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ABSTRACT: The backbone dynamics of the uniformly15N-labeled N-terminal 63-residue DNA-binding
domain of the 434 repressor has been characterized by measurements of the individual15N longitudinal
relaxation times,T1, transverse relaxation times,T2, and heteronuclear15N{1H}-NOEs at1H resonance
frequencies of 400 and 750 MHz. The dependence of an apparent spherical top correlation time,τR, on
the orientation of the N-H bond vector with respect to the principal axes of the global diffusion tensor
of the protein was used to establish the fact that the degree of anisotropy of the global molecular tumbling
amounts to 1.2, which is in good agreement with the values obtained from model calculations of the
hydrodynamic properties. A model-free analysis showed that even this small anisotropy leads to the
implication of artifactual slow internal motions for at least two residues when the assumption of isotropic
global motion is used. Additional residues may actually undergo internal motions on the same time scale
as the global rotational diffusion, in which case the model-free approach would, however, be inappropriate
for quantifying the correlation times and order parameters. Overall, the experiments with 434(1-63)
demonstrate that the assumption of isotropic rotational reorientation may result in artifacts of model-free
interpretations of spin relaxation data even for proteins with small deviations from spherical shape.

Nuclear spin relaxation measurements in solutions of
uniformly 15N-enriched proteins with the use of1H-detected
two-dimensional (2D)1 nuclear magnetic resonance (NMR)
experiments are a popular approach for studies of global
protein motions and internal backbone mobility (Barbatoet
al., 1992; Broadhurstet al., 1995; Cloreet al., 1990a; Farrow
et al., 1994a; Kayet al., 1989; Lipari & Szabo, 1982a,b;
Orekhovet al., 1994, 1995a; Peng & Wagner, 1992; Peng
et al., 1991; Szyperskiet al., 1993; Tjandraet al., 1995,
1996; Wagner, 1993). Thereby, measurements of the
longitudinal and transverse relaxation times,T1(15N) andT2-
(15N), respectively, and the heteronuclear15N{1H}-NOEs are
subjected to combined analysis in terms of either a molecular
model describing the random molecular motion (John &
McClung, 1982; Kinositaet al., 1977; Lipari & Szabo, 1980;
London & Avitabile, 1978; Richarzet al., 1980; Tropp, 1980;
Wallach, 1967; Wittebort & Szabo, 1978; Woessner, 1962a,
1965) or a model-free characterization of the system (Lipari
& Szabo, 1982a,b). In the former approach, the parameters
for the molecular motion are determined by a least-squares
fit of the experimental relaxation data to those calculated
from model-specific spectral density functions. With the
model-free approach, one characterizes the system by values
for the global rotational correlation time(s), effective internal
correlation times, and generalized order parameters that
define spatial restrictions of the internal motions. Although

in most15N relaxation studies of protein dynamics published
so far the protein has been assumed to tumble isotropically,
evidence questioning the general validity of this approxima-
tion has also been presented (Barbatoet al., 1992; Broadhurst
et al., 1995; Tjandraet al., 1995, 1996). The present paper
describes new results relating to this critical aspect of the
analysis of spin relaxation data.

We selected the small globular protein 434(1-63), which
corresponds to the N-terminal 63-residue DNA-binding
domain of the 434 repressor, for this project. 434(1-63)
can readily be expressed in large amounts inEscherichia
coli and is soluble in water at high concentrations, which
makes it a suitable system for performing high-precision
relaxation measurements at different magnetic field strengths.
For the analysis of the relaxation data, it is important that
the molecular architecture of 434(1-63) in solution has been
determined by NMR. It includes fiveR-helices with residues
2-13, 17-24, 28-35, 45-52, and 56-60 (Pervushinet al.,
1996) and is very similar to the corresponding segment of
434(1-69) both in crystals (Mondragonet al., 1989) and in
solution (Neriet al., 1992). The second and third helices
are connected by a tight turn, and the backbone conformation
from residue 17 to 35 forms a classical helix-turn-helix
motif (Brennan & Matthews, 1989). A first subdomain
containing helices 1-3 and a second subdomain containing
helices 4 and 5 are connected by a flexible loop of residues
36-44, which displays increased conformational disorder in
the NMR solution structure (Pervushinet al., 1996).

