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Abstract: The®N chemical shift anisotropyAo, is reported for 81 well-ordered backbone amide sites in the
Escherichia colenzyme ribonuclease H. The valuesief were determined frortPN relaxation rate constants
measured at static magnetic field strengths of 11.7, 14.1, and 18.7 T; the data analyzed included both
autorelaxation rate constants ald—15N dipolarA>N chemical shift anisotropy relaxation interference rate
constants. For this data set, the valued\ofare approximately Gaussian distributed with a meand72 +

13 ppm. The standard deviation of the site-to-site variation of the chemical shift anisotropy is 5.5 ppm and a
95% confidence limit for this variation is 9.6 ppm. The site-to-site variation in the chemical shift anisotropy
is similar to the variation observed in solid state NMR studies of specifically labeled polypeptides. Variability
in the value ofAc becomes a significant factor in the interpretation of spin relaxation rate constants at 18.7
T, but is less significant at lower field strengths, for the precision of relaxation data presently achievable by
solution NMR. Ribonuclease H is the second protein for which an extensive get ghlues is available.
Comparison of results for ribonuclease H with results reported for well-ordered sites in ubiquitin (Fushman,
D.; Tjandra, N.; Cowburn, DJ. Am. Chem. Sod.998 120, 10947-10952) reveals differences primarily in

the larger number of statistically significant values far from the mean in ubiquitin.

Introduction of a polypeptide chain, the amidéN chemical shift tensor is

A nuclear spin in a molecule is shielded from external influenced by local factors such as nearby dihedral angles, the
magnetic fields by its local electronic environment. The Presence of a hydrogen bond involving the covalently attached
maghnitude and orientational dependence of the shielding isProton, and the presence of a hydrogen bond involving the
described by the nuclear chemical shift tens@xperimental ~ 0xygen of the adjacent carbonyl group; and long-range factors
or theoretical knowledge of chemical shift tensors is required Such as solvent effects and electrostatitisarge variations exist
for accurate interpretation of many nuclear magnetic resonancein these structural parameters in proteins, which warrants an
(NMR) experiments designed for investigations of molecular assessment of the variability AN chemical shift tensors from
dynamicg and structuré.Relaxation rate constants 8N spins ~ Site to site throughout the polypeptide backbone.
have been used extensively to characterize backbone dynamics Until recently, the only method for determinidgN chemical
in proteins? Most commonly, a single value for the amith shift tensors in biological macromolecules was solid state NMR
chemical shift anisotropy (CSA) is assumed for all spins even using samples specificallyN enriched at the site of intere’t?
though the effects of conformation-dependent variations in the Investigations of specifically labeled peptides suggest that amide
CSA have been discussefiThe range of variability expected 15N chemical shift anisotropies in polypeptides have a narrow
for the 15N chemical shift tensors in proteins has not been distribution with a standard deviation of 6.3 ppm (as calculated
established definitively. Only relatively small databases of from Table 1 in Lee et &l). Solid state NMR is prohibitively
experimentally determined chemical shift tensors éfistnd inefficient for application to a large number &N sites in a
theoretical calculations, while qualitatively suggestive, have not protein due to the difficulties of producing the necessary
achieved yet the requisite level of accurddy. the backbone  samples. In a noteworthy advance, Fushman &tusled°N
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To further assess the variability of chemical shift tensors in and the interference relaxation rate constants as

proteins, the current study reports the chemical shift anisotropies

for 81 well-ordered backbone amid@ nuclei in theEscheri- T oross= (11, — 0.5)R, — 1.24%,) = (3 + 4c)J(0)/6  (2)
chia colienzyme ribonuclease H (RNase H). The valueAof

are determined from the static magnetic field dependence ofin which d = (ud/4m)hynyuligD ¢ = wnAol3Y2, uo is the perme-
15N spin relaxation rate constants using an approach similar to ability of free spacefi is Planck’s constant divided by yx is the
that of Fushman et & The values ofAc are approximately ~ dyromagnetic ratio for nucleus Xi<ryi>"%3 = 1.02 A is the
Gaussian-distributed with a mean value-6£72 + 13 ppm. vibrationally avgraged effective-!\H bon_d Iengtth is the!>N Lgrmor
The standard deviation of the site-to-site variation of the CSA freauency,Ao is the ®N chemical shift anisotropy, anRe is the

