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Abstract: While it is recognized that protein side chains undergo large reorientations, very little is known
about the extent and the nature of the motions within the protein backbone. These motions can be studied by
chemical shift anisotropy (CSA)ipolar cross-correlated relaxation rates, the interpretation of which relies

on prior knowledge of the CSA principal axis values and directions. Alternatively, dipdipolar cross-
correlated relaxation rates can be used. Here we propose a CT-HNCO experiment to measure the sum of the
two CC,/NC, dipolar—NHN/C'HN dipolar cross-correlated relaxation rates. At the same time the experiment
gives access to the cross-correlated relaxation rates betwé&s¥Cand the NM or CC, dipoles. The complete

set of three cross-correlated relaxation rates, measured for the protein ubiquitin, is interpreted in terms of the
Gaussian axial fluctuation model of motion. This model provides a good framework for the description of the
motions of peptide planes m-helical and turn regions, while a poor fitting of the cross-correlated relaxation
data is obtained fof-sheet regions. The cross-correlated relaxation rates fan-thelix peptide planes 23

34 are similar, and their characteristic values suggest the possibility of a concerted motion of the helix or
systematic changes in the carbonyl CSA principal axis values and directions.

Introduction two CSA relaxation mechanisifsn proteins. To interpret
CSA—dipolar cross-correlated relaxation rates with respect to
protein backbone dynamics, assumptions must be made about
the size and the orientation 61C' and5N CSA tensors in the
molecular frame. Both the size and the orientation of these
tensors may vary for each amino acid residue due to different
secondary structure elements and associated hydrogen-bonding

eneral anisotronic. thev can be characterized best by phvsica atterns. To become independent of these variations in CSA
g pic, they y phy 'grincipal axis values and directions, we measure an additional

rvables which are very sensitiv he direction of motion - . :
observables which are very sensitive to the direction of motion, cross-correlated relaxation rate, based on two dipolar interac-

like cross-correlated relaxation rates. Cross-correlated relaxation.[ions which depends only on unambiguous physical constants
(a(;]S:nSqig;?n;hitfrt]eaé?sftr:gren?gs% t\(/jvio o:giaxo?goirr: t:r]aegtri]c?r?)lsms such as bond lengths. The topology of the peptide plane allows
Py » P P ’ for a number of dipolardipolar cross-correlated relaxation rates,

which are described by tensors in the three-d|m¢n3|onal SPACE hose amplitudes relative to that of the dipolar autocorrelated
The order parameter of a cross-correlated relaxation rate CONtaINS LN rajaxation rate are reported in Table 1. Among these

information both on the relative directions of these tensors in . D/DD

absence of internal motion and on the correlated motions of {ﬁéef:’ Cth?ji%?i;cg?ssiﬁﬁgcﬁ&ﬂ? S:é\gﬁseg ;?ﬁheN’?a\?grdable
the tensors in the presence of internal reorientations. In moietie:sIar e o%e-kr))ond C(E)u linas relative 'to the line width tvpicall
with fixed geometry, such as peptide planes, cross-correlated 9 piing ypically

D/DD
relaxation data allow access to information on dynamics in a '

observed in biomacromoleculegR°n,,, cannot be separated
DD/DD “ ;
unique way because of their high sensitivity to the anisotropy TOM the I'cyne, —cross-correlated relaxation rate, so the
of motion.

sum of the two rates has to be interpreted. In the absence of
Recently, a number of liquid-state NMR experiments have

motion and assuming standard geometry of the peptide plane,
been developed to derive cross-correlated relaxation rates™ 3)(a) Reif, B.; Hennig, M.; Griesinger, GSciencel997, 276, 1230~

Conformational dynamics influences both the properties and
the biological functions of biomacromolecules. Molecular
motions can be assessed experimentally by analyzing NMR spin
relaxation rates. Several attempts based on autocorrelated
relaxation rates aimed at developing models for local motions
of peptide planes in proteid8:¢ Since such motions are in

between either two dipol&® ¢ a dipolar and a CSA;hi or 1233. (b) Reif, B.; Steinhagen, H.; Junker, B.; Reggelin, M.; Griesinger,
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Table 1. Size in Hertz of Possible DipolaiDipolar Cross-Correlated Rates among the Atoms of a Peptide Plane Normalized to the Size of
the NHY Dipolar Autocorrelated Relaxation, Assuming Absence of Internal Motions

HYN, HYC'_, H'C,. . H'C, C'i-1Cuj-1 NiCoji-1 NiCu.i
HYN; 1 —0.166 0.072 —0.138 -0.014 —0.010 —0.007
HNC!, —0.372 0.116 0.028 —0.030 —0.035 0.001 —0.015
H.Ncm_l —0.210 0.062 0.035 —-0.017 0.000 -0.003 —0.015
H!“Ca,i —0.264 0.087 0.049 0.070 0.003 —0.004 —-0.018
C'i-1Cuj1 0.204 0.068 0.004 0.054 0.042 —0.003 —0.018
NiCoji-1 0.020 —0.007 —0.004 —0.007 —0.004 0.0004 0.000
NiCoi 0.092 —0.030 —0.017 —0.024 —0.019 0.002 0.008

a2 The values have been calculated assuming standard geometry of the peptide plane as derived by ref 3 in the upper part of the table, while the
values in the lower part of the table (bold entries) have been calculated assuming that the two interfering relaxation mechanisms can be represented
by parallel vectors.

rgDC’Dﬁ}HN is close to zero 40.106 Hz forze = 4.1 ns; the  whereyy, yc, andyy are the gyromagnetic ratios of proton,
maximum value ofrch’DﬁHN is to be expected for ais carbon, and nitrogen, respectively,is the distance between

conformation of the peptide bond and is equal to 1.546 Hz for &omi and atomj, S is the order parameter relative to the
7o = 4.1 ns), andT2?°_ is even smaller (0.009 Hz) correlated motions of vectdjr (distance vector between atam
c - . ] .

