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Abstract: The anisotropy of rapid fluctuations of the peptide planes in ubiquitin is explored by comied
and13C’ nuclear spin relaxation measurements and molecular dynamics (MD) computer simulEgid,

and NOE data were collected Bg-field strenghts corresponding to 400 and 600 MHz proton resonance. A
1.5-ns simulation of ubiquitin in an explicit water environment was performed using CHARMM 24. The
simulation suggests that, for 76% of the peptide planes, the relaxation-active motion of the baékbame

13C' spins is dominated by anisotropic Gaussian axial fluctuations of the peptide planes about three orthogonal
axes. The dominant fluctuation axes are nearly parallel t&Cthe-C* axes. The remaining peptide planes
belong to more flexible regions of the backbone and cannot be described by this type of motion alone. Based
on the results of the computer simulation, an analytical 3D GAF motional model (Bremi, BclBmeiler, R.

J. Am. Chem. S0d.997, 119 6672-6673) was applied to the experimental relaxation data. The fluctuation
amplitudes of the peptide planes show a significant anisotropy of the internal motion. This analysis demonstrates
that a combined interpretation &N and’3C' relaxation data by a model derived from a computer simulation
may provide detailed insight into the fast time-scale backbone dynamics that goes beyond the results of a
standard model-free analysis.

1. Introduction relative orientations. Since their principal axes are generally
not parallel, they sample different motional modes, allowing

Intramolecular motion of biomolecules is generally aniso- for the exploration of locally anisotropic motion. Previous
tropic. The anisotropy can be assessed experimentally and by P y P )

computer simulations. In X-ray crystallography, for example, ;nodel c;lculatlons have demonstrated the feasibility of this
o ; . ; 101 pproact?. The analysis is applied in this paper to the fully
itis represent_ed by anisotropic crystallogrz_a@factors. Usmg_ 15C- and 15N-labeled native form of the 76-residue protein
NMR relaxation spectroscopy, the possibility to probe aniso- ubiquitin (see Figure 1). This system was studied before
tropic motion critically depends on the principal axis directions . )
of the dominant relaxation-active interactions. For example extensively by homonuclear and heteronuclear NHIR.
the relaxation of alN nucleus of the roteiﬁ backbone I?S " The procedure follows the general protocol originally devel-
overned by the (axially symmetric) mapnetic dind —1H oped for the characterization of side-chain dynamics and
goupling ar)IId by the15K| Zhemical shif’? anisotch))py (CSA) subsequently appllied to the characteriza‘;ion of backbone
. ; 2 o - . dynamics, exemplified on the cyclic decapeptide antamatiitie.
interaction, which is, to a good approximation, axially symmetric The protocol uses information gained from molecular dynamics
with the symmetry axis parallel to tHéN—1H vector. Thus, MDp ter simulati gd ; tical reat y s t
fast reorientational motions scale the dipot&X—!H and the (MD) computer simulations and from analytical treatments to

15\ CSA interactions by nearly the same order paraméer, find a suitable parametrization of the motion causing nuclear

o . . . . . spin relaxation. From the detailed analysis of a 1.5-ns MD
The monitoring of three-dimensional anisotropic motion by traiectory of ubiquitin solvated in a box of water. the basic
NMR relaxation measurements requires rigid fragments with a mcitionaly rocesges affecting backbone spin rela;xation were
set of spin interactions that probe different directions in space. p _‘ : 9 P
We demonstrate here experimentally that anisotropic intra- __(3) Bremi, T.; Brischweiler, RJ. Am. Chem. Sod997 119, 6672-
_molecular _backbone motion can be charactenzed_ by a co_mblne (4) Vijay-Kumar, S.: Bugg, C. E.; Cook, W. J. Mol. Biol. 1987, 194
interpretation of relaxation data 61C'and!*N nuclei belonging

531-544.
to the same peptide bond. The proposed analysis takes (5)Kraulis, P. JJ. Appl. Crystallogr.1991 24, 946-950.
advantage of the fact that the peptide-bond geometry remains, (&) Di Stefano, D. L.; Wand, A. Biochemistryl987 26, 7272~7281.

. . . 'Weber. P. L.; Brown S. C.; Mueller, LBiochemistry1987 26, 7282~
to a good approximation, planar at all times.

relaxation-active CSA and dipolar interaction tensors have fixed
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Figure 1. Schematic representation of the native state of ubigtiitin,
drawn by using Molscript.
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13C' backbone atoms of flavodoxin and determined the associ-
ated motional order parameters. Differences in these order
parameters were ascribed to anisotropic peptide plane motion,
which was modeled in terms of uniaxial restricted diffusion.
No attempt was made to interpret the set of relaxation data by
a unified motional model.

The remainder of the paper is organized as follows: In section
2, details of the experiments, the simulation, and an analytical
description of the 3D GAF motional model are presented. In
section 3, the MD trajectory and the experimental data are
analyzed, and peptide planes that display 3D GAF dynamics
are selected. Their locally anisotropic fluctuation behavior is
discussed and compared to the MD results.

2. Materials and Methods

2.1. Sample Preparation. Fully 3C,!*N-labeled ubiquitin
was kindly provided by A. J. Wand (Buffalo, NY) and purchased
from VLI (Southeastern, PA). For optimal consistency &l
and®N relaxation data used for the analysis were measured on
a single ubiquitin sample containing 2 mM ubiquitin in 90%

determined and expressed in terms of an analytical motional H20 and 10% RO at pH 4.7 with a 45 mM sodium acetate
model. It is found that 76% of the backbone peptide planes buffer. The sample was deoxygenated and sealed in a standard

are not involved in conformational exchange processes and sho
predominantly small-amplitude motion. Their relaxation be-

wo-mm NMR sample tube.

2.2. NMR Experiments. NMR experiments were performed

havior can be described by the recently proposed 3D GaussiarPn Bruker AMX-600 and DMX-400 spectrometers equipped

axial fluctuation (GAF) model. Each peptide plane is treated
as a rigid entity exhibiting rapid reorientational motion about
three orthogonal principal axes with a Gaussian fluctuation
distribution. The axis of maximum angular fluctuation turns
out to be nearly parallel to th&* ;—C direction. The model,
expressed in analytical terms, is applied to experiméntahd

T, data of the'*C' and !N backbone spins and #o'H} —1°N

with triple-resonance d, 15N, 13C) probes and shielded
gradients. The sample temperature was set to 300 K. The 2D
15N T, andT; relaxation and 'H} —15N NOE experiments were
performed at 400 and 600 MHz in a similar way as previously
reported on the A state of ubiquitii. Two sets of T;
experiments were carried out both at 400 and at 600 MHz to
estimate statistical errors. In addition, two set§gpfmeasure-

NOE data collected at two magnetic field strengths (400 and Ments were performed in the rotating frame at 600 MHz with

600 MHz proton frequency).

spin-locking fields of ynBi|/27r = 1.9 and 2.6 kHz, respectively.

