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Abstract: A new method has been developed to obtain dynamic and structural information about peptide
planes in proteins by a combination of measurements of weak short-range cross-correlation rates R(HVNN/
NC') that are due to concerted fluctuations of the HN—N and N—C' dipole—dipole interactions and stronger
long-range cross-correlation rates R(C'HN/HNN) and R(NHN/HNC®). The rates were interpreted using the
axially symmetric Gaussian axial fluctuation model (GAF). The oscillation amplitudes as well as the positions
of HN atoms with respect to peptide planes in ubiquitin were determined. Most N—HN bonds were found
not to lie exactly along the bisector of the N—C' and N—C® bonds but to be slightly tilted toward the carbon-
terminal side of the peptide.

Introduction relaxation rate due to the correlated fluctuations of th€EA

and C—C* dipolar interactions and concluded that the internal
motions werenot primarily governed by fluctuations about the
C*(n-1)—C*(n) axis. Several studies made use of residual dipolar
couplings which are not averaged to zero when a protein is
dissolved in anisotropic medfa® By measuring the residual

The internal mobility along the backbone of proteins is usually
probed by measuring the auto-correlated relaxation r&es (
1/T1, R, = 1/T,) and heteronuclear NOEs of the amide nitrogen
nucleil Although these kinds of measurements give an adequate

qualitative indication about the amplitude of fast internal dipolar couplings in proteins in at least five independent

Qononz, thefy do not gl;]/.etgan{ |8fo;md§t|onhabout')[ their nE‘It,urhe'olorien'[ations one can extract information about the internal
number ot more sophisticated studies have been published ., i;,ns The residual dipolar couplings are sensitive to motions

n/]hlch it.t(;amﬁt 0 chfatlract(_ar!ze amstot:;)_p;c mternalltl mEOt'OTS OL as slow as a few kHz. By comparing experimental results with
€ peplide piané, often giving contradictory results. Emst and 0 15 dynamic simulations, Griesinger and co-workers

co-\évorkleré rgeasurzd au.t(;)cor;elated relalxz_:ltu?[n dlrfz;ues (t)f ltxf:h concluded that fast internal motions, i.e., motions faster than
carbonyl carbon and amide nitrogen nucier at difterent stalic .o -, rejation time, were mainly axially symmetrical around

trEagnZyc f'el.dSBOI aGnd |nt_erpreFeIdﬂth(: re;_tes |n3t§rg§Fof thzlrl the N—HN bond, while the slower ones were highly anisotropic.
ree-dimensional Gaussian axial fluctuations (3D- ) model. Bax and co-workefs concluded that the residual dipolar

A nu:n?ec; oflwortl_<s focijéssq”? N th? stu?_y cif different crdo.:js- couplings are very sensitive to the average positions of the
correlated relaxation rates. 1hese investigations Seemed 10— pn yectors with respect to the amide plane. Apart from a

indicate that the internal motions of nonterminal amino acids few residues, they obtained an excellent fit by assuming a

(a:r('le d;)nilggted by os_(r:|rl]lat|on_s (Z: thg pe?t'de F;I?I:\es abotuli tge common amide order parameter for most peptide planes of the
(n-1)~C%(n) axes. The main disadvantage of these metho S entire protein. Nevertheless they could not exclude that the

:;5 that dthe [[r;]terpret?ﬂon cl)fdthe ?;Ee”mentt‘il. ratesd C”t'(ﬁ")é amplitudes of fluctuations about the*@-1)—C%(n) axis were
epends on the exact knowledge ot Ine orientation and amplitu eup to 12 larger than those around perpendicular axes. Bérnado
of the chemical shift anisotropy (CSA) tensors of carbonyl

. ; . and Blackledg&found a significant improvement in the fit of
carbon C and amide nitrogen N atoms. Zuiderweg and g g P

) . the alignment tensors of several proteins by using a common
co-worker8 have recently investigated the temperature depen-

1D GAF model for all peptide planes instead of a static model.
S |\) -
dence of the order parametei(IS—HN) and the cross-correlated Much has been written and speculated about the precise

positions of hydrogen nuclei in a wide range of biomolecular

T Ecole Polytechnique TFiérale, Lausanne, Switzerland.

*Ecole Normale Sujpeeure, Paris, France.

(1) Peng, J. W.; Wagner, G. Magn. Reson1982 98, 308-332.

