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Abstract: An approach to protein dynamics analysis fr&id relaxation data is demonstrated, based on multiple-
field relaxation data. This provides a direct, residue-specific determination of both the spectral density
components, thé>N chemical shift anisotropy (CSA) and the conformational exchange contribution to the
15N line width. Measurements @33, Ry, and'>N{1H} NOE are used. The approach is free from any assumption
about the values of the CSA or of the conformational exchange. Using this approach, the spectral densities,
the values of!>N CSA, and the conformational exchange contribution to e line width are directly
determined from the relaxation data for human ubiquitin, collected at 360, 500, and 600 MHz. The spectral
densities are analyzed in terms of the order parameter and the correlation time of local motion, using an
axially symmetric overall rotational diffusion model. The residue-specific valuég\o€SA and the spectral
densities obtained using this approach are in agreement with those derived previously [Fushman, Tjandra, and
Cowburn.J. Am. Chem. S04998 120, 10947 10952] from CSA/dipolar cross-correlation analysis. Accurate
determination of spectral densities and order parameters*fidrelaxation may be accomplished by analysis

of multiple-field data without assumption of constant CSA or zero chemical exchange contributions.

Introduction

Current approaches to obtaining information on protein
dynamics fromN relaxation data are based on either “model-
free” approachés or the mapping of spectral density functicns.
These approaches assume a constant valueléD ppm for
the 1N chemical shift anisotropy (CSA), as inferred from solid-
state NMR datéd.Recent analysis of multiple-fiel#N relaxation
and CSA/dipolar cross-correlation data for human ubicfuitas
indicated a spread ittN CSA values significantly larger (from
—125t0—216 ppm, with the mean value 6f157 ppm, median
of —157 ppm, and quatrtiles 6f142 and—165 ppm (52 values))

the assumption of a uniform single value of CSA. The spectral
density functionsJ(0), derived using site-specific values'éN

CSA differ from those obtained assuming a uniform CSA véalue.
Here we describe approaches to the direct determination of
protein dynamics from®N relaxation dataR;, Ry, and°N-

{™H} NOE, at various fields, which require no assumption about
15N CSA or additionally the chemical exchange contribution,
Rex. Using these approaches, the spectral densities, the values
of N CSA, and the conformational exchange contribution to
15N transverse relaxation are directly determined from the
relaxation data for human ubiquitin.

than anticipated from previous peptide studies. These site- Theory
specific variations in CSA render inaccurate analyses based on

The spectral density function{w) characterizing protein
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rates R, andR,, and steady-state heteronuclear NOE as follows:

R, — 3(d” + ¢A)J(w,) + 6.258°3(0.87w,,) 1)

2R, — R, — 4.541J(0.87w,;) = 4(d” + ¢?J(0) + 2R, =

4d?3(0) + 2w\ pe, + 2(CSAI3FI(0)] (2)

1- NOE)Rl? = 5d°)(0.87w,,) (3)
H

whered = _(/40/(4-7T)))/HVNh/(4-7TrHN3), C = ’}/NBO(O’” — 05)/3,

run is the internuclear’>N—1H distance, oy — op is the
anisotropy of thé>N chemical shift tensor (CSA)H, yn and

wn, wn are gyromagnetic ratios and resonance frequencies of
the nucleihis Planck’s constant, arf@Ly is the conformational
exchange contribution, if any, to measuiRgl pex = Rexwn? is
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independent of the field strengifThese equations were obtained Using these parameters, the spectral density compd(ieq)

by modification of the standard expressidris; the assumption ~ can be interpolated (see Materials and Methods) and then
that J(w) O w2 at o ~ wy; hence, Jewy) = (0.87/ substituted into eq 1 to determine tHN CSA directly from
€)2J(0.87wy).8 This high-frequency component(0.87wy), of the measured value &:

the spectral density function can be directly determined from

the experimental dat&®; and NOE, using eq 3, independent of 3d(R, — 6.250%3(0.87w,,) 12
15N CSA. Accurate derivation of the other two components, CSA=— > -1 (6)
J(0) andJ(wn), is less straightforward, and requires knowledge N 3dJ(wy)