. . o . N . contribution toR, from chemical exchange. In the following, exchange
is estimated as 5.5 ppm, and a 95% confidence limit for this is assumed to be fast on the NMR chemical shift time scale. Solid-

va_rlatlon 1S 9'6 ppm. Asse_ssment of protein dynaml_cs USiNg state NMR studi€s® have shown that th€N chemical shift tensors in
spin relaxation data requires accurate values of dipdigole peptide groups deviate from axial symmetry. In addition, previous
and CSA coupling constants. For the level of precision in the studied! have shown that rotational diffusion for RNase H is not
15N spin relaxation rate constants achieved for RNase H, the isotropic. However, as will be discussed below, these deviations lead
degree of variability im\o significantly affects the interpretation  to small effects on the measurés values when compared to the
of spin relaxation data acquired at 18.7 T, but not at the lower experimental uncertainties.
fields, 14.1 and 11.7 T. In the case of negligibl&®ex contributions toRy, Fayo = Tcross= T,

and

Materials and Methods T = (219)A? JO)wd + (L/2) J(0) = mw?, + b 3)
Experimental Procedures.High-resolution solution state measure-

ments of'*N longitudinal and transverse autorelaxation rate constants In eq 3, is linear inw{ and has slopen = 2A¢2J(0)/9 and intercept

(R. and Ry, respectively) andH—15N heteronuclear cross relaxation b = (1/2)d%)(0). The values ofn andb are determined by linear least

rate constantsog) were determined at static magnetic field strengths  squares optimization, the absolute valueAef is given by

of 11.7, 14.1, and 18.7 T. Longitudinal and transvefeCSAMN—

H dipolar interference relaxation rate constantsafids.,, respectively) |Ac| = (3d/2)(m/b)1/2 4)

were determined at static magnetic field strengths of 11.7 and 14.1 T.

The sample was 0.8 mM (999N, 97% 2H) RNase H (100 mM and Ao is known to be negative from other measureméfitf. Rex

NaCQCD;, 1 mM dithiothreitoldse, 2 mM NaNs, 90%/10% HO/D,0, contributes significantly td=,
pH = 5.5), prepared as described previoudhpll NMR spectroscopy
was performed using Varian Inova NMR spectrometers equipped with | (2/9)A6? J(o)wﬁ + (1/2)? J(0) = mcmsg,ﬁ +b

triple-resonance three-axis gradient probeheads. Sample temperatures

were calibrated to 300 K using a 100% methanol sample. Relaxation — 2 2 2 — 2

rate constants were measured using standard experimental protocolsl;ﬁaUtD [(2/9)A0" (0) + Bl + (/2" J(0) = Myugoy + b (5)
onn Was determined from thigH} —'5N steady-state NOEL'2 Experi-

L . 2 . _ .
mental uncertainties in resonance intensities were estimated from N €9 5 Tcrossis linear inay with slopemeross= m. Tauo also is linear

duplicate NMR spectra; uncertainties in fitte®l, Ry, 7, and 7 in wy; however, the slopenuo = Myoss + © contains contributions
relaxation rate constants were obtained using the jackknife proc&dure; from Rex= @wy, in which © depends on the rate of interconversion
and uncertainties imwy were obtained by error propagation. between magnetically distinct sites, the difference in populations of

Data Analysis. The set of measurements performed for RNase H the various S|te_s, _a_nd the met_hod_ used to deter_rﬁm%Thus, the
consists of autorelaxation rates at three magnetic field strengths, angPresence of a significae Cont”bUt.'on t.°R2 results inMayo > Meross
transverse and longitudinal interference relaxation rates at two ma\gneticwhICh can be detected by comparing linear least-squares fits of eq 3
field strengths. The data set used by Fushman étcahsisted of an$h5 to thﬁra““aand.rg"’asﬁata'd.ﬁ ¢ hat of Fush siial
autorelaxation rates and transverse cross relaxation rates obtained at hi hetrt?et (;. sr\??C” N erel ! Srs rorr;t att N ?S man t'mafl'.’ld
three magnetic field strengths, but the longitudinal interference which the raliosmali.y are analyzed as a function of magnetic fie
relaxation rate constant was not measured. As a result, the two studiesStrength' This ratio is given By
employ different methods of data analysis to determine'tNeCSA. R 5 5
In the analysis of the RNase H data, linear combinations of relaxation One _ 3dT+4c (3d%€) + (4A0?3e€)wf = M2 + b
rate constants that depend only on the value of the spectral density 7y N o Prato
function, J(w), at zero frequency are defined using reduced spectral (6)
density mapping assuming thdflwn) O (Aww)~2 for A ~ 11415
Assuming that thé>N chemical shift tensor is axially symmetric and
overall rotational motion of the protein is isotropic, the autorelaxation
rate constants can be expressett-&s