Our approach differs from procedures previously proposed For the{*H} —*>N NOE measurements at both magnetic field

for the dynamical interpretation offC' carbonyl backbone
relaxation in proteins. Engelke and®tang! used a model-

strengths, three spectra, two with and one witHblisaturation,
were recorded in an interleaved manner. Mdrsaturation

free description assuming identical order parameters for the threeduring 5 s of therecycle delay, either a windowless WALTZ-

CSA principal axes, which is equivalent to assuming isotropic
internal motion at thé3C' sites. They found for ribonuclease
T1 significant discrepancies between the deri¥& and!°N

16 sequence or a train of 12pulses with 10-ms intervals was
applied. No systematic deviations of the NOEs were found
between the two saturation schemes.

order parameters belonging to the same peptide bond, but no 2D *3C' T; andT; relaxation experiments were carried out at

physical explanation was provided. Allard andr#f& recog-
nized the importance of dipolar contributions of the neighboring
protons to13C' relaxation and the need for separate order

400 and 600 MHz using HNCO-type experimehts'#17 The
pulse sequences and the parameter settings are given in the
Supporting Information. During the mixing timé&i and >N

parameters for the different interactions. They modeled the 180 pulse trains were applied in both and T, experiments,
backbone motion of the thermostable Sso7d protein by two orderand selective GaussidiC* 18C° pulses were used in the

parameters for eacdC’, one describing motion at the backbone
13C' site and one describing the (effective) motion of the
internuclear vectors to the neighboring protons. Similar to the
treatment by Engelke and Rujans, their approach assumes
isotropic intramolecular motion at th€C' site. Dayie and
Wagnet31*derived information on the spectral densities of the
carbonyl CSA interaction in villin 14T. No interpretation in
terms of anisotropic intramolecular motion was undertaken.
Zuiderweg and co-worketdmeasured numerous autocorrelated
and cross-correlated relaxation rate constants invokAdgnd

(11) Engelke, J.; Rerjans, H.J. Biomol. NMR1997, 9, 63—78.

(12) Allard, P.; Had, T.J. Magn. Resonl997, 126 48-57.

(13) Dayie, K. T.; Wagner, GI. Magn. Reson. Ser. 8995 109 105—
108.

(14) Dayie, K. T.; Wagner, GJ. Am. Chem. Sod997, 119, 7797
7806.

(15) Fischer, M. W. F.; Zeng, L.; Pang, Y.; Hu, W.; Majumdar, A;
Zuiderweg, E. R. PJ. Am. Chem. S0d.997, 119 12629-12642.

experiment to suppress both cross-relaxation betw&&rand
surrounding spins and cross correlation effects betwééh
CSA and dipolar interactiond®N—13C', 1H—13C', 13Ce—13C"),
Statistical errors were estimated from two set$oéxperiments
at 400 MHz and three sets ®f experiments at 600 MHz. One
set of T, experiments was performed at 400 MHz using a spin-
lock field strength of 1.7 kHz. At 600 MHz, a spin-lock
experiment with a rf field strength of 2.7 kHz was compared
with a CPMG experiment using a train of selectiv€' 180¢°
pulses every 500s. No systematic deviation between the two
experiments was found.

2.3. Extraction of Relaxation Data. The data were
processed with the FELIX program version 95.0 (Biosym

(16) Brutscher, B.; Bischweiler, R.; Ernst, R. RBiochemistry1997,
36, 13043-13053.

(17) Zeng, L.; Fischer, M. W. F.; Zuiderweg, E. R. R.Biomol. NMR
1996 7, 157-162.
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Technologies). Prior to 2D Fourier transformation, the time dipolar interaction and th€N chemical shift anisotropy tensér:
domain data were zero-filled in the timension to 2048

complex points and multiplied with a cosine bell window. For _ 1 (Ho][ h -3
the 15N relaxation experiments, zero-filling was applied in the = NNH ™ 30“M22/\27 Vi {0,(43n(0) +
t; dimension to 1024 real points, followed by multiplication with BI@)) + 0(Ad,(0) + 3y ()} (3)

a cosine-bell window. For th&C' relaxation experiments, a

mirror-image linear prediction proceddfevas applied along  Jyy, and Juy are the spectral densities related to the cross-
the constant time; dimension, which was followed by zero-  correlation functions between the NH vector and the principal
filling to 1024 real points and multiplication with a Kaiser axesx andy of the 15N CSA tensor, respectivelfiyny leads
window. The resonance assignments were taken from Wangto differential transversésN relaxation of the two multiplet

et al®® Peak intensities were extracted from 2D spectra using components belonging to theandp states of théJ-coupled

alocal grid search routine for each cross pe@kandT, values HN spin. Modulations of thé5N chemical shift equally affect

were determined by fitting the measured peak heights to the hoth multiplet components and, therefore, do not lead to

monoexponential functio(T) = lo exp(=T/T1,2) with two fit differential relaxation, provided that tAé coupling is constant

parametersJ; ; and the peak intensitly at mixing timeT = 0. which can be safely assum&i.

Representative decay curves f8€' T, and T, measurements 2.5. 3D Gaussian Axial Fluctuation (GAF) Model. The

are shown in the Supporting Information. THeéH}—15N autocorrelated and cross-correlated spectral density functions

steady-state NOE values were determined from the ratios of can be expressed in terms of the 3D GAF model. From the

the measured cross-peak intensities in the presdegeand MD simulation, it follows that 3D GAF internal motion is

absencel(nsa) Of proton saturation: NOE?S= Isaflunsas independent of and much faster than the overall tumbling
2.4. Relaxation Theory. Spin relaxation of thé>N and**C' motion. Furthermore, th&N relaxation data suggest that the

nuclei is dominated by dipolar (D) and chemical shift anisotropy overall tumbling is in good approximation isotropic (vide infra),
(CSA) interactions. Analytical expressions relating dipolar and consistent with ref 8a. Under these conditions, the spectral
CSA T, contributions and the heteronuclear NOE to power density functions entering the expressions for the relaxation

spectral density functiondw) are given in ref 19 and in the parameters can be parametrizeagas
Supporting Information. The corresponding expression3for

relaxation are given below. The dipolar contribution of spin _ T. ety
to T, of spini is Ju@) =S (r C)z+{P2(C°5‘9.uv) Sy @t
4)
1 1/”02(h)222_3 (
=—| === (=] vZ2m, 3343, (0) + 33, () +
(Tz,i)D 40(4ﬂ) 2] VI A 0)F 3 () whereu and v refer to a dipolar director or a CSA tensor

‘]/m(wj —w;) + 6J (a)) + 6J (w]. +w)} (1) pr|nC|paI axis. The effective correlation timey,,, is given by
reﬁ =TT, “on Wheretiny, is the correlation time of the

whereJ,,(w) with u = (ij) is the autocorrelated spectral density internal autocorrelatlon or cross-correlation function

function of the internuclear vecto;.'® y;, y; are the gyromag-

netic ratios of the spinisandj, andw;, w; are the correspondin

Larmor frequencier;.h is IJDIanck's clonstant, ando Fi)s the ’ Clm(t) - z Yom(€ mOI(()))Yzm( mOI(t))D ()

magnetic field constant. The CSA contribution to transverse

relaxation of spin is

(7

The unit vector €™

(t) points along the principal axig:
1 1 5 ) expressed in a mo'lecular'franje which is affected excluswely
(T_) = %wi{éx [43,(0) + 33, (w)] + 6,T4J,(0) + by the overall rotational diffusion. The Le_ge_ndre polynomial
2i/CSA P2(cos6,,) of the angled,, between two principal axes and
3Jy(@))] + 26,0,[43,(0) + 3, (w))]} (2) v enters because of the relatid(cos 6,,) = Cp(0) =
(4715)5 2, Yom(€™) Yz, (€™)[) with the normalized second
= Oyy — 0z Wheredyy, dyy, 07, are the principal values of the Ezmk s;;hi:icea][irk:g;rgc)(zfség r("(')))Forf ”aa;]lgig?réféa;se (igrrr%?;[?gﬁs
) ) =), =4, -

