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Abstract: The principal components and orientations of the chemical shift anisotropy (CSA) tensors of the
carbonyl (C'), nitrogen (N), and amide proton (HV) nuclei of 64 distinct amide bonds in human ubiquitin
have been determined in isotropic solution by a set of 14 complementary auto- and cross-correlated
relaxation rates involving the CSA interactions of the nuclei of interest and several dipole—dipole (DD)
interactions. The CSA parameters thus obtained depend to some degree on the models used for local
motions. Three cases have been considered: restricted isotropic diffusion, three-dimensional Gaussian
axial fluctuations (3D-GAF), and independent out-of-plane motions of the NHN vectors with respect to the
peptide planes.

Introduction laxation rate¥1! and residual anisotropic chemical shifts in

A chemical shift anisotropy (CSA) tensor can be described llauid-state NMR:2"% Thus, dihedral angles can be obtained
by three principal components and three Euler angles, which PY measurements of CSA/dipetelipole or CSA/CSA cross-

describe its orientation with respect to the molecular frame. In correlation rates in biomolecules such as protéirt$ or
many systems of interest, one of the principal axes lies RNA.19-20 Correlated variations of isotropic chemical shifts of

. ) . 23
perpendicular to a local plane of symmetry, so that only one WO nuclei due to slow motiorts 2* have the same effect as
angle suffices to determine the positions of the remaining two _CSA/CSA cross-correlated relaxation and can only be quantified
principal axes with respect to the molecular frame. Furthermore, iIf theé CSA parameters are known. _
the sum of the three components is usually known, so that there N solid-state NMR, CSA tensors 02%” be determlne7dZ;rom
are only three independent parameters that need to be determinedingd'e-crystal spectré powder pattern$;2°or MAS spectr&”
for each tensor. (7) de Dios, A. C.; Pearson, J. G.; Oldfield, Eciencel993 260, 1491-

Accurate knowledge of CSA tensors is important for many 6.

. . . . (8) Facelli, J. C.; Grant, D. MNature 1993 365, 325-327.
solid-state NMR studiek? For example, CSA interactions of (9) de Dios, A. C.; Oldfield, EJ. Am. Chem. S0d.994 116, 11485-11488.

[ f ; ; (10) Schwalbe, H.; Carlomagno, T.; Hennig, M.; Junker, J.; Reif, B.; Richter,

carbonyl nuclei in peptides can be correlated witt€dipolar - C. Griesinger, CMethods EnzymoR001 338 35-81.
coupling$ or with CSA interactions of other carbonyl nudlei  (11) Fruedh, D_.Progf._ l\lléjcl. Magn. Rﬁson. Spectro2002, 41, 305-324.
in so-called separated-local-field double quantum experiments (13 Qovicuet o B Al A Chem. Seon8a 182 10143 10154,

)
)

to obtain information about backbone dihedral angles. CSA (143 Lipsitz, R.; Tjandra, NJ. Magn. Resor2003 164, 171-176.
)

. ) .. (15) Yang, D.; K R.; Kay, L. EJ. Am. Chem. 7119 11
parameters are needed to simulate the yield of magnetlzatlon( > 116&?(’)_  Konrat, R.; Kay, L. ). Am. Chem. S0d997 119, 11938

transfer under rotational resonance in magic angle spinning (16) Chiarparin, E.; Pelupessy, P.; Ghose, R.; Bodenhauseh, &n. Chem.
S stan@eEhe | ) Soc.1999 121, 6876-6883.
(MAS) to determine internuclear distancehe interpretation (17) Skrynnikov, N. R.; Konrat, R.; Muhandiram, D. R.; Kay, L.EAm. Chem.

of PISEMA spectraof membrane proteins embedded in oriented Soc.200Q 122 7059-7071. .
P P (18) Kloiber, K.; Schuler, W.; Konrat, Rl. Biomol. NMR2002 22, 349-363.

lipid bilayers depends on the orientation of nitrogen CSA tensors (19) Ravindranathan, S.. Kim, C.-H.: Bodenhausen, Giomol. NMR2003
; ; 27, 365-375.

with re;pept to nltrpgeﬂproton bonds. . (20) Duchardt, E.; Richter, C.; Ohlenschlager, O.; Gorlach, M.; Wohnert, J.;
Precise information about CSA parameters is also needed to0' ~ Schwalbe, HJ. Am. Chem. So®004 126 1962-1970.