The global shape of 434(1-63) is nearly spherical so that
we could investigate the influence of small anisotropy of
the rotational diffusion on the15N relaxation parameters.
Since the axes of the five helices adopt different angles with
respect to the longest principal axis of inertia of the protein,
and since the effects on the spectral density of anisotropy of
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the overall motion depend on the orientation of the N-H
bonds relative to the principal axes of the diffusion tensor,
different relaxation behavior is expected for amide groups
in different helices, whereas all amide groups within a given
helix will relax at similar rates. Analysis of the mean
properties of the five groups of helical residues was thus
used to determine the degree of anisotropy of the rotational
tumbling of the molecule, wherebyT1(15N), T2(15N), and the
heteronuclear15N{1H}-NOE obtained for the individual
residues were analyzed using the model-free approach (Lipari
& Szabo, 1982a,b).

MATERIALS AND METHODS

Sample Preparation. 434(1-63) was cloned inE. coli,
and the uniformly15N-labeled protein was expressed and
purified as described previously (Neriet al., 1992; G. Siegal,
V. Dötsch, and K. Wu¨thrich, submitted for publication). The
NMR sample used here contained 5 mM protein in 20 mM
potassium phosphate buffer at pH 4.8 in a mixed solvent of
90% H2O/10% D2O.
NMR Spectroscopy. All experiments were performed at

13 °C, using Varian Unity-plus spectrometers operating at
1H frequencies of 400 and 750 MHz. The pulse sequence
used for measurements ofT1(15N) has been adapted from
Farrow et al. (1994b) by replacing the HN-selective 180°
proton pulse in the15N relaxation delay by a “hard” 180°
pulse to minimize the influence of the1H radiofrequency
carrier position on the suppression of the cross-correlation
between dipolar relaxation and chemical shift anisotropy
relaxation (Palmeret al., 1992). TheT1 relaxation delays
at 400 MHz were 11, 26, 76, 146, 196, 296, 396, 496, and
596 ms; at 750 MHz, they were 11, 86, 136, 196, 296, 396,
596, 896, 1196, and 1496 ms. Measurement ofT2(15N) was
based on a CPMG-type sequence (Farrowet al., 1994a) so
that effectively a spin-locked transverse relaxation time was
measured (Penget al., 1991). The delay between the15N
180° pulses in the spin-lock train was 4 ms, which provided
weakly spin-locked transverse15N magnetization. The use
of weak spin-lock conditions ensured minimal suppression
of line broadening contributions from chemical exchange to
the measuredT2(15N) values (Szyperskiet al., 1993). Since
the T1(15N) andT2(15N) relaxation times were measured at
400 and 750 MHz for protons, the line broadening from
chemical exchange could then be evaluated by the method
of Orekhovet al. (1995a). TheT2 relaxation delays at 400
MHz were 10, 26, 50, 82, 98, 122, and 146 ms; at 750 MHz,
they were 10, 26, 58, 90, 106, 138, and 170 ms.15N{1H}-
NOEs were measured using pulsed field gradients to suppress
saturation-transfer artifacts which may arise from H2O
solvent preirradiation (Li & Montelione, 1994). All data sets
were processed using the program PROSA (Gu¨ntert et al.,
1992), and peak picking and volume integration were
performed with the program XEASY (Bartelset al., 1995).
Relaxation Parameters and Spectral Densities. T1(15N),

T2(15N), and the15N{1H}-NOEs were related to spectral
density functions,J(ω), by (Abragam, 1961)

whereγi andωi are, respectively, the gyromagnetic ratio and
the Larmor frequency of spini andp is Planck’s constant
divided by 2π. ∆σN is the difference between the axial and
the perpendicular principal components of the axially sym-
metric 15N chemical shift tensor, which is estimated to be
-160 ppm for polypeptide backbone amide groups (Hiyama
et al., 1988). To account for contributions toT2 from
chemical or conformational exchange, an exchange term is
added to eq 2,

where∆ex is the increase in line width due to exchange
(McConnell, 1958; Allerhandet al., 1965).
Models Used for the Data Analysis.For the analysis of

global rotational motions, the simplest model is the rigid
spherical top with the spectral density function (Abragam,
1961)

whereD is the rotational diffusion coefficient related to
isotropic global Brownian motion.
A model that can account for asymmetry about two

principal axes is the rigid symmetric top, for which the decay
of the correlation function depends on the angleR between
the N-H bond vector and the axis of symmetry. The
resulting spectral density function has the form (Shimizu,
1962; Woessner, 1962b)

where the individual correlation times depend on the
rotational diffusion coefficients perpendicular and parallel
to the axis of symmetry in the following manner:

