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Experimental Characterization of Models for Backbone
Picosecond Dynamics in Proteins. Quantification of NMR
Auto- and Cross-correlation Relaxation Mechanisms Involving
Different Nuclei of the Peptide Plane

Mark W. F. Fischer, T+ Lei Zeng," Yuxi Pang,’ Weidong Hu,"#
Ananya Majumdar, ¥#© and Erik R. P. Zuiderweg*-8H

Contribution from the Biophysics Researchvidion, Department of Physics, Department of
Biological Chemistry, and Department of Chemistry, TheJdrsity of Michigan, 930 North
University Avenue, Ann Arbor, Michigan 48109

Receied June 24, 1997. Rised Manuscript Recee¢d September 9, 1997

Abstract: NMR relaxation parameters were measured for the peptide-plane carbonyl and nitrogen nuclei for the
proteinEscherichia coliflavodoxin. A poor correlation between the general order parameters of th@cOvector

(Zeng, L.; Fischer, M. W. F.; Zuiderweg, E. R. £.Biomol. NMR1996 7, 157-162) and the N-NH vector was
observed. We interpret this lack of correlation in this nearly spherical protein as evidence of local or semilocal
anisotropic motion. A new experiment is introduced from which the cross-correlation between the carbonyl chemical
shift anisotropy relaxation and carbony&Glipole—dipole relaxation is obtained. We show theoretically that the
three relaxation measurements, reporting on the dynamics of 'th€dCvector, N-NH vector, and CSA tensor
components behave differently under anisotropic motion. The cross-correlation order parameter formalism for dipolar
cross-correlation spectral densities, as introduced by Daragan and Mayo (Daragan, V. A.; Mayq]. Kagn.

Reson. B1995 107, 274-278), has been extended to include cross-correlations between nonaxial chemical shift
anisotropy and dipoledipole relaxation. By analyzing our experimental data with the theoretical models for
anisotropic local motion, dynamic models were obtained for the peptide planes of 32 residuenbflavodoxin.

The understanding of protein function is incomplete without putational simulation of molecular dynamics, and from the
considering dynamics. Large scale and probably slow dynam- measurement of backbone dynamics from amide nitrogen NMR
ics, mostly inferred from static measurements, is in some casesrelaxation. The extent of these motions is known reasonably
thought to be essential to protein function, e.g., the opening of well (B-factors, NMR order parameters, and MD trajectories).

the myoglobin heme pocket to allow access of oxy§déap
movements in enzymes to sequester substfatad, conforma-
tional changes in signal transduction factors to transmit informa-
tion# Smaller scale dynamics, i.e., the motion of individual
protein backbone and side-chain atoms, is known to occur from
direct evidence such as crystallographic B-factors, from com-
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Their frequencies can be obtained experimentally from NMR
data and are found to be on the picosecond timescale.
Functions for these fast local motions are not so easy to envision.
Potentially, small-scale local motions could allow active-site
residues in enzymes to make transient contact with the substrate
to effect the enzyme’s chemistry without requiring exceedingly
precise geometry. Picosecond dynamics is certainly associated
with retention of entropy in the folded state. Attempts are being
made to relate changes in NMR order parameters upon ligand
binding to changes in protein entropyRecently, measurements

of the change in picosecond dynamics upon pretéigand
interaction were used to obtain a footprint of the interaction
site/ As picosecond protein dynamics could be of relevance
to the retention of entropy of the bound ligahthese footprints
may however go undiscovered, especially when one only
observes the reorientational dynamics of a single internuclear
axis.
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NMR relaxation measurements that determine protein dy-
namical parameters have generally focused on nearly ideal two-
spin systems such &N—NH, where thé®™N nucleus is relaxed

O33
OQ
25
through chemical shift anisotropy (CSA) and dipotfipole \C - »G

interaction with the attached amide protboy the relaxation / &L

of natural abundanc8Ca, dominated by the dipolar interaction
with the attached protoH. In such cases, the relaxation of the Ca
heteronucleus can be ascribed to the reorientation of the HX H
internuclear vector with respect to the magnetic field direction. g re 1. Orientations of the principal axes of the average carbonyl
The strength of the use of (approximate) two-spin systems is chemical shift tensor as defined in Table 2.
that the relaxation data can be interpreted in terms of the local
motion of the magnetic interaction vector superimposed on of protein dynamics and can be used to help calibrate theoretical
overall molecular tumbling! The amount of local motion is  forcefields for computer simulation of dynami&.They will
often expressed with a generalized order parameter and, wherhelp distinguish between random movements and correlated
the data are of sufficient sensitivity, correlation times character- motions which is of great value for understanding protein
izing the time scales of the local motions can be obtafed. functiont” and will help assess the degrees of freedom associated
Sometimes even faster local motions with their own order with entropy, and which degrees of freedom are retained upon
parameters and correlation times, superimposed on both previoudigand binding’ Motional models may ultimately be of help
motions, have been reportétl. The method of spectral density  in the understanding of the activation barriers associated with
mapping at fivé* or threés frequencies also focuses on conformational change8. We concentrate on the measurement
obtaining the dynamics of single HX internuclear vectors. of the relaxation of a more complicated spin system, the C
As powerful as these methods focusing on the relaxation resonance of the polypeptide backbone, in a fully labeled and
properties of a single internuclear vector may be in identifying protonated protein. Figure 1 gives the definition of the C
areas of motion, they are deficient in that no description of the chemical shift tensor axes. Magnitudes of the different relax-
local motion is given. Only in the case when it can be assumed ation rates associated with the different magnetic interactions
that the local motions of an internuclear vector is azimuthally are listed in Table 1. The table shows that many interactions
symmetrical about an axis, can the generalized order parameteare significant for Crelaxation. Several studies of @laxation
be interpreted as a special order parameter #ts /(3 cog in proteins have recently appeared. In the work of Dayie and
0 — 1), wheref is the angle between the vector and the Wagneri® Allard and Had,?° and that of Engelke and TRer-
symmetry axi¢! Since it is difficult to prove that such a motion  jans?° C' relaxation was measured frof and T, data. In our
exists, it is generally deemed safest to not model the motion atprevious work?! as well as that of Cordier et &,we study
all. This is of course an undesirable situation, which renders the Gx—C' NOE which isolates the dipolar' €Ca relaxation
NMR picosecond dynamics measurements less informative thanmechanism from all the other mechanisms. Our approach here

they might be.

is to continue to design different experiments to isolate and

Here we describe an approach that aims to obtain motional measure (pairs of) relaxation mechanisms, compare the efficien-

models for protein peptide planes.

Motional models for cies of the different mechanisms and combine this information

picosecond dynamics are important for the better understandingto develop models for the local motion. For example, a local
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motion that can be described as a rotation about theN®bond
vector or an axis parallel to the’€N bond vector, will not
engage the C-N dipolar relaxation, since the'€N vector is

not reoriented, but will modulate the orientation of the-Ca.
vector with respect to the external magnetic field, thus causing
relaxation due to the latter interaction. The anisotropic motion
can be local, concerted for several residues (semilocal dynam-
ics), or pertain to the entire molecule. Here we demonstrate
differential relaxation effects by measuring the-Ca dipolar
(auto-correlation) relaxation, the '(CSA)/C—Ca(dipolar)
cross-correlation relaxation and conventionatNH relaxation.
With those, we can distinguish between several motional models
for the individual peptide planes. We also show that a particular
relaxation parameter, e.g., the-INIH relaxation order param-
eter, can fail to report local dynamics, while the other two
measurements demonstrate its presence. We demonstrate our
approach in detail by characterizing the back bone motions of
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Table 1. CO Relaxation at 500 MHz slower than 4Qus2?® Eight Ty, relaxation delays, varying from 8 to

248 ms were used per offset. Total experimental time was 5 days.