of 15N CSA andRey, Which are, in general, not known. Although
experimental approaches to measBgghave been suggestéd,  This derivation of!>N CSA is independent of any chemical
the absence of information on site-specific CSA poses a exchange contribution. The value Bfx can then be directly
significant problem for accurate analysis of protein dynamics determined from eq 5. This approach provides a direct deter-
from relaxation data measured at a single field. Direct deter- mination of both CSA andR.. It depends, however, on the
mination of 15N CSA from relaxation data at multiple fields accuracy of the interpolation d{wx), and, therefore, the use
using CSA/dipolar cross-correlation rategs,can, however, be  of the Lipari-Szabo formalism for derivation.
done?® and similar approach&scould be developed for this Although the interpolation of(wy) from spectral densities
purpose. at rather distant frequencies,= 0 andwy, might appear to be
The approach suggested here does not require cross-correlaa complex and uncertain procedure, its robustness is demon-
tion rate measurements, and uses a standard set of relaxatiostrated by our computer simulations (see Materials and Meth-
measurements{, R,, and NOE) at multiple field strengths to  0ds). A simpler way is possible to determine CSA frén
derive J(0) without any preexisting knowledge of CSA and/or values using method B, for those residues characterized by
Rex. SinceJ(0) is independent of magnetic field, eq 2 provides restricted motions, typically observed in the protein core. This
a method of obtaining)(0) directly from a standard linear- approach, described below, is a first-order approximation to the
regression fit of the left-hand side of this equation to a linear full interpolation procedure, and thus can be considered a
dependence versus? (0B?), with a slopem and intercepb: truncated version of method B. Using the Lipa8zabo
b + mwn2 As a result of such fitJ(0) can be determined as formalism, the contributions to the lower frequency spectral
densities from local motions are usually very small. These
_ 2 contributions are the terms containing(eq 12, Materials and
J(0) = b/(4d) “) Methods) orrye in eq 11. For the core residues of ubiquiti (
> 0.8 andrioc < 50 ps), these contributions are less than 1%
and forRex and CSA and 0.3% taJ(wn) andJ(0), respectively, and therefore, can be
2 5 safely neglected for these spectral density components. The same
2R, Jwy” + b(CSAM)/9=m (®) assumption is usually made when the hydrodynamic properties
of proteins are determined using tRgR; ratio 1’4 Both J(wy)
The spectral density componel(0) derived using this approach  andJ(0) then scale a¥’ (egs 11 and 12, Materials and Methods),
is independent of CSA anB.,. Equation 5 contains bot#N and therefore, the following relation holds between the two
CSA andRey, and, therefore, allows determination of one of spectral density components:
these parameters given the value of the other. Simultaneous
solution for both values requires a more complex approach J(w,) = J(0)/B @
shown below, but eq 5 can still be valuable. For example, in
thos_e cases when the conforma_tional exchan_ge contribution isynereB is independent of local dynamics. From egs 11 and 12
negligible, the!>N CSA can be directly determined from eq 5
as CSA= 3d(nvb)'2 (further referred to as method A).
When Neither Rgx nor CSA Is Known. A direct determi-
nation of CSA andRe is possible using the following approach
(method B), when neitheRex nor CSA is known a priori. The
idea of this approach is to derivN CSA directly from (11) Kay, L. E.; Torchia, D. A.; Bax, ABiochemistryl989 28, 8972~
experimentaR; values. Method A, above, makes no assump- 9 ] ] ) )
tions as to the distribution of spectral density values, only that NM(lRZ{ggujgmg?;% Weisemann, R.; Thuring, H.; Ruterjans]. iiomol.
Rex is negligible. If the Lipari-Szabo formalism for the (13) Lee, L. K.; Rance, M.; Chazin, W. J.; Palmer, A. G., 3l Biomol.
distribution of spectral densities is accepted, then the values 0fNMR 1997 9, 287-98. _
%0) and3(c), determined above, can be used for a param-  f b 8%, oadt % i rteger, 5 Toreia, D Jaol. Bl
etrization of the spectral density function, in terms of the model- 1995 277 663-682.

free parameters S and 7ioc.r® (15) In the model-free approakthe local motions are assumed to be

independent of the overall tumbling of the molecule and are characterized
(6) For a two-site exchange with a rdteand a chemical shift difference by the order paramet&and the correlation time of the local motiofc.