An average diffusion coefficient,D, can be defined with a
corresponding average correlation time,τ:
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In our treatment, the anisotropy for the symmetric top
molecule model will be determined by fitting an apparent
spherical top correlation time,τR, for each individual15N
spin. The dependence of the individually measuredτRvalues
on the orientation of the N-H bond vector will then be used
to provide information on the degree of anisotropy of the
molecular tumbling. Thereby, the following qualitative
relations are used as a general guideline. If the angleR
between the N-H bond vector and the axis of symmetry is
smaller than the magic angle of 54.7°, τR will be an
overestimate ofτ; if R is larger than 54.7°, τR will be an
underestimate ofτ. If R ) 54.7°, τR ) τ. The ratioR of
the longest correlation time, whenR ) 0°, and the shortest
correlation time, whenR ) 90°, can be expressed in terms
of the anisotropy of diffusion,r ) D|/D⊥, according to

This can be rearranged to give

Using simulated data, Schurret al. (1994) demonstrated that
the r value estimated from this equation exceeds the true
anisotropy only slightly, by up to 8% whenr ) 2.5, when
R is replaced by the ratio of the longest and the shortest
best-fit τR values.
The model-free approach (Lipari & Szabo, 1982a,b)

accounts for internal mobility through a correlation time for
intramolecular motion,τs, and a corresponding generalized
order parameter,Ss2. This treatment is applicable when the
internal motion is rapid compared to the global rotational
motion,i.e., τs , τ. Commonly, the global rotational motion
is assumed to be isotropic, which results in a spectral density
of the functional form

with

The spectral density function of eq 11 will be referred to as
the “simple model-free approach” (SMF). The generalized
order parameterSs2, which describes the amplitude of the
internal motion, is equal to 1 if the internal motion is
completely restricted and equal to 0 if the internal motion is
isotropic. Ss2 is derived from the NMR relaxation data in a
model-free manner, but it can be interpreted within the
framework of any given model to obtain a physical picture
of the amplitude of the internal motions. For example, in
the wobble-in-a-cone model (Lipari & Szabo, 1980; Richarz
et al.,1980), where the N-H bond vector diffuses freely in
a cone of semiangleθ,

For relaxation data on backbone amide groups which
cannot be accounted for by the two-parameter SMF, Clore
et al. (1990b) proposed an approach based on the spectral
density function

with

The subscripts f and s indicate faster and slower internal
motions on significantly different time scales, respectively,
and both must be rapid compared to the global rotational
motion. Since the number of parameters usually exceeds
the number of experimentally accessible data, it is commonly
assumed thatτf < 20 ps. The second term in eq 14 is then
negligibly small, which yields the “extended model-free
approach” (EMF) with which the system studied is charac-
terized by the parametersτ, Sf2, Ss2, andτs. If, in addition,
the fast internal motion is completely restricted,i.e., Sf2 )
1, the EMF reduces to the SMF (eq 11), with the three
parametersτ, Ss2, and τs. On the other hand, if the slow
internal motion is completely restricted,i.e., Ss2 ) 1, the
EMF reduces to the “minimal model-free approach” (MMF),
where the system is characterized byτ and a single parameter
for the internal motion,Sf2.
Least-Squares Fit of Relaxation Parameters. The model-

free analysis was performed using the program DASHA
(Orekhovet al., 1995b), where a model-free parameter set
ú is determined by nonlinear minimization of the penalty
function ø2 (Palmeret al., 1991):

whereVical(ú) andViexp are the calculated and experimental
relaxation parameters, respectively,∆Viexp is the uncertainty
of the experimental value, and the indexi runs over allN
available experimental data sets. Selection of the appropriate
spectral density function was accomplished by initial fitting
of the relaxation data to the simplest possible spectral density
function and employing more complicated models only as
required for improved fits of the experimental data. Thereby,
a particular model-free formulation was considered to provide
an adequate fit of the experimental data for a given residue
when the value ofø2 was smaller than 6.8 (Nicholsonet al.,
1995). Estimates of the precision of the extracted model-
free parameters were obtained by the Monte Carlo approach
described by Kamath and Shriver (1989).
Hydrodynamic Calculations. The elements of the rota-

tional diffusion tensor were estimated using the bead model
description of one of the 20 energy-refined DIANA con-
formers that describe the NMR solution structure of 434-
(1-63) at pH 4.8 (Pervushinet al., 1996). In this approxi-
mation, a polymer is modeled as a collection of point sources
of friction (beads) with hydrodynamic interactions described
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by the Oseen tensor (Garcı´a de la Torre & Bloomfield, 1981).
Diffusion coefficients were calculated for a temperature of
13 °C and anη of 1.202 cp (the viscosity of pure water at
this temperature) using the modified Oseen tensor. The
beads representing an amino acid residue were defined either
as the CR position, using a bead radiusσ of 3.5 Å, or the
positions of the backbone atoms N, CR, and C′, with bead
radii σ of 1.0 Å each (Barbatoet al., 1992). The module
DIFFC of the program DASHA (Orekhovet al., 1995b) was
used for this part of the computations.