R; (102s™) R (s . L . .
The sample was transferred to an 8 mm Shigemi microcell (Shigemi,
5ns 10ns 15ns Sns  10ns  15ns  |pg) for use with a Bruker AMX-600 spectrometer, equipped with an

OHa 4.02 2.10 1.41 0.391 0.783 1.175 8 mm Nalorac triple resonance gradient probe. All r€laxation
PHN 5.06 2.64 1.78 0.493 0.986 1.48 measurements were carried out on the 600 MHz system. the
pca 11.0 19.3 27.9 0.225 0.450 0.675 NOE experiment was carried out with the pulse sequence described
PN 3.80 211 1.44 0.067 0.134 0.201 earlier® Three experiments were collected: (i) with the @sonances
Pcsa 30.3 15.9 10.7 331 663 995  gaturated using Gaussian excitation pulsesteha:sonances saturated
punp2  55.4 42.0 43.2 449 899 134 using Waltz-16 for 10s; (ii) with the Gaussian saturating field frequency
Nesare —17.2 —9.03 —6.07  -197 -3.82 —5.69 switched to an off-resonance position, equidistant down-field from the
Nesann - 10.8 5.67 3.81 1.24 3.82 3.57 13C resonances, while maintaining thid saturation; (iii) a control
yesaw  —9.21  —4.82 —324  —105 204 -3.04 without any saturation. Subtraction of i and ii measures the-C'
1csaN 4.16 2.17 1.46 0.476 0.920 1.37 )

Mann —1.83 —0959 —0645 —0.209 —0.405 —0.604 NOE while suppressing all HC' cross-relaxation and cross-correlation

MHaCa 2.96 1.55 1.04 0.339 0.657 0.979 : -

MHan —129 —0.678 —0.456 -0.148 —0.286 —0.427 difference. Each spectrum took 14 h. Thé T relaxation was
7can 0.458 0.240 0.162 0.053 0.101 0.151 measured with the sequence described béfavéh the G and'H

Nean  —2.52  —1.32 —0.890 -0.288 —0.559 —0.833 resonances saturated during the relaxation measuring delay, using
TINHN —217 -1.13 —0.764 —0.248 —0.480 —0.716 Gaussian excitation pulses. This was done to eliminate cross-relaxation
o™ 0.164 0.0818 0.0546 and cross-correlation effects due to interactions with these nuclei. The
OHN 0.206 0.103 0.0687 C'(CSA)—C'—Ca(dipolar) cross-correlation was measured with the 3D
Oca -815 -175  -26.7 experiment shown in Figure 4. Experimental time was 12 days; see
oN 2.97 1.68 1.15

the legend to Figure 4 for experimental details.

All NMR data were processed using Silicon Graphics computer
systems, using Felix software (a gift from Hare Research, INéN.
T, and Ty, as well as'®C’ T, values were determined from the data
using a software package kindly provided by Dr. Nicholson, as well
The cross-relaxation rates are tabulated, e.g., for theCG dipolar a5 some in-house simulated annealing algorithms. We used partial
interaction, asre, . The calculations are based on the equations in integration of cross-peak volumes in order to optimize signaise
this paper and were carried out for three rotational correlation times as ratios?® Modeling of relaxation was carried out on Silicon Graphics

indicated. All order parameters are equal to one. Distances between Kstati ing th fw Kadath ii | 30
nuclei and angles between internuclear vectors were obtained for an'Vorkstations, using the sottware pac dgathematicarelease 3.0.

a Contributions to the overall relaxation rates are tabulated, e.g., for
the C—Ca dipolar interaction agc,. The cross-correlation rates are
tabulated, e.g., for the '€Ca(dipolar)/C—HN(dipolar) interference
asncarn, and for the QCSA)/C —HN(dipolar) interference agcsann:

a-helical conformation from the modeling program Insightll (Molecular
Simulations, Inc.). The GCSA tensor was here assumed to be axially
symmetric, with the principal axis lying in theoG-C'—N plane making
an angle of 157 with the Gu—C' vector. The anisotropy was taken
as—120 ppm.

several residues of the 20 kDa protein flavodoxifEe€therichia
coli, for which the NMR resonance assignméatnd crystal
structuré* are known.

Materials and Methods

The NMR data were recorded @n coli flavodoxin, in the oxidized
diamagnetic state. Thel mM flavodoxin sample was in 10 mM
phosphate buffer at pH 6.2, and was kept at@@luring these studies.
A 0.5 mL UL-3C/*N-labeled sample was used f&MN relaxation
studies, using a Bruker AMX-500 spectrometer, equippet w& mm
triple-resonance gradient probe. THN relaxation series were obtained
using H— >N NOE, T, and Ty, sequence®. The HO signal was
kept in the+z-direction for theT; and Ty, experiments. To avoid a
change in HO saturation level by the changing length of the cross-
correlation suppression pulse trahas a function of the relaxation
measurement delay, these pulses were carried out as—a-990,
sequence, yielding a’dlip angle of the water signal and a 180ip
angle of the amide protons using a delayof 333 us. The Ty,
experiment used &N spin lock field of 2381 Hz placed at the center
of the spectrum. The contréiN NOE experiment was measured by
keeping the HO signal alongtz. The !N relaxation data collection,
carried out on the 500 MHz system, took two weeks in total. The
exchange contribution to tHéN line width was determined indepen-
dently with the use of a slightly modified version of the constant time
off-resonancd, experiment, as introduced by Akke and Palfidfive
different carrier offsets were used, yielding effective spin-lock fields
of 1990-3845 Hz, sampling conformational dynamics on a timescale

(23) Ponstingl, H.; Otting, GEur. J. Biochem1997, 244, 384-399.

(24) Hoover, D. H.; Ludwig, L. LProtein Sci, submitted for publication.

(25) Dayie, K. T.; Wagner, G. Magn. Reson. A994 111, 121-126.

(26) Boyd, J.; Hommel, U.; Campbell, I. BChem. Phys. Lett199Q
175 477-482. Palmer, A. G., Ill.; Skelton, N. J.; Chazin, W. J.; Wright,
P. E.; Rance, MMol. Phys.1991, 75, 699-712.

(27) Akke, M.; Palmer, A. G., lllJ. Am. Chem. S0d.996 118 911—
912.

For ease of data comparison, we adopt in this paper a numbering
system that assigns theaQresidue number to all the nuclei of the
peptide plane CON—NH following that Go.

Theory

In this work, we study amide nitrogen relaxation, carbonyl
relaxation, and the cross-correlation between carbony) (C
chemical shift anisotropy (CSA) relaxation and thé-Ca
dipolar interaction. The theory describing—NH relaxation
has been well developed and will not be reproduced here. The
reader is referred to Dayie et fl.

The longitudinal and transverse relaxation rates of the C
resonance are, to a good approximation, governed by the C
chemical shift anisotropy and the dipeldipole interactions
with Ca, Ha, N, and HN (See Figure 1 and Table 1). The
rates are formally given 15§

1 _ A2 CSAC 2 C'N 2 C'C
<=C Py tdonFy T doe Pt
Ty
Ao n Fi ™ + deun Fi ™ (1)
and
1 _ A2 CSAC 2 C'N 2 C'C
<=CFnp  tdonFy Tdoe Fnt Tt
T
de e Fio™ + deun F3™ (2)
where the dipolar interaction terms are, for example,
4o )? h }? _
a2 NT 5(5) (E) Véyﬁmc N 3 3)

(28) Davis, D. G.; Perlman, M. E.; London, R. E. Magn. Reson. B
1994 104, 266—-275.

(29) Rischel, CJ. Magn. Reson. A995 116, 255-258.

(30) Goldman, M.Quantum description of high-resolution NMR in
liquids; Clarendon: 1988.
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while the CSA interaction term is given by

=2 CAoz(l + 8 ) @)
where
Ao=0y, — (022'; 033
and
A= (022 033)
(011 Oiso)

The C chemical shift tensor deviates severely from axial
symmetry; typical anisotropy values arsg; = 75 ppm,o2; =
3 ppm, andosz = —78 ppm?3!

Below, we follow the Lipari and Szabbdefinitions of the
spectral density functions to contain the factr giving rise
to the numerical factors in eqs 3 and 4 below. The spectral
density terms for longitudinal relaxation are, for example,

FGN = 6J(we) + 2 (we — o)) + 12)(we + ©y)  (5)

and

F5*¢ = 6J(wc) ()

while the corresponding terms for transverse relaxation are

F5N = 43(0) + 3)(wc) + 6J(@y) + Ao — ) +
6J(wc + wy) (7)

and

F$AC = 43(0) + 3)(we) (8)

The C relaxation rates are further influenced by cross-
correlation effects, which are a consequence of the fact that
different relaxation mechanisms affecting a single nucleus are

Fischer et al.

and

1 10\3 h )2 )
2[8(4n) (zﬂ) ]VCVNVCVHEC,N 3

e wa 3(3 00 0 — 1)(43(0) + 3w} (10)

DD—DD

RICCR B e

for the C—N dipole—-dipole/C—Ha dipole—dipole cross-
correlation onT; and T, respectivel\?® where @ is the angle
between the vectors, and, e.g.,

- 1(4]( h -
R(CCR¥ED = 2[12(4;) (2.71?)] 00— 0p)yerclic o Ox
%(3 cod 6 — 1){6J(wg} (11)
and
1 (#o)[ -

5(3 co$ 6 — 1{4J(0) + 3)(wo)} (12)

for an axial C CSA/C —Ca. dipole—dipole cross-correlation on
T, andT; relaxation, respectively, whetgis the angle between
the dipolar vector and the CSA principal a%fs.The cross
correlation forT, is expressed for the nonaxial CSA tensor
as a sum of two axial tensor cross correlations

- Ho)[ h _
R(CC C’S—AC' %2 = 2[12(471)(2”)] wC')/CyCmC’ Ca SDX
(0yy — 033)5(3 cog 6y, — 1)+

(02— 033)%(3 co 6, — 1)]{4J(0) +3Aw)} (13)

where 011 and 0, are the angles between the dipolar vector
and theo; axis andoy; axis, respectively. The cross-correlation
equations carry an explicit factor of 2 to account for the fact
that two cross-products exist for each pair of perturbing
Hamiltonians.