)
)
)

i - i i i - (21) Schuler, W.; Kloiber, K.; Matt, T.; Bister, K.; Konrat, Riochemistry
validate quantum-chemical calculatién$ and to exploit re 2001 46, OE56-9604
)

)
)
)

. (22) Frueh, D.; Tolman, J. R.; Bodenhausen, G.; Zwahlen).GAm. Chem.
T Ecole Normale Sujpeeure. S0c.2001, 123 4810-4813.
* Ecole Polytechnique Fiérale de Lausanne. (23) Wist, J.; Frueh, D.; Tolman, J. L.; Bodenhausen]) @iomol. NMR2004
(1) Weliky, D. P.; Tycko, RJ. Am. Chem. S0d.996 118 8487-8488. 28, 263-272.
(2) Opella, S. J.; Marassi, Ehem. Re. 2004 104, 3587-3606. (24) Pausak, S.; Pines, A.; Waugh, J.JSChem. Phys1973 59, 591-595.
(3) Schmidt-Rohr, KJ. Am. Chem. So0d.996 118 7601-7603. (25) Kaplan, S.; Pines, A.; Griffin, R. G.; Waugh, J.Ghem. Phys. Letl974
(4) Blanco, F. J.; Tycko, RJ. Magn. Reson2001, 149, 131—-138. 25, 78—-79.
(5) Raleigh, D. P.; Creuzet, F.; Das Gupta, S. K.; Levitt, M. H.; Griffin, R. G.  (26) Linder, M.; Hdhener, A.; Ernst, R. RJ. Chem. Phys198Q 73, 4959~
J. Am. Chem. Sod.989 111, 4502-4503. 4970.
(6) Wu, C. H.; Ramamoorthy, A.; Opella, S.J.Magn. Reson., Ser. 2994 (27) Stejskal, E. O.; Schaefer, J.; McKay, R.JAMagn. Resorll977, 25, 569—
109 270-272. 573.
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CSA Tensors of C', N, and H" in Proteins

However, these methods only allow one to study a limited
number of nuclei. When a molecule is partially oriented (which
can be achieved in anisotropic media or by paramagnetic
effects), one can observe residual anisotropic chemical $hffts.

In isotropic solution, one observes only the isotropic chemical
shift, oiso = (oxx + oyy + 02)/3, that is, the average of the
principal components of the CSA tensor. However, the com-

bination of various auto- and cross-correlated relaxation rates

allows one to extract the full set of CSA parameters.

Several studies have focused on carbonyl CSA tensors of

peptides in the solid phaseé:3® In isotropic solution, Pang and
Zuiderwegd® determined the principal components and orienta-
tions of the CSA tensors of 71 carbonyl nuclei in the protein
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Figure 1. Local structure of a peptide plane in a protein. Ideally, all atoms
lie in the same plane. The principal components and the orientation of the
CSA tensors of the carbonyl {Cnitrogen (N), and amide proton ($iare
represented in red, green, and blue, respectively. The principal components
of the CSA tensors are defined so tla < gyy < ox (i.e., 0z most and

binase using a set of complementary cross-correlated relaxation;, |east shielded) ands, + oy, + 0)/3 = iso. One of the components

rates. Cisnetti et & determined the CSA parameters of 63
carbonyl nuclei in ubiquitin with more elaborate techniques.
Markwick and Sattle® calculated the CSA parameters of
carbonyl nuclei using density functional theory and molecular

lies perpendicular to the peptide plane, so that the orientation of each CSA
tensor can be defined by one angle

of auto-correlated relaxation ratBg(N) andRx(N). In the latter

dynamics and used cross-correlated relaxation rates to validate?PProaches, the CSA tensors were assumed to be axially

their approach. The latter two studies came to very similar
conclusions: the variation of the isotropic chemical shifts of
the carbonyl nuclei is largely determined by changes in the
principal componendyy that is almost parallel to the CO bond
while the two other componentsy, and o,, are relatively
constant.

Nitrogen CSA tensors in peptides have also been extensively

studied by solid-state NMRE:3%-41 Fushman et a?*3developed

a “model independent” method to measure the anisotropy and

orientation of CSA tensors by determining the ratio between
the transverse CSA/DD cross-correlation raR{&|/NHV), and

the transverse auto-relaxation ra®(N), at different magnetic
fields. This approach was later refined by Damberg et al., who
included longitudinal cross- and auto-correlation rates in the
analysis** Several groug§—4’ considered the field dependence

(28) Tycko, R.; Dabbagh, G.; Mirau, P. A. Magn. Reson1989 85, 265—
274,

(29) Ottiger, M.; Tjandra, N.; Bax, AJ. Am. Chem. So0d.997 119 9825-
9830.

(30) stark, R. E.; Jelinski, L. W.; Ruben, D. J.; Torchia, D. A.; Griffin, R. G.
J. Magn. Reson1983 55, 266—273.

(31) Oas, T. G.; Hartzell, C. J.; McMahon, T. J.; Drobny, G. P.; Dahlquist, F.
W. J. Am. Chem. S0d.987, 109, 5956-5962.

(32) Teng, Q.; Igbal, M.; Cross, T. Al. Am. Chem. Sod992 114 5312-
5321.

