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Abstract

The dynamics of amino acid side chains of uniforrh¥¢/**N-enriched ribonuclease T1 (RNase T1) have been
investigated. Heteronuclear longitudinal relaxation ralé#13C NOEs, and transverse cross-correlated cross-
relaxation rates between the 8nd the $I12 operators (SIIS cross relaxation) [Ernst and Ernst (1994)agn.
Reson.A110, 202—-213] have been determined in this study. New pulse sequences for measuring the longitudinal
relaxation time and the heteronuclear NOE of aliphatic side chain carbon nuclei were developed using the CCONH
type of magnetization transfer afHN detection. In addition, an improved pulse sequence for the determination

of the SIIS cross relaxation is presented. For the analysis of the relaxation rates, the model of restricted rotational
diffusion around they 1 dihedral angle has been applied [London and Avitabile (197&m. Chem. Sacl00,
7159-7165]. These technigues were used in order to describe the side chain dynamics of the small globular protein
RNase T1 (104 amino acids, MW about 11 kDa). Qualitative values of microdynamical parameters were obtained
for 73 out of 85 amino acid side chains (glycine and alanine residues excepted) whereas more quantitative values
were derived for 6 B-CH andp-CH; groups.

Introduction al., 1991; Nicholson et al., 1992; Daragan and Mayo,
1996).
Dynamic aspects of peptide and protein structures  For a quantitative study of side chain motions, a
are increasingly recognized as being important for a large number of degrees of freedom caused by various
description of their biological functions. As a conse- diffusion or jump processes around different axes of
quence, considerable effort has been made to char-orientations have to be considered. Such an analysis
acterize protein and peptide side chain and backboneseems to be very complex, in particular in the case
motions, mainly through fluorescence spectroscopy of long side chains. Therefore as a first attempt, we
(Palmer et al., 1993), NMR relaxation (Kay et al., would like to investigate the dynamics of the di-
1989; Clore et al., 1990a; Stone et al., 1992; Szyper- hedral angle, which connectsgaCH, -CH, or -CHg
ski et al., 1993; Fushman et al., 1994; Habazettl et group to C of the corresponding amino acid. Fre-
al., 1996), amide proton exchange studies (Loh et al., quently, the internal dynamics of this dihedral angle is
1993), molecular dynamics simulations (Palmer and analysed using motionally averagé#l coupling con-
Case, 1992; Schmidt et al., 1993; Balasubramanian etstants like3J,« s, 3Jyq 2, Vicinal carbon-proton,
al., 1994; Smith et al., 1995) and X-ray studies (Buck nitrogen-proton and carbon-carbon coupling constants
etal., 1995)13C NMR relaxation, in particular, is sen- (Karplus, 1959,1963; Bystrov, 1976). Starting with a
sitive to probe motions of a broad range of time scales small number of discrete conformations characterized
and can be used to describe the dynamics of variouspy differenty ; angles, the theoretic&l coupling con-
groups within a protein (Richarz et al., 1980; Henry stants are calculated using the Karplus relations (Madi
et al., 1986; Nirmala and Wagner, 1988; Palmer et et al., 1990). Populations of individual staggered ro-

mer conformations ar in fitting the val
* To whom correspondence should be addressed. tamer conformations are obtained by tting the value
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of the calculatedJ coupling constant to the experi- currently used for the analysis of NMR relaxation
mental value. This analysis has already been carrieddata include those which describe anisotropic unre-
out for most of they1 dihedral angles of the side stricted diffusion, multiple rotations, restricted diffu-
chains in ribonuclease T1 (RNase T1) (Karimi-Nejad sion (see, for example, a review by London (1980)
et al., 1994). However, no information about the rate and wobbling-in-a-cone motions (Lipari and Szabo,
constants of transfer between the various rotameric 1980,1981). Various model-free approaches (Lipari
states can be obtained from averaged J coupling con-and Szabo, 1982a,b; Clore et al., 1990a,b) for ob-
stants. Therefore, in this paper, we try to describe taininginformation about overall rotational correlation
the dynamics of thex1 angle using heteronuclear times and characteristics of restricted motions in terms
relaxation rates. of order parameters are also available. With limited
Two different types of relaxation rates were in- experimental data, it is often difficult to decide which
vestigated: the heteronuclear longitudinal relaxation modelis best, and the simplest model that can describe
process described by the Telaxation time together  the available experimental parameters is used in most
with the heteronucleatH/13C nuclear Overhauser cases. For example, detailed investigations were car-
effect (NOE) and the transverse heteronuclear cross-ried out for the dynamics of the phenylalanine side
correlated cross-relaxation rate between thesiSgle chains in antamanide, but even for this small peptide
guantum and the 4@5}@ triple quantum operator in  a distinction between a diffusion motion and a jump
13CH, groups (Ernst and Ernst, 1994). The longitu- motion was difficult to make (Ernst, 1993). Hence, a
dinal relaxation and the steady-state NOE of thHe C decision about the type of motion will not be made but
nucleus are dominated by the dipolar interaction(s) rather the amplitude and the time scale of the motion
with its directly bound proton(s). Minor contributions  using a fixed model of motion should be quantitatively
stem from the anisotropy of th€'C shielding tensor  determined. To date, the model-free approach has been
(CSA), from the dipolar-CSA cross correlation and used most often. This may be reasonable for investi-
from the cross correlation between the dipolar inter- gations of the protein backbone, but it fails in more
actions of CH groups. In the analysis, it will be detailed descriptions of protein side chain dynamics.
shown that neglecting the latter three interactions will In order to cover a wide range of amplitudes and time
not lead to major problems in the interpretation of scales of motions around the dihedral angle, the
the results in terms of molecular motion. The dipolar rotational restricted diffusion model has been chosen
carbon-proton interaction is modulated by the overall for the interpretation of the relaxation data (London
molecular rotational tumbling and by torsional mo- and Avitabile, 1978). In this model, tHéCP-1HP vec-
tions. The latter is relaxation-active only for motions tor moves aroung; with an amplitude in the range
with a torsional time constant,, < tc, t¢ being the —VYmax < ¥ < Ymax INn cases wheremax extends
overall correlation time of the protein. Processes with 60°, the dynamics may be adequately described with
1y, > Tc do not affect the longitudinal relaxation or  jump models. However, a distinction between differ-
the NOE and therefore cannot be analysed using this ent types of models is not possible due to the limited
approach. The second technique is called SIIS crossnumber of available experimental data.
relaxation and can be used to analyse the dynamics
of CHy groups. The basic process depends on the mo- T3 relaxation time and steady-state NOE
tional cross correlation of two CH dipolar interactions. In order to study the motion around thg dihedral
In a particular range of intermolecular motional corre- angle, theT; relaxation time and the heteronuclear
lation times, it allows a distinction of restricted and 1H/13C NOE of the ¢ nucleus were used. The inclu-
unrestricted intramolecular motion. sion of the transverse relaxation time in the analysis
might also be conceivable. However, for measuring the
To relaxation time a pulse sequence has to be avail-