The quantities(w) in eqs 9-13 arecross-correlation spectral
densities which can differ greatly from the usual auto-
correlation spectral densiti€s® (see below).

Cross-correlations are manifested as different relaxation rates
for molecules that have different spin polarization states. For

not independent as the interaction vectors are related to eaclinstance, the Gresonance in molecules withoGn the |aCstate

other by the molecular frani®. Cross-correlation rateR(CC))
may potentially be twice as large as the auto-correlation (or
“normal”) rates, and certainly may not be neglected. The
following equations, which are valid only for overall isotropic
motion, show this clearly:

110\ h\? )
N 2[5(4_71) (z_n) ]VcVNVcVHmC,N 30

o w53 08 6 — 1){6)(wd) (9)

DD—DD
' N—C' Ha

R(CC

(31) Teng, Q. Determination of tensor orientations and the applications
in the study of gramicidin A by solid state NMR. Ph.D. Thesis, Florida
State University, Tallahassee, FL, 1990.

(32) Fagerness, P. E.; Grant, D. M.; Kuhimann, K. F.; Mayne, C. L;
Parry, R. BJ. Chem. Physl975 63, 2524-2532. Werbelow, L. G.; Grant,

D. M. Adv. Magn. Resornl 977, 9, 189-301. Vold R. L.; Vold R. RProgr.
NMR Spectroscl978 12, 79—133. Werbelow, L. G. IlNuclear magnetic
resonance probes of molecular dynamitgcho, R., Ed.; Kluwer Academic
Publisher: New York, 1944; pp 22263. Kumar, Anil.; Madhu, P. K.
Conc. Magn. Resori996 8, 139-160.

will have a different relaxation rate than thé i@sonance in a
molecule with @ in the|3state as the dipolar field ofdCcan

either compensate or reinforce thé CSA3” When the two
different ensembles can be discriminated, e.g., through scalar
coupling between Cand @y, these relaxation differences can
be directly measured and related to the above equations (see
egs 45-47). When the different molecules cannot be distin-
guished, a bi- or multiexponential relaxation of ther€onance
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will be observed. Cross-correlations can be suppressed bywhere

interchanging the spin states of thetGpin usingr pulses on
atime scale fast compared to the macroscopic relaxatioR&te.
For the five mechanisms active fof laxation we anticipate
10 different cross-correlations as shown in Table 1.

In addition, at least four longitudinal cross relaxati@naf
NOE) effects between the'@nd the other nuclei Q can be
distinguished, given B¥

-

where the homonuclearcc~C' NOE is by far the largest (see
Table 1). The NOEs can be explicitly measiffedr should

h \? -
E) VéVémc' Q Sﬁ{ 12)(we + CUQ) -

2(wc — wg)} (14)

Oc g

otherwise be suppressed in longitudinal relaxation measurements

as they cause multiexponential relaxatf§n.

From the above, it is clear that @laxation is governed by
many parameters and is thus difficult to analyze. For macro-
molecules, the spectral density terms are generally thought to
reflect sums of global and local motions. We specifically
recognize that it is very unlikely that local motions in an
anisotropic intramolecular environment can be isotropic. In
general, the spectral densitié(g) will thus be different for all
interactions because each of the interaction vectors point in
different directions. Local anisotropic motion about the-C
Co. vector, for example, will not contribute to’€Ca dipolar
relaxation but will certainly cause the tensor elements of the C
CSA to reorient in space leading t0 CSA relaxation and
averaging. Thus, local anisotropic motions are sensed differ-
ently for the different relaxation interactions. One must
therefore write independent spectral density functions and order
parameters for each interaction (auto-correlation) and for each
interaction pair (cross-correlation). This approach is radically
different from recently presented wo#k,in which it was
assumed that a single order parameter foreaxation would
be adequate.

In the following, we give a general derivation that leads to
the definition of both auto-correlation order parameters as well
as cross-correlation order parameters for C8ifpolar relax-
ation effects. The formalism largely follows Lipari and Szabo,
Daragan and May#: and Brischweiler and Cas¥. We treat
the case of overall isotropic dynamics combined with local
anisotropic motion; anisotropic overal motion combined with
anisotropic local motion can in principle be treated by combining
the material below with theories for overall anisotropic
motion#~43 However, since these effects would be very
difficult to characterize experimentally, we have not included
such derivations here.

The time-dependent parts of the correlation functions are, in
the laboratory frame, for dipolar and CSA Hamiltonians

Iab(t) wzo cos@*(0))- Yo, cos@” Oy  (15)
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Yy Cc0s(t)) = \/grpz cos@(t)) (16)
and
P, cos@(t)) = %(3 co2(6(t) — 1) (17)

and 63(t) is the angle between the interaction vector in the
Hamiltonian (e.g., the internuclear vector between the dipolar
coupled spins, or the principal axis of the CSA tensor) and some
arbitrary direction in space.

The cross- and auto-correlation spectral density functions
appearing in the equations-14 are defined as

o) = j; [Y,, C0S@%(0))- Y, cos@®(t)) L, Coswt dt

(18)

The key step to obtain relaxation rates in terms of order
parameters is to factbrthe total correlation function (eq 15)
into the overall isotropic motion and the local motion:

Cin(t) = exp( t/re)-CE(t) (19)

defining the overall correlation timec, and the local (cross)
correlation function

4 2
) =— S Won O O Varl®06°O)0  (20)
5 m=—2

In order to characterize the local motion, one tries to obtain
limiting cases for the local correlation function. Ror 0 one
has

A 2
CPO =" Yar(0%(0)g"(0)) Yor(9°(0).°(0) =
5 m=—2
P,(cosé,,) (21)

using the addition theorem of spherical harmonics, Withe
angle between the two interaction vectors. FEor- © one

writes, using the following property of correlation functions:

m [A(t)-B(0) = [AIBO (22)

Ciw) = S =

Z Yo, ) DY 0 (9”,2°) 0 (23)

where ib is defined as the cross (= b) or auto & = b)
correlation order parametéft.

Averages such agY,,(9°,¢")O0depend on the local motion
LP(9®,¢°) and are computéflas, e.g.:

Y070 [ [0 0" )L ") dg® sin@”) d”

(24)
This leads to the spectral densiiyyw)
Japlw) =2, Iab(t) coswt dt =
2 Szabfc (Pz(coseab) §db) (25)
S|1+ (mg 1+ (wty)?
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Figure 2. Definition of the parameters used in the motional modeling
of this study. Rotational diffusion about vectarcauses the vectdy

to sweep out a cone of half angle= cos(a-b). The extent of the
motion on this cone is given by the angle defined as 2 for
unrestricted rotational diffusion.

with

Tcre

Tu 7.+ 1, (26)
wherert, is the correlation time of the dominant local motion.

The function 25 takes the place of the term
(3 cog 6 — 1)J(w) in eqs 1+13.

The cross-correlation spectral density functidgy(w) be-
comes the familiar “model free” auto-correlation spectral density
function'!

of S | (1S
L) = =+ ’ 27)
1+ (wr)” 1+ (w7y)
whenb = a. One is tempted to view eq 25 as
T 1- T
3.(@) = 2P,(cos6™) S _+ (- S b (28)
5 1+ (wt)® 1+ (w1y)
merely identifying
Sp = P(cos6™)S, = Py(cos6™)S,  (29)

This interpretation seems to be supported by the fact that for
no internal motion

S (max)= P,(cosé™)

as follows from eq 21.

However, eq 29 can only be generally valid for isotropic local
motions, or when vectora andb are colinear. Only then can
knowledge of motional freedom or restriction of vectolead
to knowledge of the motional freedom or restriction of a vector
b. As it is very unlikely that local motions are isotropic, we

(30)

Fischer et al.

the spherical harmonics is computed with equations such as eq
24. Auto- and cross-correlation order parameters are then easily
computed from eq 23, and auto- and cross-correlation spectral
densities follow from eq 25.

In this study we consider the reorientations of the vectors
C'(i)—Ca(i), N(i+1)—H(i+1) and the different axes of the CSA
tensor of C(i). These vectors are all rigidly interrelated by the
peptide plane connecting residuesdi+1. For example, local
rotational diffusion around the direction of thefNIH vector
immediately implies that the'€©Ca sweeps a cone of half angle
58. This motion would generate variation in the<Co dipolar
interaction, thus affecting the dominai(w = 0) (averaging)
andJ(w = 0) (transition) terms; it will thus affect the'€Ca
dipolar interaction order parameter. This motion will not
generate variation in the A\NH dipolar interaction and will
thus leave the NNH order parameter unaffected. Implicitly
this also means that this motion quenches cross-correlation
between these mechanisms. As a result the cross-correlation
as dictated by the overall molecular tumbling remains unaffected
[, = P2 cos@an)].