(33) Lumsden, M. D.; Wasylishen, R. E.; Eichele, K.; Schindler, M.; Penner,
G. H.; Power, W. P.; Curtis, R. Ol. Am. Chem. S0d.994 116, 1403—
1413.

(34) Asakawa, N.; Takenoiri, M.; Sato, D.; Sakurai, M.; InoueMéagn. Reson.
Chem.1999 37, 303-311.

(35) Wei, Y.; Lee, D.-K.; Ramamoorthy, A. Am. Chem. So2001, 123 6118-
6126

(36) Pand, Y.; Zuiderweg, E. R. B. Am. Chem. So200Q 122, 4841-4842.

(37) Cisnetti, F.; Loth, K.; Pelupessy, P.; BodenhauseiGi@mPhysChe2004
5, 807-814.

(38) Markwick, P. R. L.; Sattler, MJ. Am. Chem. SoQ004 126 11424
11425.

(39) Duncan, T. MA Compilation of Chemical Shift Anisotropjéhe Farragut
Press: Chicago, 1990.

(40) Lee, D. K.; Wittebort, R. J.; Ramamoorthy, &. Am. Chem. Sod.998
120, 8868-8874.

(41) Heise, B.; Leppert, J.; RamachandranSBlid State NMR00Q 16, 177—
187.

(42) Fushman, D.; Cowburn, 0. Am. Chem. S0d.998 120, 7109-7110.

(43) Fushman, D.; Tjandra, N.; Cowburn, D. Am. Chem. Socl998 120,
10947-10952.

(44) Damberg, P.; Jarvet, J.; Gtand, A.J. Am. Chem. So@005 127, 1995~
2005

(45) Kroenke, C. D.; Rance, M.; Palmer, A. G., 1. Am. Chem. S0d.999
121, 10119-10125.

(46) Fushman, D.; Tjandra, N.; Cowburn, D. Am. Chem. Socd999 121,
8577—-8582.

(47) Canet, D.; Barthe, P.; Mutzenhardt, P.; Roumestand, 8&m. Chem. Soc.
2001, 123 4567-4576.

symmetric. Note that no information about the orientation of
CSA tensors can be extracted from auto-correlated relaxation
rates.

Information on the CSA tensors of amide proton8
peptides and proteins is much scarcer. Only a few solid-state
studie€®4°and a few studies based on the transverse CSA/DD
cross-correlation rat®HN/HNN) in solutiorP® 52 have been
published. Cornilescu and B¥xdetermined average CSA
parameters of amide proton, nitrogen, and carbonyl nuclei by
using residual anisotropic chemical shifts (RACS). Although,
in principle, one can obtain site-specific CSA parameters by
measuring RACS in several oriented media, only average CSA
parameters have been obtained thus far. In this work, we show
that residue-specific CSA parameters of the amide protn H
nitrogen N, and carbonyl‘Giuclei can be obtained in solution
state NMR by using a set of 14 complementary cross- and auto-
correlated relaxation rates.

Theory

In Figure 1, the principal components of the CSA tensors of
the 15N, 3C’, and!HN nuclei are shown. We assume that one
of the principal components of each CSA tensor is perpendicular
to the peptide plane. As a result, only one angle is required to
define the orientation of each CSA tensor with respect to the
molecular frame. The CSA/DD cross-correlation rate of a single
quantum coherenck is given by®?

R(N1S) = 26,6{ (G — 02)[4305(0) +

3‘]XX,IS(('UI)] + (O'yyI - Oxxl)[4‘]yy,ls(o) + 3‘]yy,IS(('UI)]} (1)
Wherec|s = /uof‘t'}/|'}/s«/2/(167'[l’|53) and C = w|\/2/6 with w| =
—y1Bo. The spectral densitieXw) depend on the orientations

of the DD interactions and principal componeoigandoyy of
the CSA tensors and on motional parameters. The exact form

(48) Gerald, R. I.; Bernhard, T.; Haeberlen, U.; Rendell, J.; Opella, 5. An.
Chem. Soc1993 115, 777-782.

(49) Wu, C. H.; Ramamoorthy, A.; Gierasch, L. M.; Opella, S1.JAm. Chem.
Soc.1995 117, 6148-6149.

(50) Tjandra, N.; Bax, AJ. Am. Chem. S0d.997, 119, 8076-8082.

(51) Tessari, M.; Vis, H.; Boelens, R.; Kaptein, R.; Vuister, G.JMAM. Chem.
S0c.1997 119 8985-8990.

(52) Sharma, Y.; Kwon, O.Y.; Brooks, B.; Tjandra, N.Am. Chem. So2002
124, 327-335.