(2) Lienin, S. F.; Bremi, T.; Brutscher, B.; Bsuhweiler, R.; Ernst, R. Rl.
Am. Chem. Socd998 120, 9870-9879.

(3) Brutscher, B.; Skrynnikov, N. R.; Bremi, T.; Bsohweiler R.; Ernst, R. R.
J. Magn. Resan1998 130, 346—-351.

(4) Carlomagno, T.; Maurer, M.; Hennig, M.; Griesinger, £.Am. Chem.
Soc 199§ 122, 5105-5113.

(5) Wang, T. Z,; Cai, S.; Zuiderweg E. R. . Am. Chem. SoQ003 125,
8639-8643.

5180 = J. AM. CHEM. SOC. 2005, 127, 5180—5185

systems, as their coordinates are essentially invisible in X-ray
diffraction studies. Neutron diffraction studi€scan provide

(6) Peti, W.; Meiler, J.; Brachweiler, R.; Griesinger, Cl. Am. Chem. Soc
2002 124, 5822-5833.

(7) Tolman, J. RJ. Am. Chem. So@002 124, 12020-12030.

(8) Ulmer, T. S.; Ramirez, B. E.; Delaglio, F.; Bax, &. Am. Chem. Soc
2003 125 9179-9191.

(9) Bernado P.; Blackledge, MJ. Am. Chem. So2004 126, 4907-4920.

10.1021/ja043575v CCC: $30.25 © 2005 American Chemical Society



Local Motions/Location of Amide Protons in Proteins ARTICLES

HY 0.14f
i \Ts G, 012k 4N H,C,«—> N,
--n A e - . - R -~
\:;,-;:--';,.ﬂ"_‘,'N__’ hhhhh C.l':[ W [ 0.1 e “.:_\. .--“._.‘ :_ -
ﬁ i J o 0.08F IN,C'¢—> 2N.H,
O Og o, Mw 0.06
0.04r
N N HN
/Q }i\ \ 0.02}
C N Ol G 0.14F /’ hY R 4NH,C',+—> N,
Figure 1. Fragment of a peptide plane showing the angtbat describes _"* 0.12 ; \' ./ \_ .,\- -
how much the N-HN bond deviates from the bisector of the angle subtended L 01 X ,. ~—* T s
by the N-C' and N-C* bonds. The pairs of dipotedipole interactions 2 0.08 3 S TN, :
C'—HN and H'=N, N—HN and H'-C*, as well as #—N and N-C' are St o ZN.é‘ ONLH
indicated in red, blue, and green, respectively. The cross-correlated relaxation A 0.06f - K> AN,
processes that were measured in this work are due to correlated fluctuations 0.04F
of these interactions. 0.02F
useful information, but relatively few biomolecules have been 0 0.025 0.05 0.075 0.1 0.125 0.15
investigated in detail so far. Furthermore the precision of these T [s]

studies leaves much to be desired. Solid-state NMR meth&ds , . . o
Figure 2. (Top) Simulations based on calculations in Liouville space of

offer unique perspectives to locate hydrogen nuclei, since dipolar geyiations in rates caused by violations of the secular approximation during
interactions provide an accurate measure of distances, whilethe relaxation period in the sequence of Figure Slc. The scalar couplings
correlations with anisotropic chemical shifts provide a measure were assumed to B8(H"N) = —93 Hz,"J(NC') =15 Hz anctJ(HNC') =

: : : o A 3 Hz. The longitudinal relaxation rates were assumed tB;0gN) = 6 st
of relative orientations. In liquid-state NMR, sc nd more andRy(C') = 1 s'L. The autorelaxation rates of the different coherences

recently residual dipolar couplingfiave been used to locate  were assumed to be equal to the sum of the autorelaxation rates of the
amide protons with respect to peptide planes. The detailed studydifferent components of the coherences, eRf4NxHNzC'z) = Ra(N) +

of cross-correlated relaxation effects in solution-state NMR has RuH") + Ri(C). (Top) although the *true” value dR(H"N/NC') was set
d h . t that te inf ti to 0.1 s! in the simulations, the apparent cross-correlation rate
made such progress In recent years that accurate informallorg  (Nn/NC') obtained from eq 5 ranges between 0.09 and 0-£1By

can now be extracted not only about distances but also aboutcontrast, eq 6 gives an ideal answer. (Bottom) Calculated errors caused by

angles between various bonds or, more generally, betweenviolations of the secular approximatiamcombination withpulse imperfec-
: _ _ ; ; : 5 tions. All proton and carbon refocusing and inversion pulses i iheerval

vanou; short- or long-range dlpo"’_ﬂ Interécltldﬁé' o of Figure S1c were assumed to be 185dther than 180 (+3%). The