CSA tensor. Ju(w), Jylw) are the autocorrelated spectral  cqnyripytions betwezen two principal axes of the same CSA

densities of the CSA principal axesandy, andJy(w) is the  tansorp,(cosfr/2)) = —1/2. For the 3D GAF motion, the order
corresponding cross-correlated spectral deri8ity. parameterss, are given b§

It is well-known that conformational exchange processes in v

The parameter8, anddy are defined bydy = dyx — dzzanddy

the microsecond to millisecond range, that modulate the isotropic Ar 2

chemical shifts, also contribute 3,/22! Since peptide S, =— (—i)f¥

planes exhibiting such chemical exchange processes cannot be" S | kK fm=—2

characterized by a 3D GAF model alone, they were excluded (K + K?) oA’ + m?)

from further analysis. A straightforward metH&do identify exp) ————— — o2 — AN B

these peptide planes uses a comparison betwee¥hd, /

values and the inverse cross-relaxation rate constdignl/ .

induced by cross-correlated relaxation between fine—1H df(f) E df<2|) , d(2) d(2) Zm(ezp)yzm(egp) (6)

(18) Zhu, G.; Bax, AJ. Magn. Reson199Q 90, 405-410.
(19) Appendix of reference 10. Note that in ref 10, chemical shielding p_
anisotropy principal values,, oyy, o,;were used, while in the present work Whereep (0., @) defines the direction of the principal axis

chemical shift anisotropy principal valuégx, dyy, 0z are employed. uofan mteractlon tensor in the,, €3, e, frame rigidly attached
(20) McConnell, H. M.J. Chem. Phys1958 28, 430.
(21) Deverell, C.; Morgan, R. E.; Strange, J. Mol. Phys.197Q 18, (22) Brischweiler, R.; Ernst, R. R]. Chem. Phys1992 96, 1758~

553. 1766.
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to the peptide plane (pp)dZ(w/2) are the reduced Wigner these axesgy g, ando,, are much smaller tham and their

matrix elements evaluated at the ang®.>® oq, o, 0, are distributions are Gaussian, they can be determined by the
the standard deviations (expressed in radians) of the fluctuations'elationship3
about the principal axesy, €, €. SZW corresponds to the

: ; P A A A
plateau value of the internal correlation functicfj(t) of eq 5. 2 _1 log—|, 0% = 1 log—|, o* = 1 log—| (7
Below, it will be shown that, for peptide planes exhibiting 3D %72 Ads) P 2\ AT 2\ A, Q)

GAF motion, the correlation timegn,,, are in the sub-50-ps
range, which is consistent with the MD simulation results. This whereAs, A,, and/s are the eigenvalues of the matiix.
causes the second term of eq 4 to be small, and thusqthe The fluctuation amplitudes were also obtained directly from
values have only little influence on the relaxation parameters. the trajectory by an alternative meth&d:The fluctuation
Equations 4 and 6 provide a convenient way to determine amplitudes are calculated for each of the 1500 snapshots by
the influence of 3D GAF motion on autocorrelated and cross- aligning the instantaneous peptide plane asgh, es(t), and
correlated relaxation parameters, or, conversely, they allow thee,(t) by a transformation with their corresponding equilibrium
determination of the 3D GAF parameters from experimental directions. The transformation is accomplished by three suc-
data as described in the following. In contrast to the treatment cessive rotations of the average peptide-plane frame: (i) rotation
of Fischer et al’> where a variety of peptide plane order by the anglea about the axis,, (ii) rotation by 5 about the
parameters is determined before attempting a physical inter-axis €, and (iii) rotation byy about the axis,. Due to the
pretation, our treatment aims at a direct extraction of the 3D smallness of each of these rotations, the order of their application
GAF parameters from the relaxation data. Equation 6 allows is not crucial. The resulting distributions of the fluctuations
calculation of order parameters from the fitted 3D GAF motional about all three axes with their standard deviations were
parameters (see section 3.6). The effect of weakly anisotropicdetermined. For all peptide planes with dominant 3D GAF

overall tumbling is mentioned in section 3.5.

2.6. Generation of Molecular Dynamics Trajectory. The
coordinates of the X-ray structure of ubiguttin the Brookhaven
Protein Data Bank (file 1ubg) were used for the starting
conformation of the MD simulation. All protons were added
in their standard geometric positions using the CHARMM
program?* The resulting structure was then energy-minimized
in vacuo and immersed in a cubic box of a side length of 46.65
A, containing a total of 2909 explicit water molecules. The
simulation was performed with the CHARMM force field
version 24b2 under periodic boundary conditions with an
integration time step in the Verlet algorithm of 1 fs. The
SHAKE algorithn?® was applied to all bond lengths involving
a hydrogen atom. A cutofffo8 A was used for nonbonded
interactions. Truncation was done with a shifting function for
electrostatic interactions with a dielectric constant 1 and a
switching function for van der Waals interactions. The tem-
perature was set to 300 K, and after an equilibration of 500 ps,

motion, the fluctuation amplitudes obtained by the two methods
are in good agreement. Conversely, agreement between the two
procedures is a useful indicator for the dominance of the 3D
GAF motion of the peptide plane under consideration.

3. Results and Discussion

3.1. Analysis of MD Trajectory. The rapid small-amplitude
motion of each peptide plane is described by a reorientational
principal axis system, characterizing the motion in terms of
distribution functions and time constants with respect to these
axes. Such a description is preferred over a characterization in
terms of fluctuations in backbone dihedral angle sdageyi}.

As is well-known?” the fluctuations of the dihedral angles-1

and ¢; are significantly correlated for rigid peptide planes.
However, the large deviations of the correlation coefficients
pyi—1gi from —1 demonstrate the dependence of the dihedral
angular motion also on the motion of adjacent peptide planes.

The peptide planes are labeled and numbered by the amino

snapshots were stored in intervals of 1 ps, leading to a total of acid residue that contributes the nitrogen atom. The plane of a

1500 conformations for the 1.5-ns simulation time. The

snapshots were then postprocessed by a mass-weighted Ieasg

squares difference rotation and translation of the protein
backbone atoms with respect to a reference conformation at 750
ps simulation time. In this way, overall rotational and trans-
lational diffusion of the molecule that occurs during the
simulation is eliminated, yielding atomic coordinates for each
snapshot in the same molecular reference frame.