RESULTS

T1, T2, and NOE Data. The relaxation rates (Figure 1A,B)
were determined by nonlinear least-squares fitting of the
magnetization decay curves to a single-exponential function,
using the Levenberg-Marquardt method (Presset al., 1992).
The average standard errors were, respectively, 2.0 and 1.5%
for theT1 data at 400 and 750 MHz and 4.1 and 2.9% for
the correspondingT2 data. The maximum errors inT1 and
T2 were obtained by Monte Carlo-type procedures (Kamath
& Shriver, 1989), which involved fitting of the intensity
decay multiple times with random addition or subtraction
of 5% of the measured peak volumes. The Monte Carlo-
estimated errors are, respectively, 5.3 and 3.8% for theT1
data at 400 and 750 MHz and 10.0 and 7.3% for the
correspondingT2 data and thus amount to approximately 2.5
times the corresponding average standard errors. The Monte
Carlo-estimated errors for the15N{1H}-NOEs at both 400
and 750 MHz are 6.7%.
Global Rotational Correlation Time EValuated Using the

Spherical Top Model. Assuming a spherical top molecule,
we derived a single effective global correlation time,τc, for
all residues simultaneously, as previously described by Kay
et al. (1989) and Cloreet al. (1990a). Residues for which
internal motions contribute toT1 or for which conformational
exchange gives rise to shortened values ofT2 were identified
by comparing theT1/T2 ratios observed for individual15N
spins with the averageT1/T2 ratio, 〈T1/T2〉. When disregard-
ing the residues for whichT1/T2 is outside of the standard

deviation, we found〈T1/T2〉 ) 2.55 ( 0.07 at 400 MHz,
resulting in an apparent global rotational correlation timeτc
of 5.78( 0.15 ns. At 750 MHz, we found that〈T1/T2〉 )
5.65 ( 0.26, affording an apparent global rotational cor-
relation timeτc of 5.50( 0.15 ns.
Global Rotational Correlation Time and Anisotropy

EValuated Using the Symmetric Top Model. The relaxation
data were analyzed using the MMF by simultaneously fitting
Sf2 and an apparent spherical top correlation time,τR, for
each individual15N spin. A plot of the resulting best-fit
values ofτR Versusthe amino acid sequence of 434(1-63)
is shown in Figure 2B. For residues 2-4, 38-46, and 61-
63, no data are shown since theø2 values indicated an
unsuccessful fit because of internal mobility. The longest
experimentalτR value is 5.75 ns (Leu 34,R ) 36°), the
shortestτR value 5.25 ns (Glu 19,R ) 71°), and the average
5.45( 0.13 ns. Following Schurret al. (1994), we assume
that these two residues representR values of 0 and 90°, and
thus, the resulting value forR of 1.10 corresponds to an
anisotropy of the molecular tumbling of anr of ∼1.20 (eq
10).
On the basis of the NMR solution structure of 434(1-63)

at pH 4.8 (Pervushinet al., 1996), the ratio of the three
principal axes of inertia is 1.00:1.17:1.35. In hydrodynamic
calculations using the aforementionned bead models, the ratio
of the corresponding diffusion coefficients was calculated
to be 1.00:1.09:1.26 for a bead radiusσ of 3.5 Å at the CR

positions or 1.00:1.11:1.32 for representation of the amino
acid residues by three beads with aσ of 1.0 Å at the positions
of the backbone atoms N, CR, and C′. The results of these
hydrodynamic calculations thus coincide rather well with the
ratios of the principal axes of inertia in the NMR structure
and give a satisfactory estimate of the actually measured
global rotational anisotropy.
In the symmetric top approximation, we assume that the

axis of symmetry is the longest principal axis of inertia,
which has the largest diffusion coefficient. On the basis of

FIGURE 1: Plots of relaxation timesT1(15N) andT2(15N) and the
15N{1H}-NOEs for 434(1-63) Versusthe amino acid sequence.
Data measured at 400 MHz are represented by plus signs (+) and
those at 750 MHz by circles (O). The vertical bars indicate the
maximum errors in the measured data (see the text).