In this work we are concerned with obtaining a clearer vision deviation of the apparent raRHNN/NC') from its “true” value can be as

of the nature of anisotropic internal motions by measuring large as 40%. Again, equ 6 gives the true value.
complementary cross-correlation rates. This approach allows us

to obtain dynamical and structural information. Our method also [s1]
enables us to determine how much the-®N bond deviates 1.5 R(NHN/HNC)

. ~ e - l:i
from 'Fhe blsectgr of F:N and N-C« bonds: We rely _ S IR Sen W
exclusively on dipolar interactions and, by doing so, avoid 1.0

(R et :‘f‘;‘gﬁf:&wc&i

uncertainties related to the principal components and orientation G @ a® ot o
R(NHN/HNC2)
of CSA tensors. 0.5
el JRHNNNC) 5
Theory 0 B g S pyd™ 5

Three different DD/DD cross-correlation rates are indicated 1020 30 40. S0 60 70
on the peptide plane in Figure 1: in r&fC'HN/HNN), in blue ] _ ReSIdUQ number NN
RINHYHACE), and in greerR(HINING). C belongs to the (9% %, THES experiena coes coreiton rae) KOHINN),
same residue, while '®elongs to the previous amino acid in  ysing the schemes of Figure Sla, b, and c, for most peptide plad®s-of
the sequence. The covalent angles and distances of the heavgnd'*C-labeled ubiquitin at 300 K, 600 MHz, 1.5 mM in 90%®l and
atoms, as determined from very high-resolution X-ray structures, 10% DO at pH= 4.5.
show relatively little variatiod® Usually, it is assumed that the
N—HN vector lies in the peptide plane defined by the O, C

and N atoms and bisects th&NT* angle. We define the angle

o as the deviation from the latter condition. The three cross-
correlation rates depend on the angles between the different
interactions and on the amplitude and anisotropy of the internal

(10) Fong, S.; Ramakrishnan, V.; Schoenborn, B2i@c. Natl. Acad. Sc200Q motion. Th_e _Only Unknow_n structural quantity is th_ean_gle-
97, 3872-3875. ) ) L Note that it is also possible that the-¥N vector is tilted
(11) Hohwy, M.; Jaroniec, C. P.; Reif, B.; Rienstra, C. M.; Griffin, R. B. . . . w . .
Am. Chem. So@00Q 122, 3218-3219. slightly away from the peptide plane owing to the “pyramidali-
(12) Zhao, X.; Sudmeier, J. L.; Bachovchin, W. W.; Levitt, M. HAm. Chem. ation” of the nitr n bond. However, such a deviation woul
S0c.2001, 123 1109711098. Zhao, X.; Hoffbauer, W.; auf der Gunne, sation” 0 € oge bo . O er, ¢ € .0 ould
J. S.; Levitt, M. H.Solid State Nucl. Magn. Resa2004 26, 57—64. only affect the three rates significantly for very large tilt angles.
(13) Hu, J. S.; Bax, AJ. Am. Chem. S0d997 119 6360-6368. A tilt of 10° changes the different cross-correlated relaxation

(14) Reif, B.; Hennig, M.; Griesinger, CSciencel997 276, 1230-1233.
(15) Kumar, A.; Grace, R. C. R.; Madhu, P. Rrog. Nucl. Magn. Reson. rates by less than 0.0r's