2.7. Processing of Trajectory. The axis directions and
fluctuation amplitudes of the 3D GAF model were determined
from the trajectory as described in ref 3. Three orthogonal unit
vectorsei(t), ex(t), andes(t), were rigidly attached to the peptide
plane. The orthonormal equilibrium orientations are denoted
by €), &, and €. The time-dependent unit vectors were
linearly averaged over the whole trajectory. Diagonalization
of the product matrix of these averaged vectdis= [&[&0
(i,j =1, 2, 3) by the transformatioRTMR yields the principal
axis directions of the fluctuation tensceg, e, ande, as Re?,

Re), and Re). If the angular fluctuation amplitudes about

(23) Zare, RAngular MomentunWiley-Interscience: New York, 1988;
Table 3.1, p 89.

(24) Brooks, R. B.; Bruccoleri, R. E.; Olafson, B. D.; States, D. J.;
Swaminathan, S.; Karplus, M. Comput. Cheni983 4, 187.

(25) Ryckaert, J. P.; Cicotti, G.; Berendsen, H. J.JCComput. Phys.
1977, 23, 327-341.

non-proline) peptide bond contains the atomd®N;, HY,
QC{,l, and Q-;. For each of the 72 non-proline peptide
planes in ubiquitin, the reorientational probability distributions
‘obtained from the 1500 snapshots of the trajectory were
analyzed. Itis found that the motion of 57 non-proline peptide
planes involves predominantly 3D Gaussian axial fluctuations.
In Figure 2a, results are shown for the representative plane of
lle 30. Nearly all peptide planes located in thehelix or in

one of thes strands belong to this group. The effective internal
correlation timegiy: of the 3D GAF motion is for most of the
57 peptide planes well below 20 ps.

The remaining 15 peptide planes belonging to residues in
the loop regions including Thr 7 to Lys 11, Gly 35, lle 36, Gly
47, Gly 53, Arg 54, and the flexible C-terminus, Arg 72 to Gly
76, show additional jump processes on slower time scales. This
leads either to bimodal angular distributions with two dominant
conformations (see Figure 2b for peptide plane Leu 8) or to
asymmetric distributions due to exchange between a larger
number of sites. They were excluded from further analysis (see
Table 1).

The interpretation of the motion of a peptide plane by a 3D
GAF modeldoes notinfer that the plane is reorienting in a

(26) Bremi, T. Ph.D. Thesis No. 12240, ETH izah, 1997.
(27) Levy, R. M.; Karplus, MBiopolymers1979 18, 2465.
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Table 1. Exclusion of Peptide Planes Whose Motion Cannot Be Described by a 3D GAF Model Both in Experiment and in Simulation
remaining

reason for exclusion excluded planes planes
proline residues Pro 19, Pro 37, Pro 38 72
slow motion apparent in MD trajectory Thr 7 to Lys 11, Gly 35, lle 36, Gly 47, Gly 53, Arg 54, Arg 72 to Gly 76 57
NMR relaxation not availabfe lle 13, Asp 21, Glu 24, Ala 28, GIn 31, Gly 53, Leu 67, Leu 69, Arg 72, Leu 73 50
slow motion apparent in relaxation data  Leu 8, Thr 9, Gly 10, Lys 11, Asn 25, Asp 52, GIn 62, Arg 74, Gly 75, Gly 76 47
poor fits by 3D GAF model GIn 2, lle 23 45

aExcluded peptide planes show either spectral overlap or very weak signals (see sectibEx&R)ded peptide planes show either low NOE
values or shorf; relaxation times due to conformational or chemical exchange (see section 3.2).

a) I
A nH wﬂ
-10 -40 0 40
_ 0o [deg]
= 50 (W
(0]
S,
890 nﬂH ll
0 0 40
- Bao [deg]
130
105 -65 25 15 H{H
Yog [deg] .-.Hﬂl_l Hﬂﬂm
40 0 40
Y30 [deg]
dl (e
10 B 40 0 40 80
ag[deg]
-50
=3
(4]
S,
- ﬂﬂﬂhlﬂﬂﬁ
< B 40 0 40 80
Pg [deg]
130
125 175 205 275
Y7 [deg]
B 40 0 40 80
g [deg]

Figure 2. Backbone dihedral angle distributions and peptide plane
reorientational probability distributions about the axags e;, e, in
ubiquitin derived from the 1.5-ns molecular dynamics simulation in
water at 300 K. (a) Probability distributions of lle 30, exhibiting a
unimodal nearly Gaussian behavior. (b) Probability distributions of Leu
8, exhibiting muiltimodal and asymmetric behavior. Peptide plane
motion of Leu 8 cannot be described solely by a 3D GAF model.

strictly 3D harmonic potential. 3D GAF motion rather reflects
backbone dynamics of the entire protein associated with high-
amplitude modes with a collective characterlt results from

the cumulative effect of projections of a large number of these
modes on the individual peptide plane fragments.

I T YT

20 30 40 50 70

Peptide-plane number

60

Figure 3. MD reorientational fluctuation amplitudes of the peptide
planes of ubiquitin about the principal axes e, e, as functions of
the peptide plane number. The 3D GAF fluctuation amplitugegD)

op (*), and o, (@) were extracted from the 1.5-ns MD trajectory by
using eq 7. The secondary structure is indicated at the top.

for the 3D GAF amplitudes is the effective peptide plane with
an averagea; angle.

The directions of the principal axes of the 3D GAF motion
and the fluctuation amplitudes were extracted according to eq
7. oq, 0p, ando, are plotted in Figure 3 for the 57 peptide
planes. Numerical values are given in the Supporting Informa-
tion. All 57 peptide planes show a significant degree of
intramolecular motional anisotropy, with the largest fluctuation
about the axi®, that is nearly in the peptide plane and parallel
to theC* ,—C!* axis: the average angle to tl&d ,—C* axis is
7°. Axial symmetry of the fluctuation ellipsoid with equal
fluctuation amplitudes about axegandes (0, = o) is fulfilled
to a good approximation for nearly all peptide planes, as is
visible in Figure 3.

3.2 Analysis of Experimental Relaxation Data. The
experimental relaxation data of 62 peptide planes were analyzed.
No relaxation data were extracted for the remaining 13 peptide
bonds belonging (i) to Pro 19, Pro 37, and Pro 38 due to the
absence of NH protons, (ii) to Glu 24 and Gly 53 exhibiting
peaks with low sensitivity caused by line broadening, and (iii)

The degree of nonplanarity expressed by the dihedral angleto |le 13, Asp 21, Ala 28, GIn 31, Leu 67, Leu 69, Arg 72, and

wi, defined by the atoms-C,—C_,—N—C’— of each
peptide bond, was determined from the MD trajectory. The
average value ab; is for all peptide planes near 18QL77),
and the average standard deviationti6.8°, which is largely

Leu 73 due to cross-peak overlaps in tH&l—H HSQC
spectrum (see Table 1). The relaxation data for the Byo
field strengths are shown in Figure 4 as functions of the peptide
plane number. A table with the experiment& Ty, T,, and

independent of the amino acid type and the secondary structureNOE and*C' T; andT, values at 400 and 600 MHz is contained
The w; fluctuations are statistically independent of the super- in the Supporting Information. Comparison of repeated relax-
imposed 3D GAF motions and show correlation times that are ation measurements yields the following estimates for the
up to a factor 5 shorter. Thus’ an appropriate reference framestatisticaJ uncertainties: 1.5% f&iN T1’S at 400 and 600 MHZ,
2% for 15N T,'s at 600 MHz, 4% for*®N NOE’s at 400 MHz,
2.5% for 1N NOE'’s at 600 MHz, 2.5% fo3C' Tq's at 400

(28) Brischweiler, RJ. Chem. Phys1995 102, 3396-3403.
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S chemical shift anisotropy tensors HC' and*®N in the peptide plane.