Theoretical aspects able which effectively suppresses the scaf-13C
coupling during the 7 evolution period. While such
Choice of model of motion a pulse sequence has already been developed for the

The problem of adequately describing protein side 13C* nucleus (Yamazaki et al., 1994; Engelke and
chain dynamics by NMR relaxation normally is con- Rditerjans, 1995), its application to side chain carbon
nected with limited experimental data and with the nucleifails in most cases due to the small difference in
choice of appropriate model assumptions. Models the chemical shift of adjacehtC nuclei.



In the analysis of the longitudinal relaxation rates
of the 13CP nucleus, several relaxation contributions
have to be considered. In case of an isolated Sl
spin system, the*CP NMR relaxation is caused
by the dipole-dipole interaction with its bound pro-
ton, by magnetic shielding due to the chemical shift
anisotropy (CSA) and by a cross correlation between
these two interactions. In general, equations for the
initial relaxation rates of the leftp(") and right line
(p*) of the 13CH doublet are given by (Goldman,
1984; Bull, 1992)

0T = pcH + pcsa + pcHA (1a)
P~ = PCH + PCSA — PCHA (1b)
where
. 1 y% yf_l h\?
PCcH = 20 ”gH <£>
(%)2 JE () (2a)
pcsa = %ASZ w% Jesa(oc) (2b)
_ 2ycyn Ndoc ([ h
PCHA = gT <E>
(ZL—T?) Jeua(oc) (2¢)

h is Planck’s constant (626 x 1073% Js), g is

the internuclear distance between the carbon and its
bound hydrogen (10 A), A8 is the chemical shift
anisotropy constant (50 ppm) (Ye et al., 1993) and
yc and yy are the gyromagnetic ratios for carbon
(6.728- 10’ T-1 s71) and hydrogen nuclei (8752 x

10° T-1s71), respectively. The spectral densities are
defined by

Joy = Jen(wp — oc) + 3Jcu(oc)

+6Jcy(wyg + oc) (3)

where wc and oy are thelH and 13C resonance
frequencies, respectively, andnlw) is represented
by

Jen(w) = 4n / (Y20(RcH(1))

Y20(Qcu (0)))e ™" dt 4)
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In this spectral density function,¥ is the second-
rank spherical harmonic an@cy are the CH bond
spherical polar angles (and ¢) in the laboratory
frame. &sa(wc) is the carbon CSA autocorrelation
spectral density andcga(wc) defines the spectral
density for the cross correlation between a carbon-
hydrogen dipolar interaction and the carbon CSA ten-
sor (Hartzell et al., 1989). In order to estimate the parts
of the individual relaxation contributions, an isotropic
reorientation of the molecule with an overall tumbling
correlation time of 5 ns is assumed. Using a car-
bon resonance frequency of 125 MHz, the relaxation
rates yield atocy = 2.21 s'%, pcsa = 0.0626 st
and pcha = —0.467 s'1. The contribution of the
CSA term amounts to about 3% and can therefore
be neglected. Nevertheless, the influence of dipolar-
heteronuclear CSA cross correlation is significant and
can affect measurements of &and NOE. Fortunately,
this contribution can be eliminated from Teasure-
ments by continuous inversion of the proton resonance
during the relaxation period so that only the dipo-
lar carbon-proton interaction has to be considered for
B-CH groups (Boyd et al., 1990; Kay et al., 1992).

For an isolated Chispin system, equations for the
initial relaxation rates of innerp() and left p5) and
right (p5) outer lines of thd3CH, multiplet can be ex-
pressed as (Daragan et al., 1993; Daragan and Mayo,
1993a)

P = PCH + PCSA — PHCH (5a)
pjoE = pcH + pcsa + pacH Eocua  (5b)
where
2 v2v% [ h\? /102
= — — ) (—=) J¢ 6a
PeH = 20 ré, \2n (411) cn(«)(6a)
PHCH = iy%y% <i)2(ﬂ>2
= 6
10 ren 27 47
JHcH(®) (6b)

The function Jycy(w) is the dipolar cross-
correlation function:

Jcn(w) = 4x / (Y20 (1)

Y20(Qcp2(0))e ' 'dt  (7)
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where CH and CH are the two methylene CH vec-
tors. For the isotropic reorientation of the molecule,
the spectral density function is given by

21¢c

PZ[COS(ﬂHCH)]m

1 21¢c
31+ (wete)?

where the last term is valid for an ideal tetrahedral
geometry ¢pcy = 1094710°). Fortc = 5 ns and
wc = 21 x 125 MHz, pycH amounts to—1.31 s1.

Jucu(wc)

(8)

chemical shiftis recorded prior to the relaxation period
T, cross peaks at the frequenc®ds, 2un), (Qce,
Qun) and Qcv, Q2un) will appear in the 2D spec-
trum. Since the latter two terms are proportional to
ocpce and oy, only very weak cross peaks will
be observed. In proteins these cross peaks were not
seen. The contribution of the cross-relaxation rates
ocpce andogsey to the first term is of second order
such that an error of no more than 2—4% in the mea-
sured values of B should be obtained when fitting
the experimental data to a single exponential. For the

Hence, even under proton saturation the cross cor- heteronuclear NOE, an additional contribution due to

relation between the dipolar interactions leads to a Cross relaxation can be expected. Following the de-
double-exponential decay of the longitudinal magne- tailed analysis of the relaxation of théC* nucleus in

tization. Zhu et al. (1995) studied the magnitude of
the error when fitting the longitudinal magnetization
decay to a single exponential function. They applied

several different methods of data reduction and found,

all in all, that the errors in T and the NOE are less

the absence and presence of a directly b@unuethyl
group with normally large NOE values, it was shown
that the contribution of the cross relaxatiog . and
ocpcy does not lead to errors larger than 5% (Engelke
and Ruterjans, 1995). The correlation between the lon-

than 6% and 4%, respectively. Therefore, neglecting ditudinal relaxation rates and the spectral densities is

dipolar cross correlation it?C T; and NOE measure-
ments in S} systems does not lead to major problems
in the interpretation of the results in terms of molecular
motion. Thus, for isolate@-CH andp-CH, groups
only the dipolar interaction(s) with its directly bound
proton(s) have to be considered.