(53) Goldman, M.J. Magn. Reson1984 60, 437—499.
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Table 1. Rates Measured To Determine the CSA Parameters of

€ The choice of the cross-correlation experiments was based on
the N, C', and HN Nuclei

the following criteria: both operator® and Q must be
transferable into an observable amide proton coherence, the
cross-correlation rates should not be overshadowed by the auto-

auto-correlated
relaxation rates

remote cross-

single quantum cross-correlation rates correlation rates

ng T:NNKI’)RLR((WN l\/l:h“%’)R(N/NC') SE%?NHC“? El(()’\lji)(NHN) correlated relaxation rates, and the cross-correlation rates should
R(C/CN), I’?(C'/C’HN), RCICCY) R(C//NHY) Ri(C) not to be polluted by “parasitic” rates that are difficult to

separate.

of the spectral densities for different motional models used in gxperimental Section
this work is given in the Supporting Information. A remote CSA/
DD cross-correlation rate depends only on spectral densities at A sample of uniformly**C/**N/*H labeled human ubiquitin, a small
zero frequency: protein with 76 amino acids (8.6 kDa), was obtained from VLI
Research. The 1.5 mM sample was dissolved pO/,0 = 9:1,
azz|)4‘]x>gxs(o) 4 buffered at pH= 4.5 with 20 mM perdeuterated acetic acid, and
| | transferred to a Shigemi tube with a volume of 180 The spectra
(ny - azz)4Jyy,XS(0)] 2 were recorded at 300 K with a Bruker Avance 600 MHz spectrometer
equipped with a triple frequency probe with triple-axes pulsed field
When there are no internal motions, three cross-correlation gradients. In the Supporting Information, the 10 pulse sequences used
rates per nucleus are sufficient to extract the three independento measure the cross-correlation rates are shown.
CSA parameter® To take internal motions into account, we First, the anisotropic diffusion tensor has been determined from the
have determined a total of 10 transverse cross-correlation ratesyatio of the transversB(N/NHN) and longitudinalR (N/NHN) rates®”
the longitudinal cross-correlation rae(N/NHN), the longitu- The CSA parameters of tHéN nuclei and the motional parameters
dinal auto-relaxation rateRy(C') and Ry(N), and the cross- that determing the spectral densities were then extracted_by minimiz_ing
relaxation rate (NOE) betweé#N and5N. We have chosen they? of th_e difference between experimental and theoretlcal rela>_<at|on
only relaxation rates that are not sensitive to exchange phe_rates that involvedN. The CSA parameters of tR&C' and'HN nuclei

Inthe S ting Inf fi th . for th were obtained by fitting them to theoretical rates, using the motional
nomena. In the Supporting Information, the expressions for eparameters derived from tHeN rates.

aUto'Correlate_d relaxation rates are glven._ The single qua_ntum The errors in the relaxation rates were estimated from the noise level
cross-correlation rat®(l/1S) can be determined by measuring i, the experiments and evaluated by comparing the rates obtained at
the interconversion between the operatgrsand 2,S,.%* A different relaxation times. The errors in the CSA and dynamical

remote cross-correlation rafi¢l/X9 causes the interconversion  parameters were estimated by fitting the parameters while varying each
between B X, and 4,X,S,. However, the “parasitic” rat&(X/ of the relaxation rates 100 times randomly and independently by

IS) leads to the same conversion, and its effects are indistin- stochastic variations with a standard deviation equal to the experimental
guishable from those oR(I/X9.55 To extract the rate®R(C'/ error. The final three C-terminal residues have not been taken into

HNN), R(HV/C'N), andR(N/HNC'), we have measured the rates ~&ccountwhen evaluating the average parameters since they suffer from
of interconversion: large-amplitude internal motions, so that the definitions of the order

parameters given in the Supporting Information do not apply.

R(I/X9 = 2¢,¢4d(0, —

2C HN 4CyHyNNZ dueto R(C/H"N) + RHY/C'N) results and Discussion
0]

N N NP Ny Figure 2 shows the experimental transverse cross-correlation
2H N, = 4H,'N,C’, due to R(HY/C'N) + R(N/H'C)) rates. The total experimental time was about 14 days for the
(in measurement of all 14 auto- and cross-correlation rates. A table
, , , , specifying the time required for each experiment can be found
2NC' = 4N,C szN due to R(N/HNC) +R(C /HNN) in the Supporting Information. When only the nitrogen CSA
(1 needs to be determined, the rates in the second and third rows
of the left column in Table 1 an®;(C') need not be measured.
For the proton CSA the rates in the third row of the left column
in Table 1 andRy(C') are superfluous, while for the carbonyl
CSA one can skip the rates in the second row of the left column
in Table 1.
In a first approach, we assumed that internal motions of each
peptide plane can be described by isotropic wobbling-in-a-cone.
This means that all relaxation rates of a given peptide plane

