS2 determined from
the two data combinations suggests that theS2 val-
ues determined from the 4-parameter fits are the most
accurate.

Anisotropic tumbling
Ubiquitin has been shown to tumble with a small de-
gree of anisotropy which is axially symmetric (Tjandra
et al., 1995), perhaps complicating the present analy-
sis since an isotropic model has been used. However,
becauseτm was fitted locally for all cases, anisotropy
should not pose any difficulties. Instead, the localτm
will actually beτm,eff, given by

1

τm,eff
= 6Deff (3)

Deff = 1

3

(
Dxx +Dyy +Dzz

)
(4)

in which Dii are the diagonal components of the ro-
tational diffusion tensor. To a good approximation
(Schurr et al., 1994; Brüschweiler et al., 1995; Lee
et al., 1997), a spin behaves like an isotropic tumbler
with a rotational correlation time ofτm,eff, and the
fitting of parameters (S2, τe, or1σ) should be insignif-
icantly different than for a truly isotropically tumbling
protein.

A potential complication of second order is that
rotational anisotropy will affect dipolar and CSA re-
laxation mechanism contributions differently if the
orientation of the N-H bond vector and CSA prin-
cipal axis are not collinear. In this case, when the
4-parameter fits (S2, τe, τm,1σ) are performed, there

is a danger ofτm absorbing CSA effects and vice
versa. This could also occur even when fittingS2, τe,
and τm locally if high-field data is used. However,
because (1) the rotational anisotropy of ubiquitin is
small; (2) the angle between the N-H bond vector and
the CSA principal axis is small,∼13–16◦ (Ottiger et
al., 1997); and (3) dipolar and CSA relaxation con-
tributions have distinct field dependencies, this is not
likely to be a problem here. In addition, the effect
on averageτm and1σ values would be even smaller
since the effects will tend to cancel out over a num-
ber of residues and their respective N-H and CSA
orientations.

It is nevertheless interesting to note that the
present results may have implications for determin-
ing anisotropic diffusion tensors. To the best of our
knowledge, for all cases in which anisotropic diffusion
tensors have been determined for proteins,T2s have
been used extensively. If determinedT2 values do in-
deed contain systematic and random errors from the
above-mentioned effects or if they reflect more com-
plex dynamics, caution should be exercised in using
these measurements to determine rotational diffusion
tensors. Nevertheless, for proteins with significant
anisotropy, only the magnitude of the obtained dif-
fusion tensor is likely to be affected if bias inT2 is
uniformly distributed over the protein, such as may be
the case in the ubiquitin data (−10 to−15% apparent
underestimation).

In principle, it is possible to fit an anisotropic diffu-
sion tensor using onlyT1 and NOE data. Results from
the local Di approach (Brüschweiler et al., 1995; Lee
et al., 1997) are given in Table 3. Local Di (= 1/6τm)
were obtained from aT 41,51,61

1 and NOE51,61 data

set or from a data set comprised ofT 51,61
1 , T 51

2 , and
NOE51,61. EmployingT2 in the analysis resulted in
a D‖/D⊥ ratio (1.25) in good agreement with those
of previous studies (Tjandra et al., 1995; Lee et al.,
1997). Interestingly, whenT 61

1ρ data were substituted

for T 51
2 data, significant changes in the best fitθ andφ

resulted, reflecting the differences that exist between
these two data sets. When onlyT1 and NOE data were
employed, the obtained D‖/D⊥ ratio was determined
to be 0.83, corresponding to diffusion consistent with
an oblate shape as opposed to the prolate shape sug-
gested by the result usingT2 data. In addition, the
orientations of the principal axes are dramatically dif-
ferent [(θ, φ) = 1.31, 2.95 versus (θ, φ) = 0.56, 0.82
rad]. These discrepancies can be partially reconciled
by the∼93◦ angle that the two principal axes make
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Figure 2. Correlation of the squares of the generalized order parameters (S2) obtained from various fitting procedures and data combinations.

(a) Three-parameter fits (S2, τe, τm) were performed for a data combination includingT2 {T 51,61
1 , T 51

2 , NOE51,61} and a data combination

using onlyT1 and NOE, {T 41,61
1 , NOE51,61}. 1σ was fixed at−170 ppm. Residues 74–76 were excluded. (b) Four-parameter fits (S2, τe, τm,

1σ) were performed with a data combination includingT2 {T 51,61,76
1 , T 51

2 , NOE51,61,76} and one using onlyT1 and NOE data, {T 51,61,76
1 ,

NOE51,61,76}. Flexible residues 8–12, 48,49, 62 and 74–76 were excluded.

with each other. It may be that in reality the ubiquitin
diffusion tensor is completely non-symmetric, but the
NMR data is not reliable enough to fit out such small
anisotropies using data collected at the field strengths
used here. If so, then whenT2 data is added to the
T1 and NOE data, the Di would be slightly more
consistent with a prolate rather than an oblate approx-
imation. This is consistent with results from a test in
which 5% random error was projected onto allT2 val-
ues, a conservative error (i.e. perhaps underestimated)
with the above considerations. The resultant axially
symmetric diffusion tensor was ambiguous since 60%
of the obtained tensors were prolate and 40% were
oblate in the Monte Carlo simulations, andθ and
φ varied widely. In a recent study, similar behavior
was observed for cytochrome c2 as a result of a fully
anisotropic diffusion tensor (Blackledge et al., 1998).
Indeed, from the components of the ubiquitin inertia
tensor (1.00:0.90:0.64), one would expect ubiquitin,
in detail, to tumble with completely non-symmetric
anisotropy.