(ppm) between the equally populated sités Rex can be written in the The overall rotational diffusion can be characterized using=#iR; ratio

B=1+ (w\r)* (8)

for the case of isotropic overall rotation and

fast-exchange regimé, > 2wnd, asRex = wn20%(21) = wn?pex (ref 7, p 11-14 which is independent o, tioc, and*®N CSA to the first order, for
450). those residues belonging to a well-defined protein core. Those amides with
(7) Abragam, A.The Principles of Nuclear MagnetisnClarendon extremely largeR./R; ratios should be excluded as possibly influenced by
Press: Oxford, 1961. conformational exchange. The number of remaining NH groups available
(8) Farrow, N. A.; Zhang, O.; Szabo, A.; Torchia, D. A.; Kay, L. E. for the analysis is usually sufficient for a statistically robust characterization
Biomol. NMR1995 6, 153-62. of the overall rotational diffusion. Given the overall rotational parameters
(9) Akke, M.; Palmer, A. G., lll.J. Am. Chem. Sod.996 118 911— determined independently, a set of the two spectral density components, at
912. o = 0 andw = wp, is sufficient for determination o andziec (0 < &

(10) Kroenke, C. D.; Loria, J. P.; Lee, L. K.; Rance, M.; Palmer, A. G., = 1; 0 = 1joc < l/wy ~ 300 ps). More complex models using additional
Il J. Am. Chem. S0d.998 120, 7905-7915. Kroenke, C. D.; Rance, M; parameterscould also be used, employidgwy) values aiwy = 360 and
Palmer, A. G., lllJ. Am. Chem. S0d.999 in press. 500 MHz, in the case when NOE data at these field strengths are available.
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B=[(8 co 6 — 1)*r, + 3(sirf 20)7, +
71

3(sint 0)z,)/| (3 cog 6 — 1) m +

73

3 (Slrl2 20) m (9
N

L2 .4
(it ) )

+ (wnTp)

in the case of anisotropic (axially symmetric) overall motion.
A similar expression forB can be obtained for the fully
anisotropic overall motion. Substitution fdfwy) from eq 7
into eq 6 then gives

R, — 6.2513(0.870,)  |**
B_

CSA=> .
3d%(0)

10
o (10)
Equation 10 provides a method of deriving CSA directly from
the longitudinal relaxation rate, using assumptions identical to
those used for obtaining overall correlation time, from the values
of the spectral density component3(0.87wy) and J(0),
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Figure 1. Consistency test for the experimental data, 500 MHz vs
600 MHz (a) and 360 MHz vs 600 MHz (b). To test the consistency of
the data from different fields, the following self-consistency test can
be used (see also ref 5): the varialffgror1 = 2R, — Ry —
4.54923(0.87ww)])/[d? + wn3(CSAI3¥] must be field-independent. To
achieve this, theR — Ry — 4.5402)(0.87wy) values at 500 MHz were
uniformly scaled by 0.988 (1.24%) and the corresponding data at 360
MHz by 0.966 (3.56%). The scaling factor was determined as the
average ratio of the correspondirigrz—r1 values for all residues

determined as described above. This method is expected to yielexcluding ll€* and Asi®, subjected to conformational exchange (not

accurate values dfN CSA for those amides which belong to
the well-structured regions in a protein. The degree of agreemen
of this simplified method with the more complete interpolation
is then some measure of the soundness of this approach.