FIGURE 2: Plots of (A) the angleR between the N-H bond vector
and the axis of symmetry of global molecular motion in 434(1-
63) and (B) the best-fit values of the apparent spherical top
correlation time,τR, for the individual15N nucleiVersusthe amino
acid sequence. In panel A, the horizontal lines represent the average
value ofR for the individual helices. In panel B, the solid horizontal
lines represent the averageτR values for the individual helices and
the broken lines theτR values estimated with the assumption that
τ ) 5.45 ns andr ) 1.2, and using the average values ofR for the
individual helices with the assumption that the molecular motions
can be described by a rigid spherical top.
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the NMR solution structure of 434(1-63) at pH 4.8
(Pervushinet al., 1996), the angleR between the N-H bond
vector and the axis of symmetry was calculated for each
residue (Figure 2A). Considering that the N-H bond vectors
in anR-helix are parallel to the helix axis, with a rmsd value
of about 15° (Table 1), anisotropic tumbling will cause the
individual N-H moieties within a given helix to relax rather
uniformly. In contrast, amide groups in different helices will
generally relax at different rates, depending on the orientation
of the helix axis relative to the anisotropic molecular
diffusion tensor. A clear-cut correlation between the average
values ofR andτR over the individual helices,〈R〉 and〈τR〉,
respectively, can indeed be seen (Figure 2). The larger the
angle〈R〉, the smaller the apparent spherical top correlation
time 〈τR〉 (Table 1), where the short fifth helix is the only
exception. SinceτR will estimateτ correctly if R is equal
to the magic angle of 54.7° (see above), we expectτ to be
between 5.41 and 5.54 ns (Table 1). Values ofτR estimated
using aτ of 5.45 ns, anr of 1.2, and the average values of
R for the individual helices in a calculation with a rigid
spherical top are also reported in Table 1 and Figure 2. The
rmsd values between the average experimental values ofτR
and these estimated values ofτR, weighted with the helix
lengths, amount to 0.044 ns.
Model-Free Analysis of Intramolecular Backbone Mobility.

The experimental data could be satisfactorily fitted using the
MMF approach for 45 out of the total of 60 backbone amide
groups in 434(1-63). These 45 residues will be referred to
as the “MMF group”. In addition, residues 9, 16, 27, 38,
43-45, 61, and 62 could be appropriately described by the
SMF approach (“SMF group”), and the remaining six
residues (3, 39-41, 57, and 63) required the EMF approach
(“EMF group”). Leu 45 is the only residue for which we
observed an increase in the15N line width as a result of
conformational exchange, with aπ∆ex of 1.0 Hz (see eq 4).
Figure 3 shows the following locations of the SMF and EMF
residues in the three-dimensional structure. Asn 16 and Thr

27 lie in loop regions immediately preceding helix 2 and
helix 3, respectively. Residues 38-45 lie in the loop
between the first and second subdomain, which shows
increased conformational disorder in the NMR solution
structure (Pervushinet al., 1996). On the basis of the
relaxation data, we can now attribute the reduced precision
of the structure determination for this loop to increased
internal mobility. Increased local backbone mobility is
similarly implicated for the C-terminal segment 61-63 and
for Ser 3. Overall, Figure 3 reveals that, for the majority of
residues, internal backbone dynamics inferred by the relax-
ation data correlates with increased conformational disorder
in the NMR solution structure. Exceptions are residues 3,
9, 16, 27, 44, 45, and 57, which show local mobility but are
well defined in the NMR solution structure, and residues
35-37, for which there is no indication of local mobility
but which are not well defined in the NMR solution structure.
The model-free analysis was performed for both a spheri-

cal top molecule and a symmetric top molecule. For the
spherical top assumption,τc was found to be 5.78( 0.15 ns
at 400 MHz and 5.50( 0.15 ns at 750 MHz. Therefore,τ
(see eq 5) was set to the average value of 5.64 ns, which
lies within one standard deviation of both measured values
of τc. In this approximation,T1 at 400 MHz is slightly
underestimated, andT1 at 750 MHz is slightly overestimated.
For the symmetric top assumption (see eqs 6-8), τ was set
to 5.45 ns,r ) 1.2, and the orientations of the N-H bond
vectors with respect to the axes of rotational diffusion were
evaluated from hydrodynamic calculations based on the atom