in which € wy is the relaxation interference coupling constdrin the
case of isotropic molecular rotation and an axially symmetti¢
chemical shift tensor oriented with its principal axis at an agighéth
respect to the NH bond vectore reduces to-2(3)/%cd(3 cos 3 —
5 , 1).17 After determiningmao and braio, from eq 6,|Ao]| is determined
Tao= R, — 0.5R; — 0.454,, = (3d° + 4c)J(0)/6 + Ry, (1) from eq 4 by substitutingrai and brage for m and b, respectively.
Clearly the value ofAc obtained from egs 4 and 6 is independent of
(11) Kroenke, C. D.; Loria, J. P; Lee, L. K.; Rance, M.; Palmer, A. G. €. Thus, both egs 3 and 6, in conjunction with eq 4, deternfioe
J. Am. Chem. S0d.998 120, 7905-7915. from the field dependence &%, and the differences betweéw values
(12) Farrow, N. A.; Muhandiram, R.; Singer, A. U,; Pascal, S. M.; Kay, determined using these two methods are expected to be minor. Which
C. M. Gish, G.; Shoelson, S. E.; Pawson, T.; Forman-Kay, J. D.; Kay, L. mathod of analysis should be applied in a given case depends primarily

E. Biochemistry1994 33, 5984-6003. : . .
(13) Mosteller, F.; Tukey, J. WData Analysis and Regression. A Second  UPON which relaxation parameters are available. Very recently, Damberg

Course in StatistigsAddison-Wesley: Reading, MA, 1977. et al!® performed an analysis analogous to eqgs 3 and 4 to characterize
(14) Farrow, N. A.; Zhang, O.; Szabo, A.; Torchia, D. A.; Kay, L.E. a3C chemical shift tensor for the Tyr’Gpin from the field dependence
Biomol. NMR1995 6, 153-162. of Ry.
(15) Ishima, R.; Nagayama, K. Magn. Reson., Ser. 8995 108 73—
76. (17) Goldman, M.J. Magn. Reson1984 60, 437—452.
(16) Phan, I. Q. H.; Boyd, J.; Campbell, I. D. Biomol. NMR1996 8, (18) Damberg, P.; Jarvet, J.; Allard, P.; @and, A.J. Biomol. NMR

369-378. 1999 in press



Variability of 15N CSA in E. coli Ribonuclease H

As a practical point, the fractional dependencé&pbn variation in
Ao is given by
o A
3d® + 4c?) Ao

For example, ifAc = —172 ppm and)Ac = 5 ppm (vide infra), then
the fractional variatiomR,/R, due to the variation imo is 1.2% at
500 MHz and 2.3% at 800 MHz; consequently extremely high precision
data are required to measure small sitedibe conformational variations

in Ao.

In studies of protein dynamics BN NMR spectroscopy, relaxation
rate constants are interpreted using either the model-free form&fsm
or reduced spectral density mappitg®In the latter approach, values
of J(0), J(wn), andJ(0.87 wy) are calculated as follows:

oR,

R (7)

J(0) = 6", d(3c” + 4c?) ®)
Jwy) = 4R, — 1.24%,,,)/(3d7 + 4c?) 9)
J(0.87w,,) = 40y,/(509) (10)

in which either a single average value/d is used for all residues, as
has been historical practice, Au values determined by the methods
outlined above are used for individual residues. Alternatively, when
data are available at multiple static magnetic field®) and J(wn)

can be determined as

J(0) = 2b/d? (11)