We consider three different and orthogonal motions, for
convenience chosen along the axes of thecl@®mical shift
tensor (see Figure 1). The consequences of these motions on
the C—Ca dipolar relaxation order parameteﬁ(_m), the
N—NH dipolar (and CSA) relaxation order parameter
(%_NH) as well as on the G Ca dipole—dipole/C CSA
cross-correlationR(CC), measured in hertz) are shown pairwise
in Figure 3A-C. The parts of the figure, called motional
restriction maps$? clearly indicate that different motions affect
the different order parameters in different ways. Figure 3A
shows that motion about or parallel t», does not affect
S _wu but has a large effect 0. _, as described already.
Conversely, motion alongr; leaves §_, basically un-
changed but affect§,_,,, strongly. Motion aroundrs; has
approximately equal effects of_c, and §_y,, but, from
Figure 3A alone, can not be distinguished from motion around
any vector in a plane perpendicular to the peptide plane,
bisecting the angle between thé—Ca and N-NH vectors.
This includes the so called “in-plane” vector, the vector in the
peptide plane that bisects the angle betweenctheand o2,
vectors. Also, motion alongsz cannot be distinguished from
a “symmetric” local motion in which the NNH and C—Ca
vectors are reoriented to the same extent. Such motion,
indicated by “ISO” in Figure 3, represents what might be
expected in a preliminary comparison of-NlH and C
relaxation order parameters.

Ideally, one would like to have experimental access to an
interaction vector perpendicular to the peptide plane in order

reject the interpretation of the cross-correlation order parameterto distinguish between these cases. Such a vector is available

as given in eq 29. Instead, we will simply interpret and calculate

in the o33 of the CSA, and we elect to measure it through the

the cross-correlation order parameter as a measure of the abilitycross-correlation effects with the-€Ca dipolar relaxation. One

of the local motion to perturb the cross-correlation due to
isotropic tumbling.

Following Daragan and May%,we model the local aniso-
tropic motions as (limited) rotational diffusion around unique
vectors. In this definition, motion about the vectowill not
affect the interaction along directian but reorients the vector
b on the surface of a cone with half angle tis-b) and thus
affects the relaxation associated with the motion of vebtor
The parametey determines the extent of this rotation= 2z
defines unrestricted rotation around directiarresulting in
unrestricted rotational diffusion on a cone for vecloi(see
Figure 2). This model is well suited to describe (local)
anisotropic motion while retaining proper geometric relations
between the different vectors in the molecule. The motional
model is parametrized by and its effect on the averaging of

may also try to measure the CSA directly frorh g, which is
dominated by the CSA relaxation (see Table 1). Howetgr,

as any transverse measurement, is also affected by chemical
exchange, which can complicate matters.

Figure 3B shows that the effect of true motion aboestand
motion about the in-plane vector can be readily distinguished.
In Figure 3C the distinction is made even more clearly: the
cross-correlation resulting from a motion abam; almost
coincides with that of motion around thg, vector while the
effect of motion about the in-plane vector coincides with the
oo vector. Thus, random correlated motions, motion about the
in-plane vector, and motion about vectors out of the peptide
plane @33 type), which are indistinguishable based on Figure
3A alone, can be distinguished using Figure 3, parts B and C.
The effects of different local motions on the cross-correlation
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Figure 3. Theoretical behavior of the order parameters for different
motions of the peptide plane. Solid lines (CSA1, CSA2, CSA3) indicate
motion about axes defined along the principal ases 02,, andoss,
respectively, of the average CSA tensor as defined in Table 2. The
long dashed line (in plane) indicates motion about a vector in the peptide
plane bisecting the '€ Ca and N-NH axes. The longshort dashed

line (max) indicates motion about that axis which results in the
maximum cross-correlation relaxation rate. The short dashed line (iso)
indicates a motion in which all internuclear vectors are reoriented to
the same extent. In all ploty, = 90°, y = 18, andy = 360" are
indicated bya, B, and ®, respectively: (A) the order parameters
S _c, andS,_y,- The limiting cases of motion about the-€Ca and
N—NH axes are indicated by the lines COCA and NNH respectively;
(B) the C(CSA)/C—Ca(dipolar) cross-correlation rate and the order
parameteﬁ,_NH; and (C) the QCSA)/C—Ca/(dipolar) cross-correla-
tion rate and the order parame®F_,.

are less easily visualized than those for the simple interaction
vectors. First we realize that in the absence of local motion
cross-correlation occurs with a value dictated by the angle
between the C-Co. and CSA axes vectors (see eqs-1B and

25). Local motions generally reduce the cross-correlation; this
is the case when'€Ca dipolar and CSA relaxation both sense
the local motion equally; the effect is that of a fast isotropic
motion which directly reduceg and hence the numerical value
of the overall cross-correlation (eqs 13 and 25). In contrast, a

J. Am. Chem. Soc., Vol. 119, No. 51, 128635

motion that leaves unaffected one of the interaction vectors of
the cross-correlation is an uncorrelated motion for these vectors.
Hence, such local motion will not be cross-correlated and will
thus not affect thexistingcross-correlation associated with the
random tumbling of the entire molecule. Thus these local
motions leave the value of the cross-correlation unchanged. For
instance, local motion around'-€Ca (close tooi;) has little
effect on the total cross-correlation (see Figure 3, parts B and
C). Infact, if the motional axis coincides exactly with the-C

Ca axis, there is no effect on the cross-correlation. This special
case maps assingle poin@t the “origin” S _, = 1 in Figure

3C since neither auto- or cross-correlation are affected by the
motion. Due to the fact that the'GCSA is not axially
symmetric, the effects of motions exactly around the different
CSA axes can give unexpected results.

The motional restriction maghs in Figure 3A-C were
computed by using eq 24 and modeling the motions by
integrating and normalizing over five different extentsas
indicated. This is a coarse digitization, resulting in the
somewhat jerky behavior of the lines at large valueg.oMost
of the anisotropic motions cannot fully quench the order
parameters and/or cross-correlation, as they may retain a finite
projection of the interaction parameter(s) on the motional axis.
Fully isotropic local mation, unlikely in cases of large amplitude,
can quench all order. All order parameters are reduced in
concerted fashion with increasing extent of motion; this is also
true for the cross-correlation order parameter, which for isotropic
motion can rigorously be interpreted as a scaled version of the
general order parameter (cf. eq 28). Isotropic motions can thus
be represented with straight dashed lines from coordinates 1,1
to 0,0 in Figure 3A and %4.1 to 0,0 in Figure 3B,C.

Experimental Design and Results

Our experimental approach is to design and apply experiments
that will extract specific interactions or pairs of interactions that
influence Crelaxation. Recently, we published an experiment
to isolate the C-Ca dipolar interaction by measuring the steady
state @—C' homonuclear NOE and'C; relaxation?! The
steady-state €—>C' NOE measurement is made with the
“second half” of a 2D HNCO experiment, recording the
coherence pathway 'C— N(t1) — H(t2), once with @
presaturation (10 s) with continuous saturation of protons
(experiment), once with the carbon presaturation field moved
to an off-resonance position with continuous saturation of
protons (experiment’), and once without any cw rf field
(experimentlp). With the proton saturation, all large cross-
correlations and cross-relaxations involving protons are ef-
fectively quenched. Cross-correlation and cross-relaxation due
to C—N interactions are present in this setup, but can be
neglected as the largest is only 3% of the tdfalrelaxation
rate (see Table 1). The(©CSA)/CN(dipolar) cross-correlation
(the largest term) only affects the single-quantuhmelaxation
pathways, present ip but not ino. We obtain the C-Ca
cross relaxation rate from o = p (I — I')/lo, wherep is the
full C' T; relaxation rate, given by eq 1p is measured
independently from an HNCO experiment in which a longitu-
dinal C relaxation period is inserted. The T; relaxation
experiment is also carried out with proton and €aturation in
order to quench all large cross relaxations and cross-correlations.
The cross-correlation due to’€N interaction was not sup-
pressed here either, allowing the potential minimal erroriin T
relaxation rate determination to be divided away in the deter-
mination of 0. Nevertheless, the — C' NOE experiment
recorded with these precautions is still not free of unwanted
contributions. @ irradiation also introduces the NOEx@+1)
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— C'(i) in addition to the desired NOEdZi) — C'(i); also G3- A and B. The effective spinlock field was varied between
(i) and @B(i+1) are (partially) saturated and contribute to the 13 000 and 26 000 rad/s. It was found that the transverse
observed steady-state NOE, in a purely additive way. Individu- relaxation rates of the large majority of th#N resonances of
ally, such nondesirable contributions are onky3P6 of the flavodoxin are not affected by changes in effective spinlock
steady-state NOE; but together they can contribute up to 10%field strength in this range and at the conditions of the high-
and can thus not be neglected. We can compute thesesensitivity T1, experiment used in conjunction with tfie and
contributions precisely for each site since the coordinates for NOE experiments (rf field strengtty,s = 15 000 rad/s). Change
flavodoxin are availablé* In situations where no (precise) of apparent relaxation rates as a function of rf field strength
structure is known, one should use a mean-field correction of was detected for several residues. These changes disclosed the
10% for all residues, except for glycine which needs a correction presence of exchange broadening for thd resonances of
of only 4% because it is lacking thé-carbon. With these residues 4, 18, 27, 34, 40, 51, 52, 67, 73, 75, 91, 92,98, 104,
precautions and corrections, we obtain thg(iE—~ C'(i) cross- 111, 116, 120, 121, 125, 143, 147 and 15N(numbered as
relaxation rateo, which can then be related to the spectral the Gu of the previous residue); the data for these residues was
density functions)(0) andJ(2wc), exclusively for the C-Ca deleted from all figures and tables in this paper. All otRgr
vector, according to eq 14. We obtélinhe auto-correlation  values were taken to be 0 Hz (see the Discussion for range of
order parameter for this vector to a very good approximation validity). The exchange-freer, rate formally still needs
from the equation correction for R relaxation contribution according to the
equatior®