Materials and Methods

The set of'>N relaxation data for human ubiquitin taken for this
analysis consists d®;, R;, and NOE at 600 MH2¢ andR; andR; at
500 and 360 MH2.The high-frequency componen§0.87wy) at 600
MHz, were derived according to eq 3, and the values at other field
strengths were obtained as descrfbassuming the scaling properties
of J(0.87wy) discussed above.

shown), and the four C-terminal residues Fe@Gly’® (the lowest left
tpoints) exhibiting a high degree of local flexibility This small uniform
scaling compensates for possible deviations in the experimental
conditions, as well as, possibly, for any systematic errors introduced
by derivingJ(0.87wy) for 500 and 360 MHz from the 600 MHz data.
For these plots, the approximation was to take GSA-157 ppm as

an average value for ubiquithThe spread of the points around the
diagonal is caused by site-specific variations in CSA and by experi-
mental errors. The correlation coefficienis 0.99 and 0.98 for the
data shown in (a) and (b), respectively, and 0.98 for 500 vs 360 MHz
data. Note that thE,r> r1 Values at different fields could also be made
consistent by adjusting the average CSA value in the denominator of
F2r2-r1. The values of CSA necessary to make the data consistéatl(

A self-consistency test for matching the conditions between the data and—137 ppm for (a) and (b), respectively, ard 32 ppm for 500 vs

acquired at different fields and spectrometers is shown in Figure 1.
Derivation of $? and i, from the Spectral Density Components
J(0) and J(eww). The following functional form of the spectral density

function was used (see e.g. ref 16):

g

J(w)=l—lo{(3 CO§0—1)2 m'f'

T1e . T2
@ e P 2
(1 32)1 - + 3(si 29)’321 P +
_ T2e 4 T3
@ §)—1 P + 3(sir’ 6) 32—1 -y +
_@ e
« §)1+ (wr3e)2]} (1

Hererl’l = 6Dp, ‘5271 = 5D + Dy, ‘[371 = 2Dp + 4Dy; Dy andDp are
principal components of the rotational diffusion tensor assumed here
to be axially symmetricg is the angle between a given NH vector and
the unique principal axis of the tensor, the local motion of the NH
vector is characterized by the order param&and a correlation time
Tloc, and ‘[k{l = ‘[[1 + Tlocil (k :1, 2, or 3).

In the case of isotropic rotational diffusioBy = Dp = D, 71 = 12
= 173 = 1. = 1/(6D), this equation reduces to the conventional “model-
free” formt

Te

1+ (01)°

2 T
) =¢ sz1+ (mc)2+ 1

14+ ‘[|0071.

) (12)

wherete = 1

360 MHz data) are much lower in absolute value than the average CSA
values reported in the previous studté48The calculations show that
these values of the scaling factor might correspond to a temperature
decrease of 1.8C for the 360 MHz and 0.58C for the 500 MHz
measurements, compared to 600 MHz.

In method A, the model-free paramete®dandzi., were determined
by solving numerically a set of three equations (11),do= 0, wx,
and 0.8wy, corresponding to the experimentally determined values of
J(0), J(wn), andJ(0.87wy). The solution was based on minimization
of the differences between the measured and calculated valdgs)of
(least-squares method), and was performed using the simplex algo-
rithm.*” The following expression for the target function was used:

J(o)°a'°"]2 . [J(0.87wH)e*p“

.
|

where superscripts “exptl” and “calcd” refer to measured and calculated
(using eq 11 or 12) values dfw), andoo, 0w, andoy denote estimated
experimental errors in the corresponding spectral densities. The model-
free parametrization in method B uses eq 11 twice, corresponding to
J(0) andJ(0.87ww), with the last term in eq 13 omitted. In this case,
both the least-squares approach (above) and a direct analytical solution
(assumingriec < 71, T2, @andzs) were used; both approaches yielded
similar results. The same procedures were applied in the case of the
isotropic model, using eq 12.

After the model-free parametrization of the spectral density was
performed as described here, tif@en) component was calculated from

J(O)exptl _
)

‘](0'87wH)calc1 2 .
OH

exptl __ calcd] 2
Heo)™™ = Jwy) 1 13
oN

(16) Tjandra, N.; Feller, S. E.; Pastor, R. W.; Bax, A.Am. Chem.
S0c.1995 117, 12562-12566.