J(wy) = 4b(R, — 1.24%,,)/(3d°T 440 (12)
without the intermediate step of first determining site specific values
of Ao. For residues subject to exchange broaderliagss rather than
Tauo Must be used in egs 8 and 12. If individual valuedofare used
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Figure 1. Magnetic field dependence &N spin relaxation. Values
Of [auto (@) andTeross (O) for (A) Arg 106 and (B) Trp 90 are plotted
verSUSwﬁ. Solid lines represent linear least-squares fits to (A) eq 3
and (B) eq 5. The two-parameter fit for Arg 106 yielle = —173+

12 ppm.

in eqs 8 and 9 or if eqs 11 and 12 are used, uncertainties in the spectrafXPeriment-to-experiment variability. To avoid systematically
density values are obtained by Monte Carlo simulation to account for underestimating the uncertainties imand b, the data were

covariance betweem andb and the relaxation rate constants.

Results

analyzed again after scaling the uncertainties in"alalues by
an empirical factor of 1.7. This procedure resulted in a
distribution of sum-of-squared residuals for fits of eq 3 that

RNase H has 149 backbone amide groups, however, reso-losely matched the quartiles of y&-distribution with three
nance overlap prevented measurement of the relaxation rateglegrees of freedom. After scaling, the mean relative uncertainties

for 26 residues. Thirty sites exhibit extensive internal motion
on ps—ns time scales as evidenced b{'&l} —15N steady-state
nuclear Overhauser enhancemer@.7 at 11.7 T. For these
spins, the approach for determinidgr embodied in eqs 14

is not applicable because the assumptiondffaby) O (Awp) 2
may not be valid. In addition internal motions may render

a time dependent quantityZ2which complicates determination

were increased to 2.7% fdkwand 6.3% fol ¢ss The scaled

uncertainties were used for the final analyses.
Incommensuratd a1 and T'eoss data were identified by

comparing two-parameter fits using eq 3 and three-parameter

fits of eq 5 to the fivel’ data points. In the two-parameter fits,

the data were analyzed simultaneously to obtaiandb. In

the three-parameter fits, individual slopes,,andmgesswere

of the CSA. Furthermore, internal motions complicate assess- detérmined together with a common intercéptr-statistical

ments of the effects of asymmetry of the CSA tensor and
rotational diffusion anisotropy (vide infra). Therefore, these 30

testing at a confidence level= 0.05 was used to identify sites
for which eq 5 withmyy = Meross provided an improved fit

mobile sites were excluded from further analysis. Using egs 1 compared with eq 3. Eight sites were excluded becaugse >

and 2, three independehf,,, measurements and two indepen-

Meross @S predicted iRex > 0. Four other sites, three of which

dent T'eross Measurements were obtained for the remaining 93 &re glycines, were excluded becawsgio < Meross The cause

amide 15N spins. The mean relative uncertainties were 1.6%
for T'auo and 3.7% forl¢ross After the initial analysis of thd”

of this unexpected behavior is unknown, but appears to affect
a restricted set of residues. A plot Bfversusw? for residue

values using eq 3, the sum-squared-residuals were larger thaf\'9 1062i5 shown in Figure 1a. For comparison, a ploffof
expected statistically, presumably because the uncertainties inversuswy for Trp 90, one of the eight residues for whithyo

individual T'ayt0 and I'gross Values determined at a single static
magnetic field strength do not include any contribution from

(19) Lipari, G.; Szabo, AJ. Am. Chem. Sod.982 104, 4546-4559.

(20) Lipari, G.; Szabo, AJ. Am. Chem. Sod.982 104, 4559-4570.

(21) Cavanagh, J.; Fairbrother, W. J.; Palmer, A. G.; Skelton, N. J.
Protein NMR Spectroscopy Principles and Practiéeademic Press: New
York, 1996.

(22) Scheurer, C.; Skrynnikov, N. R.; Lienin, S. F.; Straus, S. K,;
Bruschweiler, R.; Ernst, R. Rl. Am. Chem. S0d.999 121, 4242-4251.

> T'rossthat has previously been identified as being subject to
conformational exchange broadenitg?is shown in Figure
1b.