In Table 1, the different relaxation rates are listed. Cross- . .
. . . are scaled by a uniform order parameter and characterized by a
correlated relaxation causes the interconversion between the

operatorsP (e.g., H) and Q (e.g., 2HNS,). This rate can be single internal correlation time (see Supporting Information).

measured by detecting the decay$@&ndQ and the conversion In Figure 3 (top row for isotropic local motion), the_ principal
. . : . . components of the CSA tensors of the three nuclei are plotted
of P into Q and vice versa in four interleaved experimetits.

as a function of the isotropic chemical shifts. Fdr tBe results
of previous studies are confirmét”38The least ¢y, and most
(027 shielded components are fairly constant while thg

Thus, the different cross-correlation rates can be obtained by:
2RHY/C'N) = (1) + (1) — (1)
2R(IN/HNC) = (1) + (1) — (1)
2R(C'HNN) = (1) + (1) — (1)

(54) Tjandra, N.; Szabo, A.; Bax, Al. Am. Chem. Sod996 118 6986-
6991

(55) Reif,'B.; Diener, A.; Hennig, M.; Maurer, M.; Griesinger, €. Magn.
Reson200Q 143 45-68.

(56) Pelupessy, P.; Espallargas, G. M.; Bodenhaused, l@agn. Resor2003
161, 258-264.
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(57) Kroenke, C. D.; Loria, J. P.; Lee, L. K.; Rance, M.; Palmer, A. G.,Jll.
Am. Chem. Sod 998 120, 7905-7915.
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Figure 3. Principal componentsyy, oyy, ando,, of the CSA tensors of the’ON, and H nuclei (from left to right) for 61 residues in ubiquitin derived from

the isotropic model (first row), an axially symmetric 3D-GAF model with a single internal correlation time for each residue, and a dominant rotion aro

the C*C* axis with an amplitude, that is twice as large as the amplitudes of the motions about the perpendiculagaxe8d., = 205) (second row), and

a model in which the amide proton is allowed to move out of the peptide plane separately while the remaining peptide plane wobbles around an axis paralle
to the average NH bond with an internal correlation tirpg = 400 ps (third row).

component that lies approximately parallel to the CO bond a factor of 2 (see Table 2). This is due to a more elaborate

determines most of the variation of the isotropic shift. The
orientationfc varies from 30 to 47 (see Figure 4). Compared
to our previous study’ the standard deviations are reduced by

approach of the present study: the anisotropic overall diffusion,
the time scale of the internal motions, and the effect of the
variations of the nitrogen CSA tensors on the order parameters

J. AM. CHEM. SOC. = VOL. 127, NO. 16, 2005 6065
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B [0] (perpendicular to the peptide plane). A linear regression results
N in 0w~ 2.4 x 0iso — 5.2, Whileoyy seems to increase slightly
40 with the isotropic shift:oyy 2~ 0.6 x 0iso + 3.1 (we have forced
the slope to be 0.6 so thajy + gyy = 3.0 x 0iso + cONstant).

20 ﬁtﬁt f{;fﬁ“ A&.‘. ?f+m On the other hand,, (approximately parallel to the NHbond)

is not correlated with the isotropic chemical shift. The average

0f . anglefy is 8.9. Since only three rates are used to fit the CSA
=207 parameters of the protons, the precision is not as good as that
40} .’o“.’.’“’s” O, ~"~‘~°¢’o PNTIN for the C and N nuclei.
—Pcr Some studies suggest that the so-called three-dimensional
20 40 60 Gaussian axial fluctuation (3D-GAF) model is more appropriate

to describe the internal motions of peptide planes in proteins.

40 In this model, the dominant motion (with an amplitudg) is
BN assumed to be around thé@* axis, while motions around the
20 ﬁlﬂ‘.‘#‘ “H:‘“ ‘*?‘uﬁ‘f‘{f& two axes perpendicular to the*C* axis (with amplitudess,
Ao
or* +‘ . .,:'. ’, andop) have about half the amplitude of the dominant motidn.
. ," ' The results of a fit to an axially symmetric 3D-GAF model with
-20} o vt e oo 0, = 204 = 20 can be seen in the second rows of Figures 3
T IS o L WS, ""“’.': sutle and 4. The tendencies are the same as those for isotropic local
’ _BC' motion. However, the variations of the CSA tensors about the
20 40 60 average values are less pronounced, as can be seen in the second
. row of Table 2. The fit of the Crates has, in general, a lower
40! %2, suggesting that the axially symmetric 3D-GAF model fits
..‘rh 5N the data better than isotropic local motion.
207 t‘r".f:‘*‘* "": 5"‘9“4’@‘“ The validity of the 3D-GAF model is open to debate. It has
0 (oW Cetey || e -.... been suggested that the amide proton can move independently
20! BH' o . out of the peptide plan®-1 We have tried a model in which

the predominant motion of the entire peptide plane occurred
about an axis parallel to the average position of the NH bond
(with an amplitudeopey), while the amide proton has an