(17) Press, W. H.; Teukolsky, S. A.; Vetterling, W. T.; Flannery, B. P.
Numerical Recipes in GCambridge University Press: New York, 1992.
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a Figure 3. Comparison of the present results with the ones derived
. from dipolar/CSA cross-correlation{a) the spectral density function
o component)(0) and (b, c) thé5N CSA values. The present CSA data
“w shown in (b) were derived using egs 4 and 5 and assuipg= O

(method A), while those in (c) were obtained from eq 6 (method B).
The correlation coefficient between the data is 0.98 (a), 0.94 (b), and
T..(8im), ps 0.85 (c). Those residues with significaigx were excluded from (c);

the correlation coefficient between CSA values obtained using method
Figure 2. Validation of the precision and reproducibility of method A and method B is 0.89.
B based on interpolation of(wy) from J(0) and J(0.87wy). One
thousand synthetic relaxation data sets were generated as described iResults and Discussion
the text and subsequently analyzed using method B. Shown are ) o o
deviations in the calculated values from the simulated ones for CSA  The!*N relaxation data for human ubiquitin, comprising the
(a, b), J(wn) (c, d), and (e, f), all in percents, andi. (g, h), in R1, Ry, and NOE at 600 MH28 andR; andR; at 500 and 360
picoseconds. Left and right panels represent the deviations as a functionlMHz,5 were analyzed as described above.
of & andr, respectively. These results demonstrate that the expected As outlined previously;'® small variations of conditions
inaccuracy of method B, based dfwy) interpolation, is within 1% petween experimental sets may need correction (Figure 1). The
for J(wn) and$? and within 4% in CSA. TheRex vglues derived in experimental values of — Ry — 4.5412)(0.87wy) were fit
these calculations were below the level of experimental erroR.in to a linear dependence ven2 using the standard linear

As expected, the method using a simple model-free apprdmciomes regression methot.No correlation was observed between the

less accurate for larger amplitudeZ < 0.75) and longer correlation . . .
times (e > 100 ps) of the NH bond reorientations; in these cases the slopem and the intercepb of this dependence (correlation

“extended” modélmight be necessary for an accurate data parametriza- CO€fficientr = 0.14). The values 0od(0) derived according to
tion. Since the majority of amides in ubiquitin are characterize@by  €d 4 are in a good agreement with those obtained previously
> 0.8 andriec < 50 ps, the expected errors in CSA are below 2%, from CSA/dipolar cross-correlation analysigigure 3a). In
consistent with the observed values. contrast to that previous approach, valuesJ{@) are now
available for 1183 and Asr@® which had been excluded from
eq 11 (eq 12 for the isotropic model) far = wy, by substituting the the previous analysis as influenced by conformational exchange.
derived values of the model-free parameters into the right-hand side  Further analysis of these data including extraction of CSA,

075 080 085 090 0950 20 40 60 80 100
S¥(sim)

of this equation. Rex, and model-free parameters was performed separately for
All this analysis was performed using a locally produced Matlab methods A and B as described above.
program package, JCSA. The four C-terminal residues, LEuGly’8, with NOEs below

_ Computer Simulation Test of Method B. Method B is based on 0 34 were excluded from further analysis as not amenable to
interpolation of the spectral density componéfby), givenJ(0) and the simple model-free treatmeht

J(ww). To verify the accuracy of this method assuming the model-free 15 .
approach, 1000 synthetic data sets were simulated, each comprising Method 2A2.6The N ChSAr‘] values derllvedeffrom €q 3 (ranfge
Ri, R, and NOE at 600 MHz, an&; and R, at 500 and 360 MHz, —111lto— ppm, with the mean value 6{157, median o

thus mimicking the available experimental data. For this simulation, —156, and quartiles of 138 and—167 ppm (61 residues)) are

an isotropic rotation withe = 4.1 ns was assumed; the values of the N good agreement with the results of our previous analysis based
other relevant parameters were generated randomly, uniformly distrib- on they/R; ratio® (Figure 3b). These values assume tRatis

uted in the following intervals—110 to —210 ppm (CSA), 0.75 to zero. Using these values of CSA, the spectral density compo-
0.95 &), and 0 to 100 psty), corresponding to the ranges of these  nentsJ(wy) were determined from the measured valueRgf
parameters observed in ubiquitin (CSA) or typical for the model-free according to eq 1. The model-free parameters characterizing
approach & andri.c). The relaxation parameters thus generated were local backbone dynamics in ubiquiti&? andri. (Figure 4b,c),
analyzed using the approach of method B, in the same way as the rea%vere then derived from the spectral densitidg) and