The final data set consists of 81 residues: 41 sites from
o-helical regions of the protein, 28 sites frgphstrands, and
12 sites from loops or termini. A plot of the 182.ssVvalues

(23) Mandel, A. M.; Akke, M.; Palmer, A. GBiochemistry1996 35,
16009-16023.
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Figure 2. Agreement betweel sy and I'eoss Values of eross are
plotted versud auo at static magnetic field strengths 11.7 @)( and

14.1 T ©) for the 815N sites used for CSA determination. The
uncertainties displayed are scaled by an empirical factor of 1.7, as
described in the text.

@
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versus the correspondinfaue values obtained from data

recorded at 11.7 and 14.1 T is shown in Figure 2. To measure

the degree of similarity between the two data sejg, statistic
for fitting the data to a line of slope unity and intercept zero is
defined as

7=y 06— y) N + dy) (13)
in which dx; and dj; are the uncertainties kandy dimensions,
respectively. For Figure 2;2 = 165, and thep value is 0.42,
indicating thatl"au and I'eross Values are statistically indistin-
guishable. The observed equality betweBg, and Icross
confirms previous conclusior$, that significant systematic
errors in the relaxation data are absent. For the selectétNg1
spins,I" values were fit using eq 3o was determined frorm
andb using eq 4, and the uncertaintiesAw, denoteds, were
determined by Monte Carlo simulations to account for covari-
ance betweem andb.

The values of the"®N Ao for RNase H are shown as a
function of amino acid sequence in Figure 3a. The weighted
mean islAo[0= —172 ppm with a weighted uncertainty (not
standard error)3()= 13 ppm. The mediahc and uncertainty
values of—173 and 13 ppm agree with the weighted values,

Kroenke et al.
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Figure 3. N chemical shift anisotropy for RNase H. (A) Values of
Ao are plotted versus residue number. The horizontal solid line is drawn
at the position of the weighted mean value [@o0= —172 ppm.
Residues in secondary structure elementgaré—13,52:18-27,3:
32-42,01:43-58,34:64-69,02:71-80, 0.3:81—88,04:100-112,35:
115-120,05:127-142. (B) Distribution of the standardized valués

= (Ao — [AoDls. The solid line represents a Gaussian distribution
with a mean of 0 and a standard deviation of 1.09.

Table 1. x? Values Comparing)(0) Values Calculated from
Average versus Individuaho Values

uncertainty magnetic field strength (T)

in Ao 11.7 14.1 18.7
Oppm  38.2p>0.99f 60.4p=0.96) 138.2¢ < 0.001)
55ppm  37.7> 0.99) 54.7p=0.99) 108.8%=0.022)
9.6ppm  31.8[>0.99) 46.4p>0.99) 79.50=0.53)

ay2values are calculated from eq 13 values are calculated from
a y? distribution with 81 degrees of freedom.values<0.05 reflect
>95% confidence that the relationship between data pairs is not
described by a line of slope unity and intercept zero.

indicating that the weighted statistics are not dominated by a ¢ assess the effect of site-to-site variabilityAw on the
small number of outlying data points that deviate significantly interpretation of spin relaxation rates, Figure 4 compd(e
from average values. The standard deviation in site-to-site 5)ues obtained using an averagesTof —172 ppm to those
variability in Ao, denoted\, was estimated from the distribution  opained using the individual residue-specifio values. In all

of the standardized variable = (Ao — [Aol)fs, as shown in 3565 5(0) was determined from autorelaxation rates using the
Figure 3b. Th|s. distribution is appro>.(|mately Gaussian with a (gqyced spectral density mapping method given in egs08
standard deviation afz = 1.09, and using a large-sample t#st, T4 measure the degree of similarity between the seti(@f

oz < 1.25 with 95% confidence. The increasejsinabove unity
reflects either an underestimation gfor significant site-to-
site residue-specific variation in the chemical shift tensor.

Assuming that the experimental uncertainties and the site-to-

site variation are independent; 2 = 1 + (A/S)2 Conse-
quently, A = 5.5 ppm is obtained fos; = 1.09, andA < 9.6
ppm with 95% confidence.

