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N relaxation studies provide information about protein
backbone dynamics in solutidn® These data are generally
interpreted using the “model-free” formali$émvhich yields a
generalized order paramet&, and a time constant for internal
motion, 7. Analysis of these values allows the distinction
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axis located in the peptide plane. These studies indicate that the
principal axis is not collinear with thN—H bond vector but is
inclined away from thé®N—H bond toward thé>N—C' bond by
an anglen. A number of different values fax, typically ranging
from 15 to 25, have been reported from these studies. The value
of o has also been investigated in a recent solution NMR stéidy.
The small magnetic-field-dependent chemical-shift differetices
observed from partially oriented anisotropic molecules depend
ona; an analysis of these shift differences in a zinc-firgBNA
complex has found: to be in the range 13 5°. 5N chemical
shift anisotropy (CSA) and®N—H dipolar cross-correlation is
influenced by the value aft.'* A detailed analysis of the CSA
dipolar cross-correlation in ubiquitin has been presettatde
anglea was taken to be 20for all N nuclei.

The influence ofo. on the calculated®N T, and T, relaxation
times, when an anisotropic rotational diffusion model is employed,

between backbone mobility on a picosecond to nanosecond timehas not previously been considered. Hitherto, calculations of these
scale and static disorder in NMR-derived structures. Recently, relaxation times, involving autocorrelation spectral densifid$,

it has been demonstrated th&N relaxation data are sensitive to
rotational diffusion anisotrop§®° variations in experimentdl/

have employed a single set of angles to define the orientation of
boththe!>N—1H internuclear vector and the principal component

T, ratios can be used to define the orientation and magnitude of of the'>N shielding tensor with respect to the principal axes of

the diffusion tensor. As a resulN T,/T, ratios can be used as
constraints for NMR structure refineméwtr to provide informa-
tion about the conformation of domains in multidomain proté&ins.

Two method%™® have emerged for defining the orientation of
the rotational diffusion tensor in the molecular frame using
experimental®N relaxation data. In the first methdd,a local
diffusion coefficient,D;, is determined for each residueIn the
second’ 8 a direct fitting to the experimentaN T./T, ratios is
performed. T,/T, ratios are calculated for spherical, symmetric,
and asymmetric diffusion models, and the goodness-of-fit to
experimental data is assessed usingythstatistic:

n

X2 = [(Ty/ Tzi)ca|Cd_ (Tli/TZi)exptjzlAz

@)

where [T4i/Tx)%d and (T4i/T,)®* are the calculated and experi-
mental values, respectively, for residye\ is the experimental
uncertainty inTy/T,, and n is the number of residues. The

the diffusion tensor, implicitly assuming thatis zero. Here,
we show that the orientation of theN shielding tensor, as defined
by a, has an influence upon calculatédT, ratios and that this
effect is detectable in experimental data.

The ratio {[/Tx)%¥for theith 1N nucleus is calculated using
two sets of spectral density functions defined by:

Jlw) = ZAjk[rj/(l + 0’ (2)
pA

wheren = 1, 3, and 5 for the spherical, symmetric, and
asymmetric top models, respectively. The spectral densities
(w) are used fot>N—H dipolar contributions, and,(w) for 1>N
CSA contributions to thel; and T, relaxation equation®;'6
respectively. The time constaniglepend on the principle values
of the diffusion tensor, as defined previou¥ly® The coefficients
Ay, for the dipolar terms, depend on the orientation of'fhig)—
Hg internuclear vector with respect to the diffusion tensor

selection of a spherical, symmetric, or asymmetric diffusion model \yhereas the coefficientd,, for the CSA terms, depend on the
for a protein, where each model has an increasing number of fitted grientation of th&Ny, shielding tensor with respect to the diffusion
parameters, is made by assessing the statistical significance otensoris16 |n the case of a symmetric tofy, depends on the

the additional parameters using tRaest®1°
Solid-state NMR studiés and quantum mechanical calcula-

angled between thé>Ng—1H, vector and the principal axis of
the diffusion tensor whileéy;, depends on the angi¥ between

tions'? of peptides and peptide analogues have shown that thethe principal axis of thé5N shielding tensor and the principal

15N shielding tensor is nearly axially symmetric with its principal
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Table 1. Comparison of? Values Obtained Using a Symmetric Diffusion Model with #i Shielding Tensor Angler Set to O(left) and
with the Anglea Fitted (right) for Four Lysozyme Crystal Structures

structuré 272P Dy/Dg o (deg) 22 e Dy/Dp o (deg) F-value
5LYM 140.2 1.29+ 0.01 0.0 124.1 1.32 0.02 28.5+ 7.6 11.42
1UCO 142.8 1.29 0.01 0.0 128.1 1.32 0.02 27.2+ 8.0 10.10
3LYM 145.2 1.28+ 0.01 0.0 123.7 1.32 0.02 32.2+7.1 15.30
6LYT 146.6 1.29+0.01 0.0 126.7 1.32 0.02 33.9+ 84 13.82