experimental data, assuming the level of experimental errors as observe . . .
in experiment. The results (Figure 2) validate the precision and robust- (0.87ww) at 600 MHz and)(0), assuming an axially symmetric

ness of the algorithmic implementation of method B based(an) (18) Ottiger, M.; Tjandra, N.; Bax, AJ. Am. Chem. Sod997, 119,
interpolation. 9825-30.
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p1  p2 o p4 B5 3, B3 4b,c), were derived directly fromd(0) and J(0.87wy) (cf.

050, N NN mmEN mm E = == Materials and Methods). These values of the model-free

045} ¢ Wi § i al parameters are free from any assumption about site-variable
0 0451 B, g 4
< 0401 %sigigﬁig SR %;g 5 at ,Egégg— CSA or Rex. The values ofl(wy) calculated using? and zjoc
:20-35 C " i : f i ] agree well with those obtained directly from the experimental
= 030¢ SR ] values ofR;, method A, for all residues except LEGly0,

T T T i T T M T l . 5 . .

09l igy g Hi;ﬁé " Eiﬁéi . gi ﬁi iaééb__ and Ly$! (Figure 4a). Thé®N CSA derlveq using eq 6 (rgnge

o8l gy gE ¥ TR —116 to—231 ppm, mean value 159, median-155, quartiles
 07r 8 g : i ¢ 1 —176 and—143 ppm (63 residues)) are consistent with those

of method A (Figure 4d) and with the results of our previous
analysis based on thgR; ratic® (Figure 3c), for those residues
with negligible chemical exchange contributicis.

The truncated version of method B, based on eqs 9 and 10,
yielded CSA values in excellent agreement with those derived
using the full interpolation. The correlation coefficient between
the15N CSA values derived using these two versions of method
B was 0.98, when all residues were included, and 0.99 if only
those residues belonging to the well-defined secondary structure
were used. This agreement also validates the performed
interpolation of J(wy), using J(0) and J(wy). Note that the
truncated version of method B is less generally applicable than

£ 0 %ﬁrﬁi,j oyl e zirmzﬁljtii, the fuII-irjterpoIation approach, since it is_ based on additional
I , . ‘ assumptions than the LiparBzabo formalism.
10 20 30 40 50 60 70 For the majority of the amide groups in human ubiquitin (58
Residue out of 63 analyzed), the observed conformational exchange
Figure 4. Backbone spectral density compondfun) (a), the model- contribution is negligible, within the experimental errors (Figure

free parameters¥ (b) andriec (€), 1N CSA (d), and the conformational ~ 4e). Positive values oR.x were observed as statistically
exchange contributioRe (€) in human ubiquitin, obtained using the  significant in 13 and Asi#® The conformational exchange
approache_s p_r_oposed_ hgre. The elements of secondary _structure ofontribution was anticipated for these residues fromshe
human ubiquitin are indicated on the top. Paneisdaprovide a  4n3)ysid3 and from the previous analysis of relaxation di&t3:
comparison of the parameters derived using the method A (open TheR.,values determined here for #eand Asr5, 0.67+ 0.18

symbols/bars) and method B (solid symbols/bars). The error bars 1 - . .
represent standard errors in the parameters. The model-free parametrifde 1.95+ 0.16 s7, respectively, are in good agreement with

zation of the spectral densities was performed assuming axially those estimated earl?érfrqm the relaxation data (_0'68 arjd 2.09
symmetric overall rotational diffusion of the protein, as described in S %) and from the correlation betwe®y/R; and residual dipolar
Materials and Methods. The overall rotational diffusion tensor was coupling (0.8+ 0.3 and 2.1+ 0.4 s%). As outlined above with
characterized by the following parametens:= 4.12 ns and,/Dg = method A, a comparison between the anisotropic axially
1.17. The orientation of the unique principal axis of the tensor with symmetric model and an isotropic model was performed. For
respect to the protein coordinate frame (1ubg.pdb) was given by the the isotropic model, statistically significant positiRe, values
Euler angles = 46° andf = 40°. These hydrodynamic characteristics  \yere also calculated in Gi§j Asp2, and Ly$3; these are likely