Table 1: Correlation between the Apparent Spherical Top
Correlation Times Calculated for Individual Helices of 434(1-63),
τR, and the Angles between Backbone N-H Bond Vectors and the
Axis of Symmetry of the Symmetric Top,R

residues R (deg)a

τR
experimentala,b

(ns)

τR
calculatedc

(ns)

5-13 (helix 1)d 51.2( 12.0 5.54( 0.12 5.50
(35.5-73.8) (5.36-5.73)

17-24 (helix 2) 73.4( 7.8 5.30( 0.05 5.35
(63.3-85.2) (5.25-5.41)

28-35 (helix 3) 39.9( 12.3 5.59( 0.09 5.60
(15.5-54.2) (5.49-5.75)

47-52 (helix 4)e 68.1( 10.2 5.41( 0.07 5.36
(56.1-83.0) (5.31-5.52)

56-60 (helix 5) 79.9( 7.4 5.38( 0.09 5.32
(66.4-85.8) (5.28-5.54)

a The numbers given are the average,〈R〉 and〈τR〉, respectively,(
standard deviation for all residues in a given helix, with the minimum
and maximum values for individual residues given in parentheses.b τR
estimated from the experimental relaxation data with the assumption
of a spherical top molecule undergoing fast internal motion (described
by the MMF, with single-order parameterSf2). c τR estimated from
relaxation data calculated with the assumption of a rigid spherical top
molecule, usingτ ) 5.45 ns,r ) 1.2, and the average of theR values
of the residues in the given helix.dResidues 2-4 were excluded
because they display internal mobility.e Leu 45 was excluded because
of internal mobility, and for Pro 46, no relaxation data are available.

FIGURE 3: Representation of the polypeptide backbone of 434(1-
63) by a spline function through the CR positions. The variable
radius of the cylinder is proportional to the average of the pairwise
global backbone displacements between the 20 individual conform-
ers used to represent the NMR structure and the average structure
after superimposing the backbone atoms N, CR, and C′ of residues
2-35 and 45-60 for the best fit. The color coding is as follows:
cyan, residues for which the15N relaxation data could be fitted
using the minimal model-free approach (MMF group); red, residues
for which the relaxation data could be fitted using the simple model-
free approach (SMF group); green, Leu 45 for which the relaxation
data could be fitted using the SMF plus an exchange term (eq 4);
yellow, residues for which the relaxation data could only be fitted
using the extended model-free approach (EMF group); and black,
Ser 1, Pro 42, and Pro 46, for which15N relaxation data are not
available.
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coordinates of the NMR structure. The resulting model-free
parameters are shown in Figures 4 and 5. The values of the
order parameters are very similar in both cases, with the
average value ofS2 ) Sf2Ss2 for the helical residues equal to
0.92( 0.02 for the spherical top assumption and 0.91(
0.02 for the symmetric top assumption. Figure 6 shows that
small values of the order parameterS2 correlate with
increased global backbone displacements of the NMR
structure (Pervushinet al., 1996) throughout the 434(1-63)
molecule. Table 2 gives a summary of the model-free
parameters for those residues which were found to display
slow internal motions (τs > 0.5 ns) when using the spherical

top assumption and compares these data with the corre-
sponding model-free parameters obtained using the sym-
metric top assumption. In all cases, the use of the anisotropic
global rotational model leads to shorter correlation times for
the implicated local intramolecular motions. This effect is
particularly pronounced for the two residues in the SMF
group which show slow internal motions in the isotropic
model (Lys 9 and Lys 38).

DISCUSSION

There were two principal reasons for choosing 434(1-
63) for the present study. (i) This protein is highly soluble
in water and is sufficiently small to provide excellent NMR
spectral resolution. High-quality measurements of spin

FIGURE 4: Plots of the model-free parameters determined to
describe the internal backbone dynamics of 434(1-63) with the
assumption that the global molecular motions can be described by
a spherical top with aτ of 5.64 nsVersusthe amino acid sequence.
(A) Generalized order parameter, whereSf2 values are represented
by circles (O) andSs2 values by plus signs (+). (B) Effective internal
correlation time,τs, for the slower internal motion. The vertical
bars indicate the estimated precision of the extracted model-free
parameters (see the text). (C)ø2 values for the fits of the relaxation
data by the corresponding model-free parameters. The thin line
indicates the value 6.8, below which the model-free parameters were
considered to provide an adequate fit of the experimental data
(Nicholsonet al., 1995).