&
» *
40 [ 26 % Vo ’Nn‘l: BN
* ’

20 40 60 additional out-of-the-plane motion around an axis (close to the
Residue Number C*C% axis) lying in the peptide plane perpendicular to the
Figure 4. Orientation of the CSA tensors of the,®l, and H' nuclei for average NH bond (with an amplitudew) as suggested by

61 residues in ubiquitin. Three models are considered with parameters Wang et af! Calculations of the CSA parameters using models
identical to those of Figure 3. For clarity, we have multiplied the afigle with a motion of the entire peptide plane about an axis
by —1. perpendicular to the peptide plane or lying in the peptide plane
perpendicular to the NH bond resulted in poorer fits. The time
have been taken into account, and two additional relaxation rates, scales of the two motions need not be identical. The correlation
have been used. time of the motions that are perpendicular to the average NH
For the N nuclei, the most shielded componentg) do not bond,znw, is determined mainly by the NOE rates. In this model,
vary much when plotted as a function of the isotropic shift. we have fitted site-specific parameters for motions perpendicular
The deviation from axial symmetry as defined by the asymmetry to the average NH bond (internal correlation timg; and
parametemn = [(oyy — 02)/(0xx — Oiso)| increases with the  amplitudeoyy), but we optimized average parameters for the
isotropic shift. Thesy, component perpendicular to the peptide motions of the remaining peptide planes simultaneously for all
plane and the least shieldegy component vary linearly with residues, otherwise the fit became unstable. The optimum
the isotropic shift: oyx =~ 1.0 x 0iso + 109.3 andoyy ~ 2.0 x average amplitudébpedJof the motions of the peptide planes
0iso — 159.5. Note that we have excluded some residues thatabout the average NH bond vectors is strongly correlated with
have large errors from the linear regression. These residues ar¢he average internal correlation tinig,efJchosen. The third
indicated by unfilled symbols. The angh ranges from 12 and fourth rows of Table 2 show the results for two internal
to 25° (see Figure 4 top row for isotropic local motion). The correlation times. For an internal correlation tiragef )= 40
variations of the principal components are much more pro- Ps (third row), the amplitude that best fitted the results Wag/]
nounced for the nitrogen than for the carbonyl CSA tensor, while = 14.3’, while for an internal correlation tim@ped = 400 ps
the dispersion of the angledy and e are comparable. The  (fourth row), this amplitude was 8.6The model with the largest
average value fopy is 0.29, while the average value of the [TredJS€€MS to provide the best fit to the data (the results are
anisotropy, defined a&ay = gy — (0yy + 02)/2, is 164.0 ppm shown in the bottom rows of Figures 3 and 4). However, the
(see Table 2). These values fall in the range reported in the(58 Lienin, S. F.; Bremi. T.: Brutscher, B.; Bschweiler, R.; Emst, R. K.
Am. Chem. $0d998 120, 9870-9879.

) )
litteraturel3.39.43.45
(59) MacArthur, M. W.; Thornton, J. MJ. Mol. Biol. 1996 264, 1180-1195.
)
)

The tendencies for the principal components of the amide (60) Mannfors, B. E.; Mirkin, N. G.; Palmo, K.; Krimm, S. Phys. Chem. A
- i i i 2003 107, 1825-1832.
protons H' are similar to those of the amide nitrogen nuclei: (61) Wang, T. 7. Cai, S.. Zuiderweg, E. R. £.Am. Chem. So@003 125

the isotropic chemical shifts show strong correlations with 8639-8643.
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Table 2. Principal Components ox, 0y, 02z and Orientations § of the CSA Tensors, Asymmetry 7, and Anisotropy Ao Parameters of the C',
N, and HN Nuclei Averaged over All Available Peptides Plane in Ubiquitin

mod? 0, 0(ppm) [0,,0(ppm) [02,9(ppm) [B(deg) HO (Ao (ppm)
@ c 260.4 (1.5;5.2) 3.k iso — 342.9 (0.6; 3.7) 82.1(1.9; 4.0) 37.2(0.8;3.2) 0.80 —140.7

N 1.0 x 0iso + 109.3 (5.0; 9.1) 2.6 giso — 159.5 (7.4; 12.1) 50.2 (3.4; 8.1) 18.2 (1.4; 2.4) 0.29 164.0

HN 2.4 % 0iso— 5.2 (0.3; 1.0) 0.6¢< 0iso+ 3.1 (0.7; 1.1) 2.1(0.9;1.2) 8.9 (4.9;13.2) 0.96 9.7
@ cC 251.8 (0.3; 2.7) 3.k 0iso — 335.4 (1.6; 3.2) 83.6 (1.6; 3.4) 36.1(1.0; 3.9) 0.65 —1385