In a uniformly 13C-enriched protein, thé3CP
nucleus is surrounded by several otHé€ nuclei.

Therefore, besides the n directly bound protons the

homonucleat3C-13C dipolar interactions contribute
to its relaxation. The equation describing the relax-
ation of al3CPspin in a homonuclear environment is
given by

d
O = —Rer ((CF) = C{)) = ocnca(1C2) = Cy)

—ocpev((CY) — Cly) 9)

where Rg = Npcpyp + pcpce + Mpcpey. N is the
number of H protons, m is the number gfcarbons
directly bound to the!3CP nucleus andocc is the
homonuclear longitudinal relaxation rate between two
carbon nuclei:

1 ¢ ((h )\ 1no)2
pcc 20rgc (211) <4n> (Jcc(0) +

3Jcc(wc) + 6Jcc(Pwc)) (10)

It was shown previously (Engelke and Riterjans,
1995) that when using an experiment in which the

approximately given by

1

Tl = npcpyp + Pcbce + M Pepey (113)
NOE = 1+ 2 nochu?
YC npctys + Pebco + M Py
(11b)

In order to extract microdynamical parameters
from the relaxation rates, a specific model for the
molecular motion has to be chosen. Assuming that the
reorientation of the protein is isotropic and that the
side chain motion almost exclusively originates from
rotations around the C-C bond, the general expression
of the autocorrelation function for tHéCP-1HP vector
is given by (Wittebort and Szabo, 1978)

2
Z <el'm]_)(1(l‘)e*imlxl(o)>

mi=—2

18 1 BT 1y (B2)

1
C t) = —6Dt
@) 4ne

12)

where 6,m1(32) are the elements of the Wigner rota-
tion matrix of second order and=D1/6<c. The angle
B2 amounts to 109.5for an ideal tetrahedral geom-
etry. For a restricted diffusion motion around the
dihedral angle in the range betwegtynay, the cor-
relation function is given by (London and Avitabile,
1978)



1 2 o
C) = =™ 37 ) a(Erj(yma)®

[=—2 j=0

o~ D1/77%1 ) (4yma (13)

where b = 1/t;. The spectral density function is
obtained by Fourier transformation:

J(w) = Jep(w) = Juca(w)

2
D0 ai(Erj(yman)?

[=—2 j=0
2 .
_ cl (14)
1+ (wtcj)z
with E; ; (ymax defined by
Epj(ymax) =
Sin(mymax) .
ij forj=0
A (sinmymax—j%) | qy;j SiNmymaxt) %) ) .
«/i ( mYmax—j% + ( l) mYmax-‘rj% for j #0
(15)
and 4
o Ymax (16)

= 24Dy2_ + D1j2n2

The constants are given bya= 0.2961, a1 =
0.1486 and @ = 0.1107. Since it is assumed that
the internal motion is caused by a rotation around the
13¢ce.13cP hond, the spectral density function for the
contributionpca s Is that of a rigid rotator. However,
the motion of the'3CP-13CY bond is identical to that
of the 13CP-1HP bond and therefore the expression
for the spectral density function @gscy is given by
Equation 14.

In Figure 1 the heteronuclear NOE of th€? nu-
cleus is shown in dependence of the amplityggx
and the internal correlation time. For a strongly
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it is obvious that the NOE depends neither on the
number n of directly’3C? bound protons nor on a
geometry factor like a bond length. Because of this
characteristic feature, the heteronuclear NOE seems
to be a suitable parameter describing the flexibility
of side chains. The possiblé¢d/13C NOE values are
supposed to range between 1.16 and 3. The largest
value measured in RNase T1 amounts to 2.35%6?

of Lys?®. Following the classification of homonuclear
NOEs for structure calculations, we propose a distrib-
ution of heteronuclear NOEs in three classes (Table 1).
While a lower limit for the amplitude of motion can
be derived from a given NOE value, an upper limit
cannot be determined. In particular, when the inter-
nal correlation time is very small or very large, small
NOE values can also be generated from motions with
large amplitudes. Thus, for a quantitative analysis
T1 relaxation times have to be included. Using the
combination of these two experimental values, more
realistic microdynamical parametergax andti may

be obtained.

Cross-correlated cross-relaxation rate

While the cross correlation of the two CH vectors
complicates more or less the determination of the T
relaxation time and the heteronuclear NOE, this con-
tribution itself contains information about dynamical
processes. A major problem of this quantity concerns
its experimental determination. One possible method
is connected with the different relaxation properties of
the inner and outer lines of a GHinultiplet (Daragan

et al., 1993; Daragan and Mayo, 1993b). Owing to
signal overlap and line broadening because ot#ge

13C coupling in a uniformly*3C-enriched protein, this
technique is limited to small unlabelled molecules. For
proteins the measurement of the heteronuclear cross-
correlated cross-relaxation rate constant between the
SkI12 and the $ spin fragment introduced by Ernst
and Ernst (1994) seems to be more practicable. This
‘SIIS cross-relaxation’ process is caused by a cor-
related modulation of the dipolar vectorsSand

restricted motion a small heteronuclear NOE is ex- SI? through a stochastical process. The correspond-
pected, which is independent of the internal corre- ing relaxation rate depends exclusively on the cross
lation time. Motions with larger amplitudes should correlation:

lead to larger NOE values. From this dependence, a

certain limit for the amplitude of motion can be de-

2
rived from the NOE value. For example, a NOE value F?ls Il Sy = 3 <M> %
of 1.8 can only be generated from amplitudes with v 20\ g g,

angles larger than 45 Other properties of the het-
eronuclear NOE can be extracted from Equation 11b:

In case the homonuclear interactions are neglected,

|:g sin? 0Jgcu(0) + (1 + cos e)JHCH((US)i| 17)
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Figure 1. Theoretical steady—staﬂé—l/BC NOE values for #-CH, group as a function of the amplitugeand the internal correlation time
of the restricted rotational diffusion model. For the calculations, an overall correlation:gré5 ns and a-3C resonance frequency of 125

MHz were assumed.