005¢ P T R v - - T The 5N CSA tensor corresponds to the model compound Boc-Gly-
Pt Gly-[**N]Gly-OBz, determined by Hiyama et &P.with the principal
eptide-plane number N N N

] valuesd,, = —58.3 ppm,d,, = —51.3 ppm,d,, = 109.6 ppm. The
Figure 4. Backbone'N Ty, Tp, {*H}—**N NOE, and*C' Ty, T, 13C' CSA tensor is taken from the model compound-iaglycyl-
relaxation data of ubiquitin as functions of the backbone peptide plane |y-Hcl, determined by Stark et & with the principal valuesS, =
number. Rglaxatlon data were measured at E’fuq‘leld strengths, —74.4 ppmyéyc;/ =74 ppm,éf; = 81.8 ppm. (b) Definition of the
corresponding to the proton resonance frequencies @)@uid 600 reference coordinate systeen, e, e, fixed to the peptide plane as

MI—1|52 (®) at 300 K. Significant conformational exchange contributions ;s throughout this work. The principal axes directions of the relevant
to *N T, data can be identified by comparison with the inveibe spin interactions, expressed in this frame, are given in Table 2.
1H dipole—CSA cross-correlation rate constant$' iy at 600-MHz

proton frequency (see text) indicated byn the second panel. relaxation and the relative magnitude of their contributions are

13~ T 1 13~ T given in Table 2.
mg; z:]/?j fé)or/o ?;%rll—é,s Tifsegto 6'\C/)|C|)_| i/ll—?zO/o for*C' Tz's at 400 With regard to!°N relaxation, the standard model-free
’ i : analysis considers only the dipol®N—1H and the!>N CSA

The peptide planes Leu 8, Thr 9, Gly 10, Lys 11, and GIn ygjaxation and describes the intramolecular motion by the order
62, which belong to loop regions, and the peptlde pla.ne.s.Arg parameters,. One finds, however, that also tH&N—13C
74, Gly 75, and Gly 76, forming the C-terminus of ubiquitin, = 5415y —13ce dipolar relaxations lead to measurable contribu-
show™*N NOE values below 0.52 at 400 MHz and below 0.68 ;s (see upper part of Table 2). They can rigorously be taken
at 6Q0 MHz, which are S|gn.|f|cantly smaller than those of other .:5 account within the more comprehensive 3D GAF model.
peptide planes, which are in the range between 0.52 and 0:67 For the backbond3C' spins, CSA relaxation is dominant,
at 400 MHz and between 0'6.8. and 0.79 at 60(.) MHZ.' This but dipolar contributions have also to be considéfed&ven at
reflepts the presence of addltlo.nal large-amplitude internal 600 MHz proton resonance the dipolar contributions are
motions at slower t|.me scaleg Wh|ch.cannot be modeled splely nonnegligible, as is shown in the lower part of Table 2. The
by a 3D GAF motion of their peptide planes. These eight |5qest dipolar contributions tHC' relaxation originate from
peptide planes are excluded from further analysis (see Tabley,q directly bondedCe and from close protein protons. While
D). the motion of the in-plane dipolaC'—13C* and 3C'—1HN

Peptide planes involved in conformational exchange processesnteractions can be described by the 3D GAF model, the
were also excluded (Table 1). These comprise peptide planesinternuclear out-of-plan&C' —He and 13C'—1H# vectors are
25 and 52, which show significantly reducE@' T, values (see influenced also by other types of motion. The influence of all
Figure 4). The same effect is also apparent when comparingprotons, exceptHN of the same peptide plane, was accounted
the >N T values at 600 MHz with®N—H CSA dipole cross-  for by an isotropic dipolar leakage term, which can be
correlation data obtained from CT-HSQC experim&nfsee  expressett as the dipolar relaxation contribution of a virtual
section 2.4), which are also shown in Figure 4. The absenceproton at an effective distancgr. This effective distance was
of a similar anomaly for the peptide plane Asn 25 il calculated for all’5N and 13C’ nuclei in ubiquitin from the
indicates that the anomaly #N T, is caused by conformational  energy-minimized X-ray structure. Thegsvalues for'5N range
exchange. This leaves a remainder of 47 peptide planes whosdrom 1.72 to 1.87 A and fo#3C’ from 1.69 to 1.90 A.
relaxation-active small-amplitude motion can be modeled by a 3.4, Extraction of 3D GAF Motional Parameters from
3D GAF motion. the Experimental Data. The experimental data of the 47

3.3. Spin Relaxation Mechanisms in the Peptide Plane.  peptide planes considered were evaluated to determine their 3D
The dominant relaxation-active interactions and their principal GAF fluctuation amplitudes. Based on the MD analysis that
axis orientations with respect to the peptide plane frame are showed nearly axially symmetric fluctuation ellipsoids for
depicted in Figure 5. Since the interactions probe different almost all peptide planes, it was assumed throughout the analysis
directions, their relaxation contributions yield complementary thato, = o3 = gag. The order paramete@v of eq 6 are then
information on the rigid-body motion of the peptide plane. The determined for each peptide plane by a paivgf, o, values.
relative orientations of the interactions relevant¥fit and?3C’ Additional parameters entering the spectral densities (eq 4) are
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Table 2.

Lienin et al.

Relevant Parameters for Dipolar and CSA Interaction Strengths and Their Contributions to Relaxation of the Btbkaodé3C'

Nuclei, Assuming Isotropic Overall Tumbling with a Correlation Time= 4.03 ns and Intramolecular 3D GAF Motion of the Peptide Plane

contributions to I, (%)

relaxation-active interaction geometrical and CSA parameters 0, ¢){(deg) at 400 MHz at 600 MHz %,, i
N—-H 1.02 A (101.3, 180) 814 70.4 0.81
IN-13C 1.35 A (0.03y (138.4, 0) 2.2 1.8 0.86
15N-13Ce 1.47 A (0.03y (14.4,0) 14 1.19 0.91
15N —Hrest 1.80 A (0.03y 3.3 2.9 1)y
15N CSA?