N 1.0 x 0iso + 104.5 (4.4; 7.7) 2.¢ 0iso — 162.2 (7.8; 11.9) 57.7 (3.7, 7.3) 17.6 (1.3; 2.3) 0.22 156.7

HN 2.4 % 0iso— 5.3 (0.3; 1.0) 0.6¢< 0iso + 3.2 (0.6; 1.0) 2.1(0.8;1.2) 6.3(3.7;11.8) 0.99 9.6
@ cC 257.9 (0.6; 2.8) 3. 0iso — 337.3(0.8; 2.7) 79.5(0.4; 2.4) 35.0(0.8; 3.3) 0.70 —144.7

N 1.0 x 0iso + 98.7 (3.4; 7.0) 2.0 0iso — 158.0 (7.7; 13.2) 59.3 (4.5; 8.8) 18.9 (1.3; 2.7) 0.27 148.0

HN 2.4 % giso— 5.0 (0.3; 1.0) 0.6< 0iso+ 3.7 (0.8; 1.3) 1.2 (1.0; 1.5) 7.2 (4.6;12.6) 1.14 10.1
4 cC 245.9 (0.4; 2.3) 3.0¢ 0iso — 338.8 (0.6; 2.5) 92.9(0.3;2.1) 36.5(0.9; 3.7) 0.69 —124.6

N 1.0 x 0iso + 97.6 (3.3; 6.8) 2.0¢ 0iso — 158.6 (7.3; 11.3) 61.0 (4.2; 7.4) 18.4 (1.3; 2.6) 0.23 146.4

HN 2.4 x 0iso— 5.2 (0.3; 1.0) 0.6¢ 0iso + 3.1 (0.6; 1.1) 2.1(0.8;1.2) 6.0 (3.5;11.2) 0.96 9.7
5 C 245.6 (0.6; 2.3) 3.0« 0iso — 338.5 (0.8; 2.6) 92.8 (0.4;2.2) 36.7 (0.9; 3.7) 0.68 —124.7

N 1.0 x 0iss+105.8 (4.9; 8.6) 2.0¢ 0iso — 166.8 (8.6; 13.2) 61.0 (4.0; 7.4) 17.5(1.1; 2.2) 0.18 158.7

HN 2.4 x 0i5—5.1 (0.3; 1.0) 0.6¢ 0iso + 3.2 (0.6; 1.1) 1.9 (0.8;1.2) 6.2 (3.5;11.2) 0.98 10.0

a Different models were tested: (1) Isotropic local wobbling-in-a-cone model; (2) An axially symmetric 3D-GAF model with a single internal@orrelati
time for each residue and the dominant motion around tH&*@xis with an amplitude, that is twice as large as the amplitudes of the motions about the
perpendicular axesi( = 20, =203); (3) Model in which the amide proton™is allowed to move out of the peptide plane separately while the remaining
peptide plane moves around an axis parallel to the averadedéHd with an internal correlation timgep, = 40 ps; (4) same as (3) but withe, = 400
ps; (5) same as (4) but the N CSA tensor follows the motions of th® bahd.> For HN and N,57 = |(0yy — 02)/(0xx — 0iso)| andAG = 0xx — (0yy + 02)/2.

For C, n = |(oyy — 0x)/(02: — 0iso)| and Ao = 02, — (0xx + 0yy)/2. © In parentheses: average errors and standard deviations over 61 residuearfdro@er

60 residues for M. For N, the averages were calculated over (1) 52, (2) 58, (3) 60, (4) 61, and (5) 56 peptide planes. The errors were estimated by
recalculating the tensor parameters while varying each of the relaxation ratiés&® randomly and independently by stochastic variations with a standard
deviation equal to the experimental errors.

Q2 T [ps] Conclusions
S e wlits . mgs We have determined the CSA parameters of theNCand
08 "."_- -_'_".;. ?: :' "-.;-';_;:;_ﬁ &7y {200 HN nuclei in a small protein. Although the exact values of these
06 'F- Sk o . 1150 parameters depend on the model chosen for the internal motions

(note that even in solid-state NMR measurements of CSA

04 ’. _ T e '_ 100 tensors, the results can be distorted by internal motions), some
" o v 50 general trends can be observed. For theutlei, the least and

0.2 o P_ea te BY 9. & i )
IR T R R AN R most shielded components hardly vary, while the central

q - e %o ne . LY 0
10 20 30 40 50 60 70
Residue Number
Figure 5. Dynamical order parametef (greenl) associated with the
NHN dipoles and internal correlation times; (red ®) of 64 residues in
ubiquitin, obtained from the fit of the relaxation rates that involte to
an isotropic model of local motions.

component, which is almost parallel to the CO bond, determines
most of the variations of the isotropic chemical shift. Thg
component is tilted by aboytc = 36° from the CN bond
toward the GO bond (see Figure 1). The dispersion about the
average values is surprisingly small (about 3 ppm for the
principal components and 3.5or the orientation). These
variations represent upper values of the true dispersion of the
individual CSA parameters, since the latter may also be due to
ariations in bond angles or internuclear distances, as well as

resulting anisotropy of the nitrogen CSA tensor is very low
compared to the values reported in the literature. This might be
because we have assumed that the nitrogen CSA tensors do nog - . . .
follow the motions of the NH bonds. In the fifth row of Table eviations from various models of internal motics.