Table 1. Criteria for the classification of motions of CH and €lgroups using the

heteronucleatH-13C NOE value; the lower
from the restricted diffusion model

limit for the angular amplituggax stems

NOE Classification

Lower limit foymax (°)

Lower than 1.4
1.4-1.8
Larger than 1.8

Strongly restricted motion
Restricted but more flexible motion
Highly flexible motion

0
23
42

where JicH(ws) is defined in Equations 7 and 14.
The tilt angle6 of the rotating frame is given by
tand = ysBi1/Aw, whereysB; is the amplitude of
the 13C spin-locking field andAws is the frequency

negative cross peak in an SIIS cross-relaxation spec-
trum (due to a negative sign in the master equation, a
negative cross-relaxation rate constant leads to a posi-
tive cross relaxation) indicates a high flexibility of the

offset. The transverse cross-relaxation rate constantcorresponding Chigroup on a fast time scale. Hence,

for the restricted diffusion motion in dependence of
the amplitudeymax and the internal correlation time
for an isotropic tumbling protein is shown in Figure 2.

under certain conditions the SIIS cross-relaxation rate
enables one to distinguish between a restricted mo-
tion and an unrestricted motion around ftyedihedral

Since the tensor of inertia of RNase T1 has the princi- angle already from the sign of the cross peak. Note
pal components 1:1.14:1.27, it is reasonable to assumethat in proteins the experiment in the rotating frame

that it tumbles isotropically (Martinez-Oyanedel et al.,
1991). Apparently for amplitudes smaller than“&@e
sign ofl“jé(zllzlzz’s( remains negative, independent of
the internal correlation time. Only when the ampli-
tude exceeds 7Othe sign OfFZéﬁlgzz,s( depends on
7. For slow motions it will be negative and for fast
motions it will be positive. Thus, the appearance of a

is more favourable compared to the experiment in the
laboratory frame, since the cross-relaxation constant
is clearly larger and the zero point is shifted to smaller
internal correlation times (Ernst and Ernst, 1994).
Besides the distinction of cross peaks between
those with positive and negative amplitudes, a more
detailed classification can be carried out using their
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Figure 2. Theoretical SIIS cross-relaxation rate constant pf@H, group as a function of the amplitudeand the internal correlation time
7; of the restricted rotational diffusion model. For the calculations, an overall correlationtginoé5 ns and al3C resonance frequency of
125 MHz were assumed.

intensities. Therefore, the pulse sequence specific in-longitudinal relaxation time, the magnetization was
fluence of the magnetization transfer to the amplitude transferred from the aliphatic protons to the directly
of the cross peak has to be considered. This problembound carbons using a refocused INEPT sequence. A
may be overcome with recording a reference spectrum. period for the evolution of the carbon chemical shift
followed. For determining T, the inversion recov-
ery scheme was used. In order to minimize cross-
correlation effects between thigH-13C dipolar and
CSA interaction*H 180° pulses were applied every

5 ms (Boyd et al.,, 1990; Kay et al., 1992). Phase

Experimental procedures

NMR spectroscopy

NMR experiments were performed on a Bruker
DMX500 spectrometer, equipped with a triple-
resonance®C/®N/IH probe head, operating at
313 K. Uniformly 1°N/*3C-enriched RNase T1 was
dissolved in HO to a final concentration of 2 mM, the
pH being adjusted to 5.5.

Pulse sequences used to determine the relaxation
rates

alternation of®5 leads to a magnetization decay of
the form exg—t/T1). In this way, a less optimal de-
lay between scans will only affect the sensitivity of
the experiment, without introducing systematic errors
(Sklendet al., 1987). Subsequently, the magnetization
was transferred by a coherent magnetization transfer
from the3C?, 13CY, and*3CP nuclei to the'3C* nu-
cleus using the FLOPSY-8 pulse scheme (Mohebbi
and Shaka, 1991). Finally, the magnetization was

The pu|se sequences deve|oped for measuring the T transferred to théHN proton of the foIIowing residue

relaxation time and the heteronucledd/*3C NOE
of the 13C nuclei in the aliphatic side chains of pro-

for detection using the carbonyl carbon and M
nucleus as relay nuclei. In order to obtainr€laxation

teins are depicted in Figure 3. They are based on rates, seven spectra were acquired with T delays of 10,
the HCCONH experiment de\/e|0ped by Grzesiek et 40,80, 120, 180, 260 and 400 ms. For the evaluation of
al. (1993) with modifications concerning the first part relaxation times, the intensities were fitted to a single
of the original pulse sequence. For measuring the €xponential, depending on the relaxation delay. The
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fit was performed using a least-squares minimization period for the'C nucleus is substituted by an indirect
procedure based on a downhill-simplex algorithm and evolution period and subsequently the magnetization
the margin of errors was determined by a Monte Carlo is transferred to the amide proton of the following
approach, using the method of simulated experimental residue in the same manner as in theahd NOE ex-
data. periments. In order to suppress all undesired terms of
In order to determinéH-13C NOEs, the first re-  the density operator, in particular thgl S, term, the
focused INEPT sequence was dropped. Instead dataprotons were decoupled as soon as the magnetization
sets with and withoutH saturation were collected. reaches thé®N nucleus. This sequence is called SIIS-
Figure 3B indicates the sequence used for the data setCCONH pulse sequence and has several advantages
with 1H saturation. In this case a relaxation delay of in comparison to the original experiment. The assign-
2.5 s was used, followed by proton presaturation dur- ment of the resonance in the spectrum is quite simple,
ing 3 s prior to the first 99 13C pulse. For spectrawith  since the positions of the cross peaks are the same as in
missing NOEs, a delay of 5.5 s was employed between the frequently used spectra for side chain assignments
scans. NOE values were obtained from the ratio of two (Grzesiek et al., 1993). Furthermore, the sensitivity of
peak intensities recorded with and without presatura- the experiment is higher due to thie detection.
tion. The margin of errors was determined according In both SIIS experiments, a spin-lock field with
to Nicholson et al. (1992). an amplitude of 5000 Hz and a duration of 25 ms
All data sets were recorded as 260024 real ma-  was used. In order to obtain an optimal transfer for
trices with 64 scans per point and spectral widths of ~ 13CH, groups, the delay was adjusted to 1.666 ms.
8045 Hz in F1 and 6000 Hz in F2. Apodization, zero- In experiment (A) 881t increments with 5632 scans
filling and Fourier transformation resulted in a digital and 2048 real data points each were acquired using
resolution of 8 Hz/point in the F1 and 2.9 Hz/point about 144 h of instrument time. The spectral width
in the F2 dimension. The spectra were processed in the indirect proton dimension amounts to 1900 Hz.
and analysed on a Silicon Graphics workstation us- In experiment (B) a 1682048 real matrix with 1920
ing the XWINNMR and AURELIA programs (Bruker  scans was recorded, giving rise to a total acquisition