% =_1 41722_”2'%_‘3"20 T (31)
'~ Co uol \ || 52 | "o R, app= Ry, SIF 6 + R, cos 0 (33)

C

From 5N Ty/Ty, ratio and H— N steady-state NOE we obtain  where 6 is the angle given by ta(w+/Aw), with Aw the

a rotational correlation time; of 14 ns, assuming an average individual resonance offset for ea¢fN resonance. At the
Sy Of 0.8 andze = 100 ps for the 20 kDa flavodoxin  conditions used is at least 77 (10 ppm offset) for a maximum
molecule (at 20C). The ratio of the three components of the 5% underestimation of the trde relaxation rate. We thus have
moment of inertia tensét as calculated from the crystal to very good approximatiorsy_ny = RoapdRipcalcy Where
structuré* of flavodoxin are 1.0:1.17:1.45 (without the last ten  Ry,caiq)iS given by egs 2 and 7, using the appropriate parameters
residues that are clearly unstructured). From this we compute,for 1N relaxation fny—ny = 1.02 A andAoy = —160 ppm}
using Woessner's classical wéfithat theJ(0) spectral densities ~ and a rotational correlation time of 14 ns obtained as described
along these three directions have the ratios 1.0:1.04:1.14. Weabove. The resulting order paramet&s ,,, describing the
conclude that flavodoxin can be viewed as an isotropically reorientational dynamics of the-NNH vectors is plotted as
tumbling molecule characterized by a single correlation time function of residue number in the Supporting Information, and
to a good approximation. The order parameter for the@x in conjunction with other relaxation parameters in Figure 6A,B,
vector as a function of residue number is given in the where the precision is also indicated.

supplemenary material, and is plotted in a different fashion in  The 15N relaxation data were recorded using the same C,N-
Figure 6A,C. The data has quite high precision (see Figure labeled protein as used for theé @laxation measurements in
6A); however, the accuracy of all order parameters is dictated order to avoid possible changesinas a result of different

by the C—Ca. distance and the correlation time. We have used apparent viscosities for two different samples. The effects of
a C—Ca distance of 1.52 A, an average of several sources. neighboring3C nuclei on the!>N relaxation can be safely
C'—Ca. bond-stretch vibrations are too small to significantly neglected (less than 1%). This analysis yields an order

affect this distance even when averaged withweighting (S. parameter that is actually a combined order paramete¥for
Krimm, personal communication). We estimate the accuracy CSA principal axis and the NNH bond reorientation. How-
of the overall rotational correlation time as obtained fr&id ever, since thé®N CSA tensor principal axis and the-NNH

relaxation data to be not better than 10%, but since this affectsdipole—dipole vector diverge by only 7one may approximate
all data equally, it will not interfere with our data interpretation. this by a single order parameter associated with théNN bond

The nitrogen relaxation data was analyzed in terms of the vector reorientational dynamiés.
conventional model-free approach as follows. The value of the  In principle, one could proceed to measuring more relaxation
NOE was used to define a set of ordered residues allowing theparameters associated with single vectors for tlee—C'—
calculation ofr from Ta/Ty, ratios. TheT4/Ty, ratios that differ N(H)—Ca moiety. The more information that is obtained
from the average value by more than a standard deviation wereconcerning the reorientation of different internuclear vectors
eliminated, andrc was subsequently recalculated from the associated with the peptide plane, the better the motion can be
reduced ensemble. Limited signal-to-noise ratio, especially in characterized. Possible candidates arel NOE, detected
the NOE data, prohibits us from obtaining reliable values.pf on NH and @—N NOE detected on NH as well, but these
the local motion correlation time. Order parameters were effects are very small (see Table 1) and difficult to measure.
therefore calculated from the relaxation parameter that is the Therefore we chose to obtain additional relaxation parameters
least sensitive to the frequency of local motions, i.e. Re by measuring cross-correlations in relaxation. Cross-correlations
relaxation rate. In order to identify potential exchange contribu- between relaxation mechanisms report on the order parameters
tions Rex to the R, rates, we measurety directly using the  of two vectors simultaneously. Provided that these two vectors

equatior® are rigidly affixed to the @—C'—N(H)—Ca. moiety, they report
on the motion of that moiety and can thus be interpreted in
R, = (5w)2p D Tex (32) terms of motions of the peptide plane. We focus here on two

X AR 2w of the largesR; relaxation mechanisms for the Qucleus: the

C' CSA relaxation and the '€Ca. dipole—dipole interaction

by varying the effective spinlock fielde as described by Akke (see Table 1). The'd, relaxation characteristics for an ideal
and Palmef! where dw is the exchange shift difference and (44) Tjandra, N.; Szabo, A.; Bax, A. Am. Chem. So2996 118 6986-
wherepa andpg are the time fractions spent in conformations 6991.
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two-spin system in the two ensembles of molecules which differ where theR(CC) terms represent the different cross-correlations
in Ca polarization is given by (combining results of Goldrdan  and wherey ke are the different mechanisms interchanging the
and Kay et af8): multiplet components (e.g.,oCT; relaxation).

By decoupling HN and Hl during the Cconstant time period
dif S,1 as shown in Figure 4, all cross-correlations involving H nuclei
dt —|Rav T kex+| >+ R(CO)Jl S(x - are averaged out or are the same for both-@x doublet
Ry — X)|+ (34) components. The'€N(dipolar)/C(CSA) cross-correlation and

Rur = ke S/’ the C—N(dipolar)/C—Coy(dipolar) cross-correlations remain
active in this experiment. The'€N(dipolar)/C(CSA) cross-

dl+§5 _ ( + kg, — |— _ R(CC)) _ correlation is the same for both'-©Ca doublet components
dt % 'S and is divided out below, while the'€N(dipolar)/C—Ca-
(Rys — kex)|+sa (35) (dipolar) cross-correlations can have a maximum magnitude of
only 0.15 Hz (Table 1) and is partially averaged because of the
wherel ™S, andI*S; are the two transitions of tHedoublet (C changing position of thé*N x pulse. We obtain otherwise
spin), Jis the scalar couplingR,, being the average, ari& rigorously, by taking the ratio of the intensities of the two
being half the difference between thigrelaxation rates of in- components:
phase and antiphaseoherence.key is half the exchange rate
between *S, andI*S; caused by spontaneo8spin flaps. This 1 ACu "
term can in principle average out the relaxation differences RICC)e—cuccsa= 2-|-| Ac . (40)
0=

between the doublet components, especially Tin or T,
relaxation where the scalar couplings are insufficiently sup-
pressed?®

For theT, relaxation measured here we are interested in the
case whereRy, kex < Jig/2. Then, two doublet components
are observed (“slow exchange” with respect to &wgpin flip
rate) which both have a Lorentzian line shape, but which have
different line widths given by

as the plethora of relaxation and broadening mechanisms in egs
38 and 39 common to the two doublet lines cancels. We
compute that the scrambled’-&@N(dipolar)/C—Ca(dipolar)
cross-correlation introduces an error of at most 1% on this ratio
at the experimental conditions.
We record the cross-correlation experiment as a three-
dimensional sequence, as spectral resolution in the NH did C
I+S0 _ _ planes is limited for flavodoxin. In addition, one records a
R Rav ke = RCC) (36) doublet for each amino acid, thus making the overlap problem
worse. Cross sections through<Cao doublets on individual
15N planes taken from the 3D data set are shown in Figure 5.
R = R,, + k,, + R(CC) (37) We observe that the sensitivity is adequate to quantify the
individual doublet peaks with a precision of 4% (signal/noise
This cross-correlation raté(CC), can be easily measured 25:1) leaving a typical error a£7% for the ratio expressed in
because of the 54 Hz'€Ca. scalar coupling that separates the ©d40. The figure illustrates that very different cross-correlation
C' resonances of the two ensembles. We have measured théates are found for different residues. Different tuning of the
T, relaxation of @ in protonated molecules for the similarly ~H refocusing delays in the experiment of Figure 4 would allow
sized molecule T4 lysozyme (19.5 kDa). Values in the range the observation of cross-correlations between the-C,/;0-
0.5-1 s were found, clearly much smaller than the scalar (dipolar) and GO(CSA) of asparagines and glutamines,
coupling. In this limit, the @ spin flips only give rise to equal ~ respectively. A compilation of the '€Ca(dipolar)/C(CSA)
lifetime broadening on both doublet components (first terms of cross-correlations for flavodoxin is given in the Supporting
eqs 34 and 35) and the relaxation behavior of each line is givenInformation. The data is given in conjunction with other
by egs 36 and 37. relaxation parameters in Figure 6B,C.