Athough i C'HN'NCICL i the following. th and atornj) and vectorikl (distance vector between atdoand
men?tcja? ’ gﬁ Wr:wallfgtoem'e Craetﬁ:e:nnafc Ora(t)gv;gg’ rotee'r:]]eg?urrr?a-lll atoml); 6; « is the projection angle between the vectiprand
sueh s SIS naccu proteins orsmally 'p ) — (3x2 — 1)/2, andr,! = 7. * + 7, %, with ze being the

size, we expect that for proteins with higher molecular weight L . . - ”

DD/DD P P . g . 9" correlation time for internal motions. Similar expressions for
FCC ‘Nen Can be measured with the accuracy required for a csapo 4 [SSAIDD 5 PCSADD | [-CSAIDD pave hean given by
rigorous quantitative analysis. Recently, the measurement of NNC, c.ee, C.NHN N,CHN

another dipolardipolar cross-correlated relaxation rate in the other32f9
i DD/gD Any cross-correlated relaxation rate, due to the interference

peptide planel iy yu has been proposed by othérs. of two relaxation mechanisms represented by vedtaadkl,
D'SDthe follgl\jlyégg, we describe a method to measure the s characterized by an order parame®ry. This can be

Teconm T Tennnn, rate, where the rate is extracted from the  cajculated by assuming a GAF model of motfbaccording to

dlfference in intensity of multiplet lines. In addition, this the following:

experiment allows the measurement of two CS#polar cross-

correlated relaxation rates, namelge " + TSt and Su=

TN’ + TRERD. An interpretation of these three cross- 4. 2
correlated relaxation rates in terms of the Gaussian axial — Z (—i)P P @ M g U P T PA2 oAt a2
fluctuation (GAF) modél is shown for the protein ubiquitin, Smppfa=-2
revealing particularly interesting observations in the helical
d@n( )d
2

. . ues 234 o e (2)
region spanning residues 234. il dgp 5% dy Yzq(Q”) (€1 (2)
Theory

The two dipolar-dipolar cross-correlated relaxation rates are Where oq, 0g, and o, are the amplitudes of the Gaussian
given by the following equations: distributions of motions around three perpendicular axes,
andy, d® are the Wigner rotation matrix elemeni<) are

p K2 Yy ;/ the spherical harmonic functions, afe(ij/kl) are the polar
0 H/NYVC ; r
rcc NHN (4n) ﬁJCC ain(0) coordinates of vectaij/KI.
NHN TC'Cy Methods
The experiment for the measurement of the dipeliipolar
Joc (@) = %c N 72 >+ (P (cosOcc nim) — TN + Tehunc, cross-correlated relaxation rate in proteins is a
to Tc CT-HNCO type correlation experiment (Figure 1): during the constant
time T both DQ and ZQ coherences of N and iliclei are present.
%’C{UNHN)ﬁ Because the chemical shift of the nitrogen is refocused by the first and
third nitrogen inversion pulse during the constant timéQ (N'C*,
5 5 1) N-C") and ZQ (N'C*, N*C") coherences appear at the same frequency,
r _[*%o h VHVNVCJ 0 namely the carbonyl one. This results in a signal-to-noise ga'w@f
CHNNC, ™ \47 r 3 C'HN,NCa( ) with respect to an experiment, where DQ and ZQ coherences are
C'HN TNC, acquired separately.Suppression 0N chemical shift evolution also
refocuses the two scalar couplingjg,i—+ andJyic,. This is particularly
J. ) + P.(cosé important, because the evolution of these scalar couplings would result
CHN’NC“( )= ﬁHN NC“1 +w ( A CHILNG, )~ in an additional splitting of~11 Hz on all four lines of the multiplet,

seriously affecting the achievable resolution. The large one-Band
coupling evolves during as well as thelcc, coupling. The twar *H
pulses during the constant tinfesuppress the effect dfy i - To @
first-order approximation, the evolution times of all the possible
- — - dipolar—dipolar or CSA-dipolar cross-correlated relaxation rates
H.(Igr)e(-e::ﬁgnh?r?c’i Efzpﬁg’,:ln% rlS(trLigtgu;es and Molecular Propertjéy. involving nuclei in the peptide plane are reported in Table 2. As
(4) (a) Bremi, T.; Bfschweiler, R Ernst, R. R. Am. Chem. S0t997 explained in detail elsewhefe° the four lines of the multiplet deriving

119, 4272-4284. (b) Bremi, T.; Btachweiler, RJ. Am. ChemSoc.1997, from the Jyyv and theJec, couplings are affected differently by the
119 6672-6673. rates summarized in Table 2. If the first and the second indexes