Thecliosc2000 37, 191-319. Brutscher, BConcept Magn. Resog000 The single quantum cross-correlation rate due to correlated
(16) Engh, R. A.; Huber, RActa Crystallogr., Sect. A991, 37, 392-400. fluctuations of two dipole-dipole interactions can be written
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as followg?’ comprising the four complementary experimentdV of Figure Sla
(Supporting Information) is designed to measure the strong, albeit long-
uh ZVAVXZVB range, effgcR(C'HN/HNN). Tra_msversg magne.tizatidﬂle is excite_d
R(AX/IXB) = A7 —3 3% axxe (0) T 3Jpxxe (@x)] at the beginning of the relaxation defl@yn experiments | and Il. Using
F'ax Txs the one-bond scalar couplinggHN) and*J(NC'), the product operator
Q) 4HNyN;C'; is created at the start of the del@yn experiments 1l and
IV. The effects of the scalar couplings and most cross-correlation
whererax andrxg stand for the distances between corresponding mechanisms except for the desired (€' HV/HNN) are averaged to
atoms, and the other symbols have the usual meanings. Providea@ero by applying suitable 18(ulses during the relaxation peridd
that overall tumbling is isotropic, which is a reasonable Afterthis delay transverse magnetizatidhy is selected in experiments
assumption for many proteins, the cross-correlated spectral! @hd lll, while doubly antiphase coherencE™N;C'; is selected in

density Jaxxe (wx) can be expressedds experiments 1l and IV. The experiment®{C'HY/HNN) rates were
extracted from the amplitudes of the signals of the four complementary
@ 2z, experiments:
Jaxixe (@x) = Saxe 5+

AX/xB \Wx AX x31+ (@ TJZ ) AGMEAG M

X RCHYHNN) = Ltanhi Y|, [t 22t Y ©)
ff

(3008 Opgxe — 1) 2T pxa’ @ T [AL(TAL(T)

2 g et (@yTaxxe ) We use the same approach to measure theR@iei"/HVC*) (see

Figure S1b). Cross-correlated relaxation causes an interconversion
where the order parametStaxxs expresses how the effective  betweenH"x and 4j|NxNzC“z- To prepare these operators we use a
dipolar interactions AX and XB are scaled by fast internal number of INEPT-like step&-2¢ _ N
motions,@ax xs is the angle between the two dipolar interac- The weaker short-range cross-correlation R(eg"N/NC') is more

tions, and 1 axxs = 1/7e + 1/zi, Wherer, is the correlation dlfflf:u|t to detgct, since it is an orgler of magnitude smaller than
. . . . . R(C'HY/HNN). Figure 2 shows that a simple four-step scheme analogous
time for overall tumbling and, is the characteristic correlation

. for the i | . to Figures Sla and b would fail to eliminate the errors which arise
time for the interna 'motlon. . from violations of the secular approximation and from pulse imperfec-
In the absence of internal motion the order parameter reducesjons. These errors can amount to up to 45% for unfavorable relaxation

to delays. Therefore, we designed a new eight-step scheme (see Figure
S1c) to measure the weak rd®HN/NC'). One of the four product
3 cod ® —1) operators RixHNz, 2NxC'z, Nx, or 4NxHN,C'7 is excited at the beginning
L _ AX/IXB
AXIXB 2 ) of the relaxation delay. After this delay, these coherences are detected

selectively in suitable experiments. Most cross-correlation effects except

The motions that drive the auto- and cross-correlated relaxationR(H"N/NC') are averaged to zero by applying gflises during the
of single- and multiple-quantum coherences involving the relaxation period. The effects of the scalar couplings are also averaged
peptide backbone atom&N, 13C', 13Ce, andHN are expected out by 180 pulses. The experiment&®HYN/NC') rates were deter-

to be affected by anisotropic oscillations of the peptide planes, mined from the eight supplementary experiments:

which are assumed to be rigid-he generalized order parameter 1 tanhl( A mmmlm) .
V ARG

Saxxs can be interpreted in terms of three independent RH"N/NC') = =
9,20 (A (A
orthogonal axe#? tanhl( Ly(T) @u(T)) ©)
V AGMEAY, (T)

. . . 2T
Gaussian axial fluctuations (3D GAF model) about three

4 2 , 0, (K + K?)
A = (-1 exp - —— — To take into account the internal correlation timg in eq 2, the
AXIXB i ; .
S kK Eri=—2 2 heteronuclear cross-relaxation (NOE) rates (as determined by the ratio
1 between the signal intensities of an experiment in which the protons
0},2(m2 + m’z) are saturated and the signal intensities of a reference experiment in
aﬂzl2 - I x which the protons are not perturbed) and the longitudinal auto-relaxation
2 ratesRy(N) of the nitrogen nuclei have been measured.

dklz(%)dk'l2(%)dmkz(g)dm'k’z(%)YZm(GAx1(pAX)Y2m(®XBi¢XB) @ NOE(H—N) = (n — 1)1_:R1(N) =

00, 2. 2
where d%(n/2) are reduced Wigner matrix elements and (“Lh) JRAY

Yom(@axs, @ax) are second-order spherical harmonics. a

6 (120 n(oy + @) = 2y nw(@y — @p)] (7)
NH

Methods These rates depend only on the spectral densities near the proton
Larmor frequency (which makes them very sensitive to fast internal
motions) and on the orientation of the NMectors; hence no additional
geometric variables are needed.