The sequence used to measure ihe cross-correlation

and

between the GCSA and the C-Ca. dipolar relaxation is shown Discussion

in Figure 4. This is a HNCO experiment, in which the.€C' The concurrent measurement of-NH and C—Ca relax-
scalar coupling is operative during thé&volution time. Since ation is a logical step forward from measuring only-NH
this is a constant-time experiment, the differenceRiffior the relaxation for the experimental determination of protein back

two C doublet components as given by egs 36 and 37 result in bone dynamics. Both NNH and C—Ca relaxation methods
different amplitudes for the two components. The amplitudes measure the reorientational dynamics of a single but different

A are, including all possible relaxation mechanisms: vector characterized by an order parameter. Both vectors are
o associated with a single peptide plane. TheNH and C—

Au=a = exp(—(z R, + R+ R+ ZJunres‘i‘ Co. order parameters for flavodoxin are plotted against each
R(CC)C'—CaICSA_I_ R(CC)C'—CaIC'—Ha + R(CC)C'—CaJC'—HN + other in Figure 6A. It is immediately apparent that the two

C—CalC—N order parameters show very poor correlation. Typical error
R(CC) + ; R(CC) + Zkex)'l') (38) ranges, determined as described in the Supporting Information
other are shown in Figures 6AC, demonstrating that the lack of
c correlation is not due to experimental uncertainties.
ACu—p = eXp(‘(sz TR A Ryt Z‘]“mes_ Inaccuracy in the determination of the overall rotational
R(CC)°~C¥CSA — R(CC)* ~wCHe — RcC)e ~CWCHN — correlation timer. affects both order parameters identically and,
C'—Ca/C'—N therefore, does not change the lack of correlation between them.
R(CC) + ; R(CC)+ zkeX)T) (39) As outlined above, we obtain that spectral densities can differ
by at most 14% for vectors pointing in directions differing by
where YRy, R3, Rex and Y Junres are all transverse relaxation  90° in the slightly anisotropic flavodoxin. As'€Co and
processes, inhomogeneous broadening, chemical exchang®&—NH vectors of a single peptide plane differ by°5&he
broadening, and unresolved scalar couplings respectively, anddifferences inJ(0) between these directions can be only roughly
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Figure 4. Pulse sequence used for the measurement of %@S3)/C —Ca(dipolar) cross-correlation, using constant time evolution periods in
both the!®N and3C’ dimensions: T(N) = 12.1 ms,T(C') = 25.14 ms. Thin and thick bars represent @@d 180 pulses, respectively. ARC

pulses were square and €lective. Short solid bars represent selectiveulses for watergate water suppression. The followingfdse lengths

(in microseconds) were usedH = 13.76,'Hse = 1000,'°N = 60, 13C'se = 55. Cross-hatched bars indicate WALTZ16 decoupling sequences of
field strengths:H = 5 kHz, 1N = 833 Hz. All pulses were phaseunless indicatedip; = (y), g2 = (X X =X —X), ¢3 = (X =X X —X), ¢h5 =

Ax (X)4x(—X), ¢ = (—X), ¥ = (X —X). Phasesps and ¢, were incremented for States-TPPI quadrature detection. Three 1 ms sine-bell-shaped
z-field gradients were used with the following field strengths: 20, 40, and 40 G/cm. Delays (in milliseconds)were as follovid), ¢ = 2.4, ¢

= 5.55, andy = 1.4 (y + gradient= ¢). A total relaxation delay of 1.25 s was used. The acquisition times ifHh¥N, and**C dimensions were
204.8, 49, and 24 ms, respectively. Eight scans per FID were collected. This experiment was then repeated a total of six times for a total experiment
time of 300 h. The six data sets were coadded into a single three-dimensional spectrum. The sample wa& 1dolifidvodoxin (20 kDa) at

20°C and pH 6.2 in a 10 mM phosphate buffer. The data was collected on a Bruker AMX-600 spectromeges,8isimNalorac triple resonance
gradient probe. The sequence was performed without gradient-selected sensitivity enhafiteraeoid excessivé®N rf power deposition in the
sample.

S_ny Values which aresmaller than the S _, values ob-
Phe 77 served, Figure 6A. We have not corrected theN\H Ry, data
for T1 contribution (eq 33) as its effect is at most 4% for a 10
ppm offset from the carrier.

We have extensively discussed sources of inaccuracy and
imprecision in the determination of the order parameters
S _c, in the Results. Al significant complications of cross-
correlation and cross-relaxation in our sourae-&C' NOE and
C' T, data have been eliminated. The precision of the resulting
Asn 174 ﬁ_m data is thus overwhelmingly given by the error intro-
duced by noise in the spectral data. The final accuracy of the
& _, data is governed by the precision of the determination
of the overall correlation time; this does however affect all order
parameters identically as already mentioned above.

Believing to have eliminated or corrected for all possible
sources of scatter in the relaxation data obtainedEocoli
flavodoxin, we propose that anisotroplocal motions are

180.0 175.0 178.0 ';fé,)(‘pfmv)o 175.0 173.0 175.0 172.0 responsible for the lack of correlation betwe&j , and

. . ) N %_Ca values. The motions experienced by the vectors
Figure 5. Representative cross sections parallel to FagC’) axis N—NH and C—Ca_ is a summation of the molecular reorienta-

through the 3D cross-correlation data, for residues 74 and 174. Thet. individual bond librati dl | ti fth tid
coupling®Jc—cq is seen to be well resolved. The typical signal to noise 1on, Individual bonad librations and focal motion of the peptde

ratio, computed as 2.5 peak height/peakpeak noise, was 25:1. plane. Small bond-angle librations may be independent for the
two vectors and could in principle account for the lack of

half the maximum, i.e., 7%. Anisotropizverall motion can correlation. These librations are thought to reduce the order
thus not account for the apparent scatter in the data. AsParameter of the NNH vector only t0~0.85; by assuming
described in the results, we have eliminated the data for thoseth® Same to be true for the-€Ca. vector, one may accept that
residues for which nitrogen chemical exchange broadening couldtne lack of correlation between both order parameters for
be measured. Exchange processes slower tha 40are _c, and §_yy both exceeding 0.85 is to be expected.
completely quenched or would vary detectably with the effective Smaller order parameters should report on more substantial
spin-lock field varying between 2000 and 4000 Hz for exchange (Pséudo) movements, such as anisotropic rotation of a non-
shift differencesdw) smaller than 6 ppm. Exchange processes globular protein, and major reorientations of the peptide plane.
faster than 16° s never give rise t®Rey rates larger than 1 Hz ~ These motions would be manifested through differgt o,

for dw < 6 ppm, and would thus generate at most a small error andS,i_NH order parameters as thé-@o and N-NH vectors

on the averag®, rate of 16 st obtained for flavodoxin. The = make an angle of 58vith each other. In the case when overalll
only possible exchange contribution that would go undetected anisotropy can be neglected (as for flavodoxin) anisotropic
in the variableTy, experiments, and thus in the data retained motions must originate from reorientations of (a region of) the
by us, are exchange processes around 30° Hz with dw peptide planes. It should be stressed here that such an
around 6 ppm. Such processes would give rise to an ap-anisotropic motion is not necessarily around a local axis but
proximately 3 HzZR., at all spin lock fields used experimentally. ~ can be around any global axis parallel to that local axis, and
We assume here that it is very unlikely that such conditions might thus report on correlated hinge motions of entire peptide
would exist forall N resonances that have a larger apparent Surface loops or elements of secondary structure (semilocal
& than £ .. Thus, we conclude that the lack of motion).

correlation between the order parameters cannot be explained In Figure 6A, we observe an interesting feature for the
by exchange contributions to th®N data. In addition, residues 156162, which all have a significantly larger
“devilish” exchange broadening of % 10f Hz with shift S_ny than S_¢, value. This is compatible with rotational
differences around 6 ppm can, of course, never explain the dynamics along the», axis, parallel to the NNH and CO
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Figure 6. Pairwise presentation of experimental relaxation datéfaroli flavodoxin. Motional models and motional extents are as in Figure 3:

0.6

2
S C’-Ca

(A) the order paramete@,_m and §,_NH; the box indicates typical experimental error exemplified for residue 68; (B) t{@S2)/C—Co.-

(dipolar) cross-correlation rate and the order paramaieK,H; (C) the C(CSA)/C—Ca(dipolar) cross-correlation rate and the order parameter

%,Cu. In panel C, theoretical curves are shown for both the averag€8SA tensor described in Table 2 (lower curves) and for the valir@SA

tensor given by Teng et &.
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Figure 5, and thus do not enter into the observed cross-
correlation rates which we derive from the ratio of the two peaks.
Technical imperfections, such as small excitations of the C
spins by ther pulse on the Cspins (see Figure 4), will also
affect both Cdoublet components equally, and will not change
their ratio.