Oxx —58.3 ppm (33.3,180) 0.88

Oyy —51.3 ppm (90, 90) 1290 23.8 0.8¢

Oz 109.6 ppm (123.3, 180) 0.83
130 —13C% | 1.52 A (0.03Y (159.6, 180) 124 11.8 0.90
1BC'—-13Cy 2.49 Ad (12.3, 180) 0.6 0.6 0.91
13C'—15N 1.35 A (0.03Y (138.4, 0) 55 3.9 0.86
13C'—HN 2.06 Ad (66.9, 180) 8.0 4.8 0.82
130! —Hrest 1.82 A (0.03y 21.3 11.8 (1)
13C' CSAP

Oxx —74.4 ppm (2.3,0) 0.91

Oyy —7.4 ppm (92.3,0) 522 67.7 0.80

Oz 81.8 ppm (90, 90) 0.80

aThe principal values and principal axis orientations of ¥ CSA tensor were taken from ref 30. The angle between the £&4s and the

15N—1H bond vector is 22 (see also Figure 5%.The principal values and

principal axis orientations of @& CSA were taken from ref 31. The

angle between the CSypaxis and thé3C=0 bond is 13 (see also Figure 5Y.The ¥5N—H bond length was set to the standard value of 1.02 A.
d4The average bond lengths and their standard deviations given in parentheses were determined from the MD trajectory {geeirtemxt).
distance between th€N and *3C' nuclei and all protons outside of the peptide plane was calculated for all peptide planes using the energy-
minimized X-ray structuré.The average value with standard deviation is giveh.¢ are the polar angles of the corresponding spin interaction in
the peptide plane frame defined in Figure?The contributions are given as percentage of'theoverall relaxation rate constantsTi/~ 3.21 st

(400 MHz) and 2.228 (600 MHz), assuming a 3D GAF motion with,s = 7° ando, = 14°, 7. = 4.03 ns, andi« = 2 ps." The contributions

are given as percentage of tH€' overall relaxation rate constantsTi/=

motion witha,s = 7° ando, = 14°, 7. = 4.03 ns, andiy = 2 ps.! The order paramet
to eq 6.1 A static approximation® = 1) was assumed to calculate the contribution o

0.88 s (400 MHz) and 0.73 ¢ (600 MHz), assuming a 3D GAF

82” has been computed fots = 7° ando, = 14° according
f'the protons outside of the peptide plane since these interactions

cannot be modeled by a 3D GAF motidriThe order parameter for the cross-correlation function betweepahdz principal axes i§52= —0.38.
' The order parameter for the cross-correlation function betweew #mel z principal axes iﬁz = —0.35.

the overall tumbling correlation time and the correlation times
T FOr Simplicity, we assume that the internal correlation
times are isotropic; i.e., in a given peptide plang, = Tint

for all pairsu, v = a, f, y. This leads to a description of the
motion of each peptide plane by the four model parametgy;s
Oy, Tc, Tint

The selected®C' CSA tensor is similar to other experimental
tensorsi?a while for 15N CSA tensors larger variations are
observed? |t should be noted that the CSA tensors determined
by solid-state NMR correspond to tensors that are partially
averaged due to intramolecular motion. Considering this fact,
we introduced!™N and 13C' CSA scaling factorsly and Ac,

The average bond lengths and bond angles were extractedvhich isotropically upscale the experimental CSA tensors. The

for a number of representative peptide planes from the MD
trajectory by averaging over the 1500 snapshots, except for the
N—H distance that was set to the standard valu€pf+ 1.02

A, which has often been used in previous analys®slt is
significantly higher than the value obtained from the MD
trajectory: Mywd= 0.997 A. Note thatﬁ{, is an effective
distance that reflects averaging by rapid local
stretching and bending motion of the—M bond, £, =
{Sbendﬁga@tretd} ~13 including also zero-point vibrational ef-
fects2® The value for §, might need to be modified in the
future when more precise information from solid-state NMR
and from quantum calculations is available.

It is possible that the CSA tensors vary with the amino acid
type, with the presence of hydrogen bonds, and with the local
backboneyi-; and ¢; dihedral angles. In principle, it is
conceivable to extract all CSA parameters by fitting a suf-
ficiently large number of relaxation measurements. The pres-
ently available measurements do not permit such a general
approach, and the CSA tensors were taken from solid-state NMR
studies of small peptide fragments: TRl CSA tensor of Boc-
Gly-Gly-[*5N]Gly-OBz was determined by Hiyama et¥land
the 13C' CSA tensor of [113C]glycyl-Gly-HCI by Stark et aP!

(29) Brischweiler, RJ. Am. Chem. S0d.992 114 5341-5344.
(30) Hiyama, Y.; Niu, C.; Silverton, J. V.; Bavoso, A.; Torchia, D. A.
J. Am. Chem. S0d.988 110, 2378-2383.

global scaling factorlc was used as a free parameter in the
fitting procedure. The exact knowledge of bl CSA tensor
is less crucial than that of tH&C' tensor, since at field strengths
corresponding to 400 and 600 MHz proton resonariés,
relaxation is dominated by dipolar relaxation. The experimental
value for the!>N CSA tensor ofAd = ¢, — og = 164 ppni®
(assuming an axially symmetric tensor) was upscaled by a fixed
value of \y = 1.07 to compensate for the motional averaging
in the solid-state NMR study. This corresponds to a rigid
molecule value oAd = 176 ppm, which is used in the following
for all peptide planes. Similar values have been applied in other
NMR studies?d.33

Instead of using a uniform scaling factd, in the fitting
procedure, one might consider individually scaling the different
13C' CSA tensors by scaling factois, for each peptide plane.
This would allow one to partially account for the structural

(31) Stark, R. E.; Jelinski, L. W.; Ruben, D. J.; Torchia, D. A.; Griffin,
R. G.J. Magn. Resonl983 55, 266—273.

(32) (a) Oas, T. G.; Hartzell, C. J.; McMahon, T. J.; Drobny, G. P.;
Dahlquist, F. W.J. Am. Chem. S0d.987 109, 5956-5962. Separovic, F.;
Smith, R.; Yannoni; C. S.; Cornell, B. Al. Am. Chem. Sod99Q 112
8324-8328. Teng, Q.; Igbal, M.; Cross, T. A. Am. Chem. Sod.992
114, 5312-5321. (b) Hartzell, C. J.; Whitfield, M.; Oas, T. G.; Drobny, G.
P.J. Am. Chem. S0d987 109 5966-5969. Oas, T. G.; Hartzell, C. J,;
Dahlquist, F. W.; Drobny, G. Rl. Am. Chem. S04987, 109, 5962-5966.