Analytische Messtechnik GmbH, Karlsruhe). time of approximately 72 h. Spectral width was set
For the determination of the SIIS cross relaxation to 8000 Hz in the indirect3C dimension, yielding a
a density operator which is proportional telpl,2 is digital resolution of 50 Hz/point in the F1 dimension.

generated and the time evolution of thederator is

observed. The original pulse sequence from Ernst and

Ernst (1994) is shown in Figure 4A. Starting with lon- Results and discussion

gitudinal proton magnetization, the desired three-spin

operator is generated prior to the mixing time with the SIIS cross relaxation

depicted pulse scheme and is selected with a suitableMost of the 13CH, cross peaks in the SIIS cross-

phase cycle in combination with a triple quantumfilter. relaxation spectra have a positive sign. Using the

The selection of the,Sterm after the mixing time is  original SIIS pulse sequence, resonances with negative

obtained by detection of the S spin with simultaneous amplitudes are only obtained for th&CH, groups of

proton decoupling. As a consequence, all undesired p-Sert3, B-Seft4, B-Sef®, - andy-Pro®® and they-,

terms of the density operator were suppressed. A sen-3- ande-CH, groups of Ly$® and Ly$?! (Figure 5).

sitivity enhancement of this experiment was obtained The negative cross peaks for Bt@an be explained

when the § magnetization could be transferred back with a rapid ring-puckering process with approximate

to the aliphatic protons for detection. However, for this correlation times of-30 ps. The three other proline

reverse polarization transfer a complete suppression ofresidues (Pr®?, Pré®® and Prd®) in RNase T1 do not

all terms in the density matrix except the desirgdsS appear in the spectrum. The negative cross peaks of

required. Such a selection of the undesired terms could the B-13CH, groups of Se¥®, Set* and Set® suggest

not yet be realized experimentally. that the rotation aroungl; is less restricted in its angu-
The improved pulse sequence for measuring the lar range £70°) and is rapid with a correlation time

SIIS cross relaxation is depicted in Figure 4B and t; < 0.335t¢ ~ 1.8 ns. The negative cross peaks of

represents a combination of the pulse scheme shownthe lysine side chain carbons indicate a rapid and virtu-

in Figure 4A and the CCONH type of magnetization ally unrestricted motion of these side chains, implying

transfer. After the mixing time, the direct evolution



173

o SL,SsL, QL1
) t
STl 1 | I | — Khhww
@ @4 Sin 1 9%
13 ~al/p A B C
CJ_ItlAh t1H imalal
13Ca n I
o7
“co A A A -
N 0 1011
€ £ [ GARP |

SL, SL
1 t
H < > WALTZ-16 \ WALTZ-16 \HH\ waLTz16 | K N ™ )
1 SL,
GO ERY === [}
2 2 FLOPSY-8

130(1 rll
¢3 o8
13
co (| A Alohe | A

@2

N [ L0010
€ € GARP

Figure 3. Pulse sequences used for the measuremefT; (A) and NOE values (B) witftH detection. All narrow pulses had a flip angle of

90°; the larger pulses had a 18@ip angle. Pulses for which the phase is not indicated were applied along the x-axis. Sphhﬂpulses (SL)

of a duration of 3 ms and 1.2 ms were applied along the x-axis and y-axis, respectively, to suppress the residual water signal and magnetization
originating from protons not directly coupled ¥8C. At the beginning of the experiment, the carrier frequency iftfi@channel was adjusted

to 43 ppm and was switched after the 123€ 90° pulse to the!3C* region (56 ppm). The power of the 9Gand 180 13C* pulses was

adjusted such that they did not excite #%€’ nuclei % = +/15/(4 Av) andt180 = /3/(2 Av) with Av =15.2 kHz). The strength of the

3¢ spin-lock pulse was 9450 Hz and its duration was set to 1 ms. For the coﬁ?—ﬁemagnetization transfer, a FLOPSY-8 sequence with

an rf field strength of 7 kHz and a duration of 12 ms was applied. In order to start and end the mixing sequence with z-magnetization, two
90° 13¢c pulses have to be applied at the beginning and end of the mixing sequence. Sinc-shaped phase-modulated off-resonance DANTE
pulses with an rf field stren%th of 2500 Hz for the T8Pulses and 1250 Hz for the 9Qpulses were used to excite the carbonyl carbons

120 ppm downfield from thé3C carrier.lH and1°N decoupling was accomplished using the WALTZ-16 and GARP sequences, with a field

of 1800 Hz and a 900 Hz rf field, respectively. Delay durations were: 1.5 ms,A = 1.05 ms, f = t? =0, 1‘1: = 105 ms,g = 5ms,

8 =32ms,n =45ms,0 =114 ms,e = 12 ms,k = 54 ms,) = 2.25 ms. For the-*C evolution period, the delay§t 5 and § were
incremented in a semi-constant time manner (Farrow et al., 1994). Phase cycling used was as folldvis=(4) ®2 = X, —X; ®3 = x;

4 = 8(x),8(y),8(—xX),8(-y);®5 = 32(y),32(-y);®6 = 4(X),4(—X); 7 = 2(X),2(—x); &8 = 25° (Bloch-Siegert phase error compensation);
P9 = 4(x),4(—x); 10 = 8(x),8(—x); 11 = 16(x),16(—x); rec= P,—P,—P,P,—P,P,P,—P with=Px,—x,—x,x. The receiver phase is inverted after
32 scans. (Bl = 8(Y),8(-y); 2 = 4(x),4(—x); ®3 = 2(x),2(—x); ®4 = 25°; ®5 = X,—X; rec.= (X,—X,—X,X),2(=X,X,X,—X),(X,—X,—X,X),
Quadrature detection is achieved by a TPPd8ffor scheme (A) and1 for scheme (B).
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Figure 4. Pulse sequences used for the measurement of transverse SIIS cross relaxation. The original pulse sequence of Ernst and Ernst with
detection of the carbon magnetization is shown in (A). ¥¥@ carrier frequency in this experiment is adjusted to 43 ppm and the rf field
strength of thd3c pulses was set to 25 kHz (indicated by hatched pulses)l.kﬂ:decoupling during acquisition, a WALTZ-16 sequence with a
field strength of 3125 Hz was used. The pulse with the phas®3 rotates the magnetization by 28n (B) the SIIS-CCONH pulse sequence is
shown, whereby the first part up to theC pulse with the phas@2 is identical to the pulse scheme in (A). The frequency, pulse and decoupling
conditions are identical to the;Tand NOE experiment shown in Figure 3. Delay durations were:1.666 ms, f, = 25 ms. Phase cycling used

was as follows: (A)P1 = x,—X; P2 = 4(x),4(—x); 3 = 2(y),2(-y); P4 = 8(x),8(Y),8(—x),8(-y); rec= (X,—X,—X,X),2(=X,X,X,—X), (X,—X,—X,X).