FIGURE 5: Same as Figure 4 with the assumption that the global
molecular motions can be described by a symmetric top with aτ
of 5.45 ns and anr of 1.2.

FIGURE 6: Same presentation of the polypeptide backbone of 434-
(1-63) as in Figure 3. The cylinder is color coded to display the
continuous variation of the order parameterS2 for the individual
residues, with blue forS2 ) 1 through red forS2 ) 0.85 to yellow
for S2 ) 0.70. Ser 1, Pro 42, and Pro 46, for which15N relaxation
data are not available, are black.

Table 2: Comparison of the Model-Free Parameters Obtained
Assuming either Isotropic or Anisotropic Global Rotational
Diffusion for Those Residues in 434(1-63) for Which the Isotropic
Model Implicated Slow Internal Motions

isotropic modelb anisotropic modelc

residue groupa S2 d τs (ns) ø2 e S2 d τs (ns) ø2 e

Ser 3 EMF 0.90 0.87 4.7 0.90 0.71 6.1
Lys 9 SMF 0.92 0.88 4.0 0.92 0.08 4.8
Lys 38 SMF 0.91 0.55 5.4 0.89 0.10 5.8
Thr 39 EMF 0.73 1.00 4.3 0.73 0.93 4.7
Lys 40 EMF 0.76 0.58 4.2 0.77 0.46 3.9
Asp 57 EMF 0.82 1.10 2.3 0.85 0.65 5.1
Thr 63 EMF 0.62 1.49 1.0 0.67 1.16 1.6
a SMF denotes a residue for which the experimental relaxation data

could be appropriately described by the simple model-free approach.
EMF denotes a residue for which the relaxation data could be
satisfactorily analyzed only with the extended model-free approach.
b The effective correlation time for isotropic global rotational reorienta-
tion τ ) 5.64 ns (see the text).c The effective correlation time for
anisotropic global rotational reorientationτ ) 5.45 ns, and the
anisotropyr ) 1.2 (see the text).d S2 ) Sf2Ss2. eThe penalty function
ø2 was calculated according to eq 16. The fit of the experimental data
for an individual residue is considered to be adequate forø2 values
smaller than 6.8 (Nicholsonet al., 1995).
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relaxation parameters at different field strengths could thus
be obtained. (ii) The molecular shape shows only small
anisotropy. Detailed analysis of high-quality spin relaxation
parameters could thus be expected to reveal how critical it
is to account even for only slightly anisotropic global
rotational motions in model-free approaches to characteriza-
tion of the molecular dynamics. If anisotropy of the
rotational tumbling should turn out to be important for 434-
(1-63), one would have a strong indication that much care
needs to be used very generally when applying the assump-
tion of isotropic rotational tumbling to the analysis of spin
relaxation data in proteins.
A fundamental assumption inherent in the model-free

approach is that the intramolecular motions must relax rapidly
compared to the global rotational tumbling of the molecules,
since otherwise the “decorrelation approximation” and the
associated factorization of the correlation function into
contributions from global and local motions may no longer
be valid. As a rule of thumb, the correlation times for the
internal motions should be at least 1 order of magnitude
shorter than those for the global motions (Lipari & Szabo,
1982a,b). Experience has shown that the EMFmay implicate
slow internal motions on the nanosecond time scale (Clore
et al., 1990b) so that the local internal motion and the global
motions would be on similar time scales. One can then not
exclude the possibility that the different types of motions
are correlated and that one is therefore outside of the range
of validity of the model-free approach. Schurret al. (1994)
demonstrated with theoretical model calculations that the
model-free approach can compensate for anisotropic global
rotational diffusion by ascribing to most of the nuclei
fictitious slow internal motions with correlation times in the
nanosecond time range. Although this does not mean that
such motions cannot be present in proteins, these simulations
indicate that, as a compensation for the fact that the global
rotational motions are actually anisotropic, slow internal
dynamics can be artifactually implicated by a model-free
analysis of relaxation data that assumes isotropic global
rotational motions.
In 434(1-63), residues Ser 3, Lys 9, Lys 38, Thr 39, Lys