The overall correlation time has been determined by measuring the
transverse and longitudinal N/NHDD/CSA cross-correlation rates.

Three experimental schemes were developed to measure the-dipole
dipole cross-correlation rat&C'HN/HNN), RINHN/HNC®), andR(HNN/
NC') using the principle of symmetrical reconversfnhe scheme

(17) Frueh, D.Prog. Nucl. Magn. Reson. Spectro2602 41, 305-324.
(18) Lipari, G.; Szabo, AJ. Am. Chem. Sod 982 104, 4546-4559.

(19) Bremi, T.; Bischweiler, RJ. Am. Chem. Sod 997 119 6672-6673. (22) Chiarparin, E.; Pelupessy, P.; Ghose, R.; Bodenhauseh, 8n. Chem.
(20) Brischweiler, R.; Wright, P. E1. Am. Chem. S0d994 116, 8426-8427. Soc 200Q 122, 1758-1761.
(21) Pelupessy, P.; Espallargas, G. M.; Bodenhaused, l@agn. Resar2003 (23) Permi, PJ. Biomol. NMR2002 23, 201—209.

161, 258-264. (24) Brutscher, BJ. Magn. Reson2002 156, 155-159.
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£ gl A lsotropic ﬁ B) 1D-GAF ﬁ C) 3D-GAF {%g
- d Fo
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Q04 > .
N8 o
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0.2 .._-' ¢ (3
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82, (NHVY/NHN)

Figure 4. Correlations of the order paramet®ec(NHN/NHN) obtained from the cross-correlation rates of Table S1 (see also Figure 3) against the order
parameteiFac(NHN/NHN) determined by Tjandra et &l.from autocorrelated relaxation rates using (A) a model with isotropic internal motions, (B) the
1D-GAF model, and (C) the axially symmetric 3D-GAF model.

These measurements allowed us to determine the axially symmetric o/ g g 3
rotational diffusion _tenso?% '_I'hg different relax_ation rat'es have been [°] 4 3 s
corrected for the slight deviation from isotropic diffusion. o @érﬁf@igg I{} 3 ii ﬁg%ﬁ{mﬂ%f s
Results and Discussion R

The experimental schemes described in the previous section 4 .
were applied to a sample éfi-, 15N-, and13C-labeled human -8 A) Isotropic
ubiquitin. The experimentd®(C'HN/HNN), RINHNF/HNC®), and o/
R(HNN/NC') rates observed at 14 T (600 MHz for protons) are o 8

Vel . [°] B) 1D-GAF

shown in Figure 3. The numerical values of the rates are 4
presented in Table 1S of the Supporting Information. These rates 0
depend on both local structure and internal motions. Fr g agdde f{é o B G,

In a first isotropic approximation (A), we assumed that for 4 %%“ § e 1T,
each peptide plane the local motions affect all three rates -8 N
R(C'HN/HNN), RINHN/HNC), andR(HNN/NC') identically, i.e., =
that the rates are scaled by the same facg({AX/XB) ~ o/ 8 C) 3D-GAF
SP,(cos Oaxixs ). Assuming that the NHN and C—HN bond [°] {
lengths are equal to 1.02 and 1.33 A, respectively, and that the 4 ; “{M I ¥ H{ I
angle CNC® is equal to 121.72* only two variables, i.e.q 0 e {% ﬁ'l &t Tq;{ {Q@QE
and &, determine the three cross-correlation rates. Hhe 4 ’% it I% z L{;[ L e
parameters determined in this manner agree reasonably well with =
autocorrelated order parametedNHN/NHN) derived previ- 8
ously?” from 15N autorelaxation, although there is a systematic 10 20 30 40 50 60 70
deviation, as can be seen in Figure 4A. Residue number