%HN NC“)l o
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Figure 1. Pulse sequence for the measuremenE&E y + Tononc, Tine.” + Toea > andTENRPD + TR - The sequence is an HNCO

correlation with the following parameters values= 13.5 ms;A =54 m
=V Prec= (X, =% =X, X =X, X, X, =X); G2 = G3 = G4 = G5; G6= (yu/

Sip1 = Y; ¢2 = =X 3 = X, =X 2 = 2X, 2(=X); ¢5 = 4X, 4(—X); ¢6
yn)G7. All phases not explicitely reported are equakt@uadrature

is achieved int; by States-TPPI on¢,, and int; by adding and subtracting two fids acquired wigh=y, G6 = A and¢s = —y, G6 = —A,

respectively *C spins are irradiated with selective pulses (G4)98 512
equals 4.1 kHz, for nitrogen decoupling during acquisition 1.0 kHz. The

us; Q3(180) = 548.6us). The field strength for proton decoupling
proton carrier is on water. The pulse with [hadew-power selective

7t/2 pulse of duration 2 ms. Five 2D'i@ correlations with different constant time values have been acquired %0, 70, 90, 110, and 130 ms)

consisting of a total of 128() x 1024(;) complex points per experime
512@@1) x 2048¢w,) points.

Table 2. Evolution Times of the Various Cross-Correlated
Relaxation Rates during the Constant Timef the Pulse Sequence
of Figure 1

e 0 e T mam, O
R T e 0 rme, o
0 om0 R o
g T @, T e o
e TR, T me o

associated with DQ/ZQ NCoherences characterize the spin state of
the H' and the G spin, respectively, the individual relaxation rates of
the four multiplet lines are as follows:

oflff _ ya_y CSA/DD _ [~CSA/DD _ -CSA/DD
Iogize=T"+ Iien — Ik, Teee, +
CSA/DD DD/DD DD/DD
Lo — FC’Cu,NHN - FC’HN,NCu
aa/fo. _ a4 -CSA/DD CSA/DD CSA/DD CSA/DD
Fogrze=T"+Iem + FN,NCu + rc',c'ca + I +
DD/DD DD/DD
rC’Cu,NHN + FC’HN,NCu
Bl CSA CSA CSA/ CSA/ )
0f _ ra_ DD _ DD _ DD _ DD
ooz =T"~INchw FN,NCa Iﬂc,cc‘1 e +
DD/DD DD/DD
Fecnm + Tennne,
pofac _ a _ -CSA/DD CSA/DD CSA/DD __ -CSA/DD _
ogze=T"—TNem + FN,NCa + Iﬂc',c'c(x L N
DD/DD  _ ~DD/DD
rC’Ca,NHN rC’HN,NCu

whereI® is the contribution due to the autocorrelated relaxation rates
and equally affects all four multiplet componentsie™° is the
CSA—dipolar cross-correlated relaxation rate for the CSA of dpin
and the dipolar interaction between spkiandl, andT7"® is the
dipolar—dipolar cross-correlated relaxation rate for the two dipolar
interactions between spingandj andk andl, respectively. The notation
Taailo indicates the relaxation of the multiplet component which
represents the spin statigfor the H' and the spin statg for the G, in

the DQ coherence and the spin stgtfor the H' and the spin statg

for the G, in the ZQ coherence, respectively. Analogously, similar
notations [pas6, Thae oo describe relaxation for the other
spin state combinations. As mentioned above, the two BERS

and [N, cannot be separated, and the sum has to interpreted.
Experimental traces for the peptide planes GlyB&36, Lys27Ala28,

and Gly47Lys48 are shown in Figure 2 fof = 90 ms.

nt. After linear prediction and zero-filling the final matrixes consist of

If necessary, the spectral overlap can be reduced by separation of
the multiplet components corresponding to thend/ states of the
HN spin into two subspecti®;® using the pulse sequence shown in
Figure 3. To achieve the described separation, two experiments are
acquired withg, = x, € = A/2 and¢s =y, € = 024 The following
terms are selected in separate experiments:

Ps=X€=A2
2CN, cos@cty) cos@Edyunty) COS(rlec ty)
v = (4)
$,=Y,€=0

4C,NH, sin(cty) sin(rdyy, ty) cos@lec ty)

Adding and subtracting the two experiments, and the assockted
quadrature components, yields two spectra with peaks at positigns
+ ndcc, + wInny (SPectrum 1) andve £ wdoc, — wInny (SPECtrum
2). The four multiplet components present in the traces of Figure 2
can now be separated into two subspectra, both containing only two
multiplet components (see Supporting Information Figure 1).