(33) Tjandra, N.; Wingfield, P.; Stahl, S.; Bax, A.Biomol. NMRL996
8, 273-284.
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dependence of the CSA tensors. Although a sufficient number 3
of relaxation measurements was available, the fitting procedure . "" | ""l | | " " |" ”"l" "" ""l" "" | "
turned out to be unstable due to a strong correlatiottpfvith
the motional parameteis,s, o,. ’
For each peptide plangan overall tumbling correlation time 20- O ¢ ® ¢ &
Aci was extracted from th®N data alone by a standard model- 5 ’ ¢
free analysis, fitting the parameters;, tini, and SZ to the St t } i
b>-
g ;

experimental>N T;, NOE (400 and 600 MHz), and, (600
MHz) data. Averaging over all 47 residues (see above) yields
7. = 4.03 ns, which is well comparable with a previously (ﬁ% c}%

determined value of 4.09 ns obtained under similar experimental % iH% % %% % %
conditions3a 5r % %

The fluctuation amplitudes,g, o, and the internal correlation ] ﬁ o H}
time zint Were fitted to the nine experimental paramet&ts 05 10 20 30 20 50 50 0
Ty, T, and NOE and3C' T; and T, at 400 and 600 MHz for Peptide-plane number

each of the 47 peptide planes. The peptide planes of GIn 2 atrigyre 6. Fit of the 3D GAF model (egs 4 and 6) to the experimental
the N-terminus of ubiquitin and lle 23 were excluded (see Table data consisting of nine autorelaxation parameters for each peptide plane
1) due to a large least-square fit error (four times larger than represented in Figure 4. The optimized parameter set consists of a global
the average one). The relaxation data of GIn 2 reflect increasedscaling factorAc, for the principal values of th€C' CSA tensor and
flexibility of the N-terminus which cannot be described by 3D three parametersiyg, o,, andrin, for each peptide plane. The overall
GAF motion. The scaling factotc for the 13C' CSA tensor correlation timer, was set to 4.03 ns, and the princi_pal values of the
was determined as a global fit parameter for the remaining 45 "N CSA tensor, given in Table 2, were upscaled with= 1.07 (see
peptide planes. A valug: = 1.083+ 0.004 was obtained that ~ €X0): The optimum scaling factor i = 1.083. The optimum values
reflects the motional averaging of the CSA tensor in the solid- 90 (O) ando, (@) are given in the figure for each peptide plane. The

. . error limits of the fitted parameters were determined by a Monte Carlo
state m_easqreme?i‘t,smce ’IC_> 1.0. The overall tu_mbhng procedure consisting of 60 fits with random Gaussian errors added to
correlation timer. was kept fixed at 4.03 ns. The fit results  the relaxation parameters according to the experimental standard
for the fluctuation amplitudes are shown in Figure 6 as functions deviations. The secondary structure is indicated at the top.
of the peptide plane number. A table with the numerical values
for all fit parameters and a figure with the internal correlation
times are given in the Supporting Information. For all peptide
planes, the internal correlation timrg; converges in the fitting
procedure to small values: < 30 ps, consistent with the MD
results, rendering the relaxation data largely insensitive,{o
Nearly all of the 45 peptide planes exhibit 3D GAF motion
with a substantial degree of anisotropy, with> o,s. Thus,
the dominant axial fluctuations of the peptide planes take place

about thee, axis connectingC; and C*". On average, the

20 - . . - 610
1590

2
570 X

1550

experimentally determined fluctuation amplitudes, given in 1.04 7606 108 o T2

Figure 6, are about a factor 1.4,4) and a factor 1.6,) larger Ac

than the ones observed in the MD trajectory (see Figure 3). Figure 7. Dependence of the fit parametess; (solid line) anda,
3.5. Uncertainty Estimates of Fit Parameters. Experi- (dashed line) on the global scaling facter for the 1*C' CSA tensor

mental Random Errors. To estimate the influence of experi- illustrated for peptide plane lle 30. The corresponding overall fitting

mental random errors on the fitted fluctuation amplitudgs error functiony? (sum of the error contributions of all 45 peptide planes)

ando,, a Monte Carlo error analysis was performed. In a series o the global fit of i is given as a dotted line.

of 60 runs, random Gaussian errors with the experimentally of the CSA tensors for different environments of the peptide
determined standard deviations (see section 3.2) were added tQanes. Preliminary results confirm the limited variation of the

the experimental relaxation data. For each of the 60 data SetSanisotropy. The computed anisotropy of 36’ CSA tensors
a simultaneous fit of the individual fluctuation amplitudes of ¢ residues located in the helix and inB strands differs by
the 45 peptide planes and of a global scaling faétofor the less than 3%.

13C' CSA tensors was performed. The resulting errors of the  Etfect of Interaction Strength on Fit Results. In Figure

fluctuation amplitudes are indicated as error bars in Figure 6; 7, the dependence of the fitted fluctuation amplitudgsand
the numerical values are given in the Supporting Information. o, on the global scaling factoic is illustrated for the peptide
Dependence ot*C’' CSA Tensors on Secondary Structure.  plane Ile 30. The figure shows tha¢ has a strong influence
To further investigate the structural dependence ofi8eCSA on the motional anisotropy of the peptide plane defined in
tensor, we divided the 45 peptide planes into the three categoriessection 3.7. Ac is uniquely defined, as can be seen from the
“a helix”, “B sheet”, and “other”. We then fitted individual  error function of the fit.
scaling factors for each category and obtaing = 1.076+ Anisotropic Overall Tumbling. In the present analysis, it
0.008,A2°*'= 1.070+ 0.010, andi2"™" = 1.096+ 0.010. The was assumed that ubiquitin undergoes isotropic overall tumbling
resulting fluctuation amplitudes of the 45 peptide planes are (see section 2.5). The tumbling anisotropy of ubiquitin has been
given as a separate figure in the Supporting Information. The determined by Tjandra et &.to be~18 %. An analysis of
similarity of the three scaling factors seems to confirm that the the influence of an 18% anisotropy of tumbling on the fitted
13C' CSA tensors of ubiquitin vary only slightly. An investiga- 3D GAF fluctuation amplitudes shows an effect of less than 1
tion is currently in progress that evaluates the possibility of using on the fitted fluctuation amplitudes,s ando,, depending on
density functional theory (DFT) for obtaining a reliable estimate the average peptide plane orientation with respect to the overall
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Figure 8. Compatibility of 3D GAF model with a standateN model-
free analysis. The %y order parameters for the dipolatN—H
interaction derived from the 3D GAF model data of Figure 6 and eq 6
(®) are compared with th&N S, order parameters determined by a
model-free analysis frof?N relaxation data at 400 and 600 MH2)(
7o Was set to 4.03 ns, and an axially symmetfd CSA tensor with
A6 = 176 ppm was assumed. Additional relaxation contributions from
other protons (assuming a rigid molecular frame), frome-13C’
dipolar interaction (assuming an averaged order paranﬁ,@r=
0.83), and from thé>N—3C= dipolar interaction (assuming an averaged
order paramete&,,, = 0.89) were also included in the model-free
analysis.

0 10

tumbling diffusion tensor. A maximal effect occurs for a
symmetry axis of the rotational diffusion tensor that is perpen-
dicular to the average peptide plane.