(24) Devore, J.Probability and Statistics for Engineering and the
SciencesBrooks/Cole Publishing Company: Monterey, 1982.

values y? values were determined using eq 13, and are reported
in the first row of Table 1. For magnetic field strengths of 11.7
and 14.1 Ty? values correspond tp > 0.95, which suggests
that J(0) values calculated usinghoOand values calculated
using residue-specifido values are indistinguishable. Thé
observed for the data collected at 18.7 T, however, indicates a
significant difference betweed(0) values derived from the
individual Ao values and fronTAc[l At currently achievable
levels of precision in the relaxation rate constants, this discrep-
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for a fit to a line of slope unity and zero intercept are (A) 3§2>(
0.99) at 11.7 T, (B) 60.4p(= 0.96) at 14.1 T, and (C) 138.D (<

0.001) at 18.7 T.

ancy arises only for the 18.7 T data because the CSA interaction
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Figure 5. Comparison of(0) values determined at 18.7 T versus 11.7
T using an averagehoUof —172 ppm and no uncertainty. The for
a fit to a line of slope unity and zero intercept is 930 0.15).

in to account when calculating internal dynamics parameters
such asJ(0) using data acquired at field strengthd4.1 T.
One drawback to determininifO) using individualAo values,
however, is that the precision #{0) suffers from propagating
the error inAg if, as in the present cass,> A. Thus, using
individual Ao values potentially yields more accurate, but lower
precision values ofl(0), while using[AcUfor all 15N sites
generates higher precision, but biased, values)(0). An
alternative method consists of treating the site-to-site variability,
A, as a random uncertainty iAol In doing this, errors of
magnitudeA, rather thars, are propagated int@0) estimates.

In essence, this approach reduces the precisial{dh only
enough to make the systematic bias smaller than the uncertainty
in J(0). Table 1 givesy? values comparingJ(0) values
determined using individuako values toJ(0) values obtained
assuming the averagé&oll= —172+ 5.5 ppm, and-172 +

9.6 ppm.y? for data collected at 18.7 T becomes acceptable
when an uncertainty ifAoCbetween 5.5 and 9.6 ppm is used,
in agreement with the analysis of site-to-site variabilityNo.

An additional assessment of the effect of variability/af is
obtained by comparing values df0) calculated at 11.7 and
18.7 T usinglAo[0= —172 ppm, as shown in Figure 5. If an
uncertainty of zero is assumed fakol] y2 = 93.9 ( = 0.15)

is slightly larger than expected, but assuming an uncertainty
for [Aollof 5.5 or 9.6 ppm reduces thé to acceptable values

of 54.9 p = 0.99) or 32.5) > 0.99).

Discussion

The values ofAc have been determined for 81 backbépié
sites in RNase H from the magnetic field dependence of spin
relaxation rates in the liquid state. The weighted mesalis
—172 with a weighted uncertainty 6$C= 13 ppm. Although
this number is slightly more negative than the value reported
in a similar studyg it is consistent with other liquid-state NMR
investigations of polypeptide backboiN CSA values2526
The observed distribution oko values was partitioned into a
component from experimental uncertainty and a component that
arises due to site-to-site variation. The estimated standard

(25) Tjandra, N.; Wingdfield, P.; Stahl, S.; Bax, A.Biomol. NMR1996
3-84.

provides a more efficient relaxation mechanism at higher ™ 5g) ottiger, M.; Tjandra, N.; Bax, AJ. Am. Chem. S0d997, 119, 9

magnetic fields. The variability ilho must therefore be taken

9825-9830.
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deviation inAo due to site-to-site variability i&\ = 5.5 ppm,
with a 95% confidence limit of 9.6 ppm. As shown by eq 4,
the absolute values oko depend on the value of the-NH
bond length used to calculate Increasing the bond length by
0.01-0.02 A7 reduces the values @o, and the estimates of
A, by 3—6%. The value ofA obtained for RNase H is in good
agreement with solid-state NMR studies; for example, the
standard deviation oAo values compiled in Table 1 of Lee et
al8is 6.3 ppm.