We therefore propose here, as above, that anisotropic local
motion is the major cause of the spread of the cross-correlation
rates. This is the most conservative interpretation, because we
already propose a model of motional anisotropy in order to
understand the lack of correlation betwe®n ., and,_y, in
Figure 6A. We show in Figures 3C and 6C, in whigh_,
and the cross-correlation rate are plotted against each other, that
motional anisotropy can generate a cross-correlation rate span
Figure 7. The C(CSA)/C—Ca(dipolar) cross-correlation rate and the  of at least 2 Hz associated Wiﬁ._m order parameters of 0.8
order paramete&,_, for the peptide planes following alanyl resi-  or less. Such a spread is consistent with the experimental data.
dues inE. coli flavodoxin. Motional models and motional extents are  Not at all consistent with the experimental data is the average
as in Figure 3. Residues in-helical environments are circled. The  yajye for the calculated cross-correlation. Strongly affecting
theoretlca_l model Ilne_s as shown in Figure 6C were shifted upward as ;g average is the location of the point corresponding to
to better fit the experimental data spread (see text). _ . - .

S _ca = 1.0. This value is independent of our motional

bond vectors (see Figure 3a). Inspection of the flavodoxin modeling, as it is just given by eq 13. In principle this value
structure reveals that these residues are part of a siapkdix. could easily be different for different amino acids, or location
Concerted motion of the entire helix around the helical axis in the structure, even though we do not see such a correlation
(parallel to N-NH and CO bond vectors) is thus compatible in our data. At worst the cross-correlation rates could be
with these observations. As we explain elsewHéréhis determined by all variables, and be uninterpretable. However,
rotational motion is quite possible for this helix, as it is in a Florida State University doctoral thesis study by Mr. Teng,
peripheral in the structure. We stress here that if one would working in Dr. Cross’ solid-state NMR laboratory, the C
only study N-NH order parameters, one would report this part chemical shift tensors for several amino acid residues in peptides
of the structure as motionally restricted, while the lack of are reportett (Table 2). As the table shows, there is hardly
%_Ca order reveals a dynamic behavior. Another case is seenany variation among the different residues. Also included in
for residue 112, which by NNH relaxation measurements this table are the ‘Gshift tensors as determined by Oas et'al.,
would be interpreted as ordered, whereas thedghamics which are close to those measured by TéhdWe are thus
indicate that an anisotropic motion exists described as a partialconfident that the spread in data is not caused by amino acid
rotation of this peptide plane around thg, axis, or N-NH type, in accordance with Figure 7. We are aware of many more
bond direction. At the other extreme, wheSe_, is signifi- solid-state NMR studies reporting measurements of tHeSA
cantly larger thar_,,,, anisotropic motion can be modeled tensor values in amino acids and small peptides. The require-
with a predominant motion around the; axis (see Figure 3a).  ment that we also need the orientation Qf the tensor axes (eq
We find at least 10 residues in flavodoxin that are motionally 13) culls many of the older studies of single-labeled powder

restricted according to t@,_o& order parameter but which by sampl_es (only principal values) and leaves us with the relatively
ﬁ,NH order are mobile. Several of these cases are entered infeW smgle-c.rystal or €N doublle-labeled powder studies.
Table 3. Further, we judged that the studies of the carboxyl tensors of
zwitterionic amino acids are also less relevant for our purposes.
That leaves us, to our best knowledge, with just three relevant
studies: the work of Oas et &P,in which the Gly tensor is
determined for five different tripeptides with a central Gly
residue, the thesis of Terig§,and the work of Teng et al. on

cyclic peptideg’s—48

Rce

The motional restriction mafg_c, Vs Sy is much less
informative in the area close to the diagonal. The diagonal itself
indicates many possibilities: correlated isotropic motion or a
motional vector anywhere in the plane bisecting the angle
between the C-Co. and N-NH bond vectors. The motional

"?S‘.“C“‘?” mapssé,c(l vs R(CC) and S'Z\‘*NH VS R(CC) can An average over the tensors in Table 2 was used to calculate
d'Stmgu_'Sh between many of these, cases. Figure 6B Sh_OWS &he motional model indicated with the lower lines in Figure 6C.
comparison oS,y and C—Ca/C'~CSA cross-correlation. s model is off considerably in location, but not in spread, as
Here, too, one finds that the experimental data points do not yic-,ssed above. The second set of lines in Figure 6C is
trace out a statistical correlation between these parameters (given.5culated with the tensor for' ®f valine in a cyclic peptic

by th‘? dashgd Iin_e). In_this case, one could assume thf"‘t the(See Table 2). This set of lines does fit the data considerably
chemical shift anisotropies are different for different residueé e and shows that motional modeling with a realistic tensor
types and may thus cause the spread in cross-correlations. A%an explain the experimental data fairly well. However, we

an example, Figure 7 shows the spread in cross-correlations in, 4 prefer to rely on the consensus tensor for theh@mical
Alanine residues. lItis clear that the spread observed in Figure gt for our data interpretation. We currently do not have a

6B is already represented within the different amino acids and good explanation for the discrepancy between the model based
is thus not associated with the identity of the amino acids. Within ., that tensor and the data points. However, in Figure 7 we

an amino acid, the spread is also not caused by differences in 5y shifted the theoretical curves based on the average chemical
secondary structure, since thehelical residues Ala45 and (45) Oas, T.G.; Harzall. C. J. MoMahon. T. 3. Drobny, G. P Dahlauist,

; _ : as, 1. G, Rartzell, C. J.; McManon, I. J.; Drobny, G. P.; Daniquist,
AI{;\lOO already span most qf the spread in cross correlgtlpn rates: \y. 3. Am. Chem. S0d987 109, 5956-5962.
(Figure 7). As explained in the results section, variation in ~ (46) Teng, Q.; Igbal, M.; Cross, T. Al. Am. Chem. Sod.992 114,
transverse cross-correlation rates, as we observe here, cann(ﬁS%%)SE»Zl.

i ; ; ; 47) Manuscript in preparation.

be caused by flips of the(Cs_plns pr0V|d(_3d that t.hese flips are (48) Palmer, A. G.; Cavanagh, J.; Wright, P. E.; Rance,JMMagn.
slower than the scalar coupling. Such flips manifest themselves reson1991 93 151-170. Kay, L. E.; Keifer, P.; Saarinen, J. Am. Chem.
only as an equal lifetime broadening on the two signals as in Soc.1992 85, 393-399.




Experimental Characterization of Models

Table 2. Carbonyl Chemical Shift Anisotropy in Peptides

J. Am. Chem. Soc., Vol. 119, No. 51, 12641

C' tensor
reference compound o1 022 033 Oiso o11* T2+ 033+ o
Teng? gramicidin Val-Gly Val 246 169 93 169.3 76.7 —0.33 —76.3 -37
gramicidin Gly-Ala Gly 246 162 92 166.7 79.3 —4.67 —-74.7 —-34
gramicidin Ala-Leu Ala 248 170 92 170 78 0 —78 -37
gramicidin Leu-Ala Leu 248 170 92 170 78 0 —-78 —-35
gramicidin Ala-Val Ala 247 170 94 170.3 76.7 —0.33 —76.3 -35
Teng et al*® gramicidin Ala 244 178 90 170.7 73.3 7.333 —80.7 -38
cyclyc peptide Val 236 185 105 175.3 60.7 9.667 —70.3 -34
Oas et af® Ac-Gly-Ala-NH2 Gly 114 56.4 -39 43.83 69.8 12.57 —-82.3 —36.6
Ac-Gly-Gly-NH2 Gly 115 55.7 37 44.3 70.2 114 —81.6 —34.5
average values 75.2 3.246 -—78.5 —35.9

@ The valuesri, 022, andoss are the measured tensor components with respect to the chosen reference compounds; thgvatiesandoss-
give the anisotropy. The average values did not include the values for valine. Theoaisgbetweens;; and the C-N bond vector (see Figure