(B) @1 = 8(x),8(—x); ®2 =x; ®3 = 16(y),16(-y); 4 = 32(x),32(y); 5 = 4(X),4(—X); P6 = 2(x),2(—X); &7 = 25° (Bloch-Siegert
phase error compensatio8 =x,—x; rec.= P,—P,—P,P,—P,P,P,—P with=Px,—x,—x,X. The receiver phase is inverted after 32 scans. Quadrature
detection is achieved by a TPPI®fL for scheme (A) and1 and®2 for scheme (B). In order to record the reference INEPT-CCONH spectrum,
the dashed 99 1H pulse with phase3 is inserted in the pulse sequence while the triple quantum filter is removed. In addition, the receiver
phase is not inverted after 32 scans.

SN =N ittt

that the NH group sticks out into solution and does leading to the following dependence of the cross-peak

not undergo intramolecular hydrogen bonding. intensity:
The SIIS spectrum recorded with the SIIS-

CCONH pulse scheme is shown in Figure 6. Although I ~ sinhr? )

the spectrum is acquired in half of the spectrometer A8ulz oz, S

time necessary for the spectrum in Figure 5, the disper- e~/ T2 3(Q1, Qa, yB1, tw) (18)

sion of the signals is much better, more resonances ar&yhere T is the transverse relaxation timey is the
visible and the signal intensities are generally higher. length of the spin-lock pulse angB; the spin-lock
The signs of the resonances observed in both spectraie|y strength.). characterizes the decrease of mag-

agree without exception, which seems to be a con- atization due to the Hartmann—Hahn transfer which

firmgt'ion for the validity qf the new pulse sequence. depends on the chemical shift of the two adjacent nu-
Additional cross peaks with a negative amplitude are ¢oi anq the length and strength of the spin-lock pulse.

obtained from this spectrum for tieCH; groups of - s contribution may lead to serious problems for

7 3 9 8 ;
Sett’, Sef’, Asp™® and Asii®. As menuom_ad b‘?f‘“ev a quantitative analysis of the cross-peak intensity so
the measurement of transverSiC relaxation times only a distinction in cross peaks of positive and

in a uniformly 13C-enriched protein is difficult due negative signs is reasonable
t;’ the _Hallrtrrllannl—Hahn magnetization ;ransfer du”ﬂg For a further quantitative interpretation the specific
the spin-lock pulse (Hartmann and Hahn, 1962). The j,f,ence of the pulse sequence and the Hartmann—

same effect will be present in the SIS experiment, |y nn transfer to the absolute cross-peak intensity has



175

e
S
=
~—~
I
"'\/
—
i
0
— ———
325 300 275 25.0
13
F2 ("C) [ppm]

" 325

L 350
: =
0 o
F 375
C ~~
r I
F N
- 400 T

L 4.5

. - 450

““““““ L B S B A
64.50 63.00 61.50

F2 (°C) [ppm]

Figure 5. Two different parts of the 2D-SIIS spectrum of RNase T1, recorded with the pulse sequence of Figure 4A. Negative intensities are
indicated by broken contour lines. Experiment time: 6 days.
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Table 2. Criteria for the classification of motions ¢f-CH, groups using the cross-peak
intensities in the SIIS-CCONH and INEPT-CCONH spectra

Intensity in the Intensity in the Ratio Classification
INEPT-CCONH  SIIS-CCONH 4/ of the motion
spectrum || spectrum g
High High 0.4tol1  Strongly restricted motion
Low Low 0.4tol  Strongly restricted motion
High Low or 0t0 0.4 Restricted but more flexible motion
Cannot be determined
Low Not measurable - Not determined
Positive Negative -1to 0  Highly flexible motion
2.6
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Figure 7. HeteronucleatH-13C NOE values for Ly&>, Lys*!, Pro®® and Prd3.

v,

to be considered. This normalization is obtained by increased mobility. Note that the ratio of intensities is

recording a reference spectrum in which the SIIS part independent of the value of the transverse relaxation
of the SIIS-CCONH pulse sequence is substituted by time, since it affects the cross peaks in both spectra in
a refocused INEPT scheme. The intensity of the cross the same manner and thus is cancelled out. Possible

peaks in the reference spectrum is given by combinations as well as the implications of the data
with respect to the flexibility are summarized in Ta-
I ~ e~ /T2y (Qq, Q, YB1, ty) (29) ble 2. Using these criteria, the dynamics of 53 out of

68 B-13CH, groups in RNase T1 have been divided
into three classes with corresponding amplitudes of
motions:

(1) Strongly restricted motionAsp?®, Tyr*, Cy<,
Cysto, Tyrll, Sef?, Aspt®, Tyr®* Leu’®, His?/,

The ratio of both cross-peak intensities allows an
estimate of the relative size of the cross-relaxation rate
constant, since the influence of the magnetization loss
due to the Hartmann—Hahn effect and the transverse

relaxgtlon |_s;.the same in poth cases. In case the gmpll— ASp?®. His® Tyr'2 Asr® Asr, Tyr'S. Phd®.

tude is positive and large in both spectra, the motion of 0 3 " 68 76 0 1

the3CH, group is either rapid and strongly restricted Phe', Sef?, Sef, Tyrss Asp’®, Phé?, Asrf',
2 group b 9y AsrB4, LelS, His®2, AsrP®, Phé.

e st o s wth n e corn ) S ey, s
9 o NS P g Asr®, Lys?5, GIL?8, GIuSL, Asr, Sef, Lys*, Sefl,

plitude in the INEPT-CCONH spectrum and a small 58 5 > 3 ot 102
amplitude in the SIIS-CCONH spectrum indicate an GIL®, Asp®, GILFZ, AsiPS, GIn®S, GIu'%%
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Table 3. Summary of the longitudinal relaxation times and the heteronuclear NOE values’étaiphatic side
chain nuclei of RNase T1. In addition, the microdynamical parameigss andt; as well as the normalized SIIS
cross-relaxation rate for tHéCP nucleus are shown

