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Heteronuclear spin-relaxation rates have proven to be powerful
probes of the overall and internal dynamics of macromolecules.1,2

Accurate assessment and interpretation of spin-relaxation data
requires careful consideration of anisotropic rotational diffusion and
chemical exchange.3-10 A commonly used approach for the analysis
of heteronuclear relaxation data examines the ratio between
transverse and longitudinal rates,R2/R1, for identification of residues
undergoing chemical exchange and estimation of global correlation
times.11 TheR2/R1 approach does not distinguish between the effects
of motional anisotropy and chemical exchange. This communication
describes a method for separating the effects of chemical exchange
from motional anisotropy by analysis of the product ofR1R2. The
results demonstrate that theR1R2 analysis significantly attenuates
the effects of motional anisotropy. Furthermore, the method permits
rapid identification of chemical exchange,Rex, and direct estimation
of the order parameters,S2. The utility of R1R2 analysis is shown
by using two proteins:E. coli ribonuclease H (RNaseH)12,13 and
theE. coli trimeric coiled-coil outer membrane lipoprotein (Lpp51).14

In well-structured regions of proteins, the majority of backbone
motions can often be modeled by using the simplest form of the
Lipari-Szabo model-free spectral density function,J(ω).15 Model-
free function assumes that spectral density is dominated solely by
correlation time,τc, which is scaled by subpicosecond motions rep-
resented byS2. The simplified spectral density equation is:

whereω is the Larmor frequency. Whenωτc . 1, theR1 andR2

relaxation rates are dominated by contributions from spectral
densitiesJ(ωX) andJ(0), respectively. In proteins,ωX is generally
the Larmor frequency for13C or 15N heteronuclei for which
relaxation rates are monitored. For instance, for backbone15N
relaxation rates at a field strength of 14 T,S2 ) 0.87, andτc ) 10
ns, over 95% ofR2 is due toJ(0) and 98% ofR1 is dominated by
J(ωN). The presence ofRex primarily elevates theR2 rates. The H-X
bond orientation within an anisotropic molecule influences the local
correlation time experienced by the nuclei, resulting in divergence
between theR1 and R2 rates. Analysis withR2/R1 obscures the
distinction between effects of chemical exchange and anisotropic
motion. This difficulty can be circumvented by consideration of
the productR1R2 whenωτc . 1 where

In the absence of internal motion, whenS2 ) 1, R1R2 is essentially
constant at a given magnetic field, providedωxτc . 1. TheR1R2

values are exquisitely sensitive to the presence of fast motions that

reduce theR1R2 product. The presence of slowerµs-ms motional
processes associated withRex increasesR1R2 values. Variations in
R1R2 due to motional anisotropy are nullified asτc is now absent.

Theoretical curves ofR1R2 plotted as a function ofτc at magnetic
field strengths 11.7, 14, and 18.7 T are shown in Figure 1a. As
ωxτc increases, the productR1R2 approaches a constant value. Higher
B0 field strengths better fulfill the conditionωxτc . 1 thereby
extending the plateau of constantR1R2 values to a greater range of
correlation times. The effects of chemical exchange significantly
raiseR1R2, as shown in Figure 1b. Increases in∆σ or reductions in
rHX values result in an upward shift of curves shown in Figure 1.

The upper limit of theR1R2 values, whenRex ) 0 andS2 ) 1,
allows direct estimation of the average generalized order parameters
Sav

2 from experimentally observedR1R2 values as shown:

whereR1R2
max is the calculated maximum value and〈R1R2〉 is the

experimentally observed 10% trimmed mean value after exclusion
of residues with low NOE values. Similarly, estimates of the
chemical exchange rates can be obtained by examining residues
that significantly deviate above〈R1R2〉.

The E. coli protein RNaseH serves to demonstrate this method
because both chemical exchange and significant anisotropic motions
are present.12,13 Anisotropic effects are easily observed in the
relaxation rates of helix D where residues V101 and L111 have
HN bond vectors aligned with the long axis of the diffusion tensor.16

Direct measurement of chemical exchange in RNaseH has revealed
that two resonances, K60 and W90, have rates in excess of 1 s-1.16

A plot of R2/R1 values for RNaseH is shown in Figure 2a. It is not
readily apparent which residues are outliers due to exchange and

Figure 1. The product ofR1R2 is plotted as (a) a function of the rotational
correlation timeτc and magnetic field strengths 11.7 (dashed), 14.0 (solid),
and 18.7 T (dot-dashed). (b) Values ofR1R2 are plotted at 14.0 T in the
presence ofRex values of 0 (solid), 2.0 (dot-dashed), and 5.0 s-1 (dashed).
TheR1 andR2 rates were calculated for the15N backbone nuclei by using
the spectral density function given in eq 1, with variablesS2 ) 1, an15N
chemical shift anisotropy value of∆σ ) -172, and a1H-15N bond distance
of rHN ) 1.02 Å.
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fast motional processes. In contrast,R1R2 plots reduce deviations
due to anisotropic motion revealing W90 as a significant outlier.
The variations in theR1R2 values diminish with increasing field
strength since the conditionωxτc . 1 is more fully satisfied.