The desired raté" is obtained by linearly fitting the decay of the
intensity ratios according to

1In
4

I1|2_1.

ll, 4

l 0,1I 0,2

In +IT

®)

|0,3| 0,4

wherely; is the intensityl; of the corresponding line & = 0. The

three rates22PR ,, + TE2IPP TESAVOD + TSHRP and TS +
‘o ' ‘o

C',NHN N,C'HN 1 N,NC,
IEEE” are extracted from the intensity ratios (Ty4n |54 I8
AT, (AT I W S, and (WA In 134
I bardbose respectively. The ratedgd Gy + Tenwnc,:
TS + Tid, andTRRE? + TSRS were measured in a 2D

H(N)CO correlation with the pulse sequence shown in Figure 1 and in
a 3D HNCO correlation with the pulse sequence shown in Figure 3
for a 1.5 mM?2H,%3C '>N-labeled sample of ubiquitin (VLI Research,
Inc., Malvern, PA) in a HO:D,O 95%:5% solution at pH 4.7 and 303

K. The degree of deuteration of the nonexchangeable protons is about
95%. No effect on the measurement of the cross-correlated relaxation
rates presented here is expected upon substitution of the deuterons with
protons, apart from the well-known increase of autocorrelated relaxation
rates of the relevant coherences. Five experiments with different
constant time values were recorded (50, 70, 90, 110, and 130 ms using

(5) Meissner, A.; Duus, J. @.; Sgrensen, O. JWMagn. Reson1997,
128 92-97.
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aB(DQYBR(ZQ) aBDQYBBZQ) ap(DQ)/BB(ZQ)

aa(DQYBa(ZQ) aaDOYPAZY) aa(DQYBAZQ)
BR(DQYaB(ZQ) BR(DQ)/aP(ZQ) / BB(DQ)/aB(ZQ)
BedDQ)Yaa(ZQ) pa(DQYaa(ZQ) / BQ(DQ)/OW(Z7 n

JWWL . VUV

®c

¢ ©c

Gly35-Ile36 Lys27-Ala28 Gly47-Lys48
Figure 2. Traces in thew; dimension relative to the peptide planes Gly35-1le36, Lys27-Ala28, and Gly47-Lys48 from the experiment of Figure
1, carried out on a 1.5 mNMD,*3C>N-labeled sample of ubiquitin in a@:D,0 95:5 solution. The constant tinlewas 90 ms; the temperature
was 303 K.
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Figure 3. Pulse sequence for the measuremenE@ . + Tononc, Tine” + Toea > andTEKRD + TR - The sequence is an HNCO

correlation with the following parameters values= 13.5 ms;A = 5.4 mS;p1 = V; ¢2 = —X; ¢p3 = X, =X; P2 = 2%, 2(=X); 6 = VY; ¢rec = (X, —X,

—X, X); G2= G3 = G4 = G5; G6= (yulyn)G7. All phases not explicitely reported are equaki&eparation of the lines corresponding to the

andp states of the M spin in two subspectra is achieved by adding and subtracting two experiments acquired=tf2, ¢, = x ande = 0, ¢4

=y, as explained in the text. Quadrature detection is achievédhn States- TPPI on¢s, and int, by adding and subtracting two fids acquired

with ¢s =y, G6= A andgs = —Yy, G6= —A, respectively*C spins are irradiated with selective pulses (G4)38 512 us; Q3(180) = 768us).

The field strength for proton decoupling is 4.1 kHz for nitrogen decoupling during acquisition 1.0 kHz. The proton carrier is on water. The pulse
with phasep. is a low-power selectiva/2 pulse of duration 2 ms. Five 3D experiments with different constant time values have been acquired (
=70, 80, 90, 100, and 110 ms), yielding a total measurement time of 5 days and resultingtih £2B§(t;) x 1024¢s) complex points for each
experiment. The final size of the matrix was 502( x 32(w2) x 2048s3) after linear prediction inv; and zero-filling in all three dimensions.

the experiment shown in Figure 1 and 70, 80, 90, 100, and 110 ms for from the experiment shown in Figure 3, are reported in Figure

the experiment shown in Figure 3). 4 as a function of the polypeptide sequence. The experimental
Results T2 + Thunc, rate (Figure 4a) significantly deviates

- from the expected-0.097 Hz value for a peptide plane in
NMR Data. The proposed pulse sequences shown in Figures Hin th f . h it
1 and 3, described in detail in the Methods section, have beenStandard geometfyn the absence of motion. The nonuniform
used to derivel22P2 4 [DD/OD | [CSADD | [CSADD o deviation from the static value indicates the presence of
CSAIDD | —CSAIDD e N anisotropic motions, in agreement with previous stuéfiesIhe
I'\he ~ +Igée from the analysis of multiplet lines. Repre- DD/DD DD/DD
N © - mean value of thd'c¢ g + I'opnne rates along the poly-
sentative traces are shown in Figure 2 for the pulse sequences o o o ]
of Figure 1. An excellent resolution of the multiplet components Peptide chain is-0.12 Hz. Although the average error is large
is obtained. The fitting of the experimental data to eq 5 is rather (~0-16 Hz) with respect to the absolute values, the standard
good despite the small size of the corresponding rates. Estimatedléviation of the rates of the different peptide planes from the
errors of the measured rates were derived from signal-to-noisemean value £0.12 Hz) is 0.22 Hz, which provides evidence
values according to the standard error propagation analysis.that the change in the determined cross-correlated relaxation

These errors correlate quite well with the standard errors derivedrates along the polypeptide chain is significant. As mentioned

from the fitting of the five data points to eq 5. before, for a small protein like ubiquitin (MW 7 kDa), the
: /DD
The three cross-correlated relaxation ratﬁ%DCwNHN + rgPC/S'SHN + FBE.’E,EC rate could be measured at a low degree of