Residue &, ¢C cY, C Normalized  Parameters of motion
T1 (ms) NOE T1 (ms) NOE SIIS rate Ymax t; (ns)
Cys 23248  156+008 - - 0.36 35t6  0.751+0.385
Asp’ 216+14 1224006 - - 0.74 5-4  0.275+0.048
Tyr4 244+4  1274+006 - - 0.61 274 0.457+0.254
Thi® 521+37 127+006 Sk Sl3 Sl 37+4  0.150+0.045
Cys 225+9  1274+006 - - 0.58 17-4  3.475+3.416
Sef 190+8  1774£009 - - <0.3 46+ 6  1.026+0.362
Asn® 233+6  138+007 - - 0.32 28:9  0.802+0.210
Cys!0  307+20 124+006 - - 0.79 38t5  0.073+0.117
Tyrll 276+7  1204+006 - - 0.67 32t4  0.082+ 0.056
Ser2 290+8  146+0.07 - - 05 424 0.201+0.037
Seft3 ov ov - - neg - -
Seft4 ov ov - - neg - -
Asp!® 311430 131+£007 - - 0.65 43t7  0.09Gt0.024
vallé 578422 120+0.06 Sk Sy Sl 4543  0.03840.022
Seft? oV ov - - neg. - -
Thri8 541457 125+006 Sk Sl3 S 38+ 10 0.105+ 0.038
GIn20 367+60 121+0.06 33431  1.2440.06 LI 48+ 11 0.020+ 0.012
Tyr4 247425 1204006 — - 0.92 25£3  1.231+0.287
Lys2® 280+9  161+0.08 309+9  2.05+0.10 0.36 484  0.213+0.042
384+7 2294011 497+8  2.36+0.12
Lew’® 371454 1204006 LI LI 1 4944  0.017 0.014
His2? 297+23 130+007 - - 0.5 40t5  0.111+0.037
Glu?8 294+15 166+008 314+8 1.71+0.1  <0.3 49+ 4  0.192+ 0.060
Asp?® 329422 134+007 - - 0.68 474 0.078: 0.053
Gludt 265+17 1824009 285t5  1.88+0.09 <0.3 5545  0.240+ 0.102
Thr32 486+34 122+006 Sk Sl3 S 30+4  0.201+0.103
val33 365+12 159+008 Sk Sy Sl 38+5  1.163+0.257
Asm® 287426 190+£010 - - <0.3 62+5  0.175+0.076
SeP’ 348+20 159+008 — - <0.3 5544  0.105+ 0.024
Pro>® oV oV oV 1.18+£0.06 - - -

305+19 1234+0.07

His40 287+11 125+006 - - 0.51 374  0.105+ 0.057
Lys*l 210418 1744009 2814+ 14 2.06+0.10 0.32 43t5  0.727+0.454
408+15 2274011 428+30 2.32+0.12

Tyr#2 242+14 1274006 - - 0.78 26£4  0.526+ 0.265
Asn®3  304+19 1334007 - - 0.59 42-5  0.1094 0.086
Asn**  205+24 1124006 - - 0.45 ND ND

Tyr#® 289+25 128+006 - - 0.76 385  0.119+0.043
Glu#t 317425 1404007 329+19 1.42+0.07 0.75 475  0.106+ 0.066
Phé'8 232428 1334+007 - - 0.75 26£3  0.914+0.611
Asp?® 246+10 197+010 - - -0.08 60t5  0.268+ 0.064
Phe? 306+ 13 1264006 - - 0.67 404  0.07740.019
SePl 249+11 1674008 - - 0.05 43t8  0.4144+0.153
Val®? 510412 124+006 Sk Sl3 S 38+4  0.108+0.032
SeP3 189+9 1784009 - - -0.19 478  1.002+0.363
SeP4 414+32 1344007 - - pos. 555  0.03740.022
Pro>°® 444421 143+0.07 452430 1.50+0.08 neg. 643  0.036+ 0.012

342+ 9 1254+ 0.06
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Table 3. Continued

Residue &, ¢C Ccv, Ct Normalized = Parameters of motion
T1 (ms) NOE T1 (ms) NOE SIIS rate Ymax t; (ns)
Glus8 270432 1394007 310+£8  1.824£0.09 <0.3 3843  0.2404 0.050
l1e8? 463+11 1204006 348+16 1.50+=0.08 SI 3045  0.178+ 0.093
Lewb2  379+43 136+007 689+6  1.67+0.09 LI 54+ 6  0.048+0.010
Sef3 277413 1354007 - - 0.63 36t4  0.231+0.117
Sef4 310+8  119+006 - - 0.52 393  0.038+0.022
AspP® 249+ 17 182+009 - - 0.29 52£5  0.303+ 0.043
Valt? 411+14 144+007 Sk Slg Sl 33+4  0.761+0.211
Tyr68 228+32 1244006 - - 0.91 19£3  1.401+ 1.090
Sef? LI 1.39+007 - - pos. - -
Pro’3 304435 1394007 373+8  1.2840.06 LI 44+ 4  0.12640.016
294+23 110+ 0.06
Asp® 338128 141+007 - - 0.57 50t5  0.083+ 0.054
val’8 304+6  147+007 Sk Sy Sl 4844  2.34840.425
val™® 619+25 126+0.06 Sk Slg Sl 5144  0.0444 0.039
Phé0 297+44 136+007 - - 0.95 42+3  0.133+0.024
Asnfl  303+12 1234006 - - 0.64 39t4  0.064+ 0.040
Glu82 182414 1444007 2009  1.554+0.08 <0.3 3343  3.3874+0.829
AsB3  301+25 172+£009 - - 0.38 56£6  0.159+0.114
Asn®4 322447 1144006 - - 0.48 ND ND
GIn85 29949 1454007 267+10 1.43£0.08 <0.3 45+ 4  0.149+ 0.037
LeuB® 296+38 110+0.06 429+25 2.15+0.11 0.5 ND ND
Vals® 586+41 137+007 Sk Sy Sl 5245  0.0824 0.052
190 478+34 1174006 LI 1.27+0.06 SI 314+ 48  0.083+0.082
His92 382448 123+006 - - 0.61 545  0.022+0.013
Thr93 607+67 127+0.06 Sk Sy Sl 4642  0.063+0.020
SeP® 236+11 1964010 - - neg. 56:6  0.3504 0.085
Asn®8 274+14 192+010 - - -0.11 615  0.200+ 0.052
Asn®®  273+10 1424007 - - 0.48 40t4  0.231+0.077
Phd® 254433 138+007 - - 0.71 34t6  0.365+0.076
Vall0l  428+10 135+007 Sk Slg Sl 31+6  0.592+0.225
Glul%2  305+20 171+009 372+15 1.96+0.09 <0.3 56+4  0.151+ 0.046
Cysl03 291430 120+006 - - ov 3443  0.085+ 0.060

In order to calculate the confidence interval of the dynamical parameters, 200 ‘artificial experimental data sets’ were
generated using a Monte Carlo simulation.