40, Asp 57, and Thr 63 violate the aforementioned decor-
relation condition in the isotropic model if the relaxation data
of residues 9 and 38 are interpreted by the SMF and those
of residues 3, 39, 40, 57, and 63 by the EMF (Table 2). In
a similar analysis that allows for anisotropic global rotation,
the two residues in the SMF group exhibit significantly
shorter internal correlation times (Table 2), which implies
that it was the assumption of a spherical top molecule that
led to artifactually long internal correlation times. Since the
apparent anisotropy amounts to only 1.2, the 5-10-fold
overestimate of the internal correlation timesτs is rather
impressive. Shorter internal correlation times with the use
of a symmetrical top are also obtained for the residues in
the EMF group (Table 2), but with the exception of residue
40, the decorrelation approximation remains violated so that
the spherical top approximation seems not to account entirely
for the long internal correlation times. A plausible explana-
tion is that these residues actually display internal motions
on a time scale close to that for the global rotations but that
the model-free approach cannot be used for quantitative
evaluation of their correlation times and order parameters
because of possible correlation of the internal motions with
the overall rotational tumbling. This also supports the

intuitive physical picture in which the motions of mobile
loops or the chain-terminal polypeptide segments on the
surface of small proteins correlate with the global rotational
tumbling. Direct evidence in 434(1-63) that the spherical
top approximation causes systematic deviations in the
estimation of the correlation times for internal motions comes
from the observation that the apparent spherical top correla-
tion times,τR, determined for the groups of15N spins in the
individual helices correlate with the orientation of the helix
axis relative to the longest principal axis for anisotropic
global rotational diffusion.
A recent publication on the analysis of relaxation data in

an HIV protease (Tjandraet al., 1996) reports results that
are in nice agreement with and complement the present data
on 434(1-63). The rotational diffusion tensor was evaluated
from the relations between theT1/T2 ratios of individual
backbone amide groups at two magnetic field strengths and
their N-H orientation in the three-dimensional protein
structure. The resulting diffusion tensor is nearly colinear
with the tensor of inertia, and the relative magnitudes of its
principal axes are in good agreement with hydrodynamic
modeling results. It was further found that the lack of
consideration of the anisotropy of the global rotational
diffusion had little influence on the order parameters but that
it caused erroneous identification of exchange broadening
for four residues which have the N-H bond oriented nearly
parallel (within 30o) to the molecular axis with the largest
diffusion coefficient (Nicholsonet al., 1995).
We have also placed the experimental data on 434(1-63)

in context with model considerations on the effects of larger
molecular anisotropies. For this,T1(15N), T2(15N), and15N-
{1H}-NOEs were calculated for a hypothetical symmetric
top molecule with an anisotropyr of 2.0 and an average
global correlation timeτ of 5.45 ns (see eq 8), considering
different values of the angleR between the N-H bond vector
and the axis of symmetry. Only rapid internal motions were
considered, with anSs2 of 0.80 and aτs of 0.05 ns. The
simulated relaxation data were subjected to model-free
analysis with the assumption of a spherical top molecule,
and the resulting best-fit model-free parameters were com-
pared with the actual values of the parameters describing
the internal motions. (i) When 0o e R e 36o, the simulated
data could not be fitted appropriately with either the SMF
or the EMF approach. If, however, an exchange term (see
eq 4) was used in the SMF approach, the data could be fitted,
with an Ss2 of 0.64-0.72, aτs of 0.03 ns, and aπ∆ex of
1.8-3.6 Hz. Ss2 and τs were thus significantly underesti-
mated, and the assumption of a spherical top molecule caused
the erroneous identification of exchange broadening. (ii)
When 37° e R e 90°, the simulated relaxation data could
be fitted adequately with the assumption of a spherical top
molecule when using either the SMF or the EMF approach.
The SMF approach only slightly overestimated the actual
values forSs2 andτs, with anSs2 of 0.80-0.82 and aτs of
0.05-0.06 ns, but the corresponding fit of the simulated
NMR relaxation data was not acceptable. When 37° e R
e 59o, the EMF approach yielded anS2 of 0.81-0.82 and a
τs of 0.05-0.11 ns, and when 60° e R e 90°, the EMF
parameters were anS2 of 0.73-0.80 and aτs of 0.26-0.81
ns. Although the best-fitS2 values in the EMF analysis
remained quite close to the actual values, the best-fitτs values
overestimated the actual data by up to a factor 2 for the range
37o e R e 59o and by a factor of 5-16 for the range 60° e
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R e 90°. Overall, due to the larger number of adjustable
parameters, when compared to SMF, the EMF treatment
yielded an improved fit of the relaxation data, but it provided
a misleading view of the internal motions. The results of
these theoretical model calculations coincide closely with
previous theoretical investigations of the effects of aniso-
tropic global rotational diffusion on the performance of the
SMF and EMF approaches reported by Schurret al. (1994).
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