. . o .
Ine, Tenm + Tham » andTRR® + TEECR, derived  accuracy in the employed measurement time of 5 days. The
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Figure 4. Experimental values for the three ratB82 %, + Temunc, (@), Tine. + Teee. (b), andTEuR + Tren (€). The rates are

represented by gray bars; the errors are in black. The dashed lines represent the values of the rates in the absence of motion assuming standard
geometry of the peptide plane.

error bars of Figure 4a represent standard errors, correspondingjuantitative analysis. Thus, these values will be used in the
to a 68% confidence interval. An error range twice as large, following only as an indication of the most probable direction
which corresponds to a 90% confidence interval, would allow of deviation of the rates upon internal motions from the

the calculated value 6f0.097 Hz for thel 2o Pn + T ne calculated value 0f-0.097 Hz. The average values for the rates
; : o T CSA/DD CSA/DD CSA/DD CSA/DD

rate in the absence of motion for most of the peptide planes. I'\{c,~ + I'ccc, andl'c iy + I'icpn are 1.08+ 0.15 and

Unfortunately, the values of th€22PR, + T2XPP . rates ~ —0.76=+ 0.16 Hz with standard deviations from the correspond-

summarized in Figure 4a are too inaccurate for a rigorous ing average value of 0.24 and 0.69 Hz, respectively. Changes
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Figure 5. Schematic representation of the axes of the GAF model of A
motion with respect to the peptide plane. a
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) P
of the three measured rates along the polypeptide chain indicateg ; it B T
anisotropic reorientations of the peptide planes and/or possible ’ L
variations of the carbonyl and nitrogen CSA tensors depending + Lo
on secondary structure and hydrogen bonding. a s osh
a v -
Data Analysi 29 ol
ata Analysis 45 0
We applied the Gaussian axial fluctuation (GAF) mddel & 04|
interpret the three cross-correlated relaxation rates measured for o o0 0os o0 Hz
ubiquitin in terms of internal reorientation of the peptide planes. D/DD
In this model, fluctuations of the peptide plane around three DD/DD 4 b
perpendicular axes are assumed with Gaussian distributions of C'Co,NHy CHy,NC,,
the respective amplitudes of motion (Figure 5). The model was Figure 6. Relative variation of ratesTE i + I'iam  Versus
developed from molecular dynamics (MD) simulation carried Fg?;’fﬁHN + rgmz% in panel A andFﬁﬁQ’fD + rgfé/ao Versus

out on the peptide antamanide and on the protein ubictiltin.
these MD simulations, motions with the largest amplitude were
found around they axis, which connects the &-1 and G,

oo T Teunc, in panel B) upon motion around a single axis of

the GAF model. Motions around theaxis are represented by a black
continuous line, those around tifeaxis by a gray dashed line, and

nuclei, forming an angle of about 4@vith the peptide bond.
The a axis is perpendicular to the axis, and both axes lie in
the peptide plane, while thiaxis is perpendicular to the peptide
plane (Figure 5). In MD simulations the amplitudes of motion

those around the axis by a gray continuous line. The maximunof
the Gaussian distribution of amplitude of motions i§.3the parameters
used in the calculation are as followsC' CSA tensor, ¢11 — 033) =
—153 ppm, {22 — 033) = —85 ppm,oc (angle between the component

around thex andf axes,o, andog, were found to be similar.  ¢1; and the peptide bondy 41°; 15N CSA tensor, axially symmetric,

The relative variation of the two pairs of rat&&a n,, + Aoy = —170 ppm,aw (angle between the axis of symmetry and the
DD/DD CSA/DD CSA/DD CSA/DD CSADD NH bond)= 19°; 7c = 4.1 ns and; = 10 ps;ruut = 1.04 Arec, =
Femine, Tane, T I'ecg, » and e + Iicnn upon 1.52 A romy = 2.02 A;ren = 1.33 A; e, = 2.40 A.

motions aroundy, 3, andy, calculated according to the GAF
model in the range betweeri @nd 30, are shown in Figure 6.

Details of the parameters used in the theoretical calculations Hz, the raterngA,Q?vD+

30°, the ratel'ge o + Tonnc,

Iy from 1.91 to—1.98 Hz, and the

ranges from 0.09 te-0.11

are given in the figure caption. The values for the carbonyl CSA rate I‘ﬁsg,AC’DD + rg?é’é’D from 1.39 to 0.28 Hz. For several
tensors weredi; — 033) = —153 ppm andd,, — 033) = —85 S PO 50/0D _ _
ppm, andoc, representing the angle between thecomponent ~ peptide planes th&cc yw + o, rate falls outside this

and the peptide bond, was %4las derived from an average range (for example, planes2@1, 22-23, and 45-46 in Figure

of several solid-state NMR studiésThe rate FB%’f.i’HN + 4a). In contrast, the measured values for the other two rates are
I2imne shows major changes for motions around all the axes consistently within the calculated range.