In a second approximation (B), we determined the awngle  Figure 5. Values of the anglex that describes the location of¥Hsee
and the amplitudes of the oscillations about the G(n-1)— Figure 1) obtained from three cross-correlation rates of Table S1 (see also

Figure 3) using models with (A) isotropic internal motions, (B) 1D-GAF,

iy i .
C*(n) axes, assuming, = oz = 0.1 This 1D-GAF model yields or (C) axially symmetric 3D-GAF.

three distinct order paramete®{C'HN/HNN), S(NHN/HNC®),
and S(HNN/NC') cqrresponding to the three observed Cross- gjightly tilted to the left ¢ > 0 in Figure 1), while the 1-D
correlated rates. With these two parameters, one can predict the; Ar model B suggests that they are slightly tilted toward the

order parameterS2(NHN/NHN) corresponding to the autocor- right (o < 0). The average? value of model B diminished
related relaxation rates of the-NHN vector. TheS2(NHN/NHN) from 9.4 to 6.1 compared to model A.

order parameters that were predicted in this manner no longer | 4 thirg approximation, we used an axially symmetric 3-D

show any systematic deviation from the autocorrelated order gar model (C) where for each peptide plane three parameters
parameter&(NHN/NHN) that were determined experimentally o, 0,, anda, = a5 were used to rationalize the three cross-
(Figure 4B), although there s still some dispersion. Interestingly, ¢ relation rates listed in Table 1S. As can be seen in Figure
theo angles calculated using the two approaches A and B havegc 1he N-HN honds of most residues again appear tilted toward
opposite signs (Figure 5A and B). Model A with a single order o right @ < 0 in Figure 1). The average value of thangles
parameter for each residue suggests that th¢iNbonds are a5 found to be—0.9°. This appears to be consistent with

valence shell electron pair repulsion (VSEPR) theory, which

(25) Kroenke, C. D.; Loria, J. P.; Lee, L. K.; Rance, M.; Palmer, A. G.,Jll.

Am. Chem. Sod998 120, 7905-7915. predicts that the position of the amide proton should be shifted
(26) Engh, R. A.; Huber, RActa Crystallogr, Sect. A1991, 47, 392-400. B ; B ;
(27) Tjandra, N.; Feller, S. E.; Pastor, R. W.; Bax,JAAm. Chem. S0d 995 away from the reg_lon of higher _eleCt_ron density, which OCCL_"S
117, 12562-12566. on the left-hand side of the amide nitrogen, toward the region

J. AM. CHEM. SOC. = VOL. 127, NO. 14, 2005 5183
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Figure 6. Amplitudes of the oscillations in the axially symmetric 3D-
GAF model that are parallel (o far,) and perpendicularX for o, = 0p)
to the &—C* axis.

[°]

128
124
120

116
112

0O £CNCe
® LCNHN

i %
el

Residue number

Figure 7. Angles CNHN (@) and CNC® (O) from fits of cross-correlated
relaxation rates to an axially symmetric 3D-GAF model with= o =
0.50,.

of lower electron density, on its right-hand side, to minimize
electrostatic repulsioff For nonterminal residues the average
amplitudes of the oscillations, ando, = o were found to be
12° and 6, respectively (see Figure 6 and Table 1S). Although
we have four rates and four unknowns, (@,, o, = o, and
7int) the averagg? value was 1. In Figures 5C and 6 all residues
with 2 > 4 are represented by filled symbols. A highvalue

8

o, +0g+0, [°] (from MD)
s 8

3

20
X =o,+05t+0, [°]

(from fit 6, = 20, = 20p)

Py s

30

z
o

10

Figure 8. Comparison betweed = o, + o + o, extracted from molecular
dynamics simulations anll = o, + 0p + ¢, = 20, obtained from fitting

the cross-correlated relaxation rates to an axially symmetric 3D-GAF model
with 0, = 205 = 20,

[°] ]
</CNC*>, -~
124} LT
=044 .-
122. £7121.7 ©
120 g -0 g < Z/C'NHV >
118 b__< LCeNHN> §
0 025 050 075 1

(o, =05=80)

Figure 9. Average bond angles around the N nucleus from fits of cross-
correlated relaxation rates to an axially symmetric 3D-GAF model wjth

= op = &0, as a function of. The limit& = 0 corresponds to the 1D GAF
model @, = o3 = 0), while the limit§ = 1 describes isotropic motion.
The canonical angle '0IC* = 121.7 4+ 1.8 is commonly used in X-ray
diffraction studies. This corresponds §o= 0.44.

could be an indication that the model is not appropriate.