Conclusions

If general, the analysis presented here would seem
to point to a potential explanation for much of the
historical 25–30% discrepancy betweenτm values de-
termined by fluorescence and NMR methods and place
its origin in the use ofT2. It also suggests that, in the
absence ofJ(0) information,T1 should be collected at
the lowest possible field strength. This will aid in the
determination ofτm (Figure 1) as well as reduce the
effects of uncertainty in the true15N CSA for model-
free fitting. Using the unusually broad set of relaxation
parameters obtained, we have determined a value of
−170± 15 ppm for the breadth of the amide nitro-
gen chemical shift tensor. A secondT1 measurement
should be made at higher field, which helps determine
S2, τe , andτm, and it can be measured with greater
sensitivity and spectral resolution. If the trueτm is at
theT1 minimum for a given field strength (ωNτm ∼
1), thatT1 will be more effective at determiningS2 and
τe, and the higher fieldT1 should then constrainτm.
At least one NOE measurement should be made to aid
in the characterization of internal motions, and as al-
ways, it is important that the parameters are fitted from
an experimentally overdetermined data set. Indeed,
the fundamental inconsistency of theT2 data that we
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Table 3. Rotational diffusion tensor of ubiquitin at 25◦Ca

θ (rad) φ (rad) D‖/D⊥ Diso (× 107 s−1) χ2

Ubiquitin {T1, NOE}b 1.31 (0.11) 2.95 (0.11) 0.82 (0.02) 3.85 (0.03) 118

Ubiquitin {T1, T2, NOE}c 0.56 (0.06) 0.82 (0.12) 1.25 (0.02) 3.53 (0.01) 105

Ubiquitin {T1, T1ρ, NOE}d 0.81 (0.05) 0.98 (0.05) 1.19 (0.01) 3.44 (0.01) 193

Ubiquitine 0.71 (0.03) 0.81 (0.05) 1.15 (0.01) 4.01 (0.01) 638

a For 4 mM15N-labeled recombinant human ubiquitin in 90% H2O/10% D2O, 50 mM acetate-d3, pH
5.0, and 0.02% NaN3 at 25◦C. Parameters were fitted using the local diffusion approach (see text).
Standard errors obtained from Monte Carlo simulations are given in parentheses.

b Fitted fromT 41,51,61
1 and NOE51,61 data.

c Fitted fromT 51,61
1 , T 51

2 , and NOE51,61 data. For∼7% of the Monte Carlo simulations, D‖/D⊥ was
less than 1.0. These were excluded from average and error calculations.

d Fitted fromT 51,61
1 , T 61

1ρ
, and NOE51,61 data.

e Taken from Tjandra et al. (1995) and Lee et al. (1997) for ubiquitin at 1.5 mM.

have observed would not have been detected without
availability of the extensiveT1 and NOE parameters.

Here we have opted to determineτm using the local
site approach, but for most cases the globally linked
approach (Dellwo and Wand, 1989) will give equiv-
alent results unless significant tumbling anisotropy
exists (Schurr et al., 1994). On the other hand, one
should be careful when using extremely high-field data
(> 61 MHz, for the case of15N) if the true CSA is not
known to high accuracy since this quantity begins to
affect fitted parameters. This would not be a problem
if the uncertainty is accounted for in the Monte Carlo
simulations. It now appears that−170 ppm should
be used as the consensus value about which a Monte
Carlo analysis can be centered.

If T2 orT1ρ data must be used (e.g. forτm≥ 7 ns in
the case of15N relaxation), it may be wise to use these
data only for determiningτm, realizing thatτm may
be overestimated. Onceτm is established, theT2 data
may be discarded, and theT1 and NOE data should be
sufficient to fit the internal parameters. The inconsis-
tencies inT2 will then be distributed uniformly over
all residues, allowing reliable comparison ofS2 and
τe between different residues, even if conformational
exchange is present. We have found that although this
procedure may have rather small, generally inflating
effects on the resultantS2 values for a given form of
J(ω), it can have a substantial reducing effect on large
χ2 values arising from spuriousT2 errors in specific
residues (e.g. from resonance offset effects), hence
affecting model selection.

For13C data at typical field strengths (9–17 T),T2s
will more commonly be necessary for precise deter-
mination of τm values of proteins since the Larmor
frequency is much larger than that for15N. For the

same reason, i.e. increased contribution toT1 from
internal motion, ignoring internal motions becomes
a poor approximation when13C is used. Therefore,
the most reliable method should be to minimize either
Equation 2 for localτms or a global error function
(Dellwo and Wand, 1989) usingT1, { 1H}- 13C NOE,
andT2 data, if necessary.13C T1/T2 ratios should be
avoided, as these lead to increased underestimation of
τm as the true correlation time increases.
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