3.6. Comparison between the 3D GAF Analysis and a
15N Model-Free Analysis. Based on the results of the 3D GAF
analysis and by using eq 6, it is possible to calculate order
parameter&iv for arbitrary pairs of spin interactions within

the peptide plane. In Table 2, the order parameters for different

interactions are given for the following values of the fluctuation
amplitudes: oo = 7°, o, 14°. The calculated order
parameters are largest for the dipoted—3C* and13C' —13C

interactions, which are less modulated by the dominant fluctua-

tion about theC* ,—C axis than, for example, th®N—H
interaction.
The order parametef&,, yy, of the dipolar'>N—H interac-

tion were calculated for all 45 evaluated peptide planes using

eq 6, together with the fitted 3D GAF fluctuation amplitudes
from Figure 6. In Figure 8, these values are compared with

order parameters obtained directly from a standard model-free

analysis of thé®N Ty, T,, and NOE data at both field strengths.
These order parameters are termed I8fe Figure 8 shows a
good overall agreement between the order paraméfgmH
and S,iH calculated by the two approaches. It illustrates the
compatibility of the 3D GAF analysis with the model-free

Lienin et al.

of the peptide plane motions. A convenient measure for the
degree of anisotropy is the “anisotropy factor”,

Ao 0,7 Oy
G (0,+20.,)/3 ®

Y ap

reflecting the difference between reorientational motion about
the C*,—C" axis and motion about the orthogonal axes,
weighted by the average fluctuation amplitude. The anisotropy
factors for all peptide planes obtained from the MD trajectory
and from the experimental results are given in the Supporting
Information.

We note here that there are qualitative and quantitative
differences between the results of the experimental NMR
relaxation study and the MD simulation. The quantitative
differences in the fluctuation amplitudes become apparent by
comparing Figures 3 and 6. The experimental fluctuation
amplitudes are, on average, larger than those in the MD
simulation. Reasons for these discrepancies may be suspected
in the choice of not accurately known geometric parameters in
the data evaluation. On the other hand, it is also conceivable
that the CHARMM force field used is slightly too stiff, leading
to low fluctuation amplitudes.

The sets of peptide planes showing large-amplitude, non-3D
GAF motion apparent in the experimental data and the MD
simulation are not identical. This particularly concerns the
peptide planes of Asn 25 and Glu 62, showing non-3D GAF
motion in the experimental data but 3D GAF motion in the
simulation. The peptide planes of Thr 7, Gly 35, lle 36, Gly
47, and Arg 54 exhibit non-3D GAF motion only in the
simulation. Due to the restricted length of the trajectory, there
is some uncertainty concerning the statistical significance of
jump processes that led in section 3.1 to the exclusion of peptide
planes from the 3D GAF analysis. There is also little correlation
between the residue-specific 3D GAF fluctuation amplitudes
in the experimental and the MD data. In this context, one should
remember that even a rather long MD trajectory, covering more
than 1 ns, represents in essence an “extended snapshot” of the
long-term motion of the protein and does not comprehensively
cover the ensemble conformations relevant for the experimental
results. For this reason, no agreement in all details can be
expected, even for a “perfect” force field.

3.8. Correlation with Secondary structure. An attempt
was made to correlate the fluctuation amplitudes with the
secondary structure elements of native ubiquitin in Figure 1,
which are indicated also at the top of Figures 3 and 6. Average
fluctuation amplitudes were calculated separatelyfdelical,

B sheet, and other regions from the MD trajectof§;sldeix =
4.1°, |z"ymelix: 8.0, Iz"onﬁlgheet: 4.7, myylgheet: 11.0, IIi"ot,/ﬁlgther

description. The systematic offset between the two sets is due= 5.3, and(d, [iner= 11.0° (see also Figure 4 of the Supporting
to the assumption in the model-free analysis of an equal orderInformation). The centrak helix shows a rather homogeneous

parameterSy,, for the dipolar NH and for the!>N CSA
interactions. This is, however, only justified for isotropic
internal motion or for an axially symmetric CSA tensor with

behavior, with fluctuation amplitudes that are somewhat lower
than for the rest of the protein. The loop regions andjhe
sheet regions are more flexible but do not show significant

the unique axis collinear to the NH vector. These assumptions differences when compared to each other. As described in
are not realistic (see Table 2) and are not required for the 3D section 3.1 and Table 1, only peptide planes are taken into

GAF analysis.

A model-free analysis based exclusively &hl relaxation
data yields neither axial fluctuation amplitudes nor information
on the anisotropy of intramolecular peptide plane motion. Such
additional information is provided by the complement&i@’
relaxation data that form an integral part of the 3D GAF analysis.

3.7. Anisotropy of Peptide Plane Dynamics.The 3D GAF
fluctuation amplitudes extracted from the MD analysis and from
the relaxation data yield insight into the degree of anisotropy

account that exhibit an exclusive 3D GAF behavior.

The differences of the experimentally determined fluctuation
amplitudes between the three categories are even smaller. The
average fluctuation amplitudes di&sldeix = 5.5, [& [eix =
16.40, I__draﬂlgheet: 7.7 and [ﬂfy[gheet: 16.50, and IIira/;Icher =
5.8, andld, ldiner= 16.8°. Figure 9 shows the (almost) absent
correlation of the experimental parametesg ando, with the
secondary structure elements. Ellipses are shown iwihe
o, plane that contain the pairs of values of the planes located



Anisotropic Peptide Plane Motion in Ubiquitin

25

20

15

oy[deg]

10

5

0

B sheets

Phe 45

0
(Gaﬁ)sheef =17
(o) = 16.5°

sheet

0 5 10 15 20 25

25

20

o, Ideg]

(3

0
0 5 10 15 20 25

O, p [deg]
other

o
(oflﬁ)axher =58
(o, = 16.8°

other

O, [deg]

cy[deg]

o, [deg]

25

20
D

05 superposition of ranges

central o helix

o
(Oopeiix = 35
(o 16.4

o
V> hetix —

0 5 10 15 20 25
o, [deg]

0 5 10 15 20 25
O, [deg]

J. Am. Chem. Soc., Vol. 120, No. 38, 13898

increasingly on the description of the anisotropic motion of
entire molecular subunits, such as secondary structural elements,
aromatic rings, purine or pyrimidine bases, peptide planes, or
methylene groups. Considering these subunits as rigid objects,
it is possible to deduce the motional anisotropy of their motion
from the autorelaxation and cross-relaxation properties of several
observer nuclei rigidly attached to the same fragment.

In this paper, we concentrated on fast-time-scale motional
processes exhibited by the rigid backbone peptide planes, which
are reflected int3C' and 1N relaxation data. By comparison
with an extended MD simulation, those peptide planes were
identified and characterized which are dominated by anisotropic
3D Gaussian axial fluctuations. A significantly anisotropic
motional behavior was found that depends little on the secondary
structure elements. The extracted motional parameters, how-
ever, depend critically on the magnitude and orientation of the
dipolar and CSA interaction tensors, responsible for relaxation.
It is hoped that, in the future, solid-state NMR studies of labeled
proteins and refined quantum chemical calculatibngill
provide more accurate information on these tensors and will
lead to a better understanding of their dependence on the local

Figure 9. Loci of the pairs of experimental fluctuation amplitudes  environment. This will lead to more accurate and more realistic
Op, Oy fqr the dlfferent peptide planes and the'lra'SSIgnment to the three descriptions of the dynamics of peptide planes and other
categories & helix”, */ sheet’, and “others”, indicated by ellipses.  molecular subunits. Supported by the further developments of

. ) . ) NMR and MD methodologies, studies of this type will provide
in one of the three categories. It is apparent that the ellipsesiniormation for a better understanding of the relationship
strongly overlap and miss a characteristic structure-related petyween dynamics and biomolecular function.

behavior. On the other hand, there is a significant anticorrelation
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of the fluctuation amplitudes with the secondary structure
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