Out of the 75 available peptide planes, 55 have been analyzed
with the GAF model of motion (Table 3). The C-terminal
a-motions, while the ratd'yxc ccc, changes dram-  residues 7476 were not considered in the analysis due to the
matically upon reorientations around tle axis. Since the high degree of conformational disorder. Residues 19, 37, and
various rates behave differently in the presence of fluctuations 38 are prolines, and no NMR data are available for the
around the three axes, the amplitude and phase of motions cartorresponding planes. Data on planes-13, 15-16, 2122,
be defined accurately by a combined set of different cross- 23—24, 30-31, 52-53, 58-59, and 66-67 are missing because
correlated ralaxation rates. In the GAF motional regime, of spectral overlap or low signal-to-noise. For planes-20,
assuming that the amplitude of motions arouncénd 8, oq 22—23. and 45-46 the observeﬂg%/fﬁw + rgmﬁ% rates lie

n r | and th n var ween Dan . . .
andog, are equal and thaty, g5, anda, vary between Dand outside of the calculated range. Imposing= o greatly limits

(6) (a) Teng, Q.; Igbal, M.; Cross, T. A. Am. Chem. S0d.992 114, ; D/DD DD/DD
5312-5321. (b) Oas, T. G.; Hartzell C. J.; McMahon, T. J.; Drobny, G. P.; the .pOSSIbIe range of the r 'CoyNHN + ITC'HN»NCu' because
Dahlquist, F. W.J. Am. Chem. S0d.987, 109, 5956-5962. motions around the two axes have opposite effects on that rate

a, B, andy. The ratelS5/n° + T arne is very insensitive to
CSA/DD + FCSA/DD
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Table 3. Summary of the Peptide Planes of the Protein Ubiquitin Whose Relaxation Data Were Considered in the Dynamic Analysis

12-13,15-16, 21-22, 23-24, 30-31, 52-53, 58-59, 66-67

71-76

20—-21, 22-23, 45-46

18-19, 36-37, 3738

1-2,2-3,3-4,10-11, 11-12, 33-34, 38-39, 40-41, 41-42,
46—47, 4748, 49-50, 50-51, 51-52, 53-54, 54-55,
57-58, 59-60, 60-61, 61-62, 63-64, 64-65, 6768

24-25, 25-26, 26-27, 27-28, 28-29, 29-30,31-32, 32-33

4-5,5-6,6-7, 7-8,8-9, 9-10, 13-14, 14-15, 16-17, 1718,
19-20, 34-35, 35-36, 39-40, 42-43, 43-44, 44-45,
55—-56, 62-63, 68-69, 69-70, 70-71

excluded from the analysis due to too Ia[(ﬂ%x
relaxation data not available (Pro19, Pro37, Pro38)
relaxation data explainable with the restricted GAF model

relaxation data not available
high conformational flexibility

DD DD/DD
NN T FC,HN'NC“ rate

relaxation data explainable with the extended GAF model
relaxation data not explainable with the GAF model

(Figure 6). In an extended GAF modeb(= o = 0,),

T2 % + Tehene ranges from-0.3 to— 0.1 Hz. However,
+ FDD/DD

the values of th'ge vy + Teunc, rate for planes 2621,
22—23, and 45-46 are still outside the accessible range, even
in this extended GAF model. For plane-223, slow internal
motion is observed in MD simulatiod8 All three planes were
not included in further analysis. All in all, the number of peptide

planes that could be analyzed was reduced by 20 to 55.

Discussion

Of the remaining 55 sets of cross-correlated relaxation rates,
33 could be fitted to the GAF model of motion (Table 3): the
values ofo,, o, ando, which best fit the measured parameters
are reported in Table 4.

Twenty-five peptide planes show motions which can be
described with the restricted GAF model, implyiog = og =
Oy.
Eight peptide planes require an extended GAF model with
0o = 0p = 0,. These planes are all located in the landpelix
which spans from residue 23 to residue 34 (Table 3). All
residues in this helix exhibit extraordinarily large and negative
TS + TRERP rates, relatively lowl'(3>® + TEEC”

rates, and negativeRe i + Topne rates. All residues

belonging to the helix have ascore value more negative than

—1.5 for FESI\?{RD + FCSA/DD while for FCSA/DD + FCSA/DD and

N,C'HN 1 N,NC, c,CC,
T2 N + Tehnc, the -score value exceeds1.5 only for

the central helical residues (229). The deviation of the three

rates from their average values is statistically significant, in
particular for TERN° + Tiwm . and all the three rates
qualitatively pointho the presence of largemotions and

moderatea/y-motions (Figure 6).

Table 4. Values ofo,, 05, ando, Resulting from the Fitting of the
Three T2 0 + Tehonc,: Temm. + Tiern» and TP +
IS ee” Cross-Correlated Relaxation Rates to a GAF Model of

Motion

residue number (secondary structure) oy op oy
2 (B-sheet) 4 4 14
3 (5-sheet) 6 6 10
4 (5-sheet) 10 10 14
6 (3-sheet) 12 12 8
7 (B-sheet) 8 8 6
11 (coil) 12 12 8
12 (3-sheet) 0 0 14
25 (a-helix) 0 26 14
26 (o-helix) 0 28 14
27 (a-helix) 0 26 20
28 (o-helix) 0 18 6
29 (a-helix) 0 30 20
30 (a-helix) 0 18 8
32 (a-helix) 0 26 16
33 (a-helix) 0 24 6
34 (a-helix) 0 18 16
39 (a-helix) 12 12 2
41 (3-sheet) 14 14 18
42 (B-sheet) 16 16 2
47 (bend) 8 8 12
48 (3-sheet) 12 12 2
50 (coil) 14 14 10
51 (turn) 16 16 12
52 (bend) 0 0 12
54 (bend) 8 8 6
55 (bridge) 12 12 16
58 (a-helix) 14 14 2
60 (coil) 16 16 18
61 (coil) 12 12 10
62 (turn) 8 8 18
64 (bend) 8 8 0
65 (coil) 6 6 8
68 (3-sheet) 10 10 16

aThe rates of most of the residuesirsheet regions cannot be fitted

Interestingly, most of the peptide planes whose rates cannotio the GAF model of motion using the parameters of Figure 6. The

be interpreted in terms of the GAF model are situate@-sheet
regions (plane 1314 to plane 16-17; plane 42-43 to plane
44—45; plane 48-49; planes 6566, 68-69, and 69-70). The
remaining 11 planes belong either to turns or to unstructured
regions.