The derivations leading to eq 4 assume that'thechemical
shift tensor has axial symmetry and that RNase H has an
isotropic diffusion tensor. For an asymmetric tensor, values of
Ao are overestimated approximately by a factor{1?/3)/2,
in which 7 is the asymmetry parameter of the tenSoEor
peptide amidé®N spins, values typically are<0.4 with an
average value ofy = 0.227:8 consequently, this error is5
ppm with an average value of 1.4 ppm. If the angle between
the N—H bond vector and the symmetry axis of the CSA tensor
is § = 0, then theJ(0) terms appearing in eqs—B differ for
the dipolar and CSA interactions in a manner that depends on
the anisotropy of the molecular rotational diffusion terSa®.

For an axially symmetric rotational diffusion tensor with 6:5

D /Dy < 2, the values ofJ(0) for the CSA and dipolar
interactions for well-ordered amide moieties can be determined
using the local diffusion approach3!in this case, the apparent
local diffusion constant is given bRisi[1 — xP»(cos 6;)] in
which Dis, is %3 the trace of the diffusion tensat,= (D, /Dy
—1)/(D/Dg +2), andd; is the angle between the symmetry axis
of the tensor for théh relaxation mechanism and the symmetry
axis of the diffusion tensor. Thus, values && corrected for
noncollinearity of the CSA and dipole symmetry axes are
obtained by multiplying values determined using eq 4 by the
factor

in which Ocsa and Opp refer to the CSA and dipolar tensor
orientations, respectively. Rotational diffusion of RNase H is
described by an axially symmetric diffusion tensor, wihy

Dp = 1.1911 Values offpp were determined using the atomic
coordinates for RNase H from the PDB file 1r#fHn determin-

ing Ocsa, the symmetry axis of the CSA tensor was assumed to
be located in the plane of the peptide group and rotateel by

17° toward the Catom?® Values of¢ calculated using eq 14
ranged from 0.98 to 1.02, corresponding to correctionAdn
ranging from—3.5 to+3.5 ppm. The corrected values Aty
yielded [Ao0= —172 ppm andA = 6.5 ppm, which differ
negligibly from results obtained usirg= 1. The effects; =

0 andp = 0 are much smaller than experimental uncertainties
in the present results; therefore, neglect of these effects doe
not affect any of the conclusions derived from the values

for RNase H.

Site-specific values of thN Ac have been determined for
two proteins, ubiquitin and RNase H. Figure 6 shows ‘i
CSA values reported for ubiquitfhSites present in residues
that undergo significant internal motion (residuesii, 62, 73,

1 — kP,(c0SOcgp) | V2

1 — kP,(cosbpp)

(14)
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Figure 6. ™N chemical shift anisotropy for ubiquitin. (A) Values of
Ao for 15N sites not subject to extensive internal motion are taken from
Fushman et dl.and are plotted versus residue number. The horizontal
line is drawn at the position of the weighted mean valuéxf(1=
—160 ppm. Residues in secondary structure elementglate-7, 52:
10-17, 01:23-34, #3:40-45, $4:48-50, 02:56-59, #5:64—72. (B)
Distribution of the standardized values d@f calculated using the
weighted mean ofA¢ values that are within 4 standard deviations of
[Ao[(shaded bars). Open bars wij > 4 represent data points plotted
as open circles in (A). The solid line represents a Gaussian distribution
with a mean of 0 and a standard deviation of 1.52.

and 75%2 have been removed from this figure to allow direct
comparison with the RNase H results. For the remaining 56
sites, the weighted mean and uncertainty(Awe = —160 ppm,
and 8= 3 ppm, respectively. The median values for and
sare—156 and 10 ppm, respectively. The difference between
the weighted and median values indicate that a subset of
data points have uncertainties that are much smaller than the
remainder of the data. In Figure 6% is plotted versus residue
number. The absolute rangeAw values are similar for RNase
H (=129 ppm to—213 ppm) and ubiquitin{125 ppm to—216
pm); however, absolut&o values far from the mean invariably
ave large uncertainties in the RNase H data, but frequently
have small uncertainties in the ubiquitin data. As a result of
this difference, the distribution & values in ubiquitin shown
in Figure 6b spans a much larger range( to+14) than that
observed for RNase H+3 to +3), and many of the outliers
present in the tails of the distribution plotted in Figure 6b arise
from small values o§. If only the central cluster of data points
in Figure 6b are analyzed in the manner utilized for RNase H
(sites in which|Z| < 4), 80= 4.4 ppm andyz = 1.52, which
yields A = 5.0 ppm. Thus, except for the nine outliers Wi
> 4 in Figure 6b, the distribution ako values in ubiquitin and
RNase H predict a similar limited site-to-site variationAw

(33) Tjandra, N.; Feller, S. E.; Pastor, R. W.; Bax, A.Am. Chem.
S0c.1995 117, 12562-12566.
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for the majority of well-ordered residues in proteins. Additional
investigations in other proteins will be necessary to determine
whether the absence of extreme valuedoffor well-ordered
residues of RNase H is exceptional.