of the protein were derived from theN relaxation data in ref 16. Note to be apparent conformational exchange contributions arising
that the'>N CSA values are now available for #feand Asi® (indicated from inadequacy of the isotropic rotational diffusion mogfel
in e) which had been excluded from the previous analyses as influencedW.th th isotropi iall tri del. th id )
by conformational exchange. Note also much smaller experimental ! € anisotropic axially Symmetric model, three resiaues,
errors (2.6 ppm or 1.6%, on average) in the CSA values obtained from (21) Saupe, AZ. Naturforsch 1964 193 161171,

Ri (method B), as compared to the ones derived fromfRganalysis: (22) A weak correlation can be seen from Figure 4b,d betweeithe
Statistically significant positivéRex values are obtained for fizand CSA and the values &, mostly pronounced in the cases of extreme values
Asr®, in good agreement with the previous studies. The observed small of CSA andS? and suggesting increased absolute values of CSA for those
negative values ORex are not statistically significant, except those for reS|du_es with Iarg_e amp_lltudes of apparent local motion. The effect is present
Let?, Glyl%, and Lyd! (see the text). even if those amides with the extreme values of the order paran®ter (
' ' 0.77 and$? > 0.92) are excluded: the correlation coefficient is 0.62

. . . . for both methods A and B. This effect may be caused by relaxation
overall rotational diffusion of the molecut€.This model of mechanisms/contributions not accounted for in the standard approach, eqs
the overall motion was previously used to yield a fit to tfd 1-3. For example, modulation of the strength of #id CSA tensor and/

relaxation data in ubiquitiﬁ@ The derived parameters exhibit or its orientation relative to the dipolar tensor frame, caused by local protein
litt - h del of I . c . dynamics, or limitations of the selected simple model-free representation
ittle sensitivity to the model of overall rotation. COmparison  of the spectral density by the truncation of the order parameter eries
of this model and an isotropic one is available in the Supporting may be responsible. This correlation is not intrinsic to the approaches
Information. suggested here, since a similar correslatiora:(O.GS) holds between the
- - - CSA values derived from thg/R; ratio?> which are independent aX0),

'V'ethofj B. To lllgstrate this methpd and to verify ou!’ and the values a¥(0) derived here, which are independent of CSA. Further

assumptions regarding the conformational exchange contribu-analysis, including complete measurements at additional fields and in other

tions in ubiquitin, the model-free paramete®sandzq (Figure proteins, and testing various model-free models, is required to solve this
issue.
(19) Fushman, D.; Cowburn, 0. Biomol. NMR1999 13, 139-147. (23) Fushman, D.; Cowburn, . Am. Chem. Sod.998 120, 7109~