aX-ray coordinates for hen lysozyrifewere obtained from the Brookhaven Protein Databank. Amide protoNswiere added to the X-ray
structures using X-PLOR. The structure was then energy minimized with the backbone heavy atoms constrained to remain at their initial positions.
This energy minimization was necessary to ensure thatvaks located in the peptide plane. A vector representing the principal component of the
5N shielding tensor for each residile- 1 was generated using the coordinates of the atoMsiki Ng+1), and Cg); this vector lies in the plane
defined by these atoms, inclined at an angleo the'>N—*H bond. A'®N—H internuclear distance of 0.102 nm was used in calculatior}&\bf
T1 and T, relaxations times? The anglea is fixed at @ and the parameterfd, and D and the orientation of the diffusion tensor are fitted to
minimize y2. A total of 121T,/T, ratios have been measured experimentally at 50.6 MHz for lysoZyResidues with significant motions on the
picosecond time scale, exchange broadening, or found in certain surface loops involved in crystal contacts have been removed frbgalysis;
T4/T, ratios are used in the present studyD,, Dy, the orientation of the diffusion tensor, andare fitted to minimize;?. The error inD,/D and
o has been estimated from 500 Monte Carlo simulations. The effective correlationctime,/(2D, + 4Dp), decreases by at most 0.002 ns when
a is fitted. A value of 5.78 ns is found for all structurésThe F-test indicates that the symmetric diffusion model with the additional parameter
o is a statistically significant improvement over the symmetric diffusion model with 0°.

150 been carried out using three other lysozyme X-ray structiires,
D||494 the results are summarized in Table 1. For these structures, the
o oY , optimal value ofo is found to vary between 27.2 and 33.9he

H / F-values listed in Table 1 correspond to a confidence level of
greater than 99.8% indicating that the model which includes the
anglea gives a significant improvement over the more widely
used model which assumes tlhat= 0°. Monte Carlo simulations
have been used to assess the errariiesulting from experimental
uncertainty in th&N T, andT, values; errors of-7—8° are found
for each of the four structures. This fairly large error is to be
expected because the variationgdfas a function of the angle
is found to exhibit a broad shallow minimum as shown in Figure
1. These values af are obtained with a uniforPN CSA value
of —170 ppm** If this value is changed te-160 or—180 ppm,

o increases or decreases by°2réspectively, as shown in Figure
Figure 1. Plot of 42 as a function of thé>N shielding tensor angle. 1. These values foo are slightly larger than those obtained
For each value ofi, the parameter®;, Dy and the orientation of the  previously***® The value ofD,/Dg is found to increase when
diffusion tensor were fitted. Calculations using unifoffN CSA values the value ofu is fitted. For exampleD,/Dg increases from 1.29
of either—160, —170, or—180 ppm are shown by short-dashed, solid, tg 1.32, for the 5LYM structure, whem is increased from Oto
and long-dashed lines, respectively. The vertical dashed lines indicate2g 5. |f D//Dg and the orientation of the diffusion tensor are
the range of errors in the fitted value of found using Monte Carlo fixed to the values found witoe = 0° and onlya. is fitted, then
simulations for @*N CSA value of-170 ppm. The inset shows the angles  gamewhat lower values of are foundp equals 21.9, 21.0, 23.9,
a, 6, and 8" which define the relative orientations of the principal and 24.3 for the 5LYM. 1UCO. 3LYM. and 6LYT structures
component of theN shielding tensor ), the "N—1H intemuclear | oghectively. These values far are now closer to the values
vector, and the principal component of the diffusion teng).( reported from solid-state NMR and from magnetic-field-
dependent chemical-shift studi€s.

Although the uncertainty in the value of is quite large, the
calculations for lysozyme show that improved agreement between
the experimental and calculat@édT, ratios is obtained when using
a symmetric rotational diffusion model in combination with the
assumption that th®N shielding tensor is not collinear with the
15N—1H bond vector. The data analyzed here were collected at
relatively low field for a protein of moderate anisotrody (D
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axis of the diffusion tensor. The value @ffalls in the range of
0 + a, the exact value depending on the orientation of the peptide
plane with respect to the diffusion tensor (Figure 1). For the
calculations performed here, we have assumed that'ike
chemical shift asymmetry parameter is zero, that any contribution
to!>N relaxation from the antisymmetric component of the
shielding tensdf!"is small and can be neglected, and that the
if_g ERIISIPIT(QHFt)?)?asroirn?exrg?:::gz?es identical dynamic behavior to _ 1.3). Itis expected that }he ian.uence(mfon T4/T5 ratios will '
5 ; . be more pronounced at higher fields (18.8 T) and for proteins

The*N T, andT; relaxation data were obtained at 50.6 MHz  \ith 4 |arger anisotropy. This has implications for the analysis
from a uniformly**N-labeled sample of hen lysozyme as described of frequency-dependertN relaxation data and for the use of
previously? A recent analysis has shown that a symmetric TJ/T, ratios in the refinement of protein structure.
rotational diffusion model best describes these #aféhe change
in the y* statistic as the ahgle IS V"‘,‘“eq from 0 to 60 for the Acknowledgment. This work is from the Oxford Centre for Molecular
5LYM lysozyme structur¥ is shown in Figure 1. The agreement Sciences, supported by BBSRC, EPSRC and MRC. One of us (C.R.)
between the experimental and calculafgdr, ratios improves  thanks the BBSRC for an Advanced Research Fellowship.
asa is increased, with a minimum at 28.5 Similar fits have
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