Recently, autocorrelated nitrogen and carbdnydndT, data
for ubiquitin were interpreted in terms of GAF-type internal
motions and compared with MD resul&For the 24 peptide
planes not withiro-helix 23—34, our results are in quite good
agreement with this previous studyvith respect to the overall
amplitude of motions, but they differ significantly in the
distribution of the motion among the three axes. Our analysis
revealed several cases wheggy is larger tharo, (planes 5-6,
6—7, 10-11, 38-39, 41-42, 48-49, 49-50, 50-51, 53-54,
57-58, and 66-61), which is in disagreement with MD
simulations and with the mentioned analysis of autocorrelated

peptide planes im-helix 23—34 show noo-motion, high/-motion,
and medium-rangg-motion.

datal® This discrepancy could be explained either by the higher
sensitivity of cross-correlated relaxation data to the anisotropy
of motion as compared to autocorrelated data or by variations
of the carbonyl CSA tensor along the polypeptide chain, which
would affect the interpretation of both autocorrelated and cross-
correlated data.

Theo-helix 23—34 shows a very peculiar behavior. Eight of
the nine peptide planes for which cross-correlated relaxation
data are available cannot be fitted with a restricted GAF model
(0o = 0p). This is true for both tha'&3/p° + Tiain and
TR + TG eg. rates and for the complete set of the three
measured rates. The results for the fitting of the cross-correlated
relaxation data of all peptide planes belonging todHeelix to
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an extended GAF modeb{ = o3 = 0,) are shown in Table 4.
All residues show large motions around the g&isombined
with moderatey/-motion, withog being almost 2 times as large
aso,. This characteristic motion is found in the extended GAF
model for every residue belonging to thehelix (Table 4). We

Carlomagno et al.

tion assuming a deviation of the principal axis direction of the
carbonyl CSA away from the peptide bond (small-amplitude
o- and ff-motions). In principle, this distinction would be

; H DD/DD DD/DD
possible if thel'cc nw + Tcrnne, rate could be measured

with high accuracy, as is likely to be the case for larger proteins.

have investigated two potential reasons for the large deviations, the cross-correlated relaxation data are interpreted assuming

of these results from what is found in MD simulations, &

o < 0,): (a) systematic deviation of carbonyl CSA values from
the used onésand (b) the presence of cooperative motions of
all the residues belonging to tleehelix on a time scale similar
to the overall correlation time. A rotation of the direction of
the carbonyl CSA principal axig;; of 10° around thesss axis

no deviation of the CSA parameters from the values extracted
from solid-state data, we observed that an extended GAF model
can fit the experimental data in the helix assuming lgtgaend

y-motions of comparable amplitudes for each residue. This
might indicate the presence of cooperative motion on a slow
time scale. Such cooperative motions, which were already

(ac = 51°) causes an increase in the absolute value of the ratespbserved by others fax-helices? would not be detectable in

TSP + TSHRP and TH5ePP + TES2P in the absence of
’ ’ ' o ’ o

motion of 100% and 10%, respectivelf Euin + Tt
changes from-0.80 to—1.64 Hz and"{xc.” + g e, from
1.38 to 1.55 Hz for a; of 4.1 ns). Assuming such a change in

the CSA principal axes direction, the CSAlipolar cross-

correlated relaxation rates could be interpreted \#iinotions

of significantly less amplitude, becaud&goP + I aim’

would already be large and negativel(.6 Hz) in the absence

i CSA/DD CSA/DD ; CSA/DD
OLS”;,%%()"'FN,NC& + I'cce, is less affected thafic g +
r

nenv by this change in the carbonyl CSA principal axes

direction. To explain the low values dfye>” + TS, @

certain degree of motion must be assumg{y " + F& o

diminishes upon motions around all three axes, and its value evident from a reduced set of data comprisii
alone cannot give unambiguous information on the anisotropy rﬁSA/DD
of the internal reorientations. The amplitude of motion around

the a axis is particularly undetermined, &34/2° + TR el

remains almost constant upon this kind of motion. If only the

two TSP + TSURD and TSP + TSYEP rates are
y ’ ' o o

considered, the peculiar behavior of the helix could be associated
with a systematic deviation of the direction of the CSA tensor

with respect to the commonly used Srand small-amplitude
o- and - motions, possibly witho, = og. The value of the

rate [y + Tomnc.» Which is not affected by uncertain-

MD simulations because of either limited simulation time or
inappropriate force field. The extended GAF model reveals no
motion around thex axis. This axis is almost parallel to the
NH vectors, and it has almost the same orientation as the helix
axis. Angular fluctuations around axes perpendiculas. @re
compatible with a reorientation of the helix axis itself. Anyway,
this motion cannot be described by angular reorientations around
two perpendicular axes with Gaussian distribution of amplitudes,
and a more complicated motional model needs to be developed.