The values of〈R1R2〉 were calculated for magnetic field strengths
of 11.7, 14, and 18.7 T after excluding residues with NOE values
<0.65 at field strengths of 11.7 and 14 T and NOE values<0.7 at
18.7 T. On the basis of deviation from theR1R2 mean, the estimated
Rex values for W90 were 2.8( 1.8, 4.2( 1.6, and 6.9( 1.3 s-1

at field strengths 11.7, 14, and 18.7 T, respectively. Estimated order
parameters determined from meanR1R2 values of RNaseH, at
magnetic field strengths of 11.7, 14, and 18.7 T were 0.84( 0.08,
0.86( 0.04, and 0.88( 0.05, respectively. The measured∆σ values
display site-to-site variations of 5.5 ppm in RNaseH13 resulting in
3-4% variability inR1R2 values. Changes in bothS2 and∆σ values
may potentially mask small chemical exchange rates. However, the
R1R2 estimated values forS2 andRex are in good agreement with
prior measurements in RnaseH, whereS2 ) 0.854( 0.002 and W90
displays an exchange rate of 2.46( 0.53 s-1 at 11.7 T.12,13,16

15N relaxation data on the Lpp51 coiled-coil trimer provide an
example of extreme motional anisotropy.14 Analysis of the crystal
structure indicates that the angle between the HN bond vectors of
the R-helices and the trimer symmetry axis varies between 0° to
45° in the coiled-coil. Calculation of the diffusion anisotropy for
Lpp51 with HYDRONMR18 estimates the ratio of the perpendicular
to the parallel axial diffusion tensorD|/D⊥ ) 3.75. Due to the high
degree of anisotropy, significant variations in theR2/R1 values are
observed (Figure 3a). In contrast, theR1R2 product significantly
reduces scatter due to anisotropic motions. Direct measurement of
chemical exchange effects in Lpp51 with use of the relaxation com-
pensated CPMG sequence8 indicates that no chemical exchange rates
in excess of 2 s-1 are present. OverallS2 values for Lpp51 are esti-

mated to be 0.92( 0.08, a value similar to the higher order param-
eters observed in the coiled-coil region of GCN4,S2 ) 0.91( 0.03.17

We have presented a rapid method for estimating and dissociating
the effects of motional anisotropy and chemical exchange in spin
relaxation data. The simplicity of the method will allow better initial
estimates of the relaxation parameters for use in more detailed
dynamics analyses. TheR1R2 analysis method clarifies the inter-
pretation ofR2/R1 ratios by providing criteria for exclusion of data
that displays chemical exchange and fast motional effects. By
eliminating significant sources of error, this method improves upon
the use ofR2/R1 ratios in NMR structural analysis.
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Figure 2. 15N relaxation data for 17.6 kD U-15N labeledE. coli RNaseH
at pH 5.5, 300 K, 0.8 mM, and 14 T field strength.1 (a) TheR2/R1 ratio and
(b) the R1R2 product are plotted as a function of amino acid sequence.
Residue W90 displays chemical exchange. The residue K60 is not included
due to extreme chemical exchange broadening which places it off-scale in
both panels. The line atR1R2 ) 14.9 indicates the〈R1R2〉 mean value
corresponding to S2 ) 0.86.

Figure 3. 15N relaxation data for 16 kD U-15N labeledE. coli periplasmic
lipoprotein Lpp51 at pH 5.8, 308 K, and 1.0 mM at 14 T field strength. (a)
R2/R1 and (b) R1R2 are plotted as a function of amino acid sequence.
Significant variations due to the high degree of molecular anisotropy are
evident in theR2/R1 plot. Anisotropic variations largely cancel in theR1R2

presentation. This indicates that variations in theR2/R1 plot are predomi-
nantly due to rotational anisotropy. The line atR1R2 ) 17.4 indicates the
〈R1R2〉 mean value corresponding toS2 ) 0.92. Heteronuclear relaxation
data were acquired and processed using procedures described previously.17

Figure 4. 15N relaxation data for Lpp51 are displayed asR1R2 vs R2/R1.
The line displays the calculatedR2/R1 value for an 18 kDa isotropic protein.
The distribution of15N relaxation rates indicates a strong bias in the
orientation of the HN bond vectors and a highly anisotropic structure.
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