However, one has to be very careful in the interpretation, since ot the true variation, these results suggest that the internal
the rates have been measured with very high precision, so thaingtions of most residues in ubiquitin can be described by a
small structural errors may lead to large (in comparison with single model. The motional parameter of this fit has been

the experimental error) deviations of the cross-correlated compared with the molecular dynamics simulations (MD) of
relaxation rates. There might be small errors in the anisotropic | jenin et al2 Since only one amplitudes() has been fitted in

diffusion tensor, the spectra might be polluted by weak s ork, while in the MD simulations the amplitudes of the
impurities, or there might be some undesired coherence-transfer, otions about all three axes have been obtained, it is difficult

pathways. _ , . to determine which parameters to compare. Given that the MD
The largest source of systematic error in the analysis probably ¢julations roughly fulfilled the relationshig, = o5 = 0.50,,
arises from the assumption that th&NC*-angle has a fixed  \ye decided to compare the suln= o, + o5 + o, from the
value. Although the average value of 121§ well determined MD simulations against = o, + o4 + 0, = 20, fryom our fit
by X-ray measurements, it is generally assumed that this angleof the experimental results. The values from the MD simu-
varies by 1.8 aroun((jx its average. We have investigated the |4tions are slightly lower than the ones obtained from our fits,
influence of the NC*-angle by fitting the experimental rates ;¢ there is a reasonable overall agreement (see Figure 8). The
assuming that, = o = 0.50, and letting this angle free (there  \4yes with 0 for the MD simulation are residues for which the

are still four fit parametersu, o,, JC'NC®, andziny). In this 3D-GAF model was found not to be valid in the MD simula-
case all residues could be fitteg? (= 0 for all residues). In tions.

Figure 7 we have plotted the anglE&C’'NC* which resulted Finally, we have considered the 3D-GAF model with the
from the fit. With this motional model we obtain a standard g parallel to the &-C* vector and a variable anisotropy
deviation of JC'NC* of 2.7°. Considering that the average error parametet defined byo, = o5 = &0, (£ = 1 is equivalent to
in this angle resulting from the fit is 1?@&nd considering other 14 isotropic models = 0 to the 1D-GAF model). In Figure 9,

aforementioned sources of structural errors, this number is {he average bond angles around the N nucleus that resulted from
remarkably close to the I’8tandard deviation which is usually  the fits have been plotted as a function HfWith the angle

assumed |n X-I’ay dlffraCtlon If the 1083 not an OvereStlma'[e CINCO. as a flt parameter’ there |S no dlf-ference |n the quallty

of the fit for different values o€. However, the “X-ray”-value
of 121.7 for <OC'NC*> corresponds to § of 0.44. For the

(28) Atkins, P.; Jones, LChemical PrinciplesW. H. Freeman and Company:
New York, 2002.
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isotropic model § = 1) <OC'NC*> = 125.0, while for the Technologie et’'Innovation (CTI) of Switzerland, and by the
1D-GAF model € = 0) <OC'NC*> = 120.3. The average Centre National de la Recherche Scientifique (CNRS) of France.

value ofa for £ = 0.44 is equal to-1.7°.
Supporting Information Available: Experimental schemes

for measuringR(C'HN/HNN), RINHN/HNC®), andR(HNN/NC')
cross-correlation rates and their experimental values measured
in 2D-, 15N- and13C-labeled human ubiquitin. The amplitudes
o, ando, = op of the axially symmetric 3-D GAF model as
well as the anglex that determines the location of the amide
HN proton are determined from the rates using an axially
symmetric 3-D GAF model. The amplitudes = 20, = 203
determined from the rates using an axially symmetric 3-D GAF
model with the angléJC'NC* as an additional fit parameter.
This material is available free of charge via the Internet at
http://pubs.acs.org.

In conclusion our results show that the internal motions in
ubiquitin are highly anisotropic. When an axially symmetric
3D-GAF model is used the amplitude of the motion about the
Ce—C* axis is found to be about twice as large as those of the
motions about the perpendicular axes. However, the 3D-GAF
model might not be thenly model that can explain our data.
The N—HN bond was found to be slightly tilted toward th& C
atom of the same residue.
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