Most of the 23 data sets which could not be fitted to a GAF
model are located i-sheet regions. This finding is in good
agreement with results of a recent study on EG&{/R" rate2
where extreme values of the rate have been found ifi-thlecet
region. The incompatibility with the GAF model is already
SA/DD +

NHN
Yine and TR2P0, + T2oPnc . No obvious trends are

observed in the measured rates, as was the case farleéx.

This observation potentially reflects considerable deviations of
carbonyl CSA principal axis values and directions from the ones
extracted from solid-state daftaThe interpretation of cross-
correlated relaxation rates by fitting the experimental data to
both motional parameters and carbonyl and nitrogen CSA
principal axis values and directions would be the method of
choice in order to overcome the problem. However, this
approach requires the analysis of an extended set of relaxation
rates, including autocorrelated ones, and is pursued in our and

ties of the CSA tensor, is decisive in distinguishing the direction in other laboratoried?

of the motion (Figure 6). TGy + Timnc, iS negative,

p-motions must be present, either accompanied or nod-hy

The peptide plane 2728 gives an example of the large effect
that changes in CSA values can have on motional parameters

andy-motions of smaller amplitude, depending on the absolute and of the importance of a combined analysis of several rates,

value of the rate. If the rate is positive; andy-motions are

which are influenced by directions of motion in a different

dominant. This case is a typical example where the analysis of manner. This plane exhibits a very large and negalf@,"

more than one cross-correlated relaxation rate at the same timet T{3/0P

is necessary to distinguish local structural variability from
dynamics and to define the direction of motion.odfhelix 23—
34, the values for th&2 v + Terunc, rate are predomi-

rate, which points to the presence of lajgeno-

,CHN
tions. On the other hand, tH&X N + Tehenc rate cannot

be smaller than—-0.1 Hz, which is incompatible with large
reorientation around th@axis. Additional largex-motion would

nantly negative or close to zero. The values of this rate are explain the values of these two rates becausaotions do not

independent of any assumption on the CSA tensor and are inhave a big effect on the“g,SA’DD + [SSADD

agreement with consideralfemotions accompanied by either
a- or y-motions of smaller amplitude. Although the values of
the T 0w + Trunc, rates are rather inaccurate, they

indicate a clear tendency of the residues of the helix to assume

NHN nenw rate but can
DD/DD

compensate the negative trend of TR . + Tornunc, rate
upon motions around thg axis. Largeo- and S-motions,

CSA/DD CSA/DD
however, produce extremely lowW Rc™ + I'ccov rates,

most probably negative values, which rules out the possibility While the 27-28 peptide plane shows a relatively high value

of o, > 0p,04, as observed in MD simulations. The present

level of accuracy of thd'22°°  + 2P0 rates does not
o’ ' o

for this rate. The only way of interpreting this combined set of

(7) Vijay-Kumar, S.; Bugg, C. E.; Cook, W. J. Mol. Biol. 1997, 194,

allow us to distinguish between the interpretation assuming no 531-544.

deviation of the CSA principal axis values and direction from
the standard onésyhich includes larg@-motions accompanied

(8) Sitkoff, D.; Case, D. AProg. Nucl. Magn. Reson. Spectro4©98
32, 165-190.
(9) Fischer, M. W. F.; Zeng, L.; Pang, Y.; Majumdar, A.; Zuiderweg,

by v-motions of smaller amplitude (Table 4), and the interpreta- E. R. P.Proc. Natl. Acad. Sci. U.S.A998 95, 8016-8019.
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rates in terms of the GAF model is to assume changes in thegood explanation of the experimental data on the basis of a
directions of the CSA principal axes of the carbonyl nucleus. GAF model could be obtained for turn and coil regions. For
The required change is a rotation of°1&round theoss axis. a-helix 23-34, the data could be fitted to the GAF model of
With this assumption, the rates are compatible with the GAF otion as well. However, the discrepancies between our results
model. The required changes in the carbonyl CSA axis directions 3nq MD simulation and the regular tendency of all three cross-
is justified by the fact that the carbonyl of Lys27 bears tWo ¢qrelated relaxation rates might indicate either the presence of
hydrogen bonds, with the NH of GIn31 and the side chain of gjqy cooperative motion of the helix or considerable deviation
Gln41 as donors, according to the high-resolution X-ray structure ot e cSA tensors from their solid-state values. Due to the
of ubiquitin” Quantum mechanical calculatidevealed that limited data set available far-helices, the question of whether

hydrogintbo?r? N fE[?n su;)(s:tgztlally |anE[Jen(;e CtShA Val.;? S, V;’.h'Chl the regularity in the deviation of the rates from their static values
necessitates the fitting o parameters togetner with motional; ., qiandard geometry can be explained on the basis of large

parameters to an extended set of relaxation data. regular changes in physical/structural parameters, by a peculiar
type of slow motion of thex-helix in ubiquitin, or by local

) ) ) fluctuations that are not in accord with the GAF model remains
We have presented a combined analysis of fast internal gpep,

motions of the protein ubiquitin by means of the three cross-
. DD/DD DD/DD CSA/DD
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