2, the results of a fit where the nitrogen CSA tensors follow ~ For the N nuclei, the deviation of the CSA tensors from axial
the motions of the NH bonds are shown. The parameters areSymmetry increases with increasing isotropic chemical shift.
the same as those in the fourth row. The parameters of theThere is no apparent correlation between the most shielded
carbonyl and the proton CSA tensors are hardly affected, while component and the isotropic chemical shift, whereas there is a

the nitrogen anisotropy has increased from the fourth to the fifth strong correlation for the component perpendicular to the peptide
row of Table 2. plane and a weaker correlation for thg component which is

The dynamical parameters that result from a fit of the closest to the NH bond. The latter component is tilted about

isotropic wobbling-in-a-cone model are plotted in Figure 5. We 18" from the NH bond toward the ‘@ bond. The dispersion
have drawn the internal correlation timeg and the order ~ @bout the average values of the principal components is
parameters? associated with the NMdipoles. The values of considerably larger for N than for the/,Gvhile the variations
these dynamical parameters do not change very much for ourOf the orientations are similar.

different models (see the Supporting Information). Depending  For the amide protons, the tendencies for the principal
on the model chosen, the order paramefesift systematically components are similar to those of the amide nitrogens: the
to higher or lower values. In the Supporting Information we o, component is tilted by about’#rom the NH bond toward
have also plotted against each other the dynamical (Figure S14)the CN bond and does not correlate with the isotropic shift,
and CSA parameters (Figure S15) obtained with different while the other two components do. The anisotropy of the CSA
models. tensor increases with the isotropic shifts.
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It is difficult to determine which model of internal motions Acknowledgment. This work was supported by the Centre
is most appropriate. The axially symmetric 3D-GAF model fits National de la Recherche Scientifique, the European Union
the data better than the isotropic model, while the models in through the Research Training Network ‘Cross-Correlation’
which the proton is allowed to move independently seem to fit HPRN-CT-2000-00092, a fellowship of the MinisteDdégue
even better. However, one has to be very careful, since smallala Recherche et aux Nouvelles Technologies to K.L., and the
systematic experimental errors (which might be due to small Commission pour la Technologie et I'lnnovation (CTI), Swit-
temperature variations between experiments), deviations of thezerland.
bond lengths and angles from standard values, or errors in the

global structure (obtained by NMR might tilt the balance Supporting Information Available: Figures of the 10 pulse

towlgrql one dmlotpnr?l medel, rather dt.han banother. r-]r he n:joslt sequences used to measure the cross-correlated relaxation rates.
realistic model mig t be an intermediate between the mo €IS one figure showing the dynamical parameters and &
presented in this work. Nevertheless, one can conclude that while

the amplitudes of the internal motions vary from residue to
residue, the fast internal motions in ubiquitin appear to be

surpri§ingly uniform, except for the three C-terminal residues. dynamical and CSA parameters obtained with different models
The differences between the average values of the carbonyl CS'%Iotted against each other. One table lists the experiments

zg:(;?;eézvg%toe:g'ﬂ?gsil:lzl?ﬁe ggecr;?; rr?;%‘li":‘h:)\j;?izgoieperformed witr_l their duration, the r_1umber of repetitions, _and
of these parameters weeatirely due to variations of the ratio the qperators involved. One table lists the global and r§5|due-
between the amplitudes of the motions about axes that areSpeC'fK.: parameters_ that haye been f'tfmd for the d'ﬁefe”t
gerpen dicular and parallel to theC* vector,o, = oo = Lo dynamlcgl models. Six tables list the experimental rates obtamed,
these variations could be explained by a ri@tge 21 0.6 Fo,r the principal components of the CSA tensors,' and the dynamical
liquid state NMR, the parameters obtained in this work can be parameters calculated for each modgl. Equations for th? spectrgl
?Ien5|t|es and auto-correlated relaxation rates are also given. This

used as effective values provided one uses a consistent motiona L . -
material is available free of charge via the Internet at

obtained from fits to different models used in this work, and
two figures showing the CSA parameters of the two models
that are not shown in Figures 3 and 4. Two figures with the

model.
http://pubs.acs.org.
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