1).
Table 3
rotational axis
residue NH order C-Caorder NH/C—Coa order CCrate{Hz) rotational axis NH order/CC consensus
extremes
14 1.01+ 0.02 0.81+£0.05 22 1.6-0.1 no additional information (a) 22
43 1.00+ 0.02 0.82+ 0.04 22 2.2+ 0.2 no additional information 22
105 0.91+ 0.02 0.72+0.03 22 2.2£0.2 no additional information 22
112 0.98+ 0.04 0.67+ 0.04 22 2.2+ 0.2 no additional information 22
153 1.09+ 0.08 0.88+ 0.03 22 2.4+ 0.2 no additional information 22
157 0.92+ 0.04 0.744+ 0.03 22 2.8+ 0.2 no additional information 22
158 0.90+ 0.06 0.67+0.04 22 1.8+ 0.1 no additional information 22
160 0.95+ 0.04 0.724+0.03 22 1.8:0.1 no additional information 22
167 0.96+ 0.04 0.75+ 0.03 22 2.6£0.2 no additional information 22
1 0.634+0.02 0.96+0.05 11 1.8-0.1 uninterpreted (c) 11
30 0.319+0.009 0.79£0.03 11 3.0£0.2 11 (d) 11
33 0.564+ 0.009 0.87+£0.07 11 2.2 0.1 uninterpreted (b) 11
37 0.78+ 0.01 1.02+0.04 11 2.14+0.1 uninterpreted (b) 11
45 0.714+0.02 0.88+0.04 11 1.9+0.1 uninterpreted (b) 11
68 0.47+0.01 0.84+£0.04 11 2.4+0.2 uninterpreted (b) 11
82 0.714+0.02 0.87+0.04 11 2.6 0.2 uninterpreted (b) 11
113 0.660+ 0.007 0.88£0.06 11 none uninterpreted (b) 11
149 0.69+ 0.02 0.88+0.04 11 2.2+ 0.1 uninterpreted (b) 11
161 0.25+0.01 0.72£0.02 11 1.8+ 0.1 uninterpreted (b) 11
pseudocorrelated
42 0.86+ 0.02 0.73£0.04 13+220r11+33 1.4+0.1 22 close to 22
50 0.70+ 0.03 0.70+0.05 11220r33 3.1+ 0.2 11 or 33 33
78 0.73+ 0.02 0.63+ 0.04 1322 0r11-33 0.6+ 0.04 between 11 and 22 between 11 and 22
90 0.85+ 0.03 0.71+0.04 11220r33 3.3+ 0.2 11 or 33 between 11 and 33
115 0.72+0.01 0.72£0.03 11+22o0r33 3.2:0.2 11 or 33 33
134 0.71+ 0.02 0.62+0.05 11220r33 3.6+ 0.2 11 or 33 33
alanyl
Ala 30 0.319+£0.009 0.7 0.03 11 3.:0.2 11 11
Ala 36 0.83+ 0.03 0.77+ 0.04 1122 or 33 1.8+ 0.01 close to 22 close to 22
Ala 45 0.72+0.02 0.88+ 0.04 1122 or 33 1.9+-0.1 between 11 and 22 between 11 and 22
Ala 83 0.70+ 0.03 0.86+ 0.06 closeto 11 2.90.2 11 or 33 11
Ala 94 0.76+ 0.03 0.76+0.03 11+220r33 2.3+ 0.2 33 33
Ala 100 0.85+ 0.01 0.82£0.05 11+22o0r33 2.8+:0.2 33 33
Ala 122 0.71+ 0.02 0.62+ 0.07 1122 or 33 1.86+0.1 between 11 and 22 between 11 and 22
Ala 128 0.684+ 0.01 0.83+£0.03 toward 11 3.10.2 11 11
Ala 142 0.88+ 0.05 0.63+0.04 toward 22 1.9-0.1 between 11 and 22 between 11 and 22
Ala 153 1.09+ 0.08 0.88+0.03 22 2.4+ 0.2 no added infor 22

a Motional models for several peptide planesofcoli flavodoxin. The @ residue number was assigned to all of the nuclei of the peptide plane
CO—N-—NH following that Gu. Column 4 gives the axis of anisotropic rotation as deduced from the order parameters in the columns 2 and 3.
Column 6 gives the axis of anisotropic rotation as deduced from the order parameter in columns 2 and the cross-correlation rate in column 5 (in
Hz). Column 7 gives the axis of anisotropic rotation consistent with both columns 4 and 6. Residues under the header “extremes” have very
different N~-NH and C—Ca order parameters; the data was interpreted using Figure 6A. Residues under the header “pseudocorrelated” have
similar order parameters resembling statistical correlation but have cross-correlation rates of extreme values; the data was interpreted using Figure
8. The data for the alanyl residues was interpreted from Figures 6A and 7. Notes: (a) The cross-correlation rates foNErgedir parameters
do not yield extra information (see Figure 6b). (b) The cross-correlation rate is an average value and cannot be interpreted, except for (c) where
for the charged A 1 a very different CCSA may apply and for (d) where a maximum cross-correlation rate for alanyl residues is observed (see
also under Ala 30).

shift tensor upward by 1 Hz to better accommodate the eters close to 1 will be most strongly influenced by any
experimental data. As will be demonstrated below, this allows differences in tensor values. Here, we will assume that there
for a self-consistent interpretation o _y, So_c. and is a constant offset in cross-correlation rates and attempt to
R(CC). interpret the data in Figure 6B for those residues that have a
It is clear that the cross-correlations &_, order param- S _cq smaller than 0.8. We have taken only those residues
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and are thus indicating nothing out of the ordinary in Figure
6A, is actually found to have an anisotropic motion along the
o33 axis. The peptide plane following residue 50 is a perfect
example of this.

78

76 136

. o v, . 1 In conclusion, we have shown here that it is important to
s 26 . . .

o e \ﬂwm 72 133,5105 . measure relaxation parameters of several vectors in a motional

N e i NJPII unit, such as a peptide plane, in order to describe its dynamic

- 167
20 13 15313857160
31 igg 329 188
128,585 \162
35 M5~ 16650
ERY
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properties. Studying only one relaxation vector may result in
a serious underestimation of the dynamical nature of the protein.
Such underestimation will interfere with the correct interpreta-
tion of protein backbone dynamics in terms of entropy, or, when
-------------- Y=0 ligand binding is involved, with the interpretation of the change

TS
e
S— o s o . in entropy. Here, we use three dynamical parameters:
S?N-NH S —co Si-nir @nd the cross-correlation between thie-Ca.

Figure 8. Experimental data for those residues wi o, < 0.8 and C—chemical shift anisotropy relaxation in order to better
. ca :

showing the CSA)/C —Ca(dipolar) cross-correlation rate and the ~define the peptide plane dynamics. We explicitly reject the

order paramete®, ;. Motional models and motional extents are as Notion that local or semilocal peptigglane dynamics is
in Figure 3B. isotropic, in which case a single order parameter for all its

relaxation vectors would apply. In order to interpret the data

that have &, smaller than 0.8 from Figure 6B and plotted N terms of anisotropic local or semilocal motion, we have made
them in Figure 8. We will only consider limiting cases. & modest extension on relaxation theory by combining the work
Residues that have a cross-correlation 68 Hz or more  Of (mainly) Goldmaf and Daragan and Mays. We adopt
negative must have a motion with a consideratsje or os3 Daragan and Mayo'’s motional modelifitas restricted rotations
component. This very conservative analysis yields interesting around certain axes, as a good description of the consequences
information for residues 50, 90, 115, and 134 as shown in Table ©f nisotropic motion in a module that is geometrically linked,
3. For instance, residue 50 lies on the diagonal in Figure 6A, Such as the vectors'@—Ca(i), C(i))=CSA, C(i)—N(i+1),
which indicates a motion about any axis in the plane bisecting N(i+1)—H(i+1), and N{+1)—Co(i+1) in the peptide plane.
the N—-NH and C—Ca bond vectors. Figure 8 shows conclu- The results of this study are encouraging. We are able
sively that the motional axis must lie perpendicular to the peptide characterize the local dynamics of some 32 residues in the 20
plane (3. Residues with very small cross-correlation rates kDa protein flavodoxin of. coli. These peptideplane studies
are, e.g., 6, 42, 78, and 136 and are defined as having no large&@n be extended by measuring more relaxation data, such as
033 OF o1, component in the orientation of their dominant additional cross-correlations and/or single vector dynamics. This
rotational axis. This solves the ambivalence for residues 78 should result in better definition of the motional models. The
and 42 which are close to the diagonal in Figure 6A. Their concept of measuring more than one relaxation parameter should
rotational axis must lie in the peptide plane, close to the in- @lso be of importance for the characterization of side-chain
plane vector. dynamics. All our current experiments and theory can be

We can also cautiously interpret the data for individual amino directly transferred to the study of the Asn and GIn amide
acids. Assuming that the observed spread of cross-correlationMoleties.
rates is representative for the possible spread, we can “renor-

malize” our motional restriction maps and use them, on a  Acknowledgment. This work was supported by grants MCB
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