ND: a value could not be determined; OV: cross peak is overlapped; LI: cross peak has low intensity; Sl: Sl spin
system; S4: methyl group.

(3) Unrestricted motion: Sef3, Sef4, Set’, T; and heteronuclear NOE
Asp®®, Ser3, Pro>®, Sef®, Asn®®. For a qualitative analysis of the motion of side chains,
The major advantage of the data is connected with the heteronucledH/23C NOE can be used. NOE val-
its unambiguous character. By means of the sign of ues were obtained for 95 CH and €lduclei of the
the cross peaks in the spectrum, a distinction betweenside chains of RNase T1. The range of NOE values
rigid and flexible side chains can easily be made. varies between 1.10 for tHéCP nucleus of Le8f and
Such a clear-cut evidence is known for only very few 2.36 for the!3C¢ nucleus of Ly8®. The values for the
methods used for investigating dynamical features of heteronuclear NOE of L8, Lys*!, Pré®® and Prd3
biological macromolecules. are depicted in Figure 7. For the two lysine residues a
continuing increase of the NOEs along the side chain
was observed, indicating an increasing flexibility to
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Figure 8. Correlation between the heteronuclear NOE and the normalized SIIS cross-peak intensitg{foHhgroups of RNase T1. The

three possible areas of motion are indicated.

the end of the side chain. The correspondi?@f nu-
clei reveal the largest NOE value of all CH and £H

groups. This result agrees well with the SIIS cross-

a NOE value larger than 1.8 and a negative cross peak
in the SIIS spectrum.
In the gquantitative analysis of the motion of the

relaxation rates. In fact, negative cross peaks were 13CP nucleus, the Trelaxation time and the heteronu-
observed for these side chain nuclei. For the two pro- clear NOE were included. Both relaxation rates were
line residues smaller NOE values compared with the determined for 70 out of 85°CP nuclei of RNase T1
lysine residues were observed. Clearly different val- (glycine and alanine residues excepted). However, in

ues were determined for thelfC" nuclei, whereby

the NOE value for Pr is significantly larger than

that of PrdS. This result is a further indication for the
puckering motion of the prolyl ring of P?é.

the analysis only those relaxation rates were consid-
ered whose margins of error were smaller than 10%.
In total, microdynamical parameters could be calcu-
lated for 678-CH andB-CH, groups, assuming an

A comparison between the NOE values and overall correlation time of 4.8 ns determined BN
the normalized SIIS cross-relaxation rate f6€H, relaxation time measurements of the same sample. For
groups is shown in Figure 8. It is obvious that a clear the calculation, the specific type of the side chain was
correlation between these two values exists: the larger considered, i.e. the contributions of all direct§c?
the NOE values, the smaller the amplitude in the SIIS bound protons and carbons were taken into account.
cross-relaxation spectrum. In Figure 8 three different In addition, the influence of thH* nucleus was con-
classes of side chain mobility could be identified. All sidered by using the model-free approach of Lipari
13¢P nuclei with a normalized SIIS resonance am- and Szabo (1982a) with an order parameter of 0.8.
plitude larger than 0.4 have a NOE value between The results of these investigations are summarized in
1.12 and 1.5. Hence, their flexibility is assumed to Table 3.
be strongly restricted. Side chains of which tie? For ap-CHz group which is bound to two adjacent
nucleus has a positive but smaller SIIS resonance am-13C nuclei the angular amplitude and the internal cor-
plitude are obviously more flexible. A nearly isotropic relation time in dependence of the Telaxation time
motion is expected fot’CH, side chain groups with  and the heteronuclear NOE are shown in the contour
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Figure 9. Contour plots of the angular amplitude (A) and the internal correlation time (B)-&i andp-CH» groups in dependence of the
1H-13C NOE and the longitudinal relaxation time. In the calculations, a Gtdup was assumed to be bound to two adjaéé@tnuclei. The
overall correlation timec was set to 4.8 ns and tH&C resonance frequency to 125 MHz.

plots in Figure 9. The experimental values are also in- corresponding flexibility parameter are correlated. For
dicated in the diagrams. Only for thoS%P nucleithe  al3CP nucleus with a heteronuclear NOE value of 1.7,
neighbourhood of which is identical to those for which the angular amplitude amounts to at least 4The
the calculation is carried out the microdynamical pa- reverse conclusion that a small NOE value is indica-
rameters are directly comparable. From Figure 9A it tive of a strongly restricted motion is certainly wrong.
seems obvious that the increase of NOE values and theConsidering S&f as a typical example, an amplitude
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of 55° results from a NOE value of only 1.34. From
the T relaxation time, upper limits for the internal
correlation time can be determined. Fdf&® nucleus
with a longitudinal relaxation time of 250 ms, the mo-
tion of the correspondint?CP-1HP bond is faster than
400us in most cases. The motion of most of th€H
andp-CHa groups of RNase T1 can be characterized
by an angular amplitude betweeri @nd 50> and an
internal correlation time in the range of 100-800 ps.
The side chains of the residues in loop Il (43-55) and
loop V (93-99) show an increased flexibility with am-
plitudes up to 64. The dashed line in Figure 9 is valid
for T1-NOE combinations to which a three side jump
model for the motion of the Clgroup is applied.
This type of motion may only be applicable for very
few 13CP groups. Indeed, for these nuclei the type of
motion cannot be considered. For all other nuclei with

Conclusions

It has been demonstrated that the technique of SIIS
cross relaxation in combination with the measure-
ment of the longitudinal relaxation rates is suitable to
characterize the motion of side chains in proteins. In
particular cases, quantitative microdynamical parame-
ters for the motion around the; dihedral angle can
be derived. The short experimental time of about 1
week and the simple analysis make this methodologi-
cal approach suitable for obtaining an insight into the
motions of individual amino acid side chains. Since
a detailed description of side chain motion is still
very difficult, it would be useful to combine informa-
tion obtained from various independent experiments.
Therefore, an investigation of the side chain dynam-
ics of RNase T1 with NMR relaxation rates afd

a ‘large’ distance from the dashed line, a three side coupling constants is currently in progress.

jump model is rather improbable.
A common problem of relaxation studies refers
to the selection of suitable relaxation rates to be
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