(20) We have shown separat¥lyhat the noncollinearity between the  10.
15N CSA and'H—15N dipolar interaction can lead to site-specific variations (24) de Alba, E.; Baber, J. L.; Tjandra, BL.Am. Chem. Sod999 121,
in R, andR; which are not accounted for in eqs 1 and 2 but might become 4282-3.
substantial in the case of significant rotational anisotropy. This effect is (25) Fushman, D.; Cowburn, D. Studying protein dynamics with NMR
not considered here, as the corresponding contributions are estiftated  relaxation. InStructure, Motion, Interaction and Expression of Biological
be negligible in the case of the small rotational anisotropy observed in human MacromoleculesSarma, R. H., Sarma, M. H., Eds.; Adenine Press: Albany,
ubiquitin. NY, 1998; pp 63-77.
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Lel®, Gly19 and Lyg?%, exhibit small but significant negative ~ CSA and chemical exchange contributions. In combination with
Rex Values (confidence level of 999%) These have no apparent our previous studie3?3 several alternatives are now possible:
physical significance, and presumably are caused by accumula{1) use of cross-correlation of CSA and dipolar contributions
tion of experimental errors associated with these positions, at multiple fields to estimate residue-specific CSA, wiRgpis
although inadequacy of the simple model-free model when either assumed negligible or directly measured in combination
applied to Le8, Gly'© and Lyd! characterized by NOEs below  with measurements d®;, R,, and NOE; (2) use of method A
0.65 cannot be excluded. The values of the order parameterof this paper, with similar assumptions concerniRg, and
determined from methods A and B are statistically comparable. measurements d%;, R,, and NOE at multiple fields, or (3) the
The linear regression fit of & — R; — 4.5402)(0.87wy) vs assumption of the validity of the LipariSzabo formalism and
wn? for Lel® and Ly$? yielded the goodness-of-fit probabiltfy direct determination of residue-specific CSA dRgl terms with
below 1%. This implies that there is a less than 1% probability measurements &, R,, and NOE at multiple fields. It remains
that these residues’ data have the same underlying set ofto be seen which of these approaches will provide the most
interrelationships as others. Similarly, fely!, and Ly3?! accurate and useful data for protein dynamics and structural
are anomalous for analysis with method A, with goodness-of- investigation. Such studies, involving other proteins, as well as
fit probability below 5% for the model-free fit. These residues ubiquitin, and focused on comparison of various methods,
provided a poor fit in the previous analysis of cross-relaxation including the traditional approach which neglects site-specific
data® On one hand, most proteins appear to have a number ofvariations in’®N CSA, and of various spectral density models,
residues whose relaxation data are only poorly fitted by any are currently in progress.
current model, and so the current results are not exceptional; Conclusion. The proposed approach to protein dynamics
on the other hand, it remains a challenge to achieve a higheranalysis based on multiple-field relaxation data provides a direct,
degree of completion of analysis, which would clearly be critical residue-specific determination of both the spectral density
for useful applications of dynamic interpretation, e.g., estimates components!®N CSA andRey. This approach is demonstrated
of local entropy?’—2° here to be applicable to the more rigid residues in ubiquitin.
Despite the essential differences of approach between methodd his applicability is significant for accurate analysis of the
A and B suggested here, their results are in generally gooddynamically simplest components of the protein motion. The
agreement for the analyzed amide groups in ubiquitin. The approach is free of any assumption about residue-specific CSA
agreement between tReN CSA values determined here from or conformational exchange. It depends, however, on the
the slope in the R, — R; vs wn? dependence (method A), from  accuracy of the interpolation dfw) and hence on the Lipati
the rates of longitudinal relaxatioR; (method B), and from  Szabo formalism for the spectral density parametrization.
those obtained using thg¢R, value$ appears to validate the  Caution should be exercised when this method is applied to
applicability of these methods dfN CSA determination in more flexible parts of a protein, where direct contributions to
solution, and the range of values observed. TR, and spectral densities from complex local motion cannot be ne-
methods A and B are not fully independent because both dependglected. Further development is needed to test whether this
on the values oR;; however, the CSAs derived arise fram model, incorporating physical variables associated with residue-
and R; data sets independently derived. It remains to be specific CSA and chemical exchange, is more generally
determined whether the rangestafi CSA observed in ubiquitin informative than models incorporating additional parameters
are generally applicable to other proteins. describing model-free motional modes, the extended Lipari
Previously, othef have used the magnetic field dependence Szabo approachThe approach suggested here does not require
of 2R, — Ry for spectral density mapping and for determination Cross-correlation measurements, and it provides a direct deter-
of Rex. In that work, however, a constant value-6160 ppm mination of Rey, in contrast to our previous approach to CSA

was assumed fdfN CSA. The values af(wn) andRey reported determinatior?. The value of*5SN CSA can then also be used to
in ref 30 are likely to be affected by the site-specific variations determine the anglé between the N-H vector and the unique
in the residue-specific CSA values. principal axis of the!>N CSA tensor, from they/R; ratio?3

There is considerable interest in using the simple analysis of
spectral density components to describe protein dynamics from
relaxation studies. It is well recognized that accurate derivation
relies on correct estimates of contributions to relaxation from
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