The spread im\o observed in the current study has important
consequences for the investigation of protein dynamic¥idy
spin relaxation. Most notably, at 18.7 T, but not at the lower
field strengths, the discrepancy betwek) values predicted
using individual Ao values versus those predicted using an
averageAc = —172 ppm is statistically significant. Conse-
quently, the site-to-site variation ifvo should be incorporated
into the analysis of°N relaxation rate constants using reduced
spectral density mapping or model-free approaches. With the
current experimental methods, the site-to-site variabilityis
less than typical uncertainties in the individual valuesAof
(for example, both RNase H and ubiquitin median values of

are greater than 10 ppm). Therefore more precise values of
spectral densities or model-free parameters, particularly at fields

>14.1 T, are obtained using the meaw(for all residues plus
an uncertainty inAc equal to A, rather than using residue
specific Ao values. As discussed above, for the determination
of J(0), this approach yields biased estimates of motional

J. Am. Chem. Soc., Vol. 121, No. 43, 19925
Conclusion

Methods similar to those of Fushman efdlave been used
to determine the distribution of 81 well-ordered backbone amide
15N CSA values irE. coli RNase H. The observed distribution
has a weighted mean of172 ppm, and a weighted standard
deviation of 13 ppm. The site-to-site variability o is 5.5
ppm, and is less than 9.6 ppm with 95% confidence. Four
principal conclusions emerge from the current study: (1) the
observed site-to-site variability iho in RNase H is similar to
the range ofAo values observed in solid-state NMR studies of
peptides; (2) in contrast to the results for ubiquitin, no extreme
outlying values ofAc are observed for RNase Z( < 3) when
comparing well-ordere¢PN sites; (3) at the currently achievable
degree of precision iA°N spin relaxation measurements, the
site-to-site variability inAc becomes a significant factor in
interpreting such data at fields14.1 T; and (4) at the currently
achievable degree of precision in the determinatioAof the
site-to-site variability irAo can be treated as a random variation
in (AcOwhen analyzing!®>N spin relaxation data. The further
development of methods for determining chemical shift anisotro-
pies using solution NMR methods is likely to considerably
improve both spin relaxation studies of protein dynamics and

parameters but the estimated uncertainties are correspondingly e gretical understanding of the structural determinants of

increased to include the bias. The precision in model-free or
reduced spectral density mapping analyses will be higher if
residue specifiddo values are used only if typical values ®f
are less tham\. Thus, further improvements in the methods
used to determineAo are necessary, both through future
availability of additional magnetic field strengths and additional
methodological developments. However fasdeterminations
become more precise, deviations from axial symmetry in the
chemical shift tensor and noncollinearity of tH&l CSA with

the N—H bond vector will be proportionally more important.

chemical shift tensors.
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Note Added in Proof: D. Fushman, N. Tjandra, and D.
Cowburn . Am. Chem. S0d.999 121, 85778582) recently

Methods for determining\o that are less sensitive to these have used an approach similar to eq 1 to re-analyze relaxation
effects will be invaluable in elucidating the structural factors data for ubiquitin previously analyzed using eq 6 in reference
that determine th&N chemical shift tensor. Advances in solid- 6.

state NMR methods for obtaining resonance assignments and

chemical shift tensors in fully labeled proteifhsnd in high Supporting Information Available: One table containing
resolution NMR methods for characterizing chemical shift measured values ofA\c and three tables containing spin
tensors of weakly oriented systethd may prove particularly relaxation rates at 11.7, 14.1, and 18.7 T for!84 spins inE.
decisive. coli RNase H (PDF). This material is available free of charge
via the Internet at http://